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Skyline is an underground longwall mining complex
that began production in 1981. The mining complex is located in Carbon County, UT
approximately 5 miles southwest of Scofield, UT and approximately 30 miles northwest of Price,
UT. The Skyline mine lies at a high elevation in the northern end of the Wasatch Plateau coalfield.
Skyline has longwall and continuous miner reserves in the Lower O’Connor A seam in which it
produces highBTU, lowsulfur, compliance thermal coal.
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The Sufco mine, which derives its name from its
former owner, Southern Utah Fuel Co is one of the longest continuously running and most
productive underground longwall mines in the U.S. It has been in continuous operation since 1941,
initially as a roomandpillar coal mine and since 1985 as a highperformance longwall operation.
The Sufco mining complex is located in Sevier County, UT approximately 30 miles north east of
Salina, UT and 125 miles south of Salt Lake City, UT. It is located in the Blackhawk Formation in
the Wasatch Plateau coalfield in which eight coal beds have been identified that contain coal seams
more than seven feet thick.
Sufco has longwall and continuous miner reserves in the Upper Hiawatha and Lower Hiawatha
seams in which it produces highBTU, lowsulfur, compliance thermal coal.
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Ash

11.00% Carbon

65.00% I.D.

2,120 (Al2O3)

Volatile Matter

34.00% Hydrogen

4.70% H = W

2,140

Fixed Carbon

44.50% Nitrogen

1.10% H = ½ W

BTU/lb
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0.02% Fluid

Gross Kcal/Kg
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Ash
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Net Kcal/Kg ISO 5,811
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6.80%

0.04%
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FREEZE CONDITIONING AGENTS - SIDE RELEASE AGENTS
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Revision I September 16, 2011

Company

General Product Classification
Molasses
Acetate
Solids

Inhibited Chloride

Glycol

Free Flow FC-100
FC 149
FC-285

FC 504
FC 504 SR

FC 505

Benetech, Inc.
2245 Sequoia Drive
Suite 300
Aurora, IL 60545
(800) 843-2625
www.benetechusa.com

BT-910
BT-944

BT-923
BT-930
BT-936

Chemsolv, Inc.
P.O. Box 13847
Roanoke, VA 24037
(540) 427-4000
www.chemsolv.com

Freezecon 70-DG

AKJ Industries
10175 Six Mile Cypress Pkwy

Fort Myers, FL
(239) 929-1696
www.akjindustries.com

Cousco Brown, L.L.C.
5660 Southwyck Blvd.
Suite 201
Toledo, OH 43614
(800) 548-2720
(419) 343-0790
rjbrown@couscobrown.com

Ice Ban 200

Crown Products & Services
20 Third Avenue NW
Carmel, IN 46032
(317) 564-4799
www.crownps.us

FC-1250

Other

Free Flow FC-200
Free Flow SR-300
FC-503
FC-503 SR

FC-4000
FC-5000

Cryotech
6103 Orthoway
Fort Madison, IA 52627
(800) 346-7237
www.cryotech.com

Glycerin

FC-1150
FC-1165

CF7

Flomin Coal, Inc.
5079 North Mayo Trail
Pikeville, KY 41501
(606) 432-1535
www.flomin.com

Flomin 910
Flomin 944 SRA

Freedom Industries
P.O. Box 713
Charleston, WV 25323
(304) 720-8065
www.freedom-industries.com

FCA-1010
SRA-1010
FCA-1020
FCA-2007

MinTech Division
Momar Inc.
1830 Ellsworth Industrial Dr.
Atlanta, GA 30318
(800) 556-3967
www.momar.com

Coaltrol 1190
Coaltrol 1200
Coaltrol 1205 CE
Coaltrol 1205 CE-G

Midwest Industrial Supply
P.O. Box 8431
Canton, OH 44711
(800) 321-0699
www.midwestind.com

EX-FCA
L-10 DEG/PG
Freeze Free C-30 I
L-20 DEG/PG
Freeze Free S-10 C1
L-35 DEG/PG
Zero Gravity B-Free

Coaltrol 1250

Nalco Company
1601 West Diehl Road
Naperville, IL 60653
(708) 305-1000

Flomin 930
Flomin 936

Flomin
GeoMelt 55

FCA-4000
FCA-8000

FCA-2000
FCA-2400
FCA-2500
SRA-2500
FCA-3070
SRA-3070
SRA-6000

FreezeNot 50

Coaltrol 1115
Coaltrol 1115 M
Coaltrol 1135-G
Coaltrol 1190-G
FreezeNot 65

S-20 NVO

Freeze Free S-20 G
Freeze Free S-30 G
B-Free HP
Zero Gravity B-Free G

Coaltrol 1135
Coaltrol 1206 SRA

N-8880
N-8883
N-8884
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Company

Inhibited Chloride

Neo Solutions Inc.
P.O. Box 26
Beaver, PA 15009
(724) 728-1847
www.neosolutionsinc.com

NS 9419
NS 9420
NS 9434

Sagar Enterprises, Inc.
Nichol Avenue
McKees Rocks, PA 15136
(412) 331-2850
www.sagarenterprises.com

Glycol

Glycerin

Other

NS 9421
NS 9422

NS 9438

FCA-205-MP
FCA-2100 EZWayP
FCA-2200 EZWay D
FCA-2300 EZWay D-100
FCA-2400 EZWay K Plus

Nuchem
747 N. Fenwick
Allentown, PA 18109
(610) 770-2000
Obrien Products
Zinkan Enterprises
10574 Ravenna Road
Twinsburgh, OH 44087
(800) 229-6801
www.zinkan.com

General Product Classification
Molasses
Acetate
Solids

FT-50
FT-73 T
FT-76 T
FT-83 G
FT-86 G

FT-70
FT-72

FT-80

Freeze Protector

OW-2000
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FT-72-D
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Foreword
Since its inception in 1970 the National Institute for Occupational Safety and Health
(NIOSH) has extensively investigated and assessed coal miner morbidity and mortality. This history of research encompasses epidemiology; medical surveillance;
laboratory-based toxicology, biochemistry, physiology, and pathology; exposure
assessment; disease prevention approaches; and methods development. The experience gained in those activities, together with knowledge from external publications
and reports, was brought together in 1995 in a major NIOSH review and report
of recommendations, entitled Criteria for a Recommended Standard—Occupational
Exposure to Respirable Coal Mine Dust. This document had the following major
recommendations:
1. Exposures to respirable coal mine dust should be limited to 1 mg/m3 as a
time-weighted average concentration for up to a 10 hour day during a 40
hour work week;
2. Exposures to respirable crystalline silica should be limited to 0.05 mg/m3 as
a time-weighted average concentration for up to a 10 hour day during a 40
hour work week;
3. The periodic medical examination for coal miners should include spirometry;
4. Periodic medical examinations should include a standardized respiratory
symptom questionnaire;
5. Surface coal miners should be added to and included in the periodic medical
monitoring.
This Current Intelligence Bulletin (CIB) updates the information on coal mine dust
exposures and associated health effects from 1995 to the present. A principal intent
is to determine whether the 1995 recommendations remain valid in the light of the
new findings, and whether they need to be updated or supplemented. The report
does not deal with issues of sampling and analytical feasibility nor technical feasibility in achieving compliance.

John Howard, MD
Director, National Institute for
Occupational Safety and Health
Centers for Disease Control and Prevention
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Executive Summary
Information relating to occupational pulmonary disease morbidity and mortality of
coal miners available up to 1995 was reviewed in the NIOSH publication: Criteria
for a Recommended Standard—Occupational Exposure to Respirable Coal Mine Dust,
or Coal Criteria Document (CCD). This led to the following principal conclusions
concerning health effects associated with coal mining:
1. Exposure to coal mine dust causes various pulmonary diseases, including
coal workers’ pneumoconiosis (CWP) and chronic obstructive pulmonary
disease (COPD).
2. Coal miners are also exposed to crystalline silica dust, which causes silicosis,
COPD, and other diseases.
3. These lung diseases can bring about impairment, disability and premature
death.
This Current Intelligence Bulletin updates the previously published review with respect to findings relevant to the health of U.S. coal miners published since 1995. The
main conclusions are:
1. After a long period of declining CWP prevalence, recent surveillance data
indicate that the prevalence is rising.
2. Coal miners are developing severe CWP at relatively young ages (<50 years).
3. There is some indication that early development of CWP is being manifested
as premature mortality.
4. The above individuals would have been employed all of their working lives
in environmental conditions mandated by the 1969 Coal Mine Health and
Safety Act.
5. The increase in CWP occurrence appears to be concentrated in hot spots of
disease mostly concentrated in the central Appalachian region of southern
West Virginia, eastern Kentucky, and western Virginia.
6. The cause of this resurgence in disease is likely multifactorial. Possible explanations include excessive exposure due to increases in coal mine dust levels
and duration of exposure (longer working hours), and increases in crystalline
silica exposure (see below). As indicated by data on disease prevalence and
severity, workers in smaller mines may be at special risk.
7. Given that the more productive seams of coal are being mined out, a transition by the industry to mining thinner coal seams and those with more rock

iv

intrusions is taking place and will likely accelerate in the future. Concomitant
with this is the likelihood of increased potential for exposure to crystalline
silica, and associated increased risk of silicosis, in coal mining.
The main conclusions drawn from review of the new information are:
1. While findings published since 1995 refine or add further to the understanding of the respiratory health effects of coal mine dust described in the NIOSH
CCD, they do not contradict or critically modify the primary conclusions and
associated recommendations given there. Rather, the new findings strengthen those conclusions and recommendations.
2. Overall, the evidence and logical basis for recommendations concerning
prevention of occupational respiratory disease among coal miners remains
essentially unaffected by the newer findings that have emerged since publication of the CCD.
In summary, as recommended by the CCD, every effort needs to be made to reduce
exposure to both coal mine dust and to crystalline silica dust. As also recommended
in the CCD, the latter task requires establishing a separate compliance standard in
order to provide an effective limit to exposure to crystalline silica dust.
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Glossary
Aerodynamic diameter: The diameter of a sphere with a density of 1 g/cm3 and with
the same stopping time as the particle. Particles of a given aerodynamic diameter move
within the air spaces of the respiratory system identically, regardless of density or shape.
Chronic obstructive pulmonary disease (COPD): Includes chronic bronchitis (inflammation of the lung airways associated with cough and phlegm production),
impaired lung function, and emphysema (destruction of the air spaces where gas
transfer occurs). COPD is characterized by irreversible (although sometimes variable) obstruction of lung airways, and should be considered in any patient who has
dyspnea, chronic cough or sputum, and/or a history of exposure to risk factors for
COPD. The diagnosis should be confirmed by spirometry.
Coal rank: A classification of coal based on fixed carbon, volatile matter, and heating value of the coal. Coal rank indicates the progressive geological alteration (coalification) from lignite to anthracite.
Coal workers’ pneumoconiosis (CWP): A chronic dust disease of the lung arising
from employment in a coal mine. In workers who are or have been exposed to coal
mine dust, diagnosis is based on the radiographic classification of the size, shape,
profusion, and extent of parenchymal opacities.
Crystalline silica: Silicon dioxide (SiO2). “Crystalline” refers to the orientation of
SiO2 molecules in a fixed pattern as opposed to a nonperiodic, random molecular
arrangement defined as amorphous. The three most common crystalline forms of
free silica encountered in general industry are quartz, tridymite, and cristobalite.
The predominant form is quartz.
Excess (exposure-attributable) prevalence: The prevalence (cases/population at
risk) attributable to workplace dust exposure (in the case of CWP, the prevalence
adjusted for radiographic appearances associated with lung aging).
International Labour Office (ILO) classification system: A standardized method for
assessing abnormalities related to the pneumoconioses based substantially on comparison of test with reference radiographs. In the system there are 4 categories of simple
pneumoconiosis (categories 0, 1, 2, and 3), with 0 implying no definite abnormality.
Progressive massive fibrosis: Coal workers’ complicated pneumoconiosis. Diagnosis is based on determination of the presence of large opacities (1 cm or larger) using
radiography or the finding of specific lung pathology on biopsy or autopsy.

xii

Quartz: Crystalline silicon dioxide (SiO2) not chemically combined with other substances and having a distinctive physical structure.
Respirable coal mine dust: That portion of airborne dust in coal mines that is capable of entering the gas-exchange regions of the lungs if inhaled: by convention,
a particle-size-selective fraction of the total airborne dust; includes particles with
aerodynamic diameters less than approximately 10 µm.
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1 Introduction
The publication of the NIOSH Criteria for a Recommended Standard—Occupational Exposure
to Respirable Coal Mine Dust or Coal Criteria
Document (CCD) in 1995 (1) followed a long
period of extensive research activity focused
on exposure to coal mine dust and its health
effects in coal miners. From this research,
substantial information had emerged about
the extent and severity of respiratory disease
caused by coal mine dust, its quantitative relationship with dust exposure, its pathology and
toxicology, environmental patterns of relevant
exposures, and methodologies for assessing
these variables. In particular, the findings demonstrated that not only was there a considerable burden of coal workers’ pneumoconiosis
(CWP) in the U.S. and other countries, but that
underground coal miners were vulnerable to
other lung diseases, notably chronic obstructive pulmonary disease (COPD). The evidence
came from extensive and well-planned epidemiologic and laboratory-based investigations

undertaken primarily in the U.S., the United
Kingdom, and (West) Germany, with supporting information coming from studies in other
European countries and Australia.
The available information was thoroughly summarized in the CCD. It showed that, in 1995,
CWP was in decline in the U.S., with downward
trends in prevalence in all tenure groups (Figure
4–2 of the CCD (1), included here as Figure 1).
This decline was consistent with reductions in
coal mine dust exposure mandated by the 1969
Coal Mine Health and Safety Act (1969 Coal
Mine Act) (CCD Figure 4–1 (1); Figure 2). Despite this decline in disease levels, NIOSH concluded from review of the surveillance data and
quantitative risk estimates based on the epidemiologic studies that the current dust exposure
regulations for U.S. coal mines were not sufficiently protective. Consequently, it proposed
lower dust limits for coal mines, enhanced medical surveillance, and other requirements.

Figure 1. Prevalence of CWP category 1 or greater from the NIOSH Coal Workers’ X-ray Program
from 1970–1995, by tenure in coal mining. (Figure 4–2 of the CCD (1)).
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Figure 2. Trend in reported dust concentrations for continuous miner operators, 1968–87. [Figure
4–1 of the CCD (1)] (Source: Attfield and Wagner (2)).
The CCD noted that the current U.S. federal
dust limit for underground coal mines dated
back to the 1969 Coal Mine Act, which mandated a compliance permissible exposure limit
of 2 milligrams per cubic meter (mg/m3) of respirable coal mine dust. This limit was derived
from British research, which provided the only
quantitative exposure-response relationship
available at that time. This exposure-response
curve (CCD Figure 7–2 (1); Figure 3) predicted
that no cases of CWP as severe as category 2 on
the International Labour Office (ILO) classification system (3) would develop among miners who worked 35 years at 2 mg/m3. Similarly
at that time, the current information indicated
that the disabling form of CWP, progressive
massive fibrosis (PMF), was very unlikely to
develop from less severe ILO categories (e.g.,
category 1 CWP). Therefore, adoption of the
2 mg/m3 limit was believed, at that time, to be
protective against the risk of disability and premature mortality that accompanies PMF.
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Subsequent scientific findings, emerging between 1969 and 1995, disproved some of the
assumptions inherent in the adoption of the
2 mg/m3 standard. Firstly, the assumption that
miners with CWP less severe than category 2
were at minimal risk of PMF was found to be
incorrect. Moreover, additional findings from
the British data (CCD Figure 7–6 and Table
4–6 (1); Figure 4 and Table 1), together with
new results on U.S. underground coal miners
from research undertaken by NIOSH (CCD
Figure 7–4 and Table 4–6 (1); Figure 5 and
Table 1) showed that there was no threshold at
2 mg/m3 as had been indicated by the original
British study (CCD Figure 7–2 (1); Figure 3).
Furthermore, the CCD reviewed findings on
other lung diseases and their relationship with
coal mine dust exposure. It concluded that coal
miners were at additional risk of developing
ventilatory function deficits, respiratory symptoms, and emphysema in addition to CWP
(CCD Table 4–7 (1); Table 2). (Note that the
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Figure 3. Probability that an individual starting with no pneumoconiosis (category 0/0) will be
classified as 2/1 or greater after 35 years of exposure to various concentrations of coal mine dust.
[Figure 7–2 of the CCD (1)] (Source: Jacobsen et al. (4)).

Figure 4. Predicted prevalence of PMF among British coal miners after a 35-year working lifetime
by mean concentration of respirable coal mine dust. [Figure 7–6 of the CCD (1)](Source: Hurley
and Maclaren (5)).
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Table 1. Predicted prevalence of simple CWP and PMF among U.S. or British coal miners at
age 58 followingT exposure to respirable coal mine dust over a 40-year working lifetime.
(Table 4–6 of the CCD(1))
Study and coal rank
Attfield and Seixas (6):*
High-rank bituminous

Mean concentration of
respirable CMD (mg/m3)
2.0

144
(117–176)
84
(64–110)

31
(20–49)
17
(9–30)

14
(7–27)
9
(4–19)

316
(278–356)
128
(108–152)

142
(118–172)
46
(35–60)

89
(69–113)
34
(24–48)

282
(250–317)
119
(100–142)

115
(94–141)
41
(31–54)

65
(49–85)
29
(20–41)

121
(108–136)
74
(62–89)

40
(33–49)
24
(18–31)

22
(17–29)
17
(12–24)

89
(73–108)
63
(52–77)

28
(20–39)
20
(14–27)

15§
(9–26)
14§
(9–21)

67
(52–86)
55
(44–68)

15
(8–26)
14
(10–21)

13§
(7–24)
12§
(8–20)

2.0

89

29

18

1.0

40

12

7

2.0

65

16

7

1.0

28

7

3

2.0

2.0

High-rank bituminous
(89% carbon)

2.0

Medium/low rank bituminous
(83% carbon)

2.0

Medium/low-rank bituminous
(Midwest)

2.0

Medium/low rank bituminous
(West)

2.0

Medium/low-rank bituminous
(83% carbon)

CWP≥3
51
(30–85)
16
(7–36)

1.0

Hurley and Maclaren
High-rank bituminous
(89% carbon)

CWP≥2
89
(60–130)
29
(16–51)

1.0
Attfield and Morring (7):‡
Anthracite

CWP≥1
253
(204–308)†
116
(88–150)

1.0
Medium/low-rank bituminous

Predicted prevalence (cases/1,000)

1.0

1.0

1.0

1.0

*Attfield and Seixas (6) define the coal rank groups as follows: 1- high-rank bituminous (89–90% carbon)—central Pennsylvania and
southern West Virginia; 2-medium/low-rank bituminous (80–87% carbon)—western Pennsylvania, northern and southwestern West
Virginia, eastern Ohio, eastern Kentucky, western Virginia and Alabama; 3- low-rank—western Kentucky, Illinois, Utah, and Colorado.
†
Ninety-five percent confidence intervals, where available, are in parentheses under the point estimates for prevalence (cases/ 1000).
‡
In Attfield and Morring (7), the predicted prevalences for CWP category 1 or greater and category 2 or greater did not include PMF (correction from CCD original).
§
Attfield and Morring (7) define the coal rank groups as follows: 1- anthracite - two mines in eastern Pennsylvania (~93% carbon); 2- medium/low-volatile bituminous (89–90% carbon)—three mines in central Pennsylvania and three in southeastern West Virginia; 3- highvolatile “A” bituminous (80–87% carbon)—16 mines in western Pennsylvania, north and southwestern West Virginia, eastern Ohio,
eastern Kentucky and Illinois.
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Figure 5. Prevalence of simple CWP category 1 or greater among U.S. coal miners by estimated
cumulative coal mine dust exposure and coal rank. [Figure 7–4 of the CCD (1)](Source: Attfield
and Seixas (6)).
results provided here are selected to illustrate
the main CCD conclusions. For a full understanding of the complete body of knowledge,
please see the CCD (1).)
On the basis of the updated body of evidence
on the adverse health effects and an evaluation of the technological feasibility of reducing dust exposures, NIOSH recommended
that the federal coal mine dust limit be reduced to 1 mg/m3. Critical to this decision
were computed excess (exposure-attributable)
prevalences of CWP derived from two studies of U.S. coal miners undertaken by NIOSH
(CCD Table 7–2 (1); Table 3). Predictions were
NIOSH CIB 64 • Coal Mine Dust Exposures

derived from each study for a working lifetime
(i.e., 45 years) exposure at 2 mg/m3 and 1 mg/
m3. Another source of information critical to
the recommendations was information on predicted excess lung function decrements for a
lifetime’s exposure to 1 mg/m3 and 2 mg/m3
respectively (CCD Table 7–3 (1); Table 4). Details of the rationale for, and development of,
the risk analyses employed in the CCD were
subsequently published separately (8). NIOSH
also evaluated information from other epidemiologic studies in coming to its recommendations in the CCD. However, because no other studies had quantitative exposure-response
information, apart from strengthening the
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Table 2. Predicted prevalence of decreased lung function* among U.S. or British coal miners
at age 58 following exposure to respirable coal mine dust over a 40-year working lifetime.
(Table 4–7 of the CCD (1))
Predicted prevalence (cases/1,000)

Study and region†

Mean concentration of
respirable coal mine
dust (mg/m3)

Lung function
decrement
(% FEV1)

Never
smokers

Smokers

2.0

<80
<65

141
22

369
102

1.0

<80
<65

123
18

336
87

2.0

<80
<65

125
16

340
80

1.0

<80
<65

108
13

309
68

2.0

<80
<65

153
63

372
173

1.0

<80
<65

125
52

314
159

Attfield and Hodous (8)
East

West

Marine et al. (9):

*Decreasing lung function is defined as FEV1 <80% of predicted normal values. Clinically important deficits are FEV1
<80%, which approximately equals the lower limit of normal (LLN), or the fifth percentile (9, 10); and FEV1 <65%,
which has been associated with severe exertional dyspnea (11, 12).
†
Attfield and Hodous (13) define the following coal rank regions: East—anthracite (eastern Pennsylvania) and bituminous (central Pennsylvania, northern Appalachia [Ohio, northern West Virginia, western Pennsylvania], southern
Appalachia [southern West Virginia, eastern Kentucky, western Virginia]), Midwest (Illinois, western Kentucky),
and South (Alabama).
‡
Conversion from gh/m3 to mg-yr/m3; assumed 1,920 hr/yr for U.S. miners.

case for more stringent regulation, these additional study results did not provide any numerical basis for standard setting. For simplicity, NIOSH recommended one exposure limit
for the nation rather than different limits by
coal rank, based on technological feasibility of
reducing exposures, even though CWP prevalence has been shown to vary according to the
rank of the coal in studies of miners in the U.S.
and other countries.
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In addition to recommending a reduction in
the exposure limit for coal mine dust, NIOSH
also recommended a change in the exposure
limit for crystalline silica dust and the method
by which it is enforced. Currently, silica levels
are intended to be controlled by a reduction in
the level of coal mine dust commensurate with
the proportion of the dust that is silica. NIOSH
proposed a separate limit for respirable crystalline silica in order to more effectively monitor
NIOSH CIB 64 • Coal Mine Dust Exposures

Table 3. Excess (exposure-attributable) prevalence of simple CWP or PMF among U.S. coal
miners at age 65 following exposure to respirable coal mine dust over a 45-year working
lifetime. (Table 7–2 of the CCD (1))
Cases/1,000 at various mean dust concentrations
Study and coal rank

Disease category

0.5 mg/m3

1.0 mg/m3

2.0 mg/m3

High-rank
bituminous

CWP ≥ 1
CWP ≥ 2
PMF

48
20
13

119
58
36

341
230
155

Medium/low-rank
bituminous

CWP ≥ 1
CWP ≥ 2
PMF

27
9
4

63
22
10

165
65
29

Anthracite

CWP ≥ 1
CWP ≥ 2
PMF

45
17
17

120
51
46

380
212
167

High-rank
bituminous
(89% carbon)

CWP ≥ 1
CWP ≥ 2
PMF

41
15
13

108
43
34

338
168
114

Medium/low-rank
bituminous
(83% carbon)

CWP ≥ 1
CWP ≥ 2
PMF

18
6
4

42
15
9

111
42
21

Medium/low-rank
bituminous
(Midwest)

CWP ≥ 1
CWP ≥ 2
PMF

12
4
1

26
9
3

64
22
6

Medium/low-rank
bituminous
(West)

CWP ≥ 1
CWP ≥ 2
PMF

7
<1
<1

14
<1
<1

32
1
1

Attfield and Seixas (6):*

Attfield and Morring (7):†

*Attfield and Seixas (6) define the coal rank groups as follows: 1- high-rank bituminous (89–90% carbon)—central
Pennsylvania and southern West Virginia; 2- medium/low-rank bituminous (80–87% carbon)—western Pennsylvania, northern and southwestern West Virginia, eastern Ohio, eastern Kentucky, western Virginia and Alabama;
3- low-rank—western Kentucky, Illinois, Utah and Colorado.
†
Attfield and Morring (7) define the coal rank groups as follows: 1- anthracite - two mines in eastern Pennsylvania
(~93% carbon); 2- medium/low-volatile bituminous (89–90% carbon)—three mines in central Pennsylvania and
three in southeastern West Virginia; 3- high-volatile “A” bituminous (80–87% carbon)—16 mines in western Pennsylvania, north and southwestern West Virginia, eastern Ohio, eastern Kentucky and Illinois.
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Table 4. Excess (exposure-attributable) prevalence of decreased lung function* among U.S.
coal miners at age 65 following exposure to respirable coal mine dust over a 45-year working lifetime. (Table 7–3 of the CCD (1))
Cases/1,000 at various mean
dust concentrations
Study and region

Lung function
decrement

Smoking status

0.5 mg/m3

1.0 mg/m3

2.0 mg/m3

Attfield and Hodus (8):†
East

<80% FEV1

Never smoked
Smoker

10
12

21
24

44
51

West

<80% FEV1

Never smoked
Smoker

9
11

19
23

40
48

East

<65% FEV1

Never smoked
Smoker

2
4

5
8

12
19

West

<65% FEV1

Never smoked
Smoker

2
3

4
7

9
15

<80% FEV1

Never smoked
Smoker

60
68

134
149

315
338

<65% FEV1

Never smoked
Smoker

18
27

45
67

139
188

Seixas et al. (14):

*Decreasing lung function is defined as FEV1 <80% of predicted normal values. Clinically important deficits are FEV1
<80%, which approximately equals the lower limit of normal (LLN), or the fifth percentile (9, 10); and FEV1 <65%,
which has been associated with severe exertional dyspnea (11, 12).
†
Attfield and Hodous (8) define the following coal rank regions: East—anthracite (eastern Pennsylvania) and bituminous (central Pennsylvania, northern Appalachia [Ohio, northern West Virginia, western Pennsylvania], southern
Appalachia [southern West Virginia, eastern Kentucky, western Virginia]), Midwest (Illinois, western Kentucky),
and South (Alabama).
‡
Coal rank was not provided in Seixas et al. (14) However, miners were included from bituminous coal ranks and regions across the United States, as described in Attfield and Seixas (6): 1. High-rank bituminous (89%–90% carbon):
central Pennsylvania and southeaster West Virginia; 2. Medium/low-rank bituminous (80%–87% carbon): mediumrank—western Pennsylvania, northern and southwestern West Virginia, eastern Ohio, eastern Kentucky, western
Virginia, and Alabama; low-rank—western Kentucky, Illinois, Utah, and Colorado.
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and control exposures. The NIOSH recommendations for coal mine dust and crystalline silica
dust were explicitly intended for both underground and surface coal operations. In addition, NIOSH recommended enhancing worker
medical monitoring, and extending it to surface
coal mine workers. An independent advisory
committee, which was convened by MSHA in
1996 in response to the NIOSH CCD, affirmed
each of the recommendations in the CCD (15).
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The following material comprises a summary
of results from reports that have been published since 1995 on CWP, other respiratory
diseases, cancer outcomes, and overall mortality. In addition, new information summarized
from the current NIOSH medical monitoring
program for coal miners is included. There are
also sections on aspects relating to dust levels,
control, and compliance, and on surface coal
mining.
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2 Coal Workers’ Pneumoconiosis
2.1 Surveillance
Over time since 1995 it has become increasingly apparent that the observed prevalence
of CWP in U.S. underground coal miners examined in the Coal Miners’ X-ray Surveillance
Program (CWXSP) was no longer declining
as it had from 1969–1995, but had begun increasing. This situation was first noticed in a
2003 CDC/NIOSH report (16). This report
also drew attention to the fact that CWP was
developing in underground coal miners who
had spent all of their working life in a working
environment where the dust conditions should
have been as mandated by the 1969 Coal Mine
Act. Based on findings that showed higher
CWP prevalences in certain worker groups,
the publication raised concerns about possible
excessive dust exposures in certain states, at
smaller mines, and by some surface and contract miners.
Reports in 2006 and 2007 called attention to
advanced pneumoconiosis in working underground miners in Kentucky (KY) and Virginia
(VA) (17, 18); as with the prior report (2003),
most of the affected miners had started work
after 1969 yet had still developed severe CWP.
Possible reasons put forth as explanations for
the findings were: 1) inadequacies in the mandated coal mine dust regulations; 2) failure
to comply with or adequately enforce those
regulations; 3) lack of disease prevention innovations to accommodate changes in mining practices (e.g., thin-seam mining); and 4)
missed opportunities by miners to be screened
for early disease and take action to reduce
dust exposures. Further explanations, noted in
NIOSH CIB 64 • Coal Mine Dust Exposures

other reports included: 5) longer hours being
worked by today’s coal miners; 6) excessive exposure to crystalline silica, perhaps associated
with the mining of thinner seams of coal; and
7) lack of resources for dust control and miner/operator education, particularly in smaller
mines (19–21).
To gain a better understanding of the extent of
the problem, NIOSH undertook a systematic
analysis of rapidly progressive CWP (22). Statistics were derived based on each miner’s radiographic steps of progression of CWP using
the standard ILO categorical scores standardized to a five-year interval. These data were
summarized by county and then plotted to
reveal ‘hot spots’ of rapid disease progression
(Figure 6; from Antao et al, 2005 (22)). These
tended to be located on the eastern edge of the
Appalachian coal field but were particularly
concentrated in the southern West Virginia
(WV)/western VA/eastern KY tri-state region
(central Appalachian region).
In response to these observations, NIOSH undertook a series of field surveys in the hot spot
regions in an attempt to enhance the quality
of data (i.e., improve participation). The field
surveys were undertaken as part of the Coal
Workers’ X-ray Surveillance Program (CWXSP) administered by NIOSH, as mandated by
the 1969 Coal Mine Act. The targeted surveys
comprised an “Enhanced Program” to complement the regular CWXSP program. Those
findings are included in an overall tabulation
that can be found in the NIOSH 2007 Workrelated Lung Disease (WoRLD) Surveillance
Report (disseminated in hard copy (23) and
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Figure 6. Percentage of evaluated miners with rapidly progressive coal workers’ pneumoconiosis by
county (not shown are counties with fewer than five miners evaluated). (Source: Antao et al. (22)).
on the NIOSH internet site (24). These results
showed that the prevalence of CWP appeared
to have stopped declining around 1995–1999,
and has risen since then. The trend reversal
appears most apparent in the longer-tenured
miners. Virtually that entire group had spent
their whole working life in dust conditions
mandated by the 1969 Coal Mine Act. An updated (unpublished) version of this graphic,
taking the data up to 2009, shows the increased
CWP prevalence observed over the past decade (Figure 7).
The upward trend visible in Figure 7 for all
pneumoconiosis cases (category 1+) is even
more evident for PMF (Figure 8). Of particular
concern are the prevalence values for the last
three five-year periods (1995–2009) for miners with <25 years tenure, which are well above
those observed in the early 1990s. In 2005–2009
alone, 69 coal miners examined in the CWXSP
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were determined to have PMF. Of these, 11 had
less than 25 years total tenure in coal mining,
and the majority (56, or 81%) were working in
the central Appalachian region.
Since the data from 2005 in Figures 7 and 8
were derived, in part, from the special NIOSH
surveys targeted at hot spot areas, there could
be the concern that the recent CWXSP findings may be upwardly biased, with the implication that the apparent rise in prevalence may
be an artifact. However, overall prevalences
for 2005–2009 for the Enhanced and regular
programs, derived from state-specific prevalences weighted by the participation rates for
the whole program from the different states
gives rise to figures of 3.2% prevalence for
data from the targeted surveys (Enhanced program) compared to 3.1% for data from the regular program. There is therefore no indication
whatsoever of any major bias. Moreover, it is
NIOSH CIB 64 • Coal Mine Dust Exposures

Figure 7. Percentage of miners examined with CWP category 1 or greater from the NIOSH Coal
Workers’ X-ray Program from 1970–2009, by tenure in coal mining. (Source: NIOSH CWXSP data).

Figure 8. Percentage of miners examined with PMF from the NIOSH Coal Workers’ X-ray Program from 1970–2009, by tenure in coal mining. (Source: NIOSH CWXSP data).
clear from Figures 7 and 8 that the upswing in
prevalence of CWP was underway before the
targeted surveys began in 2005.

Mine Act conditions, and had developed PMF
at age 52.6 years on average. Of the 138, 21 had
died by publication date.

The finding of severe CWP in the CWXSP was
confirmed among West Virginia coal miners
with a report of 138 compensated cases of PMF
from 2000–2009 (25). These miners had worked
virtually all of their lives under post-1969 Coal

A number of reports of surveillance information from other countries have emerged since
1995 (26–31). Although mining conditions
differ in these other countries, these studies are
supportive of the findings in U.S. coal miners.
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Figure 9. Observed and predicted prevalences (%) of CWP category 1 or greater by age group and
MSHA District. (Source: Data from the NIOSH CWXSP for 1995–2009. Charts based on data provided in Suarthana et al (32).)

2.2 Epidemiology
The CWXSP finding of increased prevalence
of CWP has prompted a series of analyses by
NIOSH aimed at identifying factors that might
be causing the increase. In an analysis undertaken as part of this series (32), predicted risk
of CWP was derived for each individual who
participated in the CWXSP from 2005–2009
using published exposure-response models
(7). The models were coal-rank specific, and
used both age and cumulative coal mine dust
exposure as predictors. The resulting individual risks (lying between 0 and 1) were then

14

summed over subsets of the data and compared with the observed prevalences. (Further
models, published later, were also available, but
the early relationships were preferred because
they were based on greater numbers of observations and had more specific adjustment
for coal rank. The later predicted prevalences
were somewhat higher than those presented
here.) The results tabulated by MSHA region
and age are shown here in Figure 9. It is clear
that CWP prevalence is less than expected
in some regions (observed ≤ predicted) but
substantially greater than expected in others
NIOSH CIB 64 • Coal Mine Dust Exposures

(observed > predicted). That is, in the northern Appalachian region and the mid-west and
western coal fields the observed prevalences
are generally below those predicted in all age
groups. However, in the southern WV, eastern
and central KY, Tennessee, and VA MSHA regions the observed prevalences are 2–4 times
greater than predicted from cumulative coal
mine dust exposure and age. Clearly, some factor or factors must be acting differently across
the regions to cause this regional pattern.
At least three environmental factors impact
the central Appalachian region in this respect.
These are: thin seams, small mines, and, for
VA, high coal rank. The mining of thin coal
seams, which often involves the deliberate cutting and extraction of substantial amounts of
(often siliceous) rock overlying or underlying
the coal seam, is particularly prevalent in Appalachia (33). NIOSH has been investigating
the health implications of possible excessive
crystalline silica exposure arising from the
cutting of the rock adjacent to the coal seams
(34). This analysis used the presence of r-type
pneumoconiotic opacities on the chest X-ray
as an indicator of crystalline silica exposure.
This type of opacity is a radiographic manifestation of nodules in the lung having a typology
often associated with excessive exposure to silica dust. An increase in the prevalence of such
opacities could then well indicate that miners
are more frequently being exposed to crystalline silica dust, or are experiencing exposure to
higher levels of silica dust. Increased exposure
to crystalline silica dust may well be arising
from industry trends, whereby there is greater
focus on mining thinner seams of coal as the
more productive thicker seams are mined out.
The findings from this study indicated that
the proportion of radiographs showing r-type
opacities increased during the 1990s, and
NIOSH CIB 64 • Coal Mine Dust Exposures

particularly after 1999, in KY, VA, and WV,
compared to the 1980s. They could potentially
be explained by an increase in the frequency
and/or intensity of silica exposure among underground coal miners. This hypothesis was
confirmed by evidence from dust sampling in
mines in that region indicating that excessive
silica exposures are occurring (35). In the CCD,
NIOSH not only recommended that compliance procedures for crystalline silica be made
more effective, but that the exposure limit be
reduced. In the light of these epidemiological
findings (34), therefore, this recommendation
remains appropriate and even more urgent. A
report on British coal miners also associated
an increase in CWP prevalence with rock cutting (36).
In another NIOSH analysis (19) trends in CWP
prevalence were examined by mine size (i.e.,
employment). The hypothesis investigated was
that smaller mines lack resources in many areas for the full protection of workers, including
dust suppression and up-to-date knowledge of
means to prevent disease development. (It may
also be that smaller mines tend to be those mining the thinner coal seams.) The results show
that CWP prevalence is increasing in mines of
all sizes, but the trend is much more obvious
and much greater among miners employed in
smaller coal mines.
Of the other factors listed above that may be
contributing to the rise in CWP prevalence,
increased working hours gives rise to special
concern. Overall, U.S. coal miners are working longer hours. Figure 10, derived from data
collected by MSHA shows a steady increase
in the number of hours worked. This increase
appears to arise from not only working longer
shifts (e.g., 10 or 12 hours), but from working
on weekends as well. Although no epidemiologic data exist that implicate longer hours as
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Figure 10. Hours worked per underground coal miner, 1978–2008. (Source: http://www.msha.gov/
ACCINJ/BOTHCL.HTM).
a contributory causative factor for CWP, working longer hours leads to the inhalation of more
dust into the lungs. For example, working 12
hours leads to 50% more dust entering the lung
compared to a regular 8-hour shift, assuming
all other factors are equal (e.g., exposure concentration and breathing rates). Additionally,
working longer workshifts reduces the time
available between workshifts for the process of
clearing the dust deposited in the lungs. Unfortunately, the available information on working
hours in U.S. coal miners is not miner-specific
but rather by coal mine, substantially reducing
the validity of a formal analysis of this hypothesis. A report on British miners concluded that
longer working hours were a factor in causing
an increase in CWP prevalence at two mines
(36). In the CCD, NIOSH recommended reducing dust exposures below the 1 mg/m3 REL
for work shifts exceeding 40 hr/week (using
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the method of Brief and Scala (37)). This approach has also been recommended for British
coal mines (38).
Finally, productivity per hour worked also
increased from 1978–2000, although it has
since declined (Figure 11). Of course, these
increases in productivity (and, presumably, increased potential for dust generation) should
have been met by commensurate increases in
dust prevention measures (e.g., ventilation and
water sprays) in order to maintain compliance
with the permissible exposure limit. Superficially, the current data appear to confirm this,
in that airborne dust levels have apparently not
risen during that period (Figure 12). However,
the veracity of coal mine dust data has been
challenged in the past (39). Moreover, the discovery of abnormal white centers in the dust
sampling filters prompted a special inspection
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Figure 11. Tons produced per hour worked at underground coal mines. 1978–2008. (Source: http://
www.msha.gov/ACCINJ/BOTHCL.HTM).

Figure 12. Respirable coal mine dust: Geometric mean exposures by type of mine (UG=underground,
SU=surface), MSHA inspector (INSP) and mine operator (OPER) samples. [MSHA coal mine inspector and mine operator dust data].
NIOSH CIB 64 • Coal Mine Dust Exposures
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Figure 13. Ratio of special inspection sample values to preceding operator compliance sample values by mine size. (Source: MSHA Report of the Statistical Task Team of the Coal Mine Respirable
Dust Task Group. (40)).
program (40) that showed that dust levels from
operator samples consistently were lower than
those from MSHA inspector samples, and that
these differences were greater the smaller the
mine (Figure 13). As with hours worked, there
is a lack of reliable productivity data linkable
with the health outcome data in order to investigate this issue further.

2.3 Mortality
A report on temporal patterns in pneumoconiosis mortality in the U.S. showed a substantial decline in numbers of deaths from CWP between
1968 and 2000 (41). This decline is consistent
with the reductions in dust level mandated by
the 1969 Coal Mine Act. A major additional
factor contributing to the declining number of
CWP deaths is the diminishing coal mining
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workforce in the U.S. Figure 14 (Figure 1, from
CDC (42)) shows the CWP death rate results
extended to 2006. A similar situation has been
observed in other developed countries, e.g.,
Australia (26). Recent U.S. results have shown,
however, a disconcerting increase in years of
potential life lost (YPLL) due to CWP in the
U.S. since 2002 (42). Not only has the YPLL
been increasing in younger CWP decedents
(<65 years old), but the YPLL per CWP decedent has also been increasing over those same
years (Figure 15; Figure 2 from CDC (42)).
This may be related to the observed increase
in CWP prevalence observed in recent years as
noted earlier.
The post-1995 period saw the publication of a
number of mortality analyses that augmented
the earlier mortality findings on coal miners.
NIOSH CIB 64 • Coal Mine Dust Exposures

Figure 14. Age-adjusted death rates (per million) for decedents age ≥25 years with coal workers’
pneumoconiosis as the underlying cause of death—United States, 1968–2006. (Source: CDC (42)).

Figure 15. Years of potential life lost (YPLL) before age 65 and mean YPLL per decedent for decedents aged ≥25 years with coal workers’ pneumoconiosis as the underlying cause of death—United
States, 1968–2006. (Source: CDC (42)).
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Most of those studies outside of the United
States and United Kingdom did not have
quantitative measurements of dust exposure.
However, they do support previous findings
concerning the overall increased mortality of
coal miners and the additional risk imposed
by the development of CWP (43–45). Studies
using quantitative exposures showed that mortality from CWP increased with increasing
cumulative exposure to coal mine dust (46).
The British study (47) included exposure estimates for respirable quartz; cumulative exposure to respirable coal mine dust and respirable
quartz were each highly significant predictors
of pneumoconiosis mortality, although the
relationship was stronger with coal dust than
quartz. Respirable quartz exposure was associated with a small but statistically significant
relative risk for lung cancer mortality (47).

2.4 Toxicology
Although coal mine dust and crystalline silica dust remain the two exposures of primary
concern for environmental control, the post1995 period has seen the publication of results
from analyses aimed at eliciting information
on what constituents of coal mine dust predict
CWP development. These include: 1) free radicals, in which particles from freshly-fractured
siliceous rock have been found to be more fibrogenic than aged particles (48); 2) particle
occlusion, in which clay present in the rock
strata can surround the silica particles and
render them less toxic (49); and 3) bioavailable iron, which has been found to predict coal
mine dust toxicity (50, 51).
McCunney et al. (52), favored the third explanation (bioavailable iron) and downplayed the
role of quartz in the etiology of coal workers’
pneumoconiosis. However, in an analysis of lung
inflammatory cell counts from bronchoalveolar
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lavage in coal miners and non-miners, Kuempel et al. (53) showed that quartz dust (as either cumulative exposure or estimated lung
burden) was a significant predictor of pulmonary inflammation and radiographic category
of simple CWP. Cumulative coal dust exposure
did not significantly add to those predictions,
which may have been due to the high correlation between the coal and quartz cumulative
exposures, such that separate effects for these
two dusts could not be clearly demonstrated.
Against this, epidemiologic research has not
demonstrated a strong effect of crystalline silica on CWP development in situations where
silica levels are low. Rather, the level of coal
mine dust, per se, has been the strongest predictor of CWP. However, the work of Laney et
al. (34), as noted above, showed clear evidence
of an increase in r-type radiographic opacities
(typically associated with silicosis) and rapid
progression of pneumoconiosis among U.S.
coal miners in Kentucky, Virginia, and West
Virginia, suggesting that they were exposed to
excessive levels of respirable crystalline silica,
and were thus at risk of silicosis. As noted previously, dust sampling results support this hypothesis (23). There is, therefore, the clear need
to minimize exposure to silica dust, especially for those jobs involving drilling or cutting
sandstone and other siliceous rock. Moreover,
as noted above, this is particularly pertinent
because changing mining conditions might be
leading to an increase in the potential for exposure to silica dust.
Page and Organiscak (54) linked the issue of
coal rank, a known risk factor for CWP development in the U.S., Britain, and Germany, with
the potential for higher levels of free radicals
to be encountered where such coals are mined,
and noted above by Dalal (48) and others to
have greater levels of cytotoxicity.
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2.5 Risk Analysis
Kuempel et al. (13) describe in more detail the
risk analyses provided in the NIOSH CCD, including the excess (exposure-attributable) prevalence of CWP and PMF in underground coal
miners exposed to various levels of coal mine
dust for a working lifetime (as shown in the
CCD and also presented here in Table 1). More
recent risk estimates have been provided from
research on British coal miners (Figure 16, from
Figure 1 of Soutar et al. (55)). The latter apply
to coal composed of 86.2% carbon (coal rank)
and to underground coal miners who work 40
years at the designated coal mine dust level.
Risks of PMF range from 0.8% at 1.5 mg/m3 to
about 5% at 6 mg/m3, while risks of category 2
or greater CWP range from about 1.5% at 1.5
mg/m3 to about 9% at 6 mg/m3. Note that due to
the different ways in which the risk estimates are
derived, these are not directly comparable with
those from U.S. studies shown in Table 1. However, the findings are consistent with those from
U.S. studies in indicating that even at the lower
coal mine dust levels recommended by NIOSH,
and as noted in the CCD, some incidence of
CWP would still be expected, especially among
miners of higher rank coal.
Soutar et al. (55) also provide information on
the risk of silicosis in underground coal miners.
Their findings were developed from observations at one mine in which unusually high concentrations of crystalline silica dust occurred
periodically (56). In their analysis, the authors
chose to divide the analysis between exposures
< 2 mg/m3 and ≥ 2 mg/m3. This dichotomy, in
the authors’ presentation, was associated with
more rapid development of silicosis in the ≥ 2
mg/m3 exposure range compared to chronic silicosis development at exposures < 2 mg/m3. The
findings indicate that short excursions to high
silica dust intensities are considerably more
NIOSH CIB 64 • Coal Mine Dust Exposures

hazardous than the same level of cumulative
exposure at a lower intensity. They therefore
demonstrate that mining situations involving
the cutting of rock should be avoided if at all
possible, or if necessary, that all precautions
should be taken to minimize dust exposures.
The findings for < 2 mg/m3 (which apply to
most coal mining environments that do not
involve direct rock cutting) are given in Figure
17 (Figure 3 of Soutar et al. (55)).

Figure 16. Risks at age 58–60 after 35–40
working years of: PMF; category 2 or greater
(2+); 993 ml deficit of FEV1 in nonsmokers;
993 ml deficit of FEV1 in smokers. (Source:
Soutar et al. (55)).

Figure 17. Risks for category 2 silicosis in relation to respirable silica concentration (<2 mg/
m3) averaged over 15 years. (Source: Soutar et
al. (55)).
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3 Other Respiratory Disease Outcomes
Coggon and Taylor (57), in an extensive review, concluded that the “…balance of evidence points overwhelmingly to an impairment of lung function from exposure to coal
mine dust, and this is consistent with the increased mortality from COPD that has been
observed in coal miners.” Findings on COPD
and related outcomes in coal miners since 1995
(58–64) have continued to support their conclusion (which was largely based on pre-1995
information). The findings have also identified
other risk factors in coal mining for pulmonary disease development. These include work
in roof bolting, exposure to explosive blasting
fumes, and exposure to dust control spray water previously stored in holding tanks (65).
The post-1995 findings have also elucidated
patterns of lung function decline in coal miners, indicating that new miners tend to suffer
more severe declines on starting work, after
which the declines attenuate somewhat. This
finding, derived initially from the analysis by
Seixas et al. (66), was explored further by Henneberger and Attfield (58), who confirmed that
the temporal pattern of lung function decline
was different in newly-hired coal miners as
compared to experienced miners. A possible
reason for this could be a healthy worker survival effect. A study to explore this issue further, undertaken on new Chinese coal miners,
confirmed that starting work in coal mining
led to large initial drops in lung function, after
which lung function declined at a lesser rate
(67). In a follow-up analysis, the researchers
reported that the development of respiratory
symptoms consistent with bronchitis contributed to the early declines in lung function (68).
NIOSH CIB 64 • Coal Mine Dust Exposures

A recently published mortality study from the
United States (46) comprised a longer followup of a study on the same cohort of underground coal miners published in 1995 (69).
It showed that mortality from chronic airway
obstruction (CAO) was elevated. Smoking,
pneumoconiosis, coal rank region, and cumulative coal mine dust exposure were all predictors of mortality from CAO. Dust exposure effects were observed within the never-smoker
subset of the cohort. The observed dust-related
relative risks for CAO were similar to those for
pneumoconiosis. The findings showed dustrelated effects for chronic bronchitis and emphysema as well as CAO. A recent British study
re-affirmed that mortality from COPD was related to coal mine dust exposure (47). Finally,
the implications of COPD (due to coal mine
dust exposure as well as smoking) in causing
increased mortality was explored by examining mortality risk in relation to rates of ventilatory function decline in coal miners (70). Rates
of ventilatory decline 2–3 times the normal
age-related decline were associated with distinct increases in subsequent mortality.
Past pathologic studies have shown that emphysema severity in coal miners is related to
dust exposure. Recent studies on South African
and U.S. coal miners confirmed these findings
(71, 72). Important additional information on
this topic, using quantitative estimates of both
coal mine dust exposure and smoking amount,
has been recently published by Kuempel et al.
(73). These authors found a highly significant
relationship between cumulative exposure
to respirable coal mine dust and emphysema
severity at autopsy, controlling for effects of
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smoking, age, and other variables. The effect of
dust exposure was similar in magnitude to that
of smoking, and was seen in the never-smoking subgroup. In a further analysis, Kuempel et
al. established that exposure to coal mine dust
can produce clinically important levels of emphysema in coal miners (74).
The above findings support the CCD’s recommendation to reduce the permissible coal mine
dust exposure limit in underground coal mines
to prevent the development of COPD, the associated severe declines in lung function, and
the ensuing premature mortality.
There have been several reports of interstitial
disease associated with exposure to coal mine
dust, perhaps representing a manifestation of
CWP, although little systematic research on
this topic has been undertaken (75, 76).

3.1 Risk Analysis
Kuempel et al. (13) describe in more detail the
risk analyses summarized in the NIOSH CCD,
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including the excess (exposure-attributable)
prevalence of lung function deficits in underground coal miners exposed to various levels
of coal mine dust for a working lifetime (CCD
Table 4–7 (1); Table 2). More recent risk estimates from research on U.K. coal miners have
been published (Figure 15; Figure 1 of Soutar et
al. (55)). They apply to coal composed of 86.2%
carbon (coal rank) and to underground coal
miners who work 35 years at specified coal mine
dust levels ranging from 1 to 6 mg/m3. Risks of a
deficit of approximately 1 liter in forced expiratory volume in 1 second (FEV1) among never
smokers range from 10% at zero dust exposure to about 19% at 6 mg/m3. The concomitant risks for smokers range from about 22% to
36%, respectively. Note that due to the different ways in which the risk estimates have been
derived, these are not directly comparable with
those shown from U.S. studies shown in Table
2. However, they are consistent with findings
from U.S. studies in that even at the 1 mg/m3
coal mine dust exposure limit recommended
by the CCD, some occupational effect on ventilatory function is expected.
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4 Cancer Outcomes
Two cancer outcomes—lung cancer and stomach cancer—have been of particular interest
with respect to work in coal mining. Lung
cancer has been suspected to arise in coal miners because of their exposure to crystalline
silica dust, which has been determined to be a
Group I carcinogen by the International Agency for Research on Cancer, at least in some
occupational settings (77). However, findings
in coal miners have been conflicting and have
not strongly supported a relationship between
coal mine dust exposure and lung cancer. The
post-1995 findings continue this picture. No
overall excess or relationship with increasing
dust exposure was seen in lung cancer mortality in a study of U.S. underground coal miners
(46). However, this study, lacking silica dust
exposure measurements, could not effectively
evaluate the hypothesis of interest. In contrast,
a recent British study that did include cumulative crystalline silica dust exposures found a
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weak relationship of silica exposure with lung
cancer mortality (47). A recent development in
this regard is the finding that lung-deposited
silica or coal dust inhibits the induction of cytochrome P4501A1 by polycyclic aromatic hydrocarbons (PAH) (78–80). It is hypothesized
that the resulting lower cytochrome activity
might to some extent counteract the carcinogenic effects of tobacco smoke by limiting metabolism of PAH in tobacco smoke into carcinogenic metabolites. This may explain the lack
of clear findings on dust exposure and lung
cancer in coal mining.
There have been occasional reports of elevated
stomach cancer mortality among coal miners.
The post-1995 results from various reports
have not confirmed these findings. In particular, no relationship was detected in the two
studies having quantitative exposure measurements (46, 47).
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5 Dust Exposure Levels, Control, and Compliance
5.1 Dust Exposure Levels
Overall trends in reported coal mine dust and
crystalline silica exposure levels for the United
States are shown in Figures 12 and 18. These
follow the format of the 2007 WoRLD Surveillance Report (23) Figures 2–6 and 3–5a, but are
updated to 2008. The data in both figures imply
that dust levels have declined over time, with
those from recent years being about 75% of
those around 1980, overall. This has occurred
over a time period when underground production levels from both longwall and continuous
miner operations significantly increased. However, the reductions vary depending on the type
of mine, the source of the data, and the type of

dust. The biggest reduction in reported levels
was for coal mine dust at surface mines as sampled by inspectors (recent levels are ~40% of
those around 1980). The smallest decline was
for silica levels in underground mines, where
there has been essentially no change over the
time period (recent levels are ~98% of those
in the early 1980s). Overall, levels of both coal
mine dust and crystalline silica dust were reported to be higher in underground mines
than in surface mines.

5.2 Dust Exposure Assessment
The primary advance since 1995 in the dust assessment arena has been the development of a

Figure 18. Respirable quartz dust: Geometric mean exposures by type of coal mine (operator and
inspector data combined). [MSHA coal mine inspector and mine operator dust data].
NIOSH CIB 64 • Coal Mine Dust Exposures
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continuously-measuring personal dust monitor
(PDM) (81). The PDM enables within-shift assessment of dust exposures, permitting prompt
action to intervene and reduce excessive levels. Conventional practices that rely on the
gravimetric assessment of dust collected on air
sample filters preclude speedy remediation because the delay in obtaining results from the
dust laboratory could mean that miners continue to be over-exposed before any indication
of a problem is available from the laboratory
results. The personal dust monitor is now a
commercially available product and, as its use
is adopted by mines, more timely and targeted
interventions to reduce dust exposures will be
possible. In 2010, the Mine Safety and Health
Administration published new rules that provide for the approval and use of the PDM, in
addition to the Coal Mine Dust Personal Sampler Unit, for determining the concentration of
respirable dust in coal mine atmospheres (82).
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5.3 Compliance Policy
and Procedures
The federal policies and procedures for regulating underground coal mine dust levels have
been the subject of criticism from their introduction in 1969. Since 1995 further critiques
have been published (83, 84). The first publication provided a historical review, the basic argument being that the problems were intrinsic
to a process in which an industry essentially
regulates itself (i.e., through performing the
airborne sampling upon which citations are
based). The second publication revisited an
issue that was addressed in the NIOSH CCD,
in which it was recommended that MSHA not
apply any upward adjustment of the REL for
instrument uncertainty. Information indicating that reported dust levels from mine operator sampling were systematically lower than
those obtained by mine inspectors during unannounced visits to mines to measure exposures has been published by MSHA (40).
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6 Surface Coal Mining
Studies published prior to the NIOSH CCD
showed that U.S. surface coal miners (particularly workers on drill crews) were at risk of developing CWP (or silicosis). There was also evidence
that ventilatory function was reduced in relation
to the number of years worked as drill operators
or helpers. Since the CCD, a British study has
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reported evidence of CWP among workers in
the dustier jobs and an association with intensity
of exposure (85). Dust exposures were generally
<1 mg/m3. In the United States, a relationship
between tenure in surface coal mining jobs and
prevalence of CWP (ILO category 1/0 or greater,
and PMF) was reported (16).
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7 Summary
A considerable body of literature has been produced from studies of coal miners and the coal
mining environment since 1995, both in the
United States and elsewhere. Many of the newer publications, particularly those from other
countries, lack quantitative dust exposure measurements, prohibiting full and valid examination of exposure-response relationships. Nevertheless, their findings all support early findings
on British and U.S. coal miners, reinforcing the
generally-accepted understanding that exposure to
coal mine dust can give rise to various respiratory diseases, and that those diseases can cause
disability and premature mortality. The remainder of the newer publications that do have quantitative exposure data report findings that refine
or augment the fundamental exposure-response
results summarized in the CCD.
Overall, the following conclusions can be made:
1. No new findings have emerged since 1995
that contradict the basic summarization
of the respiratory health effects of coal
mine dust and their relationship with dust
exposures described in the CCD (1).
2. No new findings have emerged that substantially modify the basic understanding of coal mine dust exposure and its
impact on respiratory health described
in the CCD.
3. The new findings that have emerged
strengthen prior results and also refine
or add further knowledge on disease patterns and etiology described in the CCD.
4. Overall, the logical basis for recommendations concerning prevention of occuNIOSH CIB 64 • Coal Mine Dust Exposures

pational respiratory disease among coal
miners remains essentially unaffected
by the newer findings that have emerged
since publication of the CCD.
New findings of particular note are:
1. After a long period of declining CWP
prevalence, recent federal surveillance
data indicate that the prevalence is rising.
2. Coal miners are developing severe CWP
at relatively young ages.
3. There is some indication that the mortality of younger coal miners from CWP
is increasing. These workers would have
been employed all of their working lives
in environmental conditions mandated
by the 1969 Coal Mine Act.
4. The pattern of CWP occurrence across
the nation is not uniform; hot spots of
disease appear to be concentrated in the
central Appalachian region of southern
WV, eastern KY, and western VA.
5. The cause of this resurgence in disease is
likely multifactorial. Possible explanations
include excessive exposure due to increases in coal mine dust levels and duration of
exposure (longer working hours), and increases in crystalline silica exposure (see
below). As indicated by data on disease
prevalence and severity, workers in smaller mines may be at special risk.
6. Given that the more productive seams
of coal are being mined out, a transition by the industry to mining thinner
coal seams and those with more rock
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intrusions is taking place and will likely
accelerate in the future. Concomitant
with this is the likelihood of increased
potential for exposure to crystalline silica, and associated increased risk of silicosis, in coal mining.
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In summary, every effort needs to be made to
reduce exposures both to respirable coal mine
dust and to respirable crystalline silica. As recommended in the CCD, the latter task requires
establishing a separate compliance standard in
order to effectively limit exposure to silica dust.
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1

INTRODUCTION

Water plays a crucial role in coal processing. As a result of using water during processing,
the final products contain water and this adversely affects their quality and handleability. Due
to their large surface area, the fine (-0,5 mm) and particularly the ultra-fine (-0,1 mm)
particles that are inevitably generated during coal processing absorb a considerable amount
of moisture.
With a moisture content of about 25%, the ultra-fine coal is very difficult to handle as it is
‘sticky’ and thus tends to block chutes, transfer points, silos and rail trucks.
Agglomeration of ultra-fine coal has been found to be the most workable solution to the
handleability problems associated with this material. Binderless briquetting has been found
to be the most economical method for agglomerating ultra-fine coal. However, for the
binderless briquetting process to work, the feed coal has to have moisture content below
10%.
Mechanical dewatering of fine coal is able to lower the moisture content only to a certain
level, typically 15% (surface moisture) for fine coal and about 25% (surface moisture) for
ultra-fine coal. The constraint encountered by mechanical dewatering methods is caused by
the fact that some moisture is held within the coal in pores and capillaries. This moisture
cannot be removed by mechanical dewatering and the only way to remove it is by thermal
drying.
‘Drying’ of coal generally refers to the removal of water from the coal by evaporation.
Mechanical methods for removing water from coal are not considered as drying techniques
in the true sense, but they are widely used as the initial dewatering step preceding the drying
operation, since they are less expensive and frequently easier to use than thermal methods
Thermal drying of coal is not common in South Africa but is in use in countries such as the
USA and Canada. The main motivator for the use of thermal drying in these countries is to
prevent freezing of coal in rail trucks. Other reasons for using thermal drying are:
•
•
•

To improve the quality of the coal for special purposes, such as in the production of
coke, briquettes and chemicals
To meet specific quality specifications, such as a specified GAR or NAR heat value
To increase the efficiency of combustion of coal.

To remove moisture from coal by means of thermal drying, the wet coal is brought into
contact with a source of heat, either directly (via hot gas) or indirectly (through a heated
surface). Energy is transferred to the wet coal by either conduction or radiation. The increase
in temperature increases the vapour pressure of the water and once it becomes higher than
the partial pressure of the drying gas or surrounding air, the water changes into the gaseous
state and is carried away in the gas stream.
The rate of evaporation of the water is influenced by the following factors:
•
•
•
•
•
•

The temperature and the method of heat transfer to the coal/water mass
The ratio of surface moisture to inherent moisture
The porosity and other physical properties of the coal particles
The capacity of the drying gas to take up and retain moisture
The pressure within the system
The relative movement of the coal and the drying gas.
5

Important properties of the coal from the drying point of view are its porosity, specific heat,
heat conductivity and the chemical nature of the coal surface. The porosity of the material
determines its degree of wetness. In this regard, the difference between spiral-sized coal
and lumps of filter cake can be an important consideration.
Specific heat determines the relative temperature increase that can be effected by the
quantity of heat energy supplied to the solid. The chemical nature of the coal surface is
important in determining the degree of hydration of the coal surface. In general, hydrophobic
materials are easier to dry than hydrophilic materials.
Indeed, the coal industry worldwide is seriously reconsidering the inclusion of thermal drying
circuits in the coal preparation plants. An example of this is the Dendrobium colliery, which is
being opened in New South Wales, Australia. The mine will reportedly include a unique fine
coal thermal dryer, which is currently under construction [ACPS (NSW), 2004].
The objective of this study is to review methods and technologies for thermal drying of fine
and ultra-fine coal.
2

DRYING CURVES

Most industrial thermal dryers used for coal drying today are of the direct heat exchange
type that employs convection as the main heat-transfer mechanism. In these dryers, wet
coal is brought into contact with hot gases generated in a separate combustion chamber.
The drying gases consist mainly of air, but will also contain some of the products of the
combustion process. Heat is transferred from the drying gases to the wet coal, and water
contained in the coal then evaporates upon being heated.
Every product has a representative curve that describes the specific drying characteristics
for that material at specific temperature, gas velocity and pressure conditions. This curve is
referred to as the drying curve for the specific product.
Two fundamental concepts used in expressing temperature are the dry-bulb temperature
and the wet-bulb temperature. The dry-bulb temperature is the temperature of a body or air
as measured with a conventional thermometer.
The wet-bulb temperature is obtained by covering a thermometer in a wet permeable
membrane, such as gauze. When a temperature reading is taken with a wet-bulb
thermometer, water evaporates from the gauze and evaporative cooling causes the
temperature of the gas stream measured to be lower than the temperature of the same gas
stream measured with a dry-bulb thermometer.
The differences between the dry- and wet-bulb temperatures are fundamental in defining the
properties of moist air.
A typical drying curve is shown in Figure 2.
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Figure 2: Typical drying curve
Drying of the coal can be divided into three time periods. The first phase, or initial period, is
that in which sensible heat is transferred to the coal and the contained moisture. During this
phase, the coal is heated from the inlet temperature to the process temperature. The rate of
evaporation increases rapidly during this period and mostly free moisture is removed.
During the second phase, or constant-rate period, the surface of the coal is still wet.
Evaporation continues at a constant rate. The heat transferred from the drying gas is equal
to the heat removed by evaporation of the water on the coal surface. For each 610 kcal of
heat supplied in the hot gas, approximately 1 kg of water is converted to vapour and
removed from the drying zone. The temperature of the coal surface where evaporation is
taking place approaches the wet-bulb temperature of the drying air. For this reason, the
temperature of the coal increases only slightly and it is possible to use relatively high drying
air temperatures without any detriment to the coal.
The rate of drying is determined by a number of factors, namely:
•
•
•
•
•
•

Particle surface area
Difference in the temperatures of the coal and the drying air
Difference in the vapour pressure at the coal surface and the partial pressure of
water vapour in the atmosphere
Volume and velocity flow of the drying gas
Difference between the wet- and dry-bulb temperatures of the drying air
Thickness and bulk density of the coal layer.

Once the surface of the coal is no longer completely wet, the second, or falling-rate, drying
period begins. Drying slows down due to the smaller wetted area exposed to the drying
gases. The nature of the coal now begins to play a more important role in determining the
rate of release of moisture since the moisture has to migrate from the pores of the coal to the
7

surface. As the moisture content of the coal approaches the zero level, the temperature of
the coal will start to increase and approach the dry-bulb temperature of the drying air.
3

DESIGN CONSIDERATIONS

The most important aspects that require consideration when selecting a dryer for a particular
application are listed below.
3.1

Drying temperature

Temperature is the most important single factor that affects the capacity of a thermal dryer.
The temperature in the drying zone should always be as high as safely possible. By using
the highest temperature, the volume of drying gas required is minimised, which in turn
reduces the fuel and power requirements and limits the amount of dust carried out in the
dryer. Thermal efficiency is also maximised.
3.2

Heat, fuel, inlet temperature and air volume requirements

In order to determine the heat, fuel, inlet temperature and air volume requirements for a
dryer, the tonnage of coal to be dried and the initial and final moisture contents of the coal
need to be stipulated.
Other important parameters are the temperatures and relative humidity of the dryer intake
and exit air. The barometric pressure for the altitude where the dryer is located must also be
taken into consideration.
3.3

Drying time

A key factor in determining the size of a dryer is the drying time. Unfortunately, the drying
time is not easily obtainable by means other than pilot-scale testing or other empirical
sources.
A set of drying time curves, determined experimentally at a drying temperature of 105 oC, is
shown in Figure 3.3 below.
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Figure 3.3: Drying time curves for different sizes of coal (Mangena, 2004)
From the factors considered above, one can conclude that the desirable features of a
thermal dryer are:
•
•
•
•
•
•
•
4

There should be an adequate supply of hot gases at a temperature at, or slightly
above, the critical temperature of the material to be dried.
There must be a method of providing intimate contact of the hot gas with the material
being dried.
The retention time of the material in the dryer should be the minimum that will allow
adequate evaporation of water.
The dryer must have the ability to dry a relatively wide range of sizes without
over-drying some of the material.
A high throughput capacity and high thermal efficiency are needed.
The dryer must be able to maintain the exhaust gas temperature at a level that is
high enough to prevent condensation within the system.
It should be simple in design and operation, and easy to maintain.
FINANCIAL CONSIDERATIONS

The main motivator for considering the use of thermal drying of fine and ultra-fine coal is the
fact that it will enable the fine coal products to be included in the export steam coal product
at a quality that will improve the net overall yield from a plant.
At present, large tonnages of fine and ultra-fine coal are being discarded in South Africa
because the quality of the coal, and more specifically the heat value of the coal, is too low
for it to be economically included in the export product. If wet fine coal is added to the
coarser coal product, it lowers the heat value of the combined product. To compensate for
this, the coarser product has to be produced at a higher heat value – this reduces the yield
of the coarse product. In many cases, the yield loss from the coarse coal is more than the
9

yield gained from the addition of the fine coal. In such a case, it is more economical to
discard the fine coal and to maximise the yield of coarse coal.
The quality of the fine coal can be improved by producing the coal at a higher calorific value
and by reducing the moisture content of the fine coal product. Fine coal beneficiation
techniques, however, restrict the calorific value (CV) achievable due to the fact that these
processes are not very efficient. Spirals, when used on a No. 4 Seam fine coal, will typically
only allow the production of a product with a CV of 26,5 MJ/kg. Dense-medium cyclones can
produce a product of better quality but are still restricted to an upper CV limit of about
28 MJ/kg.
Mechanical dewatering of the fine coal fraction will at best be able to lower the surface
moisture of the coal to about 15%. Even at 28 MJ/kg, the fine coal product with a 15%
surface moisture (and a 4% inherent moisture) will only have a heat value of 5 400 kcal/kg
NAR. To reach a higher heat value, the moisture content of the coal needs to be reduced
further and this is only possible with thermal drying.
It is generally believed that thermal drying, being an expensive process, will not be
economical to use. However, as the data in Table 4 below indicate, it seems that thermal
drying of fine coal will be very profitable. The data in Table 4 are for a typical No. 4 Seam
operation supplying a steam coal with a quality of 6 000 kcal/kg to the export market.
Table 4: Net present values for different processing and drying options
Fine
1
2
coal
Base case Process fine
moisture Discard fine
coal to
%
coal
26,5 MJ/kg
8*
10 *
11 *
12 *
14
16
18

R0
R0
R0
R0
R0
R0
R0

R83 308 061

3
Process fine
coal to
27,00 MJ/kg

4
Process fine
coal to
27,50 MJ/kg

5
Process fine
coal to
28,00 MJ/kg

6
Process fine
coal to
28,50 MJ/kg

R209 829 194 R284 592 284
R63 211 937 R175 615 554
(R57 232 334) R126 364 325
R47 383 376

R322 279 051
R253 105 479
R221 258 003
R155 580 239
R56 621 241

R311 712 487
R269 846 310
R249 476 790
R218 788 407
R163 211 393
R51 016 224
(R114 710 417)

* Includes thermal drying
From Table 4, it is clear that, in order to maximise profit, it is required both to produce the
fine coal at the highest possible CV and at the same time to reduce the moisture to the
lowest possible level.
If the fine coal is produced at a CV of 26,5 MJ/kg, it is impossible to meet the export product
specification of 6 000 kcal/kg NAR and therefore the fine coal must be disposed of.
If, however, the coal can be dried to 8% surface moisture, it becomes economical to include
the fine coal product in the main export product, despite the fact that additional capital and
operating costs are incurred for the thermal drying of the coal.
If only mechanical dewatering is used, resulting in a fine coal product with 16% surface
moisture, this fine coal product has to be processed to 28,5 MJ/kg for it to be economical to
add it to the export product.
10

If the fine coal product is produced at 28 MJ/kg and dried to 8% surface moisture, a very
profitable combination is achieved.
The data in Table 4 are shown graphically in Figure 4 below.
NPV vs beneficiation & dewatering options
R350 000 000

NPV after 10 10 years at 17%

R300 000 000
R250 000 000
R200 000 000
R150 000 000
R100 000 000
R50 000 000
R0
(R50 000 000) 7

9

11

13

15

17

19

(R100 000 000)
(R150 000 000)
Surface moisture content of fine coal product
26,5 MJ/kg

27,0

27,5

28,0

28,5

Base

Figure 4: Net present value (NPV) vs. beneficiation and dewatering options
5

CAPITAL AND OPERATING COSTS

Limited data are available on the cost of thermal drying plants in South Africa. The capital
cost for these types of installation depends to a large degree on the type of dryer used
(fluidised bed, flash dryer, etc.) and the method used to generate the hot gas for drying. It is
anticipated that, in South Africa, a fluidised-bed combustor will be used to supply hot gas.
This unit will burn either discard coal or a portion of the dried fine coal as fuel.
The preferred type of dryer will probably be a fluidised bed, flash dryer or Torbed.
A baghouse or a wet scrubber will be required to control the emission of dust.
A schematic illustration of a typical thermal dryer and hot-gas generator installation is shown
in Figure 5a.
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Figure 5a: Flow diagram for hot gas generator and coal dryer
The capital cost for this type of installation is dependent on the amount of water evaporated
rather than on a straight tonnage throughput capacity.
Indicative (order-of-magnitude only) capital costs for thermal drying plants are shown in the
following graph – Figure 5b.

12
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Figure 5b: Approximate capital cost of thermal drying installations
The operating costs for these plants, like the capital costs, depend on the specific
requirements.
The data in Table 5 (Engelbrecht et al., 1993) serve to illustrate the costs for two different
drying applications. Although the product tonnage is the same, the different feed moisture
contents result in the capital and operating costs being quite different.
Table 5: Coal dryer case study
Case 1
60
8
69
20
9

Case 2
60
8
85
35
25

Estimated capital cost (Rm)

15

30

Costs (R/h)
Capital repayment
Electricity
Maintenance
Fuel

291
60
50
15

583
120
75
30

6.9
46,22

13.5
32,32

Product rate (t/h)
Final moisture (%)
Wet coal feed rate (kg/h)
Initial moisture (%)
Water evaporated (t/h)

Drying cost (R/ton product)
Drying cost (R/t water evaporated)
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6

DRYING TEST RESULTS

The data in Table 6 below show the results obtained by drying spiral-sized and thickener
underflow coal in a 1 t/h pilot fluidised-bed thermal dryer. The data were derived from the
pilot drying installation built and operated by the CSIR at its Pretoria West facility some years
ago.
Table 6: Results obtained on the CSIR pilot fluidised-bed thermal dryer
Coal dried
Wet coal feed rate

Thickener
Underflow

1 100

kg/h

1 300

kg/h

Feed moisture content

22

%

20

%

Product moisture content

2

%

1.2

%

Change in volatile matter

0

%

0

%

Fraction of product from cyclone

10

%

35

%

450

0

Dryer temperature

95

0

C

130

0

Dry coal temperature

80

0

C

120

0

Recycle ratio

65

%

65

%

Oxygen content of drying gas

2.5

%

2.5

%

Dryer yield

99

%

98

%

Evaporation efficiency

80

%

80

%

Drying gas temperature
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Spiral
product

C

450

0

C
C
C

COAL DUST EXPLOSION RISK

Thermal drying plants in general have a reputation of being prone to coal dust explosions.
It can be argued that high temperature and dry coal dust is a dangerous combination and
therefore it is necessary to consider the safety aspect of thermal drying.
For a fire to occur, three elements are required, namely fuel, heat and oxygen. In the
absence of any one of these elements, a fire is not possible.
For a coal dust explosion to occur, five simultaneous elements are required to be present .
These elements are fuel, heat, oxygen, suspension and confinement.
The various aspects of these five elements are discussed below.
7.1

Fuel

In coal dust explosions, coal is the fuel and the properties of the specific coal play a major
role in determining the propensity of the coal dust to be explosive in nature. In this regard,
the volatile matter content of the coal, the particle size distribution of the coal and the
quantity of coal present are the main parameters that require consideration.
14

7.2

Volatile matter content

It is well known that high-volatile bituminous coals are easier to set alight than anthracite
with its low volatile matter content. In a situation where coal is present as finely dispersed
dust particles, this principle still holds true and more highly volatile coal dust particles are
more prone to presenting a dust explosion hazard than coals with low volatiles.
The United States Bureau of Mines (USBM) defines the Volatile Ratio as follows:
Volatile Matter Content (%)
Volatile Ratio (%) = --------------------------------------------------------------------------- x 100
Volatile Matter Content (%) + Fixed Carbon Content (%)
It is suggested that coals having Volatile Ratios in excess of 12% have a propensity towards
coal dust explosions. Anthracitic coals typically have Volatile Ratios of less than 12% and in
general do not present an explosion risk.
7.3

Particle size

Small particles of coal require less energy than larger particles to trigger an ignition. The
literature suggests that coal particles larger than about 800 microns cannot be ignited easily
enough to present a coal dust explosion hazard. Particles smaller than this, however, do
contribute to an explosion hazard and the finer the particles, the greater the propensity
towards easy ignition. The volatile matter content of the coal also plays a role in this regard
and small particles of high-volatile coal require only a relatively small amount of energy for
ignition to start.
The ultra-fine coal size fraction is typically below 150 microns in size and hence most
definitely falls into the size consist of coal that may be considered prone to dust explosions.
Spiral-sized coal also contains a relatively large proportion of material that is finer than
800 microns.
7.4

Quantity of coal present

If suspended coal dust is present in air, even in low concentrations, ignition of the particles
by an energy source is possible. Propagation of combustion will, however, not be possible if
the concentration of dust is very low since the particles are not in sufficiently close proximity
to one another. At higher concentrations of dust, the particles are in close proximity and
combustion may be propagated to other particles. The minimum concentration of suspended
dust that would allow combustion or deflagration of the dust cloud to be propagated is
termed the Minimum Explosive Concentration (MEC).
The MEC depends on a number of factors, such as the volatile matter content of the coal,
the particle size distribution of the coal and also on whether or not a potentially combustible
gas such as methane is present. Typical MEC values for medium-volatile bituminous coal
are of the order of 40 to 50 g per cubic metre of air.
The MEC is lowered by increased volatile matter content and/or by finer coal particles. The
presence of methane gas also serves to lower the MEC.
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Theoretically, there is an upper limit at which the amount of oxygen in the dust cloud
becomes insufficient to sustain the combustion of the suspended dust particles. The upper
concentration limit has been estimated at about 4 000 g per cubic metre but for all practical
purposes, one may assume that an upper concentration limit does not exist.
7.5

Heat

Coal dust particles may be ignited when enough energy is supplied to the particles. The
source of this energy can be heat supplied by hot air in a dryer, or an electrical or static
spark.
It has been established that about 60 millijoules of energy may be sufficient to ignite coal
dust. Gases require less energy than coal to start combustion – a fact that should be kept in
mind when coal dust is present in a mixture with gas. In the latter case, the minimum ignition
energy required becomes that which may ignite the gas.
It is possible for a primary explosion to occur in a coal dust/gas mixture and for this primary
explosion then to supply the necessary energy to set off a secondary, more violent
explosion.
Coal dust in suspension generally requires relatively high temperatures (> 500 oC) to ignite.
The same coal dust, when present in a layer of dust say on the floor or on top of equipment,
may require much lower temperatures (> 170 oC) to cause the dust layer to start
smouldering. The relationship between ignition temperature and volatile matter content is
shown in Figure 7.5.

Figure 7.5: Ignition temperature as a function of volatile matter content
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7.6

Oxygen

Oxygen is required to sustain both fires and explosions. In the absence of oxygen, neither is
possible.
Based on experimental work, various authors have indicated that the risk of coal dust
explosions becomes lower if the oxygen content of the air in contact with the coal is reduced
below about 12%.
7.7

Suspension

Coal dust will explode only if the dust is suspended in air. If the dust is present as a dust
layer, it may only smoulder or burn. If the dust becomes suspended, however, the risk of a
dust explosion is greatly enhanced. A primary explosion may be of low intensity but can
produce a pressure front strong enough to place dust from the floor or from accumulations
on equipment into suspension. The energy needed to ignite this dust is already present and
hence the newly suspended dust may fuel a secondary, more intense explosion.
7.8

Confinement

The confinement of coal dust ensures that the particles are in sufficiently close proximity to
allow a deflagration to propagate. Without confinement of the dust, heat transfer between
the particles will not be rapid enough to sustain an explosion.
In order for a deflagration to be propagated, the coal dust particles need to be in sufficiently
close proximity to allow rapid heat transfer between them. This situation is normally achieved
only when the coal dust is confined within an enclosed container. In a thermal drying plant,
these conditions usually occur in the dust-extraction cyclone system and the baghouse if
one is being used. The baghouse in particular is a problem area in current conventional
thermal drying plants since dust is collected here in a confined space and this may result in a
situation where coal dust at an elevated temperature is present in concentrations that may
reach and even exceed the MEC.
When an explosion occurs within a confined space, the pressure front resulting from the
explosion causes damage to the equipment within the enclosed confines and may rupture
the container. To limit damage to equipment in the event of an explosion, explosion vents
that will rupture at relatively low pressures are installed in high-risk areas.
To minimise the risk of a coal dust explosion occurring in a thermal drying plant, the
following precautions should be taken:
1. The concentration of suspended dust should be kept as low as practically possible.
A baghouse or wet-scrubber system should be used for dust control. The moisture
content of the dried product from the dryer should be controlled to minimise dust from
the dried product.
2. The temperature of the drying air should be only as high as required from an
efficiency point of view and should be closely monitored and controlled. The dried
product should be allowed to cool to ambient temperature before being stockpiled or
loaded.
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3. The oxygen content of the drying air should be controlled at a level below 12% by
recirculating about two-thirds of the air from the dryer back to the hot gas generator.
Below 12% oxygen, the risk of a coal dust explosion is largely reduced.
4. Any dust present in the thermal dryer, ducting and dust-extraction equipment will be
in suspension during the operation of the plant as a result of the large volumes of air
that will be circulated through the system. Monitoring and control measures will
therefore be required.
8

SPONTANEOUS COMBUSTION

When coal is subjected to high temperatures during thermal drying, it is almost certain that
the coal will undergo some degree of oxidation, depending on the temperature, final level of
moisture content, drying time and final temperature reached. Oxidation of the coal,
combined with the fact that the coal exits the dryer at an elevated temperature, could make
the coal more prone to spontaneous heating.
Matoney et al. [1979] state that oxidation of the ‘coal substance proper’ is the primary cause
of spontaneous heating. This heating, however slight, is caused by slow oxidation of coal in
an air supply sufficient to support oxidation, but not sufficient to carry away all the heat
generated. This process occurs whenever a fresh coal surface is exposed to air.
They divided the process of spontaneous combustion of coal into the following five general
stages:
1) Coal oxidises slowly until it reaches a temperature of about 50 oC.
2) As the temperature increases, the rate of oxidation increases and the coal will heat at
an accelerated pace until a temperature of approximately 140 oC is reached.
3) Once the coal reaches a temperature of 140 oC, carbon dioxide and water vapour are
given off.
4) Carbon dioxide liberation increases rapidly until a temperature of about 230 oC is
reached. At this temperature, spontaneous combustion may take place.
5) At about 350 oC, the coal ignites and combusts.
During drying, the temperature of the coal is not expected to exceed 100 oC as long as there
is moisture present on the surface of the coal. This is due to the evaporative cooling effect of
the water. However, once all the moisture has been driven off, a rapid increase in
temperature will occur. It is therefore important to ensure that the coal is not over-dried.
Nonetheless, the coal will exit a thermal dryer at a temperature well above 50 oC and it may
even be higher than 100 oC if any over-drying occurs. If such coal is not handled with the
proper caution, one may well expect that the coal will continue to heat and eventually
combust. In practice, the fine, thermally dried coal will be mixed with wet, coarse coal. This
action should ensure that the fine coal is cooled but it also implies that the temperature of
the coarse coal can be increased. Monitoring of the temperature of the combined product
would therefore be required.
Coals differ in their propensity to absorb oxygen and this usually varies with the rank of the
coal. Anthracite, on the high end of the rank scale, is not known to heat spontaneously,
whereas those coals with a high bed moisture, high oxygen content and high volatile matter
content, i.e. low-rank coals, are known to be problematic in this regard.
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The moisture content of coal is known to play an important part in spontaneous heating.
Coal, once dried, will reabsorb water when it comes into contact with either humid air or a
source of water. Rewetting of coal generates heat and this can contribute to the build-up of
heat within a coal stockpile.
The temperature at which the coal is stockpiled also plays an important role. Just a few
degrees centigrade may be significant. In some cases, coal stockpiled on a warm day may
heat spontaneously, whereas the same coal, when stockpiled during cold weather, may be
stored without problems. Coal that is fresh from a thermal dryer should therefore be allowed
to cool to ambient temperature before being stockpiled.
9

THERMAL DRYING METHODS AND EQUIPMENT

In this section, some of the available methods and equipment used for thermal drying are
discussed. Emphasis is placed on the types of dryer that are more suitable for drying fine
coal. Budget capital costs for some of the dryers, as obtained from the suppliers, are also
given. Based on the discussion, particular types of dryer are recommended for particular
products.
9.1

Convective drying methods

Convective drying is achieved by contacting a process stream with a warm or hot gas stream
which provides the heat required to evaporate the moisture and also serves as a carrier for
the removal of evaporated moisture. The convective drying methods that are mainly used in
the coal industry are discussed below.
9.1.1 Rotary dryer
In a direct-heat rotary dryer, a feed of wet particulate material is dried by contact with heated
air while being transported along the interior of a rotating cylinder, with the rotating shell
acting both as a conveying device and as a stirrer. A cascading direct-heat rotary dryer is
depicted in Figure 9.1.1.

Figure 9.1.1: A typical direct-heat rotary coal dryer
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Indirect heating can also be used in a rotary dryer. In this type of dryer, the hot gases
circulate around the shell and heat is conducted and radiated through the shell. Some
designs use both direct and indirect heating simultaneously. In this type of design, hot gases
first pass down a central tube, coaxial with the dryer shell, and return through the annular
space between the tube and the shell. The material being cascaded in the annulus picks up
heat from the gases as well as by conduction from direct contact with the central tube
[www.apv.invensys.com].
Rotary dryers are universally applicable to particulate materials but normally cannot process
slurries and pastes. The minimum particle size used in rotary dryers is about 100 µm, with a
residence time between several minutes and one hour, depending on the material. Varying
the speed of rotation of the drum and the angle of the drum can alter the residence time. Fill
can be varied and fills are typically between 7% and 25% of the cross-sectional area of the
drum. According to Drytech, specialist in industrial drying and bulk materials handling
systems, the feed characteristics for a rotary dryer are powders, granules, non-friable
agglomerates and large solid particles [www.drytecheng.com].
In coal preparation, rotary dryers may be suitable for the drying of spiral (0,5+0,1 mm)
product and perhaps the DMS cyclone (15 mm +0,5 mm) product. The results of test work
done at one of the collieries in the Witbank coalfield showed that agglomerates, in the form
of pellets made from ultra-fine coal, can also be dried using a rotary dryer.
Although robust, with high throughput and low capital cost, rotary dryers are mechanically
complicated, have many wearing parts and hence have high maintenance costs. In addition,
the characteristics of the dried product are inconsistent and the dryers occupy a large area.
9.1.2 Flash drying
In a flash (also termed ‘pneumatic’) dryer, a continuous flow of the particulate feed material
is dried by contact with hot air while being transported by the air stream. A flash dryer is
shown in Figure 9.1.2.
Flash drying equipment occupies little space and has few moving parts. Typical gas exit
velocities are in the region of 10 to 30 m/s, which are ten-fold higher than in the fluidised-bed
and rotary dryers. The drying time of the processed materials is therefore very short (in the
region of seconds). The maximum particle size that can be dried is about 1 to 2 mm. The
inlet air temperature ranges from 100 oC – 650 oC.
A broad range of feed materials, including powders, cakes, granules, flakes, pastes, gels,
and slurries, can be processed in a flash dryer. For slurries, pastes or sticky materials,
mixing of the wet feed with a portion of dry product to produce a suitable conditioned
material is required. In the context of coal processing in South Africa, a flash dryer will be
particularly suitable for processing filter cakes of the flotation concentrate. However, as the
feed needs to have a relatively consistent particle size, a disintegrator will be required to
distribute the product evenly and further break it up to feed it into the air stream in finely
divided form.
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Figure 9.1.2: The Barr-Rosin open-circuit flash dryer [www.barr-rosin.com]
The C-E Raymond flash dryer uses either a screw feeder for coarse coal or a double pedal
mixer for fine coal filter cakes, in which the wet filter cake is mixed with the previously dried
coal to disperse the moisture over a large surface area, resulting in a mixture that can be
dispersed into the hot gas stream to effect an efficient and economical operation [Leonard et
al., 1979].
Many of the largest dryers in the world are flash dryers – some evaporating more than
20 tons of water per hour in a single system [www.barr-rosin.com]. Flash dryers have been
used to dry products in many other industries, including the food, chemicals, minerals and
polymer industries. About 75% of the world’s platinum group metals are processed through
flash dryers [Creamer Media, 2004].
The budget capital cost of a 60 t/h flash dryer for ultra-fine coal as obtained from a particular
supplier is between R15 m and R30 m, with estimated operating costs of between R7/ton
and R14/ton.
9.1.3 Fluidised-bed drying
Fluidised-bed drying uses a heated gas to lift and maintain the feed in a fluidised state. Air is
introduced into a wind box or plenum via a forced draft fan, and is distributed through a
distributor plate of solid material via a perforated plate, nozzles, a ceramic grid or other
distribution medium. The bed attains fluid-like properties that ensure flowing and mixing of
solid particles. The fluidisation provides intimate contact between each material particle and
the gas stream, creating an extremely efficient transfer device. Products that have large
particle size variations or high bulk densities can benefit from a vibrating bed. A diagram of a
typical fluidised-bed dryer is shown in Figure 9.1.3a.
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Due to the fact that the drying action depends on fluidisation, the moisture content of the
feed is normally lower than that used in flash and rotary dryers, generally below 20%. The
average particle size of the material to be dried in a fluidised-bed dryer should be >0,1 mm.
One of the engineering companies that manufactures fluidised-bed dryers has confirmed
that the flotation concentrate filter cake from one of the collieries in the Witbank coalfield is
too fine (i.e. -100 µm) for a fluidised-bed dryer. This is probably due to the fact that material
with this particle size is very cohesive, thus making the inter-particle forces greater than
those that the fluid can exert on the particles.
The gas exit velocity for fluidised-bed dryers is intermediate between those of the flash and
rotary dryers at 1,5 – 5 m/s. The drying time in a fluidised bed, particularly circulating
fluidised beds with deep (e.g. 1 m) beds, is between 15 minutes and 1 hour.

Figure 9.1.3a: Fluidised-bed dryer
Fluidised-bed dryers have been used successfully worldwide to dry coal. In South Africa, a
1 t/h fluidised-bed fine coal dryer was built and tested by the CSIR Division of Energy
Technology in 1993. The flow diagram of this dryer is depicted in Figure 9.1.3b. The
thickener underflow (-0,5 mm) and the spiral product (-1+0,1 mm), with feed moistures of
about 20 and 22% respectively, were successfully dried to 1,2 and 2% moisture. The major
technical challenges during the test work included the risk of coal dust fires and explosions
in the dryer, and the feeding of wet coal into the dryer. These were solved by maintaining the
oxygen level in the drying gases at <5% and the temperature in the dryer at <120 oC. The
problem of feeding was solved by back-mixing some of the dry coal to the feeder and proper
distribution of wet coal by disintegrating the lumps [Engelbrecht, 2003].
The compact Torbed reactor (CBR) is another bed-type thermal dryer. In a Torbed reactor,
the particles to be processed are held in a shallow bed suspended by jets of the process gas
stream, which is forced through stationary angled blades at high velocity. The process gas
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stream impacts on and minimises the insulating microscopic gas layer around each particle.
As a result, the heat and mass transfer rate is greater than in other types of reactor, which
means faster, more effective processing. The principle of the Torbed reactor is depicted in
Figure 9.1.3c [www.torftek.com].

Figure 9.1.3b: Flow diagram of the Enertek fluidised-bed dryer [Engelbrecht, 2003]

Figure 9.1.3c: Operating principle of the compact Torbed reactor [www.torftek.com]
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Reportedly, the CBR has been used successfully in many industries, including minerals,
metals, food and chemicals. In South Africa, a test plant has been installed at Fer-Min-Ore.
A sample of the Kleinkopje flotation concentrate was tested in the plant. Although the
discharge material seemed dry, the coarser lumps blocked the discharge chute. Hence, for
the CBR to work efficiently on the –100 µm filter cake, the lumps in the wet feed would be
thoroughly disintegrated and dispersed prior to drying. Tests conducted by Fer-Min-Ore
showed that filter cake can be successfully de-lumped and dried using the pilot unit.
A hammer-type crusher was employed to break the filter cake into smaller particles.
The CBR was also shown to work well in drying a spiral product. A successful test was
carried out at Fer-Min-Ore in which the spiral product from Navigation plant was dried from
about 20% moisture to 1,1% moisture. The results of the test are shown in Table 9.1.3.
Table 9.1.3: Results of CBR thermal drying tests – Navigation spiral product
Calorific
Inherent
value
moisture
MJ/kg
%
P1
25,80
1,2
P2*
24,84
2,6
P2.1
24,53
2,3
P2.2
24,15
1,7
P2.3
24,52
2,8
Cyclone U/F
13,49
1,2
Feed
24,30
2,4
* Composite of P2.1 – P2.2
Description

Ash
%
20,1
21,3
22,9
24,2
22,5
59,1
23,5

Volatile
matter
%
21,7
21,4
21,2
21,2
21,3
20,8
21,6

Fixed
carbon
%
57,0
54,7
53,6
52,9
53,4
18,9
52,5

Surface
H2O
%
1,00
3,50
1,50
1,50
4,00

Total
H2O
%
1,11
4,77
3,90
4,24
9,43

Interesting to note in Table 9.1.3 is the varying ash contents of the feed, cyclone ultra-fines
(U/F) and coarse products (i.e. P1 and P2) samples. It seems that through the removal of
the ultra-fines by the dust cyclones during drying, the CBR assists in the upgrading of the
coal as the ash in the dried product decreased from 23,5 to ~21%. This will, however, be
confirmed by further test work.
9.1.4 Conveyor drying
The above dryers are widely used in the coal, minerals, chemicals and metals industries.
However, conveyor dryers, albeit relatively less popular in the coal industry, may also be
applicable for the drying of coal. In a conveyor dryer, the wet feed material is dried as it is
continuously being transported horizontally on a perforated screen through which warm air is
blown. Although a single-conveyor dryer is commonly used, multiple staging can also be
employed, particularly for friable materials. In this type of dryer, the bed of the wet feed
material must be permeable. Hence the dryer is particularly suitable for particulate material.
Due to their permeability, the spiral and DMS cyclone products would be appropriate feed
materials for a conveyor dryer.
Shallow layers of between 4 and 6 cm on average are commonly used in conveyor dryers.
Air velocities vary between 0,5 and 2 m/s, but 1,25 m/s is normally used with an upward flow
at the beginning of the drying period and a downward flow later on. This serves to prevent
dusting and promotes even drying. Although higher temperatures are possible, drying air
temperatures of between 100 and 200 oC are usual. While there is no practical limit with
regard to the length, the width of the conveyor can vary between 0,5 and 3 m. The velocity
of the conveyor is continuously adjustable between 0,1 and 2 cm/s.
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A steel belt dryer (SBD) is one example of conveyor drying. The technology was patented in
2002 and is being used to develop a machine that could accept fine pre-dewatered coal from
a plate and frame pressure filter press and present it as a suitably ‘crumbled’ layer onto a
steel belt dryer. On a steel belt dryer the crumbled fine coal is subjected to suction from a
fan drawing air from underneath the steel belt and heat of high intensity is applied above the
belt to dewater the crumbled cake. The source of heat is infrared radiation panels. The
panels are capable of raising the temperature to between 600 and 800 oC. The water
evaporated from the coal is removed by the suction created by the fan [www.parsep.com].
A steel belt dryer is currently being tested by Particle Separation Systems (PSS) at
Kleinkopje colliery. The test work is aimed at drying flotation concentrate and spiral product
from 25% moisture to below 10% moisture. The results of the test work are not yet available.
A photo of the steel belt dryer is shown in Figure 9.1.4.

Figure 9.1.4: The PSS steel belt dryer [www.parsep.com]
9.2

Miscellaneous dryers

9.2.1 Indirect heat-exchange type coal dryers
In an indirect heat-exchange type dryer, the heat is transferred by conduction from the
heat-transfer medium through a heat-transfer surface to the material being processed. The
material processed therefore does not come into contact with the heat-transfer medium and
hence there is less contamination of the product, particularly if it is a sensitive material. The
heat-transfer medium is normally water, steam or thermal oil.
9.2.2 Holo-Flite dryer
In the Holo-Flite processor (dryer), particles are dried as they come into contact with the
surfaces of the hollow flights, shaft and trough. The product to be processed is continuously
conveyed in an axial direction by means of the rotating screw flights along a jacketed trough.
Control over the temperature of the drying medium and the speed of the screw allows the
heat-transfer process to be closely controlled. The drying temperature in some dryers can be
as high as 1 200 oC. A photo of a Holo-Flite processor is shown in Figure 9.2.2.
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Figure 9.2.2: The Metso Minerals Holo-Flite processor [www.metsominerals.com]
Apart from drying fine coal, the Holo-Flite processor can be used to dry various other
materials such as aluminium, molybdenum, carbon black, plastics, etc. It can also be used
for heating and cooling in other industries, such as chemicals and food. The Joy Holo-Flite
processor was used in the USA for drying coal from ponds. The coal had moisture contents
between 16 and 35%. Therminol 66 and 88 were used as heat-transfer media and the
discharge moisture of the coal was about 8% [Leonard et al., 1979].
Holo-Flite processors typically operate at a relatively low speed of between 2 and 10 r/min.
At this low speed, low horsepower is sufficient to run the processor. In addition, due to the
low speed, wear on the screw and trough is low. The maintenance costs for the Holo-Flite
processor are reportedly quite low.
9.2.3 Torus disc dryer/cooler
The Torus disc dryer/cooler is a continuous thermal system that combines high heat-transfer
rates with extended residence times. It is designed to process powders, pellets, cakes and
slurries gently, without build-up of sticky materials. The dryer consists of a stationary
horizontal vessel containing a tubular rotor, designed with vertically mounted, double-walled
hollow discs. Heat-transfer fluids flow through the rotor, the discs and the jacketed vessel
surrounding the rotor. The discs provide 85% of the heating surface. An example of the
Torus disc dryer is depicted in Figure 9.2.3. Reportedly, such a dryer can dry fine coal
(-0.6 x 0 mm) from 25% moisture to less than 10% moisture.
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Figure 9.2.3: The Hosokawa Bepex horizontal disc dryer – Torus Disc
[www.hosokawa.co.uk]
9.2.4 Bearce thermal dryer
The essential features of the Bearce thermal dryer are a rotating cylinder that is supported
on a frame in such a way that one end may be raised or lowered by a hydraulic jack or other
suitable device so as to control its slope. The wet material is fed into the upper end of the
cylinder where it is immediately joined by hot steel balls dropping from the central tube. The
central tube is a cylinder concentric with the main cylinder and rigidly attached to it so that
the whole device rotates as one with none of the parts moving relative to the others. Hot air
is drawn, by an exhaust fan at the lower end of the dryer, from the burner or furnace through
the central tube where the steel balls are heated up.
The Bearce thermal dryer is designed to dry fine coal (-0,6 mm) on contact with the hot steel
balls which, due to tumbling, also help to break up the sticky lumps. A trommel screen in the
lower section of the rotating cylinder separates the cooled balls and the dried product. The
dried product drops onto a conveyor belt, while the balls are retained on the screen and
recycled.
The dryer has the ability to dry materials of unlimited fineness and can handle sticky, caked,
agglomerated or gummy material. The fact that no large volumes of air are handled offers
low power consumption. In addition, thermal efficiency is extremely high due to the fact that
the hot gases are confined to a relatively small, easily insulated cylinder. Dust collection is
also minimal due to the fact that the feed material is not in contact with the drying medium
[Leonard et al., 1979].
9.2.5 Dielectric drying
In dielectric drying, heat is generated by the application of electromagnetic radiation.
A dielectric dryer with a capacity of about 50 kg/h is currently being tested on fine coal
(-1 mm) by Kumba Resources’ research and development division. Although the test work is
in its early stages, the preliminary results obtained to date are reportedly promising. Detailed
information on this will be made available once the study has been completed [Jonck, 2004].
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CONCLUSIONS

Thermal drying of the fine and ultra-fine coal fraction is the only available process that will
allow the moisture of fine coal to be reduced to below 15% and that of ultra-fine coal to
below 25%. In many cases, it will only be economical to include the fine coal product in the
total export product if the surface moisture of the fine coal can be reduced to below 10%.
This is not possible with mechanical dewatering.
From an economic point of view, the thermal drying process appears to yield very positive
results, despite the relatively high capital and operating costs.
The implementation of thermal drying will require additional efforts from plant personnel in
order to ensure the safe and effective operation of these units.
A fluidised-bed dryer, or the compact Torbed reactor, is considered best for the drying of
dense-medium cyclone and spiral products.
A flash dryer is believed to be best for the drying of the flotation concentrate.
11
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lora jo foo <ljfoo70@gmail.com>
Fri 6/3/2016 12:37 PM
To:Chafe,

Zoe <ZChafe@oaklandnet.com>;

2 attachments (292 KB)
Tom's Position Description.pdf; 5-26-16, Primary Responsibilities.docx;

---------- Forwarded message ---------From: Blankenship, Harold (FRA) <harold.blankenship@dot.gov>
Date: Thu, May 26, 2016 at 4:53 AM
Subject: RE: Covers for coal train cars
To: lora jo foo <ljfoo70@gmail.com>

Lora Jo,

Before we begin, I think I should give you some background as to my expertise, resume, etc.

I am attaching a copy of my current position description and primary responsibilities here at the U.S. Department of Transportation Federal
Railroad Administration (FRA).

Background:

1. I am a registered professional engineer with an electrical engineering degree, a mechanical engineering degree, an MBA and doctorate
in operations management.
2. I spent 30 years with Norfolk Southern Railroad in a variety of management positions in the operating (mechanical and transportation)
departments.
3. At present I have been with the FRA here in Washington, DC for 16 years, so basically I have 46 years of “hands on” railroad experience.
4. All my work is centered around “Railroad Safety” and regulation enforcement.

Answers/Responses to Lora Jo’s questions:
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1. What was the impetus for the proposed rule? Ans. There are many federal agencies that may have at some point explored whether a
“rule” was needed to govern the transport of coal, (EPA? DOT? Commerce?) so, without seeing a “hard copy” of a proposed rule, it would be
hard to make any assumption here. Again, why was the “rule” not pursued? Without “seeing” what was proposed we cannot accurately give
an opinion as it would be conjecture only.
2. Does the federal rail authority have to “approve” these covers before they are made commercially available? Ans. Yes and No. The FRA
and our Canadian Regulatory partner—Transport Canada work to enforce safety on all north American railroads. We do not “approve” coal
car covers, HOWEVER, if for instance a company designs a “cover” and wants a safety review, the FRA will do this as a courtesy, with the
intent to see that such a cover does not interfere with employee safety, block access to side ladders, end ladders, sill steps, handbrakes, or
introduce an unacceptable risk to railroad employees.
3. Is testing for leakage of fugitive coal dust required in the approval process? Ans. No, FRA does not get involved with any fugitive coal
dust emission tests as far as I know.
4. Are there any other companies who have received approval or whose approval is pending? Ans. FRA does NOT approve covers EXCEPT
when requested to provide guidance for a particular design as it relates to the safety appliance arrangement contained in the proposal.
Once reviewed, the FRA may issue a letter that the proposed design may or may not comply with current safety appliance regulations
contained in AAR S-2044 and Title 49 Code of Federal Regulations (CFR) Part 231.
5. Has EcoFab applied for approval of its covers? Ans. Without a file number or correspondence control number, I cannot tell whether the
EcoFab cover has received an FRA safety appliance review.

Some History, East Coast Coal Transport

In the mid 1970’s, Norfolk Southern Railroad (NS) was exporting 42 million tons of coal annually from the West Virginia coal fields through
the 38th. Street Pier 6 coal pier in Norfolk, VA. This was a time of when “coal was king” and before EPA began enforcement of strict
emissions guidelines. West Virginia coal is a high BTU coal with high sulphur content which is ideal for Japanese steel mills. At one time I
recall NS explored the idea of using a chemical “spray” to reduce fugitive coal dust emissions but nothing seemed to work in this endeavor.
When the coal mines went to “flood loading” of entire unit trains, this uniform loading approach seemed to really reduce and mitigate coal
dust emissions as each load had a smooth contour of the load which reduced air flow disturbance across the cars. This “tapered” loading
phenomenon greatly reduced any fugitive dust emissions problems here on east coast, plus former coal fired plants have been forced to
convert to natural gas, and both CSX and NS revenues have dropped 30% in last year as they have lost coal business and coal mines have
shut down, coal companies have gone bankrupt.

During the 70’s coal boom, as many as 30+ coal ships (colliers) could be seen in the ports of Newport News and Hampton Roads awaiting
their turn to take on a ship load of coal, today all that business has gone away. At one time AT Massey coal company got into a squabble
with railroads about pricing and they threatened to build a coal slurry pipeline with pumping stations to transport coal 500 miles through
the pipeline to Newport News. Treaty prevented the pipeline from being built.

Summary:

Some “takeaways” from the above query.

FRA does not “approve” any cover design in the marketplace. We do regulate and enforce safety appliance appurtenances when covers may
place workers at a safety risk.
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Some designs that have received a safety appliance review by FRA and found to be “non-compliant” with the safety appliance regulations
and are therefore unsuitable for service. Others have been reviewed and found to be acceptable for use as they do comply with the
applicable statutes.

Tom B.
202-493-6446
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lora jo foo <ljfoo70@gmail.com>
Fri 6/3/2016 12:43 PM
To:Chafe,

Zoe <ZChafe@oaklandnet.com>;

---------- Forwarded message ---------From: Doug Bock <DBock@ecofab.com>
Date: Fri, May 27, 2016 at 1:03 PM
Subject: Ecofab Covers
To: lora jo foo <ljfoo70@gmail.com>

If Jerry has said that the FRA has approved our cover for coal, he is mistaken. Ecofab has at no me sought or received
FRA approval for the cover we have presented to TLS. Having said that Ecofab did receive approval for covering and
containing low level radioac ve material with the very same cover. In 1994 the US Department of Transporta on (DOT)
determined that the Ecofab Cover System met the criteria for a closed transport vehicle as specified in “Title 49 CFR
173.403 (c ).” The approval of our cover system was sought and achieved by our customer at the me.

From: lora jo foo [mailto:ljfoo70@gmail.com]
Sent: May 27, 2016 11:09 AM
To: Doug Bock <DBock@ecofab.com>
Subject: Re: Covered coal cars

Thanks for quick response. At a press conference earlier this week, when asked about whether TLS was doing tes

ng to be sure no

coal dust escaped the rail cars, Jerry Bridges responded:
"FRA last year approved these particular covers, Ecofab is the name of the company, they approved these rail car covers for the
transportation of coal."
I reviewed my notes and thought you said EcoFab did not seek FRA approval. Is that correct? Did Bridges misunderstand?
lora jo
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lora jo foo
510-282-9454

On Fri, May 27, 2016 at 10:53 AM, Doug Bock <DBock@ecofab.com> wrote:

Yes we have spoken to and given a presenta on to Terminal Logis cs Solu ons. Yes it was a Utah based mining
company.

From: lora jo foo [mailto:ljfoo70@gmail.com]
Sent: May 27, 2016 10:38 AM
To: Doug Bock <DBock@ecofab.com>
Subject: Covered coal cars

Dear Doug,
We spoke earlier this week about covers for coal train cars. I have two follow up questions I hope you can answer. You said that it was a
mining company that approached EcoFab about your covers. Has anyone from Terminal Logistics Solutions, TLS, the company that will
build and operate the Oakland export terminal contacted you or anyone else in your company to inquire about the covers? The
principles of TLs are Jerry Bridges and Omar Benjamin. And can you tell me which mining company contacted you about the covers?
Was it a Utah company? Any assistance would be greatly appreciated.
Lora Jo

lora jo foo
510-282-9454

6/3/2016 3:05 PM
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------------------------------------------------------------------------THE FIRE BELOW: SPONTANEOUS COMBUSTION IN COAL
------------------------------------------------------------------------How Coal Self-Ignites
The coal's temperature begins to climb above ambient. At about 150-300
degrees F, it begins to give off minute, but measurable, quantities of
gas--aerosols, hydrogen, and CO(2)--precursors of combustion. As the
temperature increases further--at about 600-700 degrees F--relatively,
large, visible particulates are emitted. Soon, as the heating rate
increases in intensity to about 750-800 degrees F, incipient combustion,
and ultimately self-ignition and flame, will occur.
------------------------------------------------------------------------At least a dozen coal fires occurred within the Department of Energy (DOE)
over the last decade. Seven sites were involved, with two of the seven
experiencing multiple incidents. Fortunately, none of the fires resulted
in fatalities. However, damages from all but one ran into the thousands
of dollars, and the most severe incident caused a minimum os $800,000
damage.
The risk from fire exists anywhere significant amounts of coal are in use
or storage. Coal is a combustible material, making it susceptible to a
variety of ignition scenarios. One of the most frequent and serious
causes of coal fires in spontaneous combustion, which has been responsible
for a number of incidents within the Department in recent years.
Preventing spontaneous combustion coal fires involves attention to many
different factors. Among the most critical are the type, age, and
composition of coal, how it is stored, and how it is used. Given the
right kind of coal, oxygen, and a certain temperature and moisture
content, coal will burn by itself.
Spontaneous combustion has long been recognized as a fire hazard in stored
coal. Spontaneous combustion fires usually begin as "hot spots" deep
within the reserve of coal. The hot spots appear when coal absorbs oxygen
from the air. Heat generated by the oxidation then initiated the fire.
Such fires can be very stubborn to extinguish because of the amount of
coal involved (often hundreds of tons) and the difficulty of getting to
the seat of the problem. Moreover, coal in either the smoldering of
flaming stage may produce copious amounts of methane and carbon monoxide
gases. In addition to their toxicity, these gases are highly explosive in
certain concentrations, and can further complicate efforts to fight this
type of coal fire.
Even the most universal firefighting substance, water, cannot be used
indiscriminately. Because of the remote possibility of a steam explosion,

it is advisable that water be applied carefully and from a safe distance.
Certain chemicals such as carbon dioxide or nitrogen may mitigate fire
effects, but their use has had mixed success from a DOE perspective. The
above information suggests that coal fires require awareness and prior
planning to extinguish efficiently, completely, and safely.
Recent Coal Fire at DOE Site
In 1992, a DOE site experienced its most recent coal fire initiated by
spontaneous combustion. Due to the nature of the fire and initial
ineffectiveness of the means utilized to fight it, the fire required more
than 28 hours to completely extinguish from the time a hot spot was first
detected in the coal bunker. The initial strategy involved trying to
remove coal from the bunker by feeding it more rapidly to the boiler and
by using a drag chain to move more of it to the field. The drag chain
failed in 30 minutes, however. Subsequent efforts to control the fire
with carbon dioxide applied through inspection ports at the bottom of the
bunker and from the tripper room high above the bunker were ineffective,
and may have worsened the situation. The drag chain emptying coal from
the bunker worked intermittently after being repaired, and finally
stopped. Boiler plant personnel then began to remove burning coal by hand
shovel.
Twenty-one hours after the fire was discovered, it had involved a large
amount of the bunker. At one point, flames appeared at the tripped room
windows, which are approximately 75 feet above the seat of the hot spots.
A strong concern for a steam explosion delayed the application of water,
but the decision was finally made to use water, which was applied without
incident and eventually ended the fire.
Causes of Spontaneous Coal Fires
The incident related above serves as an excellent case study of a
spontaneous combustion coal fire. It illustrated some major causes of
such fires as well as the problems of fighting them effectively and
safety. The following general factors have been mentioned as contributing
causes:
o

Coal handling procedures allowed for long-time retention of coal,
which increases the possibility of heating.

o

New coal added on top of old coal created segregation of particle
sizes, which is a major cause of heating.

o

Too few temperature probes installed in the coal bunker resulted in
an excessive period of time before the fire was detected.

o

Failure of equipment needed to fight the fire (drag chain conveyer).

o

Ineffective capability and use of carbon dioxide fire suppression
system.

o

Delay in the application of water.

o

Inadequate policies, procedures, and training of personnel prevented
proper decision making, including the required knowledge to
immediately attack the fire.

o

Failure to learn lessons from two previous coal bunker fires at the
same installation.

DOE Coal Fires in the Last Decade
Other coal fires caused by spontaneous combustion have occurred at DOE
facilities in the last decade. In 1985 spontaneous combustion was
responsible for starting two fires in a coal bunker at a DOE site. The
fires were extinguished by injecting gaseous nitrogen into the bunker near
the hot spots. The cause was determined to be the excessive storage time
of the coal. In addition, excessive compaction caused by fines (finely
crushed coal) contributed to the rate of ignition.
In 1991 at another DOE site, a smoldering fire was discovered in an unused
coal bunker which had accumulated 2 cubic feet of coal dust from an
overhead coal conveyer system. The fire was believed to have started
spontaneously, through careless smoking was also listed as a possible
cause. At still another site, coal stored too long in a silo ignited due
to spontaneous combustion.
An unusual fire which occurred in 1991 illustrates the opportunistic
nature of spontaneous combustion on coal. A backhoe had been sitting for
3 hours after the close of work. For the previous 2 days, the backhoe had
been mucking out slag and coal collection ponds to remove coal fines. A
security guard noticed a fire on the backhoe rear tire. Facility
personnel believe the cause of the fire was spontaneous combustion of the
coal fines which had adhered to the tire. Some of the thick coal mud in
the ponds had not been exposed to oxygen until it was churned up by the
tires of the backhoe. Personnel were instructed to wash equipment tires
when leaving the ponds for the day.
Preventing Spontaneous Combustion in Stored Coal
Hugh quantities of coal are stored in bunkers, silos, hoppers and open air
stockpiles. How susceptible such stocks of coal are to fire from
spontaneous combustion depends on a number of factors, from how new the
coal is to how it is piled.
Recommendations:
o

Know your coal. Anthracite (sometimes called eastern coal) has a
high carbon content and is much less combustible than low oxygen
content bituminous (or western) coal. Freshly mined coal absorbs
oxygen more quickly than coal mined at an earlier time, and is more
likely to head spontaneously.

o

Storing coal with a low sulphur content is helpful. Sulphur
compounds in coal liberate considerable heat as they oxidize.

o

Air circulating within a coal pile should be restricted as it
contributes to heating; compacting helps seal air out.

o

Moisture in coal contributes to spontaneous heating because it
assists the oxidation process. Moisture content should be limited
to 3 percent; sulphur content should be limited to 1 percent, "as
mined." Coal having a high moisture content should be segregated

and used as quickly as possible. Efforts should be made to keep
stored coal from being exposed to moisture.
o

Following the "first in, first out" rule of using stock reduces the
chance for hot spots by helping preclude heat buildup for portions

::
of stock which remain undisturbed for a long term. The design of
coal storage bins is important in this regard.
o

A high ambient temperature aids the spontaneous heating process.

o

Use coal as quickly as practicable. The longer large coal piles are
allowed to sit, the more time the spontaneous process has to work.

o

The shape and composition of open stockpiles can help prevent fires.
Dumping coal into a big pile with a trestle or grab bucket can lead
to problems. Rather, coal should be packed in horizontal layers
(opinions range from 1 1/2' to 3' high) which are then leveled by
scraping and compacted by rolling (See Figure 1, not included in
SPMS, see original Bulletin for Figure). This method helps
distribute the coal evenly and thus avoids breakage and segregation
of fine coal. Segregation of coal particles by size should be
strenuously avoided, as it may allow more air to enter the pile and
subsequent heating of finer sizes.

o

The height of the coal pile is also important. Limit unlayered,
uncompacted high grade coal to a height of 15' (10' for low grade
coal); maximum height is 26' for layered and packed coal.

o

Properly inspect, test and maintain installed fire protection
equipment.

o

Maintain an updated pre-fire plan and encourage regular visits to
coal facilities by the site or local emergency response force.

Fig. 1 (Not included, see original Bulletin). Poor distribution of fine
and coarse coal resulting from dumping from a high trestle or grab bucket
without rolling (above), compared with good distribution and exclusion of
air by roll-packing method. (Illustration courtesy of Factory Mutual
Engineering Corp., 1975)
Pertinent Orders, Notices and Rules
DOE Order 5480.7A, Fire Protection, includes requirements for physical
fire protection features, hazards analysis, fire prevention procedures,
and periodic fire safety assessments.
29 CFR, Part 1910, Subpart L, Fire Protection, includes requirements for
fire departments, such as pre-fire planning and training, as well as
criteria for physical fire protection features.
Guidance
The DOE Fire Protection Resource Manual includes model fire prevention
procedures, fire protection system testing and maintenance procedures, and
model fire department operating procedures.

Factor Mutual, Coal and Charcoal Storage, Loss Prevention Date, #8-10,
August 1975, provides guidance on prevention of coal fires.
A Lesson Learned from the Titanic
Deep-seated coal fires are not a new problem. J. Dilley, survivor of the
sinking of the TITANIC, reported to following:
The TITANIC sailed from Southhampton on Wednesday, April 10, 1912,
at noon. I was assigned to the TITANIC from the OCEANIC, where I
served as a fireman. From the day we sailed the TITANIC was on
fire, and my sole duty, together with eleven other men, had been to
fight that fire. We had made no headway against it.
The fire started in bunker No. 6. There were hundreds of tons of
coal stored there. The coal on top of the bunker was wet, as all
the coal should have been, but down at the bottom of the bunker, the
coal had been permitted to get dry.
Two men from each watch of stokers were told off, sir, to fight that
fire. The stokers, you know, sir, work four hours at a time, so
twelve of us was fighting flames from the day we put out of
Southhampton until we hit the iceberg.
No sir, we didn't get that fire out, and among the stokers there was
talk, sir, that we'd have to empty the big coal bunkers after we'd
put our passengers off in New York and then call on the fireboats
there to help us put out the fire. But we didn't need such help.
It was right under bunker No. 6 that the iceberg tore the biggest
hole in the TITANIC, and the floor of water that came through, sir,
put out the fire that our tons and tons of water had not been able
to get rid of.
This Bulletin is one in a series of publications issued by EH to share
occupational safety information throughout the DOE complex. To be added
to the Distribution List or to obtain copies of the publication, call
(615)576-7548. For additional information regarding the publications,
call Barbara Bowers, Safety Performance Indicator Division, Office of
Environment, Safety and Health, U.S. Department of Energy, Washington, DC
20585, (301)903-3016.
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Abstract.
We use an ensemble of aircraft, satellite,
sonde, and surface observations for April–May 2006
(NASA/INTEX-B aircraft campaign) to better understand
the mechanisms for transpacific ozone pollution and its implications for North American air quality. The observations
are interpreted with a global 3-D chemical transport model
(GEOS-Chem). OMI NO2 satellite observations constrain
Asian anthropogenic NOx emissions and indicate a factor of
2 increase from 2000 to 2006 in China. Satellite observations of CO from AIRS and TES indicate two major events
of Asian transpacific pollution during INTEX-B. Correlation
between TES CO and ozone observations shows evidence
Correspondence to: L. Zhang
(linzhang@fas.harvard.edu)

for transpacific ozone pollution. The semi-permanent Pacific
High and Aleutian Low cause splitting of transpacific pollution plumes over the Northeast Pacific. The northern branch
circulates around the Aleutian Low and has little impact on
North America. The southern branch circulates around the
Pacific High and some of that air impacts western North
America. Both aircraft measurements and model results
show sustained ozone production driven by peroxyacetylnitrate (PAN) decomposition in the southern branch, roughly
doubling the transpacific influence from ozone produced in
the Asian boundary layer. Model simulation of ozone observations at Mt. Bachelor Observatory in Oregon (2.7 km altitude) indicates a mean Asian ozone pollution contribution of
9±3 ppbv to the mean observed concentration of 54 ppbv, reflecting mostly an enhancement in background ozone rather

Published by Copernicus Publications on behalf of the European Geosciences Union.
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than episodic Asian plumes. Asian pollution enhanced surface ozone concentrations by 5–7 ppbv over western North
America in spring 2006. The 2000–2006 rise in Asian anthropogenic emissions increased this influence by 1–2 ppbv.

1

Introduction

Rapid industrial development in eastern Asia and specifically
in China has resulted in unprecedented growth in NOx emissions with implications for both regional and global tropospheric ozone (Wild and Akimoto, 2001). Efforts to improve
US air quality through domestic emission controls could be
partly compromised by Asian industrialization and the associated transpacific transport of pollution (Jacob et al., 1999;
Fiore et al., 2002). Better understanding the impact of rising Asian NOx emissions on transpacific ozone pollution
and surface ozone air quality in the United States is therefore of great interest. We address this issue here through a
global 3-D model analysis of observations from the NASA
Intercontinental Chemical Transport Experiment – Phase B
(INTEX-B) aircraft campaign, conducted in spring 2006 over
the Northeast Pacific. We integrate into our analysis concurrent measurements from ground sites, sondes, and satellites.
Ozone is produced in the troposphere by the photochemical oxidation of CO and volatile organic compounds (VOCs)
in the presence of nitrogen oxides (NOx ≡NO+NO2 ). On a
global scale, the photochemical production of ozone dominates over the stratospheric influx (Prather and Ehhalt, 2001;
Sudo and Akimoto, 2007), and is limited mostly by the supply of NOx and methane (Wang et al., 1998b). Anthropogenic sources of NOx from combustion combined with
the global rise in methane have probably doubled the tropospheric ozone burden in the northern hemisphere over the
past century (Prather and Ehhalt, 2001). Ozone has a lifetime of days in the continental boundary layer but weeks in
the free troposphere (Jacob et al., 1996; Thompson et al.,
1996; Wang et al., 1998b; Fiore et al., 2002), and thus can
affect continents downwind.
The dependence of ozone production on NOx is highly
nonlinear; the ozone production efficiency (OPE) per unit
NOx consumed increases rapidly as the NOx concentration
decreases (Liu et al., 1987). Ozone production within the
continental boundary layer is relatively inefficient because
of the high-NOx conditions. A small fraction of emitted NOx
exported to the free troposphere by frontal lifting, deep convection, or boundary layer venting can lead to disproportionately large ozone production in the free troposphere over the
continent and downwind (Jacob et al., 1993; Thompson et
al., 1994). The peroxyacetylnitrate (PAN) reservoir for NOx
can be vented from the boundary layer and transported on
a global scale at cold temperatures, eventually decomposing
to release NOx in the remote troposphere as air masses subside and producing ozone with very high efficiency. PreviAtmos. Chem. Phys., 8, 6117–6136, 2008
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ous studies using aircraft measurements from the PHOBEA,
TRACE-P, and ITCT-2K2 campaigns (Kotchenruther et al.,
2001; Heald et al., 2003; Hudman et al., 2004) found that
PAN decomposition may represent a dominant component
of the ozone enhancement in transpacific Asian pollution
plumes. The INTEX-B campaign offers far more geographical coverage over the Northeast Pacific and we will see that
it enables a better understanding of the mechanisms of ozone
production in transpacific plumes.
Asian pollution is typically exported to the Pacific by
frontal lifting in warm conveyor belts (WCBs), convection,
and orographic lifting (Liu et al., 2003; Brock et al., 2004;
Liang et al., 2004; Kiley et al., 2006; Dickerson et al., 2007).
It can then be transported across the Pacific in 5–10 days in
the free troposphere (Yienger et al., 2000; Jaffe et al., 2001;
Stohl et al., 2002). The mean transport time to the surface of
western North America is of the order of 2–3 weeks (Liu and
Mauzerall, 2005). The transport is most rapid and frequent
in spring due to active cyclonic activity and strong westerly
winds (Forster et al., 2004; Liang et al., 2004). While Asian
plumes with correlated CO and ozone are often observed in
the free troposphere and at mountain sites over the western
United States (Price et al., 2004; Jaffe et al., 2005; WeissPenzias et al., 2007), no such plumes are observed at the
surface for ozone (Goldstein et al., 2004), presumably because of dilution during entrainment into the boundary layer
(Hudman et al., 2004). Asian ozone pollution in US surface
air thus mostly reflects an increase in background concentrations (Fiore et al., 2003). Background ozone levels in air entering western North America have increased approximately
10 ppbv between 1984 and 2002 (Jaffe et al., 2003) and
ozone concentrations across the western United States show
a significant increase with a mean trend of 0.26 ppbv a−1
(Jaffe and Ray, 2007). The cause for this increase is not clear
but rising Asian emissions may be a contributing source.
A unique feature of the INTEX-B campaign was the availability of extensive satellite observations of tropospheric
ozone, NO2 , and CO to complement the aircraft observations. Satellites provide a growing resource to quantify emissions of ozone precursors (Martin et al., 2006) and to map
the transpacific transport of pollutants (Heald et al., 2003,
2006). They greatly expand the temporal and spatial scale
of in situ measurements but are limited in precision, vertical resolution, and the number of species observed. Aircraft vertical profiles during INTEX-B provided validation
data for the OMI (NO2 ), AIRS (CO), and TES (ozone, CO)
satellite sensors (Boersma et al., 2008; Luo et al., 2007b;
Richards et al., 2008). Here we use these satellite observations to constrain Asian NOx emissions (NO2 from OMI),
track transpacific plumes (CO from AIRS as a long-lived pollution tracer), and observe ozone production in transpacific
Asian plumes (ozone and CO from TES). We examine the
consistency between the satellite and aircraft information and
apply the aircraft data to further analysis of plume chemistry.
We also use sonde data from INTEX Ozonesonde Network
www.atmos-chem-phys.net/8/6117/2008/
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Study (IONS) (Thompson et al., 2008) to test model results,
and use ground-based measurements at Mount Bachelor Observatory in central Oregon (Jaffe et al., 2005; Reidmiller et
al., 2008) to link observed Asian pollution influences in the
free troposphere to North American surface air quality.

2

RL

MBO

Observations and model

2.1

In-situ measurements

The NASA INTEX-B aircraft mission took place from 17
April to 15 May 2006 over the Northeast Pacific and the
west coast of North America (Singh et al., 20081 ). It used
the NASA DC-8 (ceiling 12 km) as its primary platform operating out of Honolulu and Anchorage, complemented with
the NSF/NCAR C-130 (ceiling 7 km) operating out of Seattle. Figure 1 shows the flights tracks of the DC-8 and C130 aircraft. These included extensive vertical profiling on
all flights. The DC-8 conducted 10 science flights of about
9-h duration each, with large latitudinal coverage over the
Northeast Pacific. The C-130 conducted 12 science flights
of about 8-h duration each off and over the US Northwest
Coast. Quasi-Lagrangian sampling studies were performed
between the DC-8 and the C-130 to track the chemical evolution of Asian pollution plumes (Latto and Fuelberg, 2007).
Details of the chemical payload on both aircraft are given
by Singh et al. (in preparation). We principally make use
here of the 1-min average measurements of ozone, CO, NO,
NO2 , PAN, OH, and HO2 . Intercomparisons between the two
aircraft show excellent agreement for ozone, CO, and NOx ,
but for PAN the correlation is poor and C-130 measurements
are 23% higher than DC-8 on average as discussed in Chen
et al. (2007).
Additional in situ data for the INTEX-B period analyzed
in our study include ozonesonde observations at Trinidad
Head (California) and Richland (Washington) made during
the IONS-06 collaborative field campaign (Thompson et al.,
2008; http://croc.gsfc.nasa.gov/intexb/ions06.html), and surface measurements at Mount Bachelor Observatory (MBO,
44.0◦ N, 121.7◦ W, 2.7 km altitude in Oregon) (Wolfe et al.,
2007; Reidmiller et al., 2008).
2.2

Satellites

We use satellite observations from OMI and TES aboard
Aura and AIRS aboard Aqua. Aura was launched in July
2004 into a polar, sun-synchronous orbit with ascending
equator crossing around 1345 local time. The Ozone Monitoring Instrument (OMI) is a nadir-scanning instrument
1 Singh, H. B., Brune, W. H., Crawford, J. H., Jacob, D. J., Rus-

sell, P. B., et al.: Chemistry and Transport of Pollution over the
Gulf of Mexico and the Pacific: Spring 2006 INTEX-B Campaign
Overview and First Results, Atmos. Chem. Phys., submitted, 2008.
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Fig. 1. Flight tracks of the NASA DC-8 (black) and NSF/NCAR C130 (red) aircraft during the INTEX-B campaign (17 April–15 May
2006). The green stars show the locations of the Mt. Bachelor Observatory (MBO) in Oregon (2.7 km altitude), Trinidad Head (TH)
in California, and Richland (RL) in Washington.

which measures backscattered solar radiation over the 270–
500 nm wavelength range with a spectral resolution of 0.42–
0.63 nm (Levelt et al., 2006). It has a spatial resolution
of 13×24 km2 at nadir and daily global coverage. We use
here near-real time (NRT) tropospheric NO2 columns retrieved by KNMI/NASA (Boersma et al., 2007). This product was successfully validated with DC-8 NO2 vertical profiles (Boersma et al., 2008).
The Tropospheric Emission Spectrometer (TES) is a
Fourier transform IR emission spectrometer with high spectral resolution (0.1 cm−1 apodized) and a wide spectral range
(650–3050 cm−1 ), enabling retrieval of both tropospheric
ozone and CO in the nadir based on optimal estimation techniques (Beer et al., 2006; Bowman et al., 2006). Joint retrieval of ozone and CO enables TES to diagnose ozone
pollution influences through O3 -CO correlations (Zhang et
al., 2006). During INTEX-B, TES alternated daily between
“global survey” and “step-and-stare” observational modes.
The standard products (“global surveys”) consist of 16 daily
orbits across the North Pacific with retrievals spaced 1.6◦
along the orbit track. The “step-and-stare” observations have
denser nadir coverage along the orbit track over the North
Pacific. Vertical profiles retrieved from TES provide 1–2 degrees of freedom for signal (DOFS) for ozone in the troposphere corresponding to about 6 km vertical resolution, and
about 1 DOFS for CO weighted towards the middle troposphere (Worden et al., 2004). We use V002 of TES data. Validation with ozonesondes and INTEX-B aircraft data shows
that TES ozone profiles are biased high by 3–10 ppbv (Nassar
Atmos. Chem. Phys., 8, 6117–6136, 2008
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et al., 2008; Richards et al., 2008). TES CO measurements
are consistent with those from MOPITT (Luo et al., 2007a)
and within ±15% of the INTEX-B aircraft data (Luo et al.,
2007b). We filter out retrievals with poor sensitivity (diagonal term of the averaging kernel matrix at 681 hPa <0.01,
corresponding to <0.25 DOFS (Luo et al., 2007a)). To ensure that our conclusions are not affected by the variable a
priori used to regularize the TES retrievals, we reprocess
the TES profiles using a fixed a priori following Zhang et
al. (2006).
The Atmospheric Infrared Sounder (AIRS) was launched
on the NASA Aqua satellite in May 2002. It is a cross-track
scanning grating spectrometer covering the 3.7 to 16 µm
spectral range with 2378 channels (Aumann et al., 2003).
AIRS has a spatial resolution of 45 km at nadir and a 1650 km
cross-track swath, enabling daily global coverage. CO retrievals are obtained at 4.7 µm including for partly cloudy
scenes (McMillan et al., 2005). We use version 4.2 of AIRS
CO retrievals (McMillan et al., 2008). AIRS shows a positive bias of 15–20 ppbv relative to MOPITT over the oceans
(Warner et al., 2007). Here we use AIRS observations of CO
column qualitatively due to lack of well-defined averaging
kernels in version 4.2.
2.3

Model description

We use the GEOS-Chem global 3-D model of tropospheric
chemistry (v7-04-09; http://www.as.harvard.edu/chemistry/
trop/geos/) driven by GEOS-4 assimilated meteorological
observations from the NASA Global Modeling and Assimilation Office (GMAO). The model is applied to a global
simulation of ozone-NOx -VOC-aerosol chemistry. General
descriptions of GEOS-Chem are given by Bey et al. (2001)
and Park et al. (2004), and previous applications to transpacific ozone chemistry include studies by Fiore et al. (2002),
Jaeglé et al. (2003), Weiss-Penzias et al. (2004), Bertschi et
al. (2004), Goldstein et al. (2004), Hudman et al. (2004), and
Liang et al. (2007).
Meteorological fields in the GEOS-4 data have a temporal
resolution of 6 h (3 h for surface variables and mixing depths)
and a horizontal resolution of 1◦ latitude by 1.25◦ longitude,
with 55 levels in the vertical. We degrade the horizontal resolution to 2◦ latitude by 2.5◦ longitude for input to GEOSChem. The simulations are conducted for April–May 2006
at 2◦ ×2.5◦ resolution. They are initialized on 1 April 2006
with GEOS-Chem fields generated by an 8-month spin-up
simulation with 4◦ ×5◦ resolution.
Zhang et al.2 (http://www.cgrer.uiowa.edu/EMISSION
DATA new/index 16.html) compiled a detailed anthropogenic emission inventory for Asia (8◦ N–50◦ N, 80◦ E–
150◦ E) for the spring 2006 period of INTEX-B (hereafter
2 Zhang, Q., Streets, D. G., He, K., et al.: A new inventory of

anthropogenic emissions in Asia for the year 2005/2006, Atmos.
Chem. Phys., manuscript in preparation, 2008.
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referred to as S2006). We use their emission estimates except for NOx which we derive instead from OMI NO2 data
as a better estimate (Sect. 3). For US anthropogenic emissions we use the National Emission Inventory for 1999 (NEI
99) from the US Environmental Protection Agency (EPA)
(http://www.epa.gov/ttn/chief/net/). For the rest of the world
we use anthropogenic emissions from the Global Emission
Inventory Activity (GEIA), scaled to 1998 on the basis of
national energy statistics as described by Bey et al. (2001).
Streets et al. (2003) previously reported an anthropogenic
emission inventory for Asia in 2000 (hereafter referred to as
S2000), and we will use that inventory in a sensitivity simulation to assess the impact of rising Asian emissions from 2000
to 2006. For the same Asian region, the S2006 inventory
is 41% higher for CO, 45% higher for non-methane VOCs
(NMVOCs), and 65% higher for NOx . Our NOx source constrained by the OMI NO2 observations is 2 times higher than
S2000. Some of the change in the CO inventory in S2006
relative to S2000 reflects an underestimate in the original inventory (Streets et al., 2006), in addition to emission growth.
The increase in NMVOCs reflects emission growth and is
consistent with Ohara et al. (2007). The increase in NOx
also mainly reflects emission growth, as will be discussed in
Sect. 3.
Biomass burning emissions are from a monthly climatological inventory (Duncan et al., 2003). Fire emissions
over Southeast Asia in 2006 were not unusual compared
with previous years (van der Werf et al., 2006; http://ess1.
ess.uci.edu/∼jranders). Soil NOx emissions are computed
using a modified version of the algorithm by Yienger and
Levy (1995) with canopy reduction factors described by
Wang et al. (1998a). Emissions of NOx from lightning are
linked to deep convection following the parameterization of
Price and Rind (1992) with vertical profiles taken from Pickering et al. (1998). Following the suggestions by Martin et
al. (2006) and Hudman et al. (2007) and evidence from observations (Huntrieser et al., 2006), we use a NOx yield per
flash of 125 moles in the tropics and 500 moles at northern
mid-latitudes (north of 30◦ N). The resulting lightning source
is 6 Tg N a−1 globally including 1.6 Tg N a−1 north of 30◦ N.
Transport of ozone from the stratosphere is simulated using
the “Synoz” boundary condition of McLinden et al. (2000),
which imposes a global cross-tropopause ozone flux of approximately 495 Tg ozone a−1 transported downward by the
model.
We present results from three full-chemistry simulations:
(1) the standard simulation for 2006 as described above; (2) a
sensitivity simulation without Asian (8◦ –50◦ N, 80◦ –150◦ E)
anthropogenic emissions (fossil fuel+biofuel), which allows
us to derive Asian pollution enhancements in the standard
simulation by difference; and (3) a sensitivity simulation for
2000 using S2000 Asian emissions from Streets et al. (2003)
to derive the effect of 2000–2006 regional growth in emissions. We also conduct single-tracer simulations of odd oxygen (Ox ≡O3 +NO2 +2NO3 +3N2 O5 +HNO3 +HNO4 +
www.atmos-chem-phys.net/8/6117/2008/
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Fig. 2. Mean tropospheric NO2 columns from OMI and the GEOS-Chem model in April–May 2006 over eastern Asia. The OMI data
(left panel) have been mapped on the 2◦ ×2.5◦ GEOS-Chem grid. GEOS-Chem model results are shown using 2000 anthropogenic NOx
emissions from Streets et al. (2003) (central panel) and a doubling of these emissions to represent 2006 conditions (right panel). The numbers
in parentheses are the mean column values over eastern Asia.

peroxyacylnitrates), using archived 3-D fields of daily production rates and loss frequencies from the above simulations. This ozone tracer technique has been applied in a number of model studies to track the transport and fate of ozone
produced in different regions (Wang et al., 1998b; Li et al.,
2002; Sudo and Akimoto, 2007). We use it here to assess
the relative contributions to transpacific ozone pollution from
ozone produced in the Asian boundary layer versus formed
downwind of Asia following NOx and PAN export.

3

Constraints on Asian anthropogenic NOx emissions

The bottom-up combustion inventories for developing countries such as China are subject to large errors in available
energy statistics and emission factors (Streets et al., 2003).
We use here OMI tropospheric NO2 columns to provide
top-down constraints on surface NOx emissions for April–
May 2006 over eastern Asia (20–50◦ N, 100–150◦ E) including East China, Japan, and Korea. Following Martin et
al. (2003), we determine local top-down surface NOx emissions from the OMI NO2 columns by applying the GEOSChem relationship between NO2 columns and local emissions derived from the bottom-up inventory and sampled
close to the satellite overpass time. We adopt the improvement from Wang et al. (2007) by accounting for contributions
from external and non-surface sources, including in particular lightning and biomass burning in Southeast Asia. Contributions from these sources to tropospheric NO2 columns
over eastern Asia were identified by GEOS-Chem sensitivity
simulations with anthropogenic emissions over eastern Asia
shut off. They typically represent 10–20%.
Figure 2 shows the NO2 tropospheric columns observed by
OMI (left panel) vs. simulated by GEOS-Chem using S2000
anthropogenic NOx emissions from Streets et al. (2003) (central panel) at the satellite overpass time. The model is
40% too low. We can match the OMI data by doubling
www.atmos-chem-phys.net/8/6117/2008/

the S2000 anthropogenic NOx emissions over eastern Asia
(including China, Japan, and Korea), as shown in the right
panel. This yields a high spatial correlation with OMI observations (r=0.92, n=209 on the 2◦ ×2.5◦ grid) as well as
negligible bias (slope of 0.94 for the reduced-major-axis regression line). Walker et al.3 obtained a similar constraint
on Asian NOx emissions using SCIAMACHY satellite NO2
data.
Our factor of 2 correction to the S2000 inventory likely reflects actual 2000–2006 emission growth in China and underestimation of bottom-up estimates for Japan and Korea. The
S2006 bottom-up inventory (Zhang et al., in preparation) for
the INTEX-B period shows a 98% growth of NOx anthropogenic emissions from China relative to S2000, in close
agreement with our results. Wang et al. (2007) previously
found the S2000 inventory to be 15% lower than contemporary top-down constraints from the GOME NO2 satellite
instrument. It thus appears that Chinese anthropogenic NOx
emissions have indeed doubled from 2000 to 2006. Previous
trend analyses of Chinese anthropogenic NOx emissions for
the 1996-2004 period indicated an accelerating growth rate,
with total growth for that period of 61% in the bottom-up inventory (Zhang et al., 2007) and 95% from satellite data (van
der A et al., 2006).
The top-down constraints from OMI also imply factor of
2 increases in Japan and South Korean emissions relative to
the S2000 inventory. However, S2006 report no significant
2000–2006 emission changes in these regions. Bottom-up
and top-down analyses for earlier periods also show little
trend (Richter et al., 2005; Ohara et al., 2007). The correction to the S2000 inventory in Japan and Korea needed to
match the OMI data in Fig. 2 thus appears to reflect an underestimate in the inventory rather than an actual 2000–2006
emission trend. Jaeglé et al. (2005) and Wang et al. (2007)
3 Walker, T. W., Martin, R. V., van Donkelaar, A., et al.: Trans-

Pacific transport of reactive nitrogen and ozone during spring,
manuscript in preparation, 2008.
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Fig. 3. Mean vertical profiles of CO, NOx , PAN, and O3 concentrations over the Northeast Pacific during INTEX-B (April–May 2006).
Observations (black) from the DC-8 (top) and C-130 (bottom) aircraft are compared to GEOS-Chem model results with 2006 Asian emissions
(red solid) and 2000 Asian emissions (red dash). Horizontal bars are standard deviations. Here and in subsequent figures, the observations
have been filtered to remove urban plumes, biomass burning plumes, and stratospheric air as described in the text. Model results are sampled
along the flight tracks at the time of the flights, and observations are averaged over the model grid.

previously indicated a 30%–50% underestimate in the S2000
inventory relative to GOME NO2 observations over Japan.
In what follows, we will interpret the doubling of anthropogenic NOx emissions in eastern Asia relative to S2000
as representing the actual 2000–2006 regional growth rate
in emissions. This interpretation overestimates the actual
growth by about 30% due to the apparent underestimation
in S2000 for Japan and Korea. In any case, our standard
simulation for 2006 includes our best estimate of East Asian
emissions for that year constrained by the OMI data.
4

Mean vertical profiles

We compare in Fig. 3 the observed and simulated mean vertical distributions of CO, NOx , PAN, and ozone concentrations for the ensemble of DC-8 and C-130 flights in Fig. 1.
Model results are sampled along the flight tracks at the time
of flights. Observations are gridded to model resolution. The
comparison excludes urban plumes observed during takeoff and landing as diagnosed by NO2 >500 pptv and altitude <3 km; biomass burning plumes as diagnosed by HCN
>500 pptv or CH3 CN >225 pptv; and stratospheric air as diagnosed by O3 /CO >1.25 mol mol−1 . These filters exclude
1%, 4% (urban plumes); 5%, 4% (biomass burning plumes);
Atmos. Chem. Phys., 8, 6117–6136, 2008

and 7%, 0% (stratospheric air) of the data for the DC-8 and
C-130, respectively. The stratospheric filter does not exclude
stratospheric influence within the troposphere, as mixing of
stratospheric and tropospheric air masses causes the O3 /CO
ratio to drop rapidly below the filter threshold.
CO profiles show little mean vertical structure. Modeled
CO is 15% lower than observations, consistent with an OH
overestimate in the model. Figure 4 shows the mean simulated vs. observed vertical distributions of OH and HO2 concentrations. The model is too high for OH by 27% on average in the DC-8 data and by a comparable factor in the C-130
data. In contrast there is no significant bias for HO2 . Ren et
al. (2007) found that the OH and HO2 observations from the
DC-8 aircraft are within 15% of calculations from the NASA
Langley photochemical box model (Olson et al. 2006) constrained with the ensemble of concurrent aircraft observations. To investigate this discrepancy, we conducted a test
where we constrained the NASA Langley box model with
GEOS-Chem output rather than observations from the DC-8
aircraft. This closely reproduced the OH and HO2 concentrations simulated by GEOS-Chem, indicating that differences
in chemical mechanisms are not responsible for the discrepancy. It appears instead that the discrepancy is mostly caused
by an overestimate of water vapor in the GEOS-4 data set and
www.atmos-chem-phys.net/8/6117/2008/
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upper tropospheric NO concentrations in GEOS-Chem relative to the observations.
Observations of NO and NO2 from both the DC-8 and the
C-130 are in photostationary state and the absolute values
are in agreement with the GEOS-Chem simulation at low altitude (below 6 km for the DC-8 and below 4 km for the C130). At higher altitudes the NO/NO2 ratio from both platforms is inconsistent with the assumption of photostationary
state. Differences for the C-130 data are within the uncertainty in the instrument zero offsets (<5 pptv). For the DC-8
the differences become larger than that can be explained as
uncertainties in the measurements above 8 km. The GEOSChem model overestimates NO measurements from DC-8 by
50% at 10 km (60 vs. 40 pptv) and underestimates NO2 at
the same altitude by a factor of 2 (20 vs. 40 pptv). By coincidence NOx is in agreement. If we attribute all of the error to one or the other measurement, then the GEOS-Chem
model predicts either 50% too much NOx or 100% too little
at 10 km. Here and in what follows we use total NOx as the
comparison metric.
Comparisons of simulated and observed NOx and PAN in
Fig. 3 show a low bias in the model with 2000 Asian emissions, which largely disappears in the model with 2006 Asian
emissions. The doubling of anthropogenic NOx emissions
over eastern Asia from 2000 to 2006 increases NOx concentrations by 3 pptv over the Northeast Pacific in the model.
The PAN simulation with 2006 Asian emissions shows a
14% overestimate relative to the DC-8 observations while a
6% underestimate relative to C-130 observations, consistent
with the 23% systematic difference in PAN measurements
between the two aircraft (Chen et al., 2007). The 2000–2006
rise in Asian anthropogenic emissions increases the mean
simulated PAN concentrations by 26 pptv (21%). Jaffe et
al. (2007) compared the INTEX-B C-130 aircraft observations of NOx and PAN to their previous observations from
the PHOBEA aircraft campaign in 1999 over the Northwest
Coast of the United States, and found no significant change
in NOx but a 22% mean increase in PAN.
Model results for ozone in Fig. 3 show a 3 ppbv mean
increase from the 2000–2006 rise in Asian anthropogenic
emissions. The model result with 2006 Asian emissions is
consistent with DC-8 measurements. Comparison with C130 measurements shows a negative bias of 5 ppbv. The
DC-8 aircraft covered a large region over the Northeast Pacific, while the C-130 flew over the North American West
Coast (Fig. 1), where stratospheric influence on ozone is
particularly strong in spring (Cooper et al., 2004). Hudman et al. (2004) previously found that GEOS-Chem underestimated observed ozone concentrations from the ITCT
2K2 campaign over California in April–May 2002 by up to
10 ppbv due to its failure to reproduce high-ozone layers of
stratospheric origin.
We further compared model results with sonde measurements from IONS-06. Figure 5 shows the comparison
with the mean ozonesonde profiles at Trinidad Head on the
www.atmos-chem-phys.net/8/6117/2008/
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Fig. 4. Same as Fig. 3 but for OH and HO2 . Only model results
with 2006 Asian emissions are shown.

northern California coast (41◦ N, 124◦ W) and Richland in
Washington (46◦ N, 119◦ W) during the INTEX-B period.
The model reproduces the mean observed ozone profile at
Trinidad Head but is 5 ppbv too low at 2–5 km. At Richland where stratospheric influences are more pronounced, the
model is 10 ppbv too low in the free troposphere. Similar
GEOS-Chem underestimate of the ozonesonde observations
at Trinidad Head was reported by Hudman et al. (2004) for
the ITCT-2K2 aircraft campaign.
5

5.1

Satellite and aircraft observations of transpacific
transport
Transpacific transport as seen from satellites

Figure 6 shows AIRS (CO) and TES (CO, ozone) time series for the INTEX-B period over the Northwest and Northeast Pacific. AIRS has daily global coverage while TES is
much sparser. AIRS observations of CO column over the
Northwest Pacific show Asian outflow events every 3–6 days.
These outflow events are associated with the passage of cold
fronts across the Asian Pacific Rim (Liu et al., 2003; Heald
Atmos. Chem. Phys., 8, 6117–6136, 2008
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Fig. 5. Mean ozone concentration profiles over Trinidad Head, California (41◦ N, 124◦ W) and Richland, Washington (46◦ N, 119◦ W)
during the INTEX-B campaign. The black lines show the means and standard deviations of ozonesonde data for the period of 17 April–15
May 2006 (13 sondes at Trinidad Head and 24 at Richland). The red lines show the corresponding means and standard deviations of model
results with 2006 Asian emissions.

Fig. 6. Time series of AIRS and TES CO columns, and TES ozone at 680 hPa over the Northwest and Northeast Pacific during the INTEX-B
time period. Two transpacific transport events are identified by arrows, reaching the Northeast Pacific on 1 and 8 May. The dashed lines
show the time series of TES observations after filtering out stratospheric influence as described in the text.
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Fig. 7. CO columns from AIRS, TES and the GEOS-Chem model during the 5–9 May transpacific Asian pollution event observed by the
INTEX-B aircraft. GEOS-Chem values are sampled along the TES orbit tracks and with TES averaging kernels (AK) applied. The original
TES data have been reprocessed to remove the effect of variable a priori and averaged on the model resolution. GEOS-Chem columns
sampled at 12:00 UT without averaging kernels applied are also shown; the black line in the lower panel shows the INTEX-B DC-8 flight
track on 9 May.

et al., 2003). CO shows a decreasing trend from April to
May over the Northeast Pacific due to the seasonal decline of
biomass burning in Southeast Asia (Duncan et al., 2003) and
the seasonal increase of OH concentrations. The CO column
data over the Northeast Pacific identify two major events of
transpacific transport of Asian pollution during the INTEXB period. The two events were also seen by in situ observations. Event 1 was observed from the C-130 on 1 May (Barletta et al., 2007), and was also observed at the MBO site as
shown in Sect. 7.1. Event 2 was observed from the DC-8 on
9 May as discussed in Sect. 5.2, and arrived at MBO around
10 May.
TES observations of CO column show similar temporal
variation as AIRS (r=0.75 for both regions) but with larger
variability. Figure 6 also shows TES observations of ozone
concentrations retrieved at 680 hPa (corresponding to a broad
mid-troposphere weighting function). The time series of TES
CO and ozone observations are not always correlated. There
are some periods with high ozone but low CO, such as 2 May
over the Northwest Pacific and 14 May over the Northeast
Pacific. Stratospheric intrusions occur ubiquitously throughout the midlaitudes (Cooper et al., 2004), and mixing Asian
www.atmos-chem-phys.net/8/6117/2008/

pollution plumes with stratospheric air masses obfuscates
the O3 -CO correlations (Nowak et al., 2004). After filtering out TES observations with stratospheric influence as
diagnosed by TES O3 /CO at 680 hPa >0.6 mol mol−1 (a
stricter criterion than used for aircraft measurements due
to the broad weighting functions in satellite retrievals), we
find strong positive correlations (r>0.5, significant with 95%
confidence) between the time series of TES CO and ozone
observations for both regions. These correlations, likely
driven by contrasts of Asian outflow and clean tropical marine air masses, suggest a combined export of ozone and CO
pollution from the Asian continent. We examine this correlation in more detail below for a well-defined transpacific
plume.
5.2

Transpacific transport event on 5–9 May

The transpacific event of 5–9 May was observed by both
satellites and aircraft. Figure 7 shows daily AIRS and TES
observations of CO for that period along with the corresponding GEOS-Chem simulation. AIRS with its high coverage
illustrates the progression of the event and the GEOS-Chem
Atmos. Chem. Phys., 8, 6117–6136, 2008
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Fig. 8. (left) TES observations of ozone concentrations at 680 hPa on 6 and 8 May. The original TES data have been reprocessed to remove
the effect of variable a priori and averaged on the 2◦ ×2.5◦ GEOS-Chem model grid. (center) Simulated Asian ozone enhancement on 6 and
8 May at 12:00 UTC, as determined by difference between the standard GEOS-Chem simulation and a simulation with Asian anthropogenic
sources shut off. The black crosses show the locations of the TES observations of the Asian pollution plume used in the O3 -CO analysis.
(right) O3 -CO relationships at 680 hPa for the plume shown in the central panel. The TES observations (black) are compared to model results
from the standard simulation (red) and a sensitivity simulation with Asian emissions shut off (blue) sampled along the TES orbit tracks and
with TES averaging kernels applied. Correlation coefficients (r) and slopes of the reduced-major-axis regression lines (dO3 /dCO, mol mol−1 )
are shown inset.

simulation is highly consistent. The Asian pollution plume is
lifted with a southeastward moving front and rapidly transported in westerly winds at 30◦ –50◦ N across the Pacific. It
splits into two air streams when crossing the Pacific high
pressure system. The northern branch travels to Alaska in
a circulation around the Aleutian Low, while the southern
branch flows around the Pacific High and impacts the west
coast of North America on 9 May.
Also shown in Fig. 7 are the GEOS-Chem model fields
sampled along the TES orbit tracks and smoothed with TES
averaging kernels. The model reproduces the variability observed by TES (r=0.80). TES observations are relatively
sparse but are qualitatively consistent with AIRS. Figure 8
shows the corresponding TES observations for ozone and
the GEOS-Chem simulation of the Asian ozone pollution enhancement (determined by difference between the standard
simulation and a sensitivity simulation with Asian anthropogenic sources shut off). Model results display a band of
Asian ozone pollution accompanying CO and moving eastward within 30◦ –50◦ N, consistent with the pattern observed
by TES.
Figure 8 (right panel) shows the correlations of TES ozone
and CO measurements for the pollution plume at 680 hPa.
Ozone and CO are positively correlated both in the TES observations and the model. The corresponding observed enhancement ratio dO3 /dCO=0.14±0.05 mol mol−1 (standard
deviation calculated by the bootstrap method, Venables and
Ripley, 1999) on 6 May is smaller than summertime obAtmos. Chem. Phys., 8, 6117–6136, 2008

servations of 0.2–0.5 mol mol−1 at surface sites in eastern
North America (Parrish et al., 1993; Chin et al., 1994),
and 0.6 mol mol−1 observed in Asian outflow by TES in
July (Zhang et al., 2006). The smaller enhancement ratio
is likely due to low photochemical activity in the springtime (Pierce et al., 2003). The larger dO3 /dCO ratio of
0.39±0.12 mol mol−1 observed on 8 May (with 90% confidence from t-test) is consistent with the typical ratios of
0.2–0.5 mol mol−1 in industrial or biomass burning plumes
from aircraft measurements over the Northeast Pacific in the
spring (Price et al., 2004), and suggests continuous ozone
production in the lower troposphere during transport across
the Pacific. We see from Fig. 8 that the model reproduces
the observed O3 -CO correlations at least qualitatively and
these correlations disappear in a sensitivity simulation without Asian anthropogenic emissions, indicating that they are
driven by Asian ozone pollution.
Figure 9 shows the aircraft vertical profiles sampling the
pollution plume on the 9 May flight out of Anchorage
(flight track shown in Fig. 7). The northern branch sampled at 53◦ N, 150◦ W, and 3.5–7 km altitude shows CO up
to 182 ppbv and PAN up to 690 pptv. Ozone mixing ratios are about 65 ppbv, not significantly higher than the local background. The southern branch sampled at 42◦ N,
138◦ W, and 2.5–5.5 km altitude shows CO up to 206 ppbv
and ozone up to 85 ppbv; PAN mixing ratios (125 pptv)
are much lower than in the northern branch. The difference in ozone enhancements reflects the effect of subsidence
www.atmos-chem-phys.net/8/6117/2008/
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Fig. 9. Observed vertical profiles of concentrations for the northern (top) and southern (bottom) branches of the Asian pollution plume
sampled by the INTEX-B DC-8 flight on 9 May. (left) CO (solid black) and ozone (solid red). (right) NOy components: PAN (solid purple),
HNO3 (solid blue), and NO (solid green).

Fig. 10. Kinematic 7-day backward (open circles) and 3-day forward (solid circles) trajectories for the enhanced CO layers of Asian pollution
(CO>125 ppbv and 2–7 km) observed in the INTEX-B DC-8 flight on May 9 as shown in Fig. 9. The flight track is shown in gray and the
black crosses show the locations of enhanced CO layers, corresponding to the northern and southern branches of Fig. 9. The trajectories
were constructed using reanalysis data from the National Centers for Environmental Prediction (Fuelberg et al., 2007).
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Fig. 11. Mean gross ozone (odd oxygen) production rate at 800 hPa from anthropogenic Asian emissions during the INTEX-B period (17
April–15 May 2006). The Asian enhancement of ozone production is determined by the difference of gross ozone production rates between
the standard simulation and a sensitivity simulation with Asian anthropogenic emissions shut off. The contours and vectors represent the
mean GEOS-4 sea level pressures and 800 hPa wind fields for the period.

Fig. 12. Mean GEOS-Chem simulated Asian pollution enhancements of ozone, CO, NOx , and PAN at 800 hPa for the INTEX-B period
(17 April–15 May 2006). The Asian pollution enhancements are determined by difference between the standard simulation and a sensitivity
simulation with Asian anthropogenic emissions shut off.

Atmos. Chem. Phys., 8, 6117–6136, 2008
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Fig. 13. Mean latitudinal distributions of NOx and PAN concentrations over the Northeast Pacific at 1.5–5 km altitude during the
INTEX-B period. Model results (red solid) are compared to the
INTEX-B observations (black solid). Red dashed lines show the
model Asian enhancements. Vertical bars are standard deviations
of the observations.

driving PAN decomposition to NOx and hence ozone production (Kotchenruther et al., 2001; Heald et al., 2003; Hess
and Vukicevic, 2003; Hudman et al., 2004; Nowak et al.,
2004).
The ozone production in the southern branch is relevant
for direct impact on the United States. Figure 10 shows
kinematic backward and forward trajectories based on reanalysis data from National Centers for Environmental Prediction (Fuelberg et al., 2007) for the enhanced CO layers
of Asian pollution (CO >125 ppbv and 2–7 km) shown in
Fig. 9. The 9 May flight measured distinct northern and
southern branches of the plumes, but the backward trajectories in Fig. 10 demonstrate their common origin. The 3-day
forward trajectories from the aircraft tracks show the different fates of the two pollution branches. The northern branch
remains at high altitude over the Gulf of Alaska, while the
southern branch subsides to impact the United States. However, a large part of that southern branch cycles around the
Pacific High and avoids contact with North America.

www.atmos-chem-phys.net/8/6117/2008/
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Fig. 14. Time series of 3-hourly averaged CO (top) and ozone (center) concentrations at MBO during the INTEX-B period. Model
results (red) are compared to observations (black). The blue lines
show the Asian anthropogenic enhancements in the model as determined by the difference between the standard simulation and a
sensitivity simulation with Asian anthropogenic emissions shut off.
Black arrows show Asian CO pollution maxima as indicated by the
model. The bottom panel shows the simulated increase of ozone
concentrations at MBO due to the rise of Asian anthropogenic emissions from 2000 to 2006.

6

Mean transpacific transport of Asian ozone and its
precursors

We now generalize from the case study of 6–9 May to
the mean transpacific Asian pollution influence during the
INTEX-B period of 17 April–15 May, 2006. Figure 11
shows the mean enhancements of gross ozone production
rates at 800 hPa due to Asian anthropogenic emissions, as determined by difference between the standard simulation and
the sensitivity simulation with Asian anthropogenic emissions shut off. GEOS-Chem ozone production rates in the
standard simulation are consistent with those from box models constrained by aircraft measurements over the Northwest
Pacific (Auvray et al., 2007). Transpacific transport of ozone
pollution mostly takes place in the free troposphere (Price et
al., 2004), and we show 800 hPa in Fig. 11 as most relevant
for North American air quality. We see fast production of
Asian ozone pollution (>5 ppbv d−1 ) over the Asian continent where NOx concentrations are high, but also sustained
production (>1 ppbv d−1 ) across the Pacific at 25◦ N–40◦ N
and a secondary maximum off the coast of California. Hudman et al. (2004) previously found that the ozone production
Atmos. Chem. Phys., 8, 6117–6136, 2008
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Figure 12 shows the mean simulated Asian pollution enhancements of CO, PAN, ozone, and NOx at 800 hPa for the
INTEX-B period. They show the same pattern of Asian outflow but then become latitudinally separated during transport
across the Pacific. CO and PAN have little production over
the Pacific; their transport is mainly north of 35◦ N. By contrast, Asian ozone and NOx are more enhanced at 25◦ N–
40◦ N, corresponding to the southern branch of transpacific
transport in Fig. 11 which provides a sustained source. The
secondary maxima of Asian NOx and ozone over the subtropical Pacific match the secondary maxima of Asian ozone
production in Fig. 11.
The INTEX-B aircraft observations provide evidence for
this latitudinal separation between Asian enrichments of
NOx and PAN. Figure 13 shows the mean observed and
simulated latitudinal gradients of NOx and PAN concentrations over the Northeast Pacific at 1.5-5 km altitude. NOx
concentrations decrease with increasing latitude while PAN
increases with increasing latitude, with a step function at
40◦ N. The patterns are similar in the model and in the observations, confirming the mechanism of ozone production
driven by PAN decomposition over the subtropical Pacific.

Fig. 15. Mean simulated US surface ozone enhancements from
Asian anthropogenic emissions during the INTEX-B time period
(17 April–15 May 2006). Total Asian ozone enhancements (top
left) are separated into linear contributions from ozone produced in
the Asian and Pacific lower troposphere (surface – 700 hPa), and in
the middle/upper troposphere (700 hPa – tropopause). Note that the
top left panel has a different scale than the others.

efficiency is particularly high over the subsiding East Pacific
because of the strong radiation and low humidity. This combined with the release of NOx from PAN decomposition promotes relatively rapid ozone production (>1.5 ppbv d−1 ).
Mean 800 hPa winds and sea level pressures for the
INTEX-B period are also shown in Fig. 11. The Pacific High
and Aleutian Low are prominent features and drive the westerly transport across the central and eastern Pacific (Liang et
al., 2005). We see from Fig. 11 that splitting of Asian plumes
over the Northeast Pacific is an expected feature of the mean
circulation: the northern branch circulates around the Aleutian Low, while the southern branch circulates around the Pacific High and affects the western United States. As shown in
Fig. 11, the high ozone production rate is limited to the southern branch. Most of the air in that southern branch actually
skirts the US, as previously discussed in the May 5–9 case.
It is instead entrained in the easterly tropical circulation to
become the tropical “river of pollution” flowing back to the
western equatorial Pacific in the marine boundary layer, as
observed in the PEM-Tropics B aircraft campaign (Staudt et
al., 2001; Martin et al., 2003).
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7.1

Impact of Asian pollution on North American surface
ozone
Measurements at Mt. Bachelor Observatory

The Mt. Bachelor Observatory, a mountain site in central
Oregon, is particularly sensitive to Asian influences due to
its exposure to the free troposphere (Jaffe et al., 2005; WeissPenzias et al., 2006). We use measurements at MBO to test
model estimates of Asian influence in North American background air. Figure 14 shows the 3-hourly observed and modeled time series of CO and ozone at MBO during the INTEXB period. The model is unbiased for ozone and biased low
by 20 ppbv for CO, as discussed previously in the context
of the aircraft data. The synoptic-scale variability is well
captured, particularly for ozone. The model predicts larger
Asian pollution ozone enhancements in May than April due
to increasing photochemical activity. May is climatologically the month of peak Asian influence on US ozone (Jacob et al., 1999). The day-to-day temporal variability of
Asian ozone pollution simulated by the model is small, consistent with the previous analyses of Fiore et al. (2002) and
Goldstein et al. (2004). Asian ozone pollution in the model
mostly appears as a background enhancement rather than as
discrete plumes. PAN concentrations measured at MBO during INTEX-B have a median of 270 pptv (Wolfe et al., 2007),
compared to 190 pptv in GEOS-Chem, with fair agreement in
temporal patterns between model and observations (r=0.56).
Asian plumes with enhanced CO and ozone concentrations
have been previously observed at MBO (Jaffe et al., 2005;
Weiss-Penzias et al., 2007). The INTEX-B period is unusual
www.atmos-chem-phys.net/8/6117/2008/

L. Zhang et al.: Transpacific transport of ozone pollution
in that no strong plumes of CO were detected at MBO (Reidmiller et al., 2008). Arrows in Fig. 14 show Asian CO pollution maxima as indicated by the model and discussed further by Wolfe et al. (2007). Detecting these Asian pollution
events in the CO observations is a challenge because of other,
larger factors of variability. The observed CO enhancement
on 1 May could be of Asian origin. The ozone observations
show a coincident sharp increase but the model implies that
only a small part of that increase is due to Asian emissions.
The mean observed ozone concentration at MBO during
INTEX-B is 54±10 ppbv (mean±standard deviation), compared with 53±9 ppbv in the model. It is lower than the mean
ozone observed at Trinidad Head and Richland at 2.7 km during INTEX-B (60 ppbv and 62 ppbv, respectively as shown in
Fig. 5), because stratospheric influence at MBO is weaker
(Weiss-Penzias et al., 2006). Asian anthropogenic emissions in the model increase ozone concentrations at MBO by
9.2±2.5 ppbv for the INTEX-B time period. Asian pollution
is thus an important component of the model ozone background at MBO; without this contribution the model would
greatly underestimate the measurements. In a previous study
with the GEOS-Chem model, Hudman et al. (2004) found
a mean Asian pollution enhancement of 7 ppbv ozone at a
California mountain site in May 2002. The difference can be
explained by rising Asian emissions. As shown in the bottom
panel of Fig. 14, rising Asian emissions from 2000 to 2006
have increased ozone at MBO by 3 ppbv on average in AprilMay and up to 5 ppbv in events, although a small part of
that increase could reflect the underestimate of emissions for
Japan and Korea in the baseline S2000 inventory for 2000.
7.2

Impact on surface ozone air quality

Figure 15 (top left panel) shows the mean simulated surface ozone enhancement from Asian anthropogenic emissions over North America for the INTEX-B period. Asian
ozone enhancements are 5–7 ppbv in the west and 2–5 ppbv
in the east. The highest values are in the mountainous west.
To interpret these results we conducted two tagged Ox simulations, one using archived 3-D fields of daily production
rates and loss frequencies from the standard simulation, and
the other using those from the sensitivity simulation with
Asian anthropogenic emissions shut off. The difference of
the two simulations diagnoses the contributions from different production regions as sources of transpacific Asian ozone
pollution. We thus distinguish in Fig. 15 between production
in the Asian lower troposphere (up to 700 hPa), production
in the Pacific lower troposphere (up to 700 hPa), and production in the middle and upper troposphere (above 700 hPa).
Summation of these three tagged tracers gives the total Asian
pollution ozone enhancement in the top left panel.
As shown in Fig. 15, most of the Asian ozone enhancement in western Canada is from transport of ozone produced in the Asian lower troposphere. The western United
States and northern Mexico are more influenced by the southwww.atmos-chem-phys.net/8/6117/2008/
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ern branch of transpacific transport, where continuous ozone
production from exported Asian NOx and PAN is comparable in magnitude to direct transport from the Asian boundary
layer. Ozone production in the middle and upper troposphere
is more important for US influence than in the subsiding air
masses below 700 hPa (Pacific lower troposphere), as ozone
produced in the latter region tends to remain over the subtropical Pacific rather than affect North America (Fig. 10 and
15).
Previous studies reported that pollution transported from
Asia may contribute 3–5 ppbv to the ozone background over
the western United States in the spring (Berntsen et al., 1999;
Yienger et al., 2000). We find in the model that the 20002006 rise of Asian anthropogenic emissions increased surface ozone by 1–2 ppbv in the western United States (the
larger impact of 3 ppbv at MBO is on account of its elevation). We conducted further sensitivity simulations to separate the contributions from the 100% rise in Asian NOx emissions and the 45% rise in Asian NMVOC emissions, as the
latter would affect PAN formation, and find that the ozone
enhancement is most sensitive to NOx emissions. The rise in
Asian NMVOC emissions alone increases ozone by at most
0.4 ppbv anywhere in North America.

8

Conclusions

We used an ensemble of aircraft, satellite, sonde, and surface observations during the INTEX-B two-aircraft campaign over the Northeast Pacific (April-May 2006) to better
understand and quantify the transpacific transport of Asian
pollution and its effect on North American ozone air quality.
We interpreted this ensemble of observations with a global
3-D model of tropospheric chemistry (GEOS-Chem). We
addressed the impact of the recent rise in Asian emissions
(2000–2006) on surface ozone air quality in North America.
Tropospheric NO2 column observations from the OMI
satellite instrument provide top-down constraints on anthropogenic NOx emissions in eastern Asia (including China,
Japan, and Korea) in April–May 2006. We find a factor of
2 increase compared with the anthropogenic NOx emission
inventory from Streets et al. (2003) for the year 2000. This
factor of 2 increase reflects a combination of 2000–2006 actual growth of Asian NOx emissions (China) and an underestimate in the prior inventory (Korea, Japan). China accounted
for over 80% of eastern Asian anthropogenic NOx emissions
as of 2006.
The model provides a good simulation of the ozone,
NOx , and PAN mean vertical profiles observed from the
two INTEX-B aircraft. The simulation is only weakly sensitive to the 2000-2006 rise of Asian emissions in terms
of comparison to observations; ozone increases by 3 ppbv
on average. Simulated ozone over the west coast of
North America is 5 ppb lower than observed from aircraft
and ozonesondes during INTEX-B, which we attribute to
Atmos. Chem. Phys., 8, 6117–6136, 2008
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preferential stratospheric inflow over this region not resolved
by the model. The model is 15% too low for CO compared
to the aircraft observations, which we attribute tentatively to
excessive OH (model values for OH are 27% higher than observed in INTEX-B).
Satellite observations of CO columns from AIRS and TES
indicate at least two major events of transpacific Asian pollution during the INTEX-B time period. Tropospheric ozone
observations from TES do not show a simple correlation
with CO, reflecting at least in part the complicating effect
of stratospheric influence. Filtering out this stratospheric influence reveals strong positive correlations between TES CO
and ozone over the North Pacific. These correlations, likely
driven by contrasts of Asian outflow and clean tropical marine air masses, indicate collocated export of ozone and CO
pollution from the Asian continent.
We examined in detail a major transpacific Asian pollution
plume sampled by the INTEX-B aircraft on 9 May. Measurements from AIRS and TES tracked the transpacific progression of this event. TES observed positive O3 -CO correlations
in the pollution plume, offering some evidence for net ozone
production during transport across the Pacific. The plume
split into northern and southern branches over the Northeast
Pacific. Elevated ozone was observed by aircraft in the subsiding southern branch and was consistent with production
from PAN decomposition.
Generalization to the mean transpacific Asian pollution influence during the INTEX-B period showed that this splitting
of pollution plumes into two branches over the Northeast Pacific is an expected climatological feature driven by the circulations around the Pacific High and the Aleutian Low. The
northern branch circulates around the Aleutian Low and remains at high altitude. The southern branch subsides around
the Pacific High to affect the United States and northern Mexico, although most of that air skirts North America and is
entrained in the easterly tropical circulation toward the western equatorial Pacific. Model results show high ozone production rates from Asian pollution in the southern branch,
including a secondary maximum off the coast of California
driven by subsidence. Concentrations of NOx and PAN measured from the aircraft show opposite latitudinal gradients in
the lower troposphere, consistent with the model, and confirming the mechanism of PAN decomposition to NOx as a
driver for transpacific ozone production.
We tested the model simulation of Asian pollution influences over North America with measurements at Mt. Bachelor Observatory (MBO) in central Oregon (2.7 km altitude).
The model reproduces the ozone observations at MBO with
no significant bias. Asian ozone pollution increases ozone
concentrations in the model at MBO by 9.2±2.5 ppbv for the
INTEX-B time period, representing an important contribution to total ozone in the model (53±9 ppbv) and its ability
to fit observations (54±10 ppbv). The temporal variability
of Asian ozone in the model is still small and undetectable
in the observations. The 2000–2006 rise in Asian anthroAtmos. Chem. Phys., 8, 6117–6136, 2008
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pogenic emissions increased model ozone at MBO by 3 ppbv
on average and up to 5 ppbv in events.
We find that Asian anthropogenic emissions increased surface ozone concentrations by 5–7 ppbv in western North
America during the INTEX-B period. The 2000–2006 rise
in Asian anthropogenic emissions, including in particular
the doubling of NOx emissions, increased that influence by
1–2 ppbv. Most of the Asian ozone pollution in western
Canada originates from production in the lower troposphere
over the Asian continent. The western United States and
northern Mexico are more impacted by the southern branch
of transpacific transport, which has sustained ozone production during transpacific transport driven by decomposition
of PAN. About half of Asian anthropogenic ozone affecting
the United States is produced in the Asian lower troposphere
while the other half is produced during transpacific transport.
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Liang, Q., Jaeglé, L., Hudman, R. C., Turquety, S., Jacob, D. J., Avery, M. A., Browell, E. V., Sachse, G. W., Blake, D. R., Brune,
W., Ren, X., Cohen, R. C., Dibb, J. E., Fried, A., Fuelberg, H.,
Porter, M., Heikes, B. G., Huey, G., Singh, H. B., and Wennberg,
P. O.: Summertime influence of Asian pollution in the free troposphere over North America, J. Geophys. Res., 112, D12S11,
doi:10.1029/2006JD007919, 2007.
Liu, S. C., Trainer, M., Fehsenfeld, F. C., Parrish, D. D., Williams,
E. J., Fahey, D. W., Gubler, G., and Murphy, P. C.: Ozone production in the rural troposphere and the implications for regional
and global ozone distributions, J. Geophys. Res., 92, 4191–4207,
1987.
Liu, H., Jacob, D. J., Bey, I., Yantosca, R. M., Duncan, B. N., and
Sachse, G. W.: Transport pathways for Asian pollution outflow
over the Pacific: Interannual and seasonal variations, J. Geophys.
Res., 108(D20), 8786, doi:10.1029/2002JD003102, 2003.
Liu, J. and Mauzerall, D. L.: Estimating the average time for intercontinental transport of air pollutants, Geophys. Res. Lett., 32,
L11814, doi:10.1029/2005GL022619, 2005.
Luo, M., Rinsland, C. P., Rodgers, C. D., Logan, J. A., Worden, H.,
Kulawik, S., Eldering, A., Goldman, A., Shephard, M. W., Gunson, M., and Lampel, M.: Carbon monoxide measurements by
TES and MOPITT – the influence of a priori data and instrument
characteristics on nadir atmospheric species retrievals, J. Geophys. Res., 112, D09303, doi:101029/2006JD007663, 2007a.
Luo, M., Rinsland, C., Fisher, B., Sachse, G., Diskin, G., Logan, J.,
Worden, H., Kulawik, S., Osterman, G., Eldering, A., Herman
R., and Shephard, M.: TES carbon monoxide validation with
DACOM aircraft measurements during INTEX-B 2006, J. Geophys. Res., 112, D24S48, doi:10.1029/2007JD008803, 2007b.
Martin, B. D., Fuelberg, H. E., Blake, N. J., Crawford, J. H., Logan, J. A., Blake, D. R., and Sachse, G. W.: Long range transport of Asian outflow to the equatorial Pacific, J. Geophys. Res.,
108(D2), 8322, doi:10.1029/2001JD001418, 2003.
Martin, R. V., Jacob, D. J., Chance, K., Kurosu, T. P., Palmer, P.
I., and Evans, M. J.: Global inventory of nitrogen oxide emissions constrained by space-based observations of NO2 columns,
J. Geophys. Res., 108(D17), 4537, doi:10.1029/2003JD003453,
2003.
Martin, R. V., Sioris, C. E., Chance, K., Ryerson, T. B., Bertram,
T. H., Wooldridge, P. J., Cohen, R. C., Neuman, J. A., Swanson,
A., and Flocke, F. M.: Evaluation of space-based constraints on
global nitrogen oxide emissions with regional aircraft measurements over and downwind of eastern North America, J. Geophys.
Res., 111, D15308, doi:10.1029/2005JD006680, 2006.
McLinden, C. A., Olsen, S. C., Hannegan, B., Wild, O., Prather, M.
J., and Sundet, J.: Stratospheric ozone in 3-D models: A simple chemistry and the cross-tropopause flux, J. Geophys. Res.,
105(D11), 14 653–14 666, 2000.
McMillan, W. W., Barnet, C., Strow, L., Chahine, M., Warner, J.,
McCourt, M., Novelli, P., Korontzi, S., Maddy, E., and Datta,

www.atmos-chem-phys.net/8/6117/2008/

L. Zhang et al.: Transpacific transport of ozone pollution
S.: Daily global maps of carbon monoxide from NASA’s Atmospheric Infrared Sounder, Geophys. Res. Lett., 32, L11801,
doi:10.1029/2004GL021821, 2005.
McMillan, W. W., Warner, J. X., Comer, M. M., et al.: AIRS views
of transport from 12–22 July 2004 Alaskan/Canadian fires: Correlation of AIRS CO and MODIS AOD with forward trajectories and comparison of AIRS CO retrievals with DC-8 in situ
measurements during INTEX-A/ICARTT, J. Geophys. Res., in
review, 2008.
Nassar, R., Logan, J. A., Worden, H. M., et al.: Validation of tropospheric emissions spectrometer (TES) nadir ozone profiles using ozonesonde measurements, J. Geophys. Res., 113, in press,
doi:10.1029/2007JD008819, 2008.
Nowak, J. B., Parrish, D. D., Neuman, J. A., Holloway, J. S.,
Cooper, O. R., Ryerson, T. B., Nicks Jr., D. K., Flocke, F.,
Roberts, J. M., Atlas, E., de Gouw, J. A., Donnelly, S., Dunlea, E., Hübler, G., Huey, L. G., Schauffler, S., Tanner, D. J.,
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[1] Many prior studies clearly document episodic Asian pollution in the western U.S.
free troposphere. Here, we examine the mechanisms involved in the transport of Asian
pollution plumes into western U.S. surface air through an integrated analysis of in situ
and satellite measurements in May–June 2010 with a new global high-resolution
(50  50 km2) chemistry-climate model (GFDL AM3). We find that AM3 with
full stratosphere-troposphere chemistry nudged to reanalysis winds successfully
reproduces observed sharp ozone gradients above California, including the interleaving
and mixing of Asian pollution and stratospheric air associated with complex interactions of
midlatitude cyclone air streams. Asian pollution descends isentropically behind cold fronts;
at 800 hPa a maximum enhancement to ozone occurs over the southwestern U.S.,
including the densely populated Los Angeles Basin. During strong episodes, Asian
emissions can contribute 8–15 ppbv ozone in the model on days when observed daily
maximum 8-h average ozone (MDA8 O3) exceeds 60 ppbv. We find that in the absence
of Asian anthropogenic emissions, 20% of MDA8 O3 exceedances of 60 ppbv in the model
would not have occurred in the southwestern USA. For a 75 ppbv threshold, that
statistic increases to 53%. Our analysis indicates the potential for Asian emissions to
contribute to high-O3 episodes over the high-elevation western USA, with implications
for attaining more stringent ozone standards in this region. We further demonstrate a
proof-of-concept approach using satellite CO column measurements as a qualitative early
warning indicator to forecast Asian ozone pollution events in the western U.S. with
lead times of 1–3 days.
Citation: Lin, M., et al. (2012), Transport of Asian ozone pollution into surface air over the western United States in spring,
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1. Introduction
[2] Analyses of available observations indicate an increase
of springtime ozone (O3) mixing ratios in the free
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troposphere and at surface sites of the western United States
since the 1980s [Jaffe et al., 2003a; Oltmans et al., 2008;
Parrish et al., 2009; Cooper et al., 2010], coincident with
rising Asian anthropogenic emissions of O3 precursors as
inferred from satellite measurements of column NO2 and
bottom-up inventories [e.g. Richter et al., 2005; Ohara
et al., 2007; Q. Zhang et al., 2009]. Global model simulations further support the role of rising Asian emissions in
contributing to the springtime O3 trend in the western U.S.
[Jacob et al., 1999; Zhang et al., 2008]. Many prior studies
clearly document episodic Asian pollution in the free
troposphere over this region [e.g. Jaffe et al., 1999; Yienger
et al., 2000; Heald et al., 2003; Jaeglé et al., 2003; Cooper
et al., 2004a; Goldstein et al., 2004; Hudman et al., 2004;
Zhang et al., 2008]. The extent to which this pollution is
entrained into the boundary layer is unclear [Brown-Steiner
and Hess, 2011] yet has implications for attainment of
U.S. air quality standards. Here, we seek greater understanding of the mechanisms that transport Asian pollution
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into western U.S. surface air through an integrated analysis
of in situ and satellite measurements with a new highresolution (50  50 km2) global chemistry-climate model
(GFDL AM3) [Donner et al., 2011]. In particular, we
quantify the contribution of Asian pollution to surface O3
levels on highly polluted days in both densely populated
regions such as the Los Angeles (LA) Basin and in rural
areas such as national parks.
[3] The threshold value for the U.S. primary National
Ambient Air Quality Standard (NAAQS) for ground-level
O3, based on the 4th highest daily maximum 8-h concentration (MDA8) averaged over three years, has been lowered
twice since the 1980s, with the current 75 ppbv threshold
implemented in May 2008. In 2010, the U.S. EPA proposed
to further revise the NAAQS O3 threshold to one in the
range of 60–70 ppbv [Environmental Protection Agency,
2010]. If a 60 ppb threshold were to be adopted, the number of violating counties across the USA would double
(based on the 2006–2008 monitoring data, http://www.epa.
gov/air/ozonepollution/pdfs/20100104maps.pdf ). The rising
Asian contribution to U.S. surface O3 levels poses an additional challenge to meeting more stringent NAAQS for O3
[Lefohn et al., 1998; Fiore et al., 2002; Keating et al., 2004].
Earlier work indicates that the contribution of Asian emissions to surface O3 in the U.S. reflects mostly an enhancement in background levels [e.g., Goldstein et al., 2004;
Zhang et al., 2008], and generally decreases on highly polluted days in summer [e.g., Fiore et al., 2002]. However, a
few recent studies suggest a correlation between O3 entering
the U.S. west coast and local pollution episodes in California
[e.g., Parrish et al., 2010; Huang et al., 2010; Pfister et al.,
2011]. At present, quantitative estimates of the specific
sources of O3 flowing into the western USA (e.g., recirculation of North American emissions, intercontinental transport, stratosphere-to-troposphere exchange, and other
natural sources) are lacking. Advancing our understanding
of the contribution from these sources to total surface O3
over the western U.S. is crucial to inform the NAAQSsetting process and to develop effective state implementation
plans (SIPs; the process by which states demonstrate their
path to achieving compliance with the NAAQS; http://www.
epa.gov/air/urbanair/sipstatus/).
[4] Pollution transported from Asia to North America
originates in the boundary layer of East Asia, where primary
air pollutants are directly emitted from combustion and
industrial sources. The polluted air masses are exported from
the Asian boundary layer to the free troposphere via largescale lifting such as deep convection or warm conveyor belts
embedded in midlatitude cyclones [e.g., Carmichael et al.,
2003; Liu et al., 2003; Cooper et al., 2004a; Ding et al.,
2009; Lin et al., 2010] as well as via mesoscale processes
such as orographic forcing and mountain-chimney effects
[e.g., Chen et al., 2009]. The exported pollutants traverse
the North Pacific Ocean in the mid- and upper troposphere,
and eventually descend toward the surface [e.g., Task Force
on Hemispheric Transport of Air Pollution (TFHTAP),
2011; Brown-Steiner and Hess, 2011, and references
therein]. Observational studies document the frequent
transport of Asian dust, sulfate aerosol and mercury to the
surface of western North America, and on rare occasions
these events can be relatively strong [Husar et al., 2001;
Jaffe et al., 2003b; McKendry et al. 2008; Weiss-Penzias
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et al. 2007; Ewing et al. 2010]. While these events are
common, modeling studies suggest that only a small portion
(<10%) of the Asian pollutants reaching the North American
free troposphere actually descends into surface air [Yienger
et al., 2000; Cooper et al., 2004a; L. Zhang et al., 2009].
However, these prior estimates, based on global-scale
chemical transport models (CTMs) or Lagrangian trajectory
models, both driven with meteorological fields typically at
2°  2° horizontal resolution, may be conservative as these
coarse-resolution models have limitations in capturing
meso-scale processes contributing to the exchange of pollutants between the boundary layer and the free troposphere.
The dilution of intense plumes due to numerical diffusion in
global-scale models further diminishes the modeled impacts
of vigorous episodic transport events [e.g., Lin et al., 2010;
Rastigejev et al., 2010, and references therein].
[5] An additional goal of this study is to extend earlier
efforts that developed meteorological indices to characterize
the daily to interannual strength of Asian pollution outflow
and trans-Pacific transport [Liu et al., 2005, Liang et al.,
2005]. We hypothesize that space-based instruments are
useful for developing these indices given their vast spatial coverage at near-daily intervals and their ability to
capture variability in chemical composition associated with
synoptic-scale weather patterns. Over the last decade, satellite remote sensing has been widely used to advance our
understanding of large-scale outflow of carbon monoxide
(CO) from major biomass-burning regions [e.g., Edwards
et al., 2003; McMillan et al., 2005, 2008], pollution transport to the Arctic [e.g., Stohl et al., 2007], intercontinental
transport of air pollution [e.g., Heald et al., 2003; Zhang
et al., 2008; Pfister et al., 2011], and natural dust [e.g.,
Chin et al., 2007; Uno et al., 2009; Li et al., 2010]. Specifically, we explore the potential for near real-time spacebased measurements of CO columns to help inform regional
air quality management decisions regarding the potential for
Asian pollution to enhance surface O3 concentrations over
the western USA.
[6] Section 2 briefly describes the model simulations
and observational data. We focus our analysis on May–June
2010, leveraging intensive in situ vertical profiling of O3
and related species during the NOAA CalNex (Research at
the Nexus of Air Quality and Climate Change) field campaign in California (http://www.esrl.noaa.gov/csd/calnex).
Section 3 examines the transport pathways of Asian pollution
over the western U.S., including the influence of midlatitude
cyclones, mixing of Asian polluted air masses with stratospheric air, and isentropic transport mechanisms. We then
summarize the model evaluation (section 4) and the average
impacts of Asian anthropogenic emissions on U.S. surface
O3, including the contribution to high-O3 events during the
CalNex period (section 5). Section 6 illustrates a proof-ofconcept approach developing a space-based index to identify
situations under which episodic Asian pollution plumes may
affect surface O3 air quality over the western USA.

2. Measurements and Model
2.1. Meteorological and Chemical Environment
in May–June 2010
[7] The Asian contribution to O3 in the western U.S. is
determined by the amount of O3 produced in the Asian
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boundary layer, by the strength and position of the North
Pacific storm track, and by additional O3 produced during
transport. May–June is the beginning of the O3 pollution
season at northern midlatitudes, with the East Asian coast
experiencing maximum O3 concentrations prior to the onset
of the East Asian summer monsoon [e.g., Tanimoto et al.,
2005; Lin et al., 2009]. The ridge-trough pattern over the
eastern North Pacific and western U.S. was amplified during
May–June 2010, resulting in stronger surface anticyclones
and northwesterly surface winds relative to climatology
[Cooper et al., 2011]. According to the NOAA Climate
Prediction Center (http://www.cpc.ncep.noaa.gov), the 2009–
2010 winter was influenced by strong El Niño conditions.
Koumoutsaris et al. [2008] show that springtime Asian
pollution outflow may be enhanced following an El Niño
winter due to changes in convective activity in East Asia as
well as the strengthening and southeastward extension of the
North Pacific storm track. We therefore expect that meteorological conditions during May–June 2010 led to a particularly active season for export of Asian pollution and its
subsequent transport to the southwestern U.S. These conditions, in conjunction with the suite of observations collected
during the CalNex campaign (section 2.2), offer an invaluable opportunity to improve our mechanistic understanding
of Asian pollution transport.
2.2. In Situ Measurements
[8] During the CalNex campaign, near-daily ozonesondes
were launched at six sites in California (Figure S1 in the
auxiliary material) between May 10 and June 19, 2010, to
measure baseline O3 at the U.S. west coast [Cooper et al.,
2011].1 For comparison with these measurements, we sample AM3 at the location and times of sonde launches, interpolate to the sonde pressure, and then average both the
measured and model values over 0.5 km altitude bins. Threehourly model fields are used, linearly interpolated to the
sonde launch times (14:00–16:59 Pacific Daylight Time).
We also use collocated measurements of O3, NOx, NOy, CO,
sulfate and organic aerosols aboard the NOAA WP-3D aircraft during CalNex to characterize Asian pollution layers
above California (section 3.3) and to evaluate the model
(section 4). Measurement techniques are described in prior
publications [Ryerson et al., 1998; Holloway et al., 2000;
Drewnick et al., 2005; Bahreini et al., 2009]. For groundlevel O3, we compare daily maximum 8-h average O3
(hereafter MDA8 O3) sampled at the model surface layer
with observations from the U.S. EPA’s Clean Air Status and
Trends Network (CASTNet) and Air Quality System (AQS)
database. For all model comparisons to in situ measurements, we apply a bilinear interpolation technique, obtaining
the value at the sample location as a quadratic function of
model results at the nearest four grid cells.
2.3. Satellite Data
[9] We use observations of CO and O3 total column
amounts from the Atmospheric Infrared Sounder (AIRS)
onboard the NASA Aqua satellite to identify trans-Pacific
Asian pollution events and stratospheric O3 intrusions, respectively. The AIRS cross-track scanning grating spectrometer
1
Auxiliary materials are available in the HTML. doi:10.1029/
2011JD016961.
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coupled with the Aqua cross-track scanning Advanced
Microwave Sounding Unit (AMSU) provides vertical profiles of the atmosphere with a nadir 45 km field of regard
(FOR) across a 1650 km swath [Aumann et al., 2003]. The
broad swath, infrared spectral coverage, and reconstructed
cloudy pixels [Susskind et al., 2003] of AIRS enable retrievals
over nearly 70% of the planet every day with substantial
portions of the globe observed twice daily (ascending and
descending orbits), thus providing a unique opportunity for
process studies of synoptic-scale chemical transport in the
global atmosphere [McMillan et al., 2005, 2008]. In this
study we use version 5.2 Level 3 daily 1°  1° gridded
standard products (AIRX3STD) of AIRS CO [McMillan
et al., 2011] and O3 total column retrievals [Susskind et al.,
2003], downloaded from the NASA Goddard Earth Sciences
Data and Information Services Center (http://disc.sci.gsfc.
nasa.gov/). The ascending and descending retrievals are averaged to minimize the day-night difference and to provide
better spatial coverage.
[10] The main sensitivity of AIRS to tropospheric CO
occurs between approximately 300 and 600 hPa with a
typical Degrees Of Freedom for Signals (DOFS) at northern
midlatitudes of approximately 1 [Warner et al., 2007, 2010].
AIRS V5 CO retrievals are biased high by 6–10% between
900 and 300 hPa in the northern midlatitudes with a rootmean square error of 8–12% [McMillan et al., 2011]. A
number of validation exercises reveal that AIRS O3 profile
retrievals capture the large-scale dynamic variability and
gradients of O3 in the extratropical UT/LS region [e.g., Pan
et al., 2007; Pittman et al., 2009; Wei et al., 2010].
2.4. GFDL AM3 Model Simulations
[11] AM3 is the atmospheric component of the GFDL
global coupled atmosphere-oceans-land-sea ice model
(CM3) [Donner et al., 2011; Griffies et al., 2011]. The AM3
cubed-sphere grid greatly improves polar representation and
computational efficiency [Putman and Lin, 2007]; the
model’s horizontal resolution is denoted as Cn, where n is
an integer number indicating total number of cells (finite
volumes) along each edge of the cube. We apply C180
(where the size of the grid cell varies from 43 km at the 6
corners of the cubed sphere to 62 km near the center of each
face) and C48 (163–231 km) horizontal resolution. Model
simulations at the C48 resolution starting in January 2009
were used to initialize the C180 simulations spanning January–
June 2010. Both coarse- and high-resolution simulations
employ the same physical parameterizations and include 48
vertical levels, ranging in thickness from 70 m near the Earth’s
surface to 1–1.5 km near the tropopause and 2–3 km in much
of the stratosphere.
[12] AM3 includes a fully coupled stratosphere-troposphereaerosol chemistry within a general circulation model. The
chemistry models of Horowitz et al. [2003] for the troposphere and Austin and Wilson [2006] for the stratosphere
are merged, with updates in isoprene nitrate chemistry
[Horowitz et al., 2007], chlorine and bromine chemistry
[Austin and Wilson, 2010], gas-phase reaction rates, dry
deposition velocities and heterogeneous reactions as
described by Donner et al. [2011]. The unique feature of full
stratospheric and tropospheric chemistry distinguishes the
GFDL AM3 model from most current generation global and
regional tropospheric CTMs, and enables a process-oriented
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analysis for the intermingling of Asian pollution with
stratospheric air over the U.S. west coast (section 3.1). We
implement a stratospheric O3 tracer by defining O3 above the
WMO thermal tropopause each model time step as “stratospheric” (O3-strat), with its transport into the troposphere
driven by dynamic processes (such as tropopause folds and
cut-off lows). Once mixed into tropospheric air, O3-strat is
subject to transport and loss (chemical and depositional) in
the same manner as O3 of tropospheric origin. This technique likely overestimates the stratospheric contribution
since any O3 above the thermal tropopause is instantly
labeled as “stratospheric” regardless of its actual origin.
[13] AM3 is typically run in the climate mode, forced with
prescribed sea surface temperatures (SSTs) and sea ice [e.g.,
Austin and Wilson 2010; Golaz et al., 2011; Fang et al.,
2011; Rasmussen et al., 2011] or as a component in the
GFDL coupled model CM3 [Griffies et al., 2011]. To enable
direct comparisons with CalNex observations, AM3 simulations at both C48 and C180 horizontal resolution in this
study are forced with observed SSTs as in the standard climate simulations, but horizontal winds are nudged to those
from the NCEP Global Forecasting System (GFS) at T85
horizontal resolution (approximately 1.4°  1.4°, 64 sigma
levels, archived 3 hourly) [Kanamitsu et al., 1991]. Our goal
is to preserve the large-scale features of the observed airflow
while allowing AM3 to simulate meso-scale patterns, similar
to the approach taken for high-resolution regional weather
forecasting [e.g., Skamarock et al., 2008; Lin et al., 2009,
2010] and hurricane modeling [Knutson et al., 2008]. In
order to minimize the impacts of noise introduced via nudging, which has been shown to lead to excessive stratosphereto-troposphere O3 transport [van Noije et al., 2004, and
references therein], we implemented a pressure-dependent
nudging technique, relaxing the model to GFS U and V with
a time scale of 6 h in the surface level, but weakening the
nudging strength with decreasing pressure (e.g., relaxing
with a time scale of 60 h by 100 hPa and 600 h by
10 hPa). No nudging is implemented above 10 hPa since
the GFS model top (0.32 hPa) is lower than that of AM3
(0.01 hPa).
[14] The impact of Asian emissions is determined as the
difference between a base simulation with all emissions
included, and a sensitivity simulation with the East Asian
(15°–50°N, 95°–160°E) anthropogenic emissions (including
aerosol) shut off in the model. Methane is set to observed
values (1767 ppbv) as a lower boundary condition in both
simulations. The sensitivity simulation begins in January
2009 with the C48 horizontal resolution, allowing for a oneyear spin-up period sufficient to capture changes in the
background atmospheric composition due to Asian emissions. Horizontal winds in the sensitivity simulation are also
nudged to the GFS winds, thus we expect that the large-scale
transport should be similar between the two simulations
although completely removing Asian emissions may induce
some feedbacks on hydrological processes (particularly
through aerosol-cloud interactions which are included in
AM3). Further, the O3 response to emission perturbations is
nonlinear due to chemistry as discussed by Wu et al. [2009],
who found that the perturbation from a 100% NOx emission
reduction yields O3 responses greater than 5 times the 20%
NOx emission reductions. Differencing O3 mixing ratios
with sharp gradients in the vicinity of tropopause folds may
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also introduce noise. Therefore, for each event discussed, we
carefully checked for consistent patterns in Asian enhancements to O3, CO, and NOy in the model, constrained wherever possible by independent observations (e.g., satellite
images and ozonesondes).
2.5. Emissions
[15] We implement emission inventories to reflect 2010
conditions. All emission inventories described here are
regridded to 1°  1° for C48 and 0.5°  0.5° for C180. The
global emissions from anthropogenic sources and international shipping for the year 2000 (0.5°  0.5°) were taken
from Lamarque et al. [2010] as a base inventory. We then
replaced anthropogenic emissions in the East Asian domain
(13°S–53°N, 70°–150°E) with the 2006 Asian emission
inventory (0.5°  0.5°) from Q. Zhang et al. [2009], scaled
to 2010 as described below, and the North American (24°–
60°N, 135°–40°W) emissions with the U.S. National Emission Inventory (NEI) for 2005 (4  4 km2) (ftp://aftp.fsl.
noaa.gov/divisions/taq/emissions_data_2005).
[16] For our 2009 and 2010 simulations, North American
anthropogenic emissions (including shipping) are held at
the 2005 level since changes are expected to be small
over this period. We increase the Chinese NOx emissions
from Q. Zhang et al. [2009] by 32.6% for 2010 and 27.9%
for 2009, based on changes in the 2006–2010 satellite
measurements of NO2 columns over central eastern China
(30°–40°N, 110°–123°E) from the SCIAMACHY sensor
(available on www.tenis.nl, with retrieval technique previously described by Boersma et al. [2004]). Our estimate
reflects the relatively lower rate of increase of Chinese NOx
emissions during the economic downturn of 2009–2010 [Lin
and McElroy, 2011] as compared to earlier years [Q. Zhang
et al., 2009]. Using NO2 columns directly will tend to
overestimate changes in emissions over polluted regions
since an increase in NOx emissions consumes OH and
increases the NOx lifetime, but underestimate changes in
emissions over remote regions where an increase in NOx
emissions decreases the NOx lifetime through feedbacks on
O3 and OH [Lamsal et al., 2011]. By considering the influence of NOx lifetime when deriving emission changes from
SCIAMACHY NO2 columns, Lamsal et al. [2011] reported
a 18% increase in Chinese emissions in 2009 relative to
2006. This change is 9% lower than our estimate using
NO2 columns over polluted central eastern China without
adjustments to NOx lifetime.
[17] We also increase NMVOC emissions in China by
23.2% for 2010 and 17.4% for 2009, relative to 2006,
assuming the same annual growth rate as 2001–2006 previously reported by Q. Zhang et al. [2009], due to lack of
better information. Emissions of SO2, CO, black carbon and
organic carbon remain at the 2006 level, based on recent
evidence from satellites [Lu et al., 2010; Lei et al., 2011;
D. G. Streets, personal communication, 2010].
[18] Daily biomass burning emissions for 2009–2010 are
adopted from Wiedinmyer et al. [2011] (FINN v1, 1 
1 km2) and distributed over six ecosystem-dependent altitude regimes between the surface and 6 km, following the
recommendations of Dentener et al. [2006] as support from
recent satellite observations [Val Martin et al., 2010]. Isoprene emissions from vegetation are calculated online based
on the Model of Emissions of Gases and Aerosols in Nature
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Figure 1. (a–c) Major trans-Pacific Asian pollution events in May–June 2010 as seen from AIRS retrievals of CO total columns (1018 molecules cm 2; level 3 daily 1°  1° gridded products). Day and nighttime retrievals are averaged, with white areas indicating no retrievals. Data bins are reordered so that
neighboring gridded cells of data at the international dateline are no more than a swath of time apart (about
90 min).
(MEGAN) [Guenther et al., 2006], as implemented in
Emmons et al. [2010] with modifications described by
Rasmussen et al. [2011]. Other natural emissions–including
acetone, ethane, propane, ethylene, propene, methanol, ethanol and monoterpenes from vegetation, CO from vegetation
and ocean, volcanic SO2, soil and lightning NOx, dimethyl
sulfide (DMS), sea salt and dust–are included as in the
standard AM3 simulation [Donner et al., 2011].

3. Transport Pathways of Asian Pollution
[19] We identify three major trans-Pacific Asian pollution
events from AIRS measurements of daily CO columns for
May–June 2010. Figure 1 illustrates the daily progression of
these large-scale CO plumes from the East Asian coast to the
North American west coast during May 4–8, May 16–20,
and June 15–19. These events are typical cases of rapid
trans-Pacific warm conveyor belt (WCB) transport [Cooper
et al., 2004a]. The June plume (Figure 1c) took a more
northerly route to the Gulf of Alaska followed by southeastward advection toward southern California, spending
1 day longer over the North Pacific Ocean than the two
plumes in May. Model CO columns exhibit a similar largescale structure as the AIRS data, and reveal that these CO
plumes are dominated by Asian pollution which was lofted
from the continental boundary layer of eastern China
approximately 1 week prior to their arrival to the U.S. west
coast (figure not shown). Our analysis described below
mainly revolves around the three Asian pollution events
displayed in Figure 1, the mechanisms governing their
transport into western U.S. surface air, and the ability of
AM3 to capture these processes.

3.1. Cyclone Passages and Merging Air Streams
[20] Prior work has shown that Asian pollution is often
intermingled with stratospheric O3 intrusions above the
North American west coast [e.g., Jaeglé et al., 2003; Cooper
et al., 2004b; Liang et al., 2007; Ambrose et al., 2011].
Indeed, we find that deep tropopause folds occurred one day
prior to the arrival of Asian pollution above the California
coast on May 18 and June 17, while the May 4–8 pollution
event was followed by two consecutive stratospheric intrusions on May 9–11 [Langford et al., 2011; M. Lin et al.,
Springtime high surface ozone events over the western
United States: Quantifying the role of stratospheric intrusions, manuscript in preparation, 2012]. Taking the May 16–
20 event as an example, we examine here the dynamic processes leading to the interleaving and mixing of Asian and
stratospheric originating air masses and quantify their contributions to O3 entering western North American.
[21] Observed and simulated O3 vertical profiles at two
coastal sites from May 17–19 are shown in Figure 2. The
GFDL AM3 model (section 2.4) successfully reproduces the
layered structure, sharp vertical gradients, and day-to-day
variability in the observed O3 profiles, a major improvement
upon previous models [Jaeglé et al., 2003; Liang et al.,
2007; Jonson et al., 2010].
[22] Figure 3 depicts the evolution of two consecutive
midlatitude cyclones sweeping over the Gulf of Alaska and
the associated upper level structure during May 17–19. On
May 17, AIRS-retrieved total O3 shows a sharp spatial gradient, with a narrow band of elevated O3 columns in excess
of 450 DU (Figure 2d) coinciding with an elongated dry air
stream in the GFDL AM3 model (Figure 2a), both extending
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Figure 2. (a–d) Observed vertical profiles of relative humidity (gray) and ozone (black) at Point Reyes
(RY) and Point Sur (PS) sondes on May 17–19, together with model total ozone (red), stratospheric ozone
tracer (blue), and model ozone from a sensitivity simulation with Asian anthropogenic emissions shut off
(green). Model results have been interpolated to the sonde pressure and averaged over 0.5-km altitude bins.
to the California coast. This typical feature of a stratospheric
intrusion [Wimmers et al., 2003; Felker et al., 2011] is also
represented in the GFS FNL analysis by the potential vorticity (PV) contours on the 300 hPa surface. The ozonesonde
launched at Point Reyes, located immediately to the right of
the tropopause fold off the California coast, recorded high
O3 mixing ratios in excess of 100 ppbv penetrating down as
low as 6 km a.s.l. (Figure 2a), coincident with low humidity,
a marker for air of stratospheric origin.
[23] Between May 17 and 18, this dry air stream of
stratospheric origin sheared into three components in a
similar manner previously described by Cooper et al.
[2004b]. Depicted in the AIRS retrievals of total column
O3 and model 300–400 hPa humidity on May 18 (Figures 3b
and 3e), the first component travels across the western U.S.
with the upper level flow, while the second component
representing the bulk of the dry air stream moves northward.
A three dimensional view of AM3 stratospheric O3 tracer
reveals that the third component had descended into the
lower troposphere by 21:00 UTC, May 18, leading to the

formation of a distinct O3 layer just 2 km above the
California coast (Figure 4a). Four ozonesondes launched
along the California coast on May 18 confirm the existence
of this dry layer of enhanced O3 (Figure S3, middle panels).
Transported stratospheric remnants contribute 40–80 ppbv
to the simulated 60–100 ppbv range of total O3 mixing ratios
in this approximately 2 km thick layer of enhanced O3, with
collocated CO enhancements (Figure 4b). AIRS observations of CO columns indicate transport of an Asian pollution
plume into the eastern North Pacific on May 18 by the WCB
of the next midlatitude cyclone entering this region
(Figure 1a). We find in the model that the bulk of Asian
polluted air masses were located in the upper troposphere
(6–10 km) (Figure 4b), immediately adjacent to stratospheric
air on the left (Figure 4a). Asian anthropogenic emissions
contribute 20–30% of total O3 mixing ratios in the upper
troposphere when the air was sampled by the Point Reyes
ozonesonde on May 18 (Figure 2b). Similar to the findings
of Stohl and Trickl [1999], these processes reveal two
interleaving O3 layers with dominating stratospheric and
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Figure 3. Evolution of two midlatitude cyclones and associated flow structures over the Pacific North
America on May 17–19, 2010. Shown are (a–c) AM3 6-h mean sea level pressure (contours, hPa) with
300–400 hPa layer average specific humidity (shading, mg/kg) at 21:00 UTC and (d–f ) AIRS retrievals
of daily mean total column amounts of ozone (shading, DU) with 300 hPa potential vorticity (contours,
PVU) computed from GFS Final analysis at 18:00 UTC. Only PV values greater than 2 PVU are contoured and signify air of essentially stratospheric origin. The thick black line along the California coast
in Figure 3e indicates the location of vertical cross-section shown in Figure 4.
Asian influence in the lower and upper troposphere,
respectively.
[24] By 21:00 UTC, May 19, the first cyclone decayed
and a newly formed cyclone was located off the coast of
Washington (Figure 3c). A portion of stratospheric air that
had rolled back from the deep intrusion on May 17 was now
entrained into the newly formed tropopause fold of the
second cyclone (Figure 3f ). A distinct high-O3 layer with
lower humidity between 4 and 8 km a.s.l. was observed by
the Point Reyes and Point Sur ozonesondes and successfully
captured by the model (Figures 2c and 2d). In the 60–

95 ppbv of simulated total O3 in this layer, remnants of
stratospheric intrusions and Asian anthropogenic emissions
contribute 40–55 ppbv and 10–25 ppbv, respectively, suggesting the intermingling of polluted and stratospheric air.
[25] Between May 19 and 20, stratospheric and Asian
polluted air masses became further intermingled and descended into the mid- and lower troposphere above southern
California (Figure S2). These air masses reached the western
U.S. surface on May 20–21, contributing to elevated surface
O3 episodes in the national parks (section 5.2).
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Figure 4. Vertical cross-section along California coast
(thick black line in Figure 3e), Showing (a) simulated stratospheric ozone tracer (shading, section 2.3) and (b) total CO
(shading) with Asian CO (contoured every 5 ppb starting
at 20 ppb) as determined by the difference between the standard simulation and a sensitivity simulation with Asian
anthropogenic emissions shut off. Letters in red denote locations of ozonesondes (Figure S1).
[26] Other stratospheric intrusions identified during the
CalNex campaign were also mixed, to varying degrees, with
Asian pollution, suggesting that the dispersion of O3-rich
stratospheric air into polluted air masses is a common feature
in the vicinity of active storm tracks in the North Pacific as
well as in the Atlantic [e.g., Stohl and Trickl, 1999; Parrish
et al., 2000; Esler et al., 2003]. Our analysis further supports
prior publications suggesting that a positive O3-CO correlation does not necessarily indicate anthropogenic influence
on O3 enhancements in the continental outflow (such as
Asian Pacific Rim) or inflow regions (such as North American west coast) [Cooper et al., 2004b; Voulgarakis et al.,
2011]. Thus the O3-CO correlations derived from collocated in situ or satellite measurements (such as TES) reported in earlier studies [e.g., Zhang et al., 2006, 2008;
Voulgarakis et al., 2011; Pfister et al., 2011] should be
interpreted with caution.
3.2. Isentropic Transport Mechanisms
[27] We explore here the transport of Asian pollution into
western U.S. surface air and its impacts on the regional
variability in surface O3, focusing on the Asian pollution
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event in June (Figure 1c). Figure 5 shows observed and
simulated O3 profiles at Trinidad Head and Point Reyes on
June 17–19, illustrating a layered structure of O3 with
stratospheric and Asian origin, similar to those discussed in
section 3.1. The large Asian influence on O3 mixing ratios
(up to 30 ppbv) mainly occurred between 3 and 9 km
above the California coast during June 17–19. Less stratospheric O3 was entrained into the polluted WCB during this
event than during May 19–20. This Asian pollution plume
was transported into the California coast by the WCB of a
midlatitude cyclone, which intensified and moved into the
Gulf of Alaska during June 19–21 (Figure S4). A southeastward shift of the Pacific anticyclone and a weak surface
low extending northward from Mexico produced onshore
flow, containing Asian pollution, across central and southern
California. These conditions led to a strong latitudinal variation of Asian CO which descends along isentropic surfaces
(S4), a typical feature of Asian plumes entering the western
U.S. [Brown-Steiner and Hess, 2011]. By 21:00 UTC, June
20, the plume has progressed to southern California, with the
vertical distribution of Asian O3 up to 10–30 ppbv exhibiting a continuous band sloping from 5 to 8 km a.s.l. all
the way to the surface of the Sierra Nevada and southern
California (Figure 5d).
[28] The subsiding Asian pollution along isentropic surfaces episodically enhances surface O3 levels above the
surrounding “background” over the intermountain regions.
Figure 6 shows that the regions experiencing high Asian
influence in excess of 8–15 ppbv are where the observed and
simulated total O3 pattern is enhanced. The model estimates
Asian enhancements of 8–15 ppbv in locations where
observed MDA8 exceeds 60 ppb on June 20–22 over the
intermountain west, and of 5–8 ppbv where observed MDA8
exceeds 75 ppb over parts of southern California on June 22.
While these estimates are likely an upper limit for current
conditions (see section 2.4), they nevertheless indicates the
potential for Asian emissions to contribute to high-O3 episodes over the high-altitude western USA.
[29] Asian influence appears to be minimal where O3
exceeds 75 ppbv in the Central Valley of California on June
21–22 (Figure 6), indicating that this O3 pollution mostly
reflects photochemical production from local emissions and
suppressed ventilation under the influence of a surface anticyclone. Langford et al. [2010] suggested that O3 produced
in the LA Basin can be lifted by topographic venting, followed by westerly transport to Utah and western Colorado.
An additional sensitivity simulation with North American
anthropogenic emissions switched off in the model suggests
that North American influence is relatively smaller over the
intermountain regions where the model suggests Asian
enhancements contribute to enhancing total surface O3 than
at the local pollution hot spots around each city (Figure S6).
We note that the 50  50 km2 horizontal resolution of AM3
may be insufficient to capture the meso-scale mountainvalley flows described by Langford et al. [2010].
[30] Another notable feature in Figure 6 is the modeled O3
minimum above the ocean that parallels the coast and varies
strongly with distance from shore. This O3 minimum largely
reflects the influence of the low-level jet along the California
coast which is typically at a maximum in summer [Burk and
Thompson, 1996; Parish, 2000]. The lower observed O3 at
the AQS sites near the coast supports the existence of this
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Figure 5. (a–c) As in Figure 2, but for the June 17–19 event at Trinidad Head (TH) and Point Reyes
(RY). (d) Subsidence of Asian ozone (shading) along isentropic surfaces (contours, K) above the California coast on June 20, 2010 (also see Figure S4).
transport pattern. Asian enhancements to O3 in the coastal
marine boundary layer do not exhibit strong episodic variations, consistent with prior publications regarding background influence at the Trinidad Head surface site
[Goldstein et al., 2004; L. Zhang et al., 2009; Parrish et al.,
2010; Cooper et al., 2011]. Our results further reveal that the
majority of the Asian pollution plumes arriving to the U.S.
west coast are located in the free troposphere where a portion
of the pollution descends isentropically behind cold fronts,
which is directly intercepted by the elevated terrain and
eventually becomes entrained into the daytime boundary
layer over land. This transport mechanism is the key driver
for the stronger signal of episodic Asian pollution in surface
air over the U.S. intermountain regions than over the North
Pacific Ocean.
3.3. Dispersion of Asian Pollutants Into Southwestern
U.S. Surface Air
[31] We discuss in this section the potential impacts of
Asian pollution in a densely populated region like the LA

Basin, where Asian pollution can mix with high levels of
locally produced O3 pollution. The NOAA WP-3D intercepted a pollution layer approximately 2 km above the LA
Basin on May 8, with 3–8 mg/m3 sulfate aerosol, < 1 mg/m3
organic mass, 150–175 ppbv CO, and 80–90 ppbv O3
(Figure 7). This pollution layer was encountered three times
(denoted as red arrows in Figure 7c) by the aircraft, and
shows distinct sulfate enhancements, in contrast to the
boundary layer pollution with dominant signatures of primary emissions (such as organic matter and CO). The
observed high sulfate concentration is unlikely to be from
oxidation of SO2 emissions from diesel ships off California’s
coast. GOES 1 km visible images for this day show that the
weather was calm and the skies completely cloud free above
southern California and the nearby offshore regions, indicating no vertical transport of moist marine boundary layer
air up to 2 km a.s.l. Under these types of conditions aircraft
in situ observations of ship plumes off the California coast
show that the plumes remain within the very stable marine
boundary and are less than 200 m above the surface [Chen
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Figure 6. Spatial patterns of daily maximum 8-h average ozone in western U.S. surface air on June 20–
22, 2010, showing (a) CASTNet (circles) and AQS (squares) observations, (b) results from the surface
layer in the GFDL AM3 model, and (c) the enhancements due to Asian anthropogenic emissions, calculated using the same 8-h interval identified for the MDA8 in the base simulation.
et al., 2005]. The presence of an aerosol layer dominated by
sulfate is a distinguishing feature of Asian pollution layers
that have been transported to the eastern North Pacific
[Brock et al., 2004; Peltier et al., 2008; Dunlea et al., 2009].
When a polluted air mass rises out of the Asian boundary
layer, the existing aerosol is washed out if precipitation
occurs during lifting, while the less-soluble gas phase compounds such as SO2 are not entirely removed. SO2 that
“escaped” wet removal during lifting is converted into sulfate during subsequent trans-Pacific transport in the free
troposphere, enhancing the sulfate-to-organic aerosol ratio
in eastern North Pacific air masses influenced by Asian
pollution.
[32] Indeed, AIRS CO retrievals confirm the occurrence of
large-scale trans-Pacific transport of Asian pollution during
May 4–8 (Figure 1a). The plume arrived at the coast of
California on May 8, evident both in AIRS CO and in the
AM3 model Asian enhancements to tropospheric column O3

(Figure 7a). A vertical cross-section of model Asian O3 in
Figure 7b depicts a plume-like feature of Asian O3
enhancements in excess of 10–25 ppbv sloping from 3 to
6 km above northern California to 2–3 km above the LA
Basin where the air masses were sampled by the WP-3D.
Other WP-3D flights during CalNex also intercepted sulfatedominated aerosol layers above California, to varying
degrees, on May 7, May 24, and June 20. The model indicates Asian enhancements to O3 mixing ratios but fails to
reproduce the magnitude of sulfate concentrations, likely
due to excessive wash out during trans-Pacific transport
consistent with an overestimate in precipitation [Donner
et al., 2011].
[33] Our analysis suggests that the signature of Asian
pollution enhancements in the lower troposphere of the
densely populated LA Basin is sufficiently strong to be
observed, such as through analysis of chemical composition
demonstrated here. Daytime mixed layers in this region
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Figure 7. Transport of Asian pollutants to the lower troposphere of southern California on May 8, 2010.
(a) Model Asian enhancements to the tropospheric column O3 in dobson unit. The dashed black line
denotes the location of the ozone vertical cross-section shown in Figure 7b. The white line indicates the
NOAA WP-3D flight path. (b) Model vertical distribution of Asian ozone (shading) with isentropic surfaces (contours, K) along the California coast. (c) Observed distributions of CO (green), O3 (blue), sulfate
(red) and organic aerosols (orange) along the WP-3D flight path, with altitude shown as gray shading.
range from 1 to 4 km a.s.l. [Langford et al., 2010; Cooper
et al., 2011; Neuman et al., 2012; D. Seidel et al., Climatological variations in planetary boundary layer mixing heights
over the Continental United States and Europe, submitted to
Journal of Geophysical Research, 2011]. Asian pollution
2 km aloft is thus available to be entrained into the
boundary layer and contributes to the local pollution burden.
It should be noted that strong dilution may occur when
Asian polluted air masses are dispersed into the boundary
layer. For example, Figure 8 shows that much of Nevada
experiences a pronounced maximum of Asian enhancements
(10–15 ppbv) to surface O3 on May 8, primarily reflecting
the free tropospheric signal intersected by the elevated terrain. By May 9, Asian influence covers a larger spatial
extent (including southern California), but the magnitude is
weakened by a factor of two. Observed O3 at the CASTNet
and AQS ground stations exhibits a similar day-to-day variability in the spatial pattern as model surface O3. Despite
dilution, Asian emissions contribute at least 50% of the

surface O3 increases from May 8 to May 9 over Arizona and
western Colorado.

4. Model Evaluation
4.1. Variability and Bias in O3 Flowing Into
the Western U.S.
[34] Generalizing from the process-oriented analysis in
sections 3.1–3.3, we conclude that the GFDL AM3 model
captures much of the observed dynamic variability in O3
flowing into the western U.S. resulting from complex air
stream interactions. A systematic evaluation of model O3
profiles at seven ozonesonde sites during CalNex shows that
AM3 captures the latitudinal variation of surface to near
tropopause O3 along the California coast, with correlation
coefficients for day-to-day variability ranging from 0.50 to
0.96 (Lin et al., manuscript in preparation, 2011). For most
cases, AM3 at C48 horizontal resolution (163–231 km)
also captures the general features of the observed O3 profiles
(Figures S3 and S5). The model bias in the upper
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Figure 8. As in Figure 6, but for May 8–9, 2010.
troposphere tends to increase when the ozonesondes are
primarily influenced by stratospheric air, likely due to limitations to resolve adequately (at both C48 and C180) the
filamentary structure of tropopause folds and the associated
sharp vertical and horizontal gradients in O3 mixing ratios.
4.2. Variability and Bias in Ground-Level O3
[35] Table 1 summarizes the model mean bias in MDA8
O3 and correlation coefficients at 18 CASTNet sites over
the western USA during May–June 2010. Despite the large
bias (up to 10–25 ppbv) at the coastal sites (e.g., at MOR,

PIN, LAV), the model reproduces much of the day-to-day
variability in surface O3 with correlation coefficients ranging from 0.4 to 0.8 and standard deviations within 15% of
those observed for most CASTNet sites. Comparison with
AQS observations (Figure S7) further shows that the model
captures the regional variability of mean observed surface
O3 over the western U.S., including a minimum in the
coastal areas and a maximum in the southern California and
intermountain regions. The surface O3 bias is typically
smaller at the high-elevation sites over the intermountain
regions, suggesting that downward transport from the free

Table 1. May–June 2010 Mean Statistics for Observed and Model MDA8 O3 in Surface Air at the CASTNet Ground Stations in the
Western USA
State

Site ID

Site Name

Elevation (m)

Observeda (ppbv)

Modela (ppbv)

R

AZ
AZ
AZ
CA
CA
CA
CA
CA
CO
CO
CO
NV
TX
TX
UT
WA
WY
WY

GRC474
PET427
CHA467
PIN414
YOS404
LAV410
JOT403
SEK430
MEV405
ROM406
ROM206
GRB411
PAL190
BBE401
CAN407
MOR409
PND165
CNT169

Grand Canyon NP
Petrified Forest
Chiricahua NM
Pinnacles NM
Yosemite NP
Lassen Volcanic NP
Joshua Tree NP
Sequoia NP - Ash Mountain
Mesa Verde NP
Rocky Mtn NP
Rocky Mtn NP Collocated
Great Basin NP
Palo Duro
Big Bend NP
Canyonlands NP
Mount Rainier NP
Pinedale
Centennial

2073
1723
1570
335
1605
1756
1244
457
2165
2743
2743
2060
1050
1052
1809
415
2388
3178

59  7
56  7
57  7
46  7
53  10
48  8
74  12
59  13
55  8
59  10
55  11
54  9
49  7
49  8
58  7
29  8
53  8
56  8

64  8
62  9
60  11
62  10
61  10
60  8
72  8
70  10
64  8
61  10
61  11
61  10
54  7
50  7
65  9
55  5
58  8
58  8

0.56
0.46
0.67
0.83
0.73
0.80
0.42
0.80
0.60
0.72
0.75
0.71
0.46
0.54
0.57
0.71
0.69
0.55

Mean  standard deviation.

a
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1994]. We find that the intercept of Ox versus NOz over the
LA Basin in the model is close to that in the observations
(Figure S9a). For the Central Valley (Figure S9b), however,
the intercept is 10 ppbv higher in the model, suggesting
a possible problem in the boundary layer “background” O3
level over this region. Figure S10 confirms that the bias gets
worse in the low tail of the cumulative probability distribution of O3 in the Central Valley.
[37] We conclude that the model has systematic positive
biases in the northern California and coastal regions. While
the source of this problem is unclear, it may reflect some
combined influence from model limitation in resolving
coastal gradients and sharp topography, an underestimate in
coastal marine boundary layer cloudiness [Donner et al.,
2011] which affects oxidant production and loss, local
NOx emissions or lifetime, and planetary boundary layer
mixing heights (MH). A systematic evaluation of continental
U.S. boundary layer MH in GFDL AM3 indicates that the
model reproduces general features of observed spatial, seasonal, and diurnal MH variability but has difficulty simulating shallow, stable boundary layers at night (Seidel et al.,
manuscript in preparation, 2011).

5. Impacts of Asian Pollution on U.S. Surface
Ozone Air Quality

Figure 9. Asian pollution enhancements to (a) mean ozone
mixing ratios at 800 hPa and (b) daily maximum 8-h ozone
in surface air for May–June 2010, estimated with 50 km
AM3. (c) Same as Figure 9b, but for 200 km AM3. The
dashed rectangle in Figure 9a indicates the surface region
analyzed in Figure 10. The symbols denote locations of
12 CASTNet high-elevation sites shown in Figure S8b.
troposphere is not likely to be the primary cause of the
surface O3 bias. Supporting this conclusion, we find that
the model bias in surface O3 at both the low-elevation AQS
sites and high-elevation CASTNet sites does not have a
direct relationship with the Asian enhancement (Figure S8).
4.3. Ozone Production Efficiency
[36] Next we evaluate the O3 production efficiency (OPE),
Ox versus NOz derived from collocated measurements of O3,
NOx, and NOy aboard the WP-3D aircraft during CalNex,
over the LA Basin and the Central Valley, respectively
(Figure 9). The observations suggest a slightly smaller OPE
in the LA Basin than Central Valley. The model captures
this urban versus rural difference in OPE [Trainer et al.,
1993; Kleinman et al., 1994], with the slope of Ox versus
NOz linear least squares correlation within 10% of those
observed for both regions. The intercept of the correlation
can be interpreted as a background O3 level [Kleinman et al.,

5.1. Mean Distributions
[38] Figure 9a shows the mean Asian anthropogenic
enhancement to U.S. O3 mixing ratios at 800 hPa averaged
over May–June 2010; a pronounced maximum occurred
over the southwestern U.S. Enhanced Asian pollution in the
lower troposphere toward the south reflects the combined
influence from isentropic subsidence (section 3) and production of O3 from NOx released from the thermal decomposition of Asian PAN when the air warms as it descends
(Figure S11). Earlier studies suggest that Asian pollution
reaching the eastern North Pacific Ocean typically splits into
northern and southern branches with O3 production due to
PAN decomposition occurring in the southern branch [e.g.,
Moxim et al., 1996; Heald et al., 2003; Hudman et al., 2004;
Zhang et al., 2008; Fischer et al., 2010, 2011]. We find that
this mechanism extends into the western U.S. during spring
2010 and contributes to the total Asian enhancement to
surface O3.
[39] The spatial pattern of Asian enhancements at
800 hPa is in general agreement with forward trajectory
analysis of surface destinations of baseline air masses by
Cooper et al. [2011] for the same study period. Our results
suggest that the latitudinal variation of the Asian enhancement contributes to O3 gradients along the California coast
as measured by ozonesondes [Cooper et al., 2011]. Compared with the springtime climatological pattern of Asian O3
tracer of Brown-Steiner and Hess [2011], our May–June
2010 estimates of Asian influence in southwestern U.S.
surface air are relatively larger, likely reflecting the southeastward extension of the Pacific storm tracks following
an El Niño (section 2.1).
[40] Figure 9b shows the mean Asian influence on MDA8
O3 in the model surface layer for May–June 2010. TransPacific transport of Asian pollution has the greatest impacts
on surface O3 in the high-elevation regions over the western
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Figure 10. Asian enhancements to daily maximum 8-h
average ozone in surface air, as estimated with the GFDL
AM3 model, plotted as a function of total ozone abundances
for all land grids within the rectangle indicated in Figure 9a.
The blue line represents the 25th percentile value of Asian
enhancements. Points falling within the green and red trapezoids denote values in excess of 60 and 70 ppbv, respectively, that would not have occurred in the absence of
Asian emissions in the model. The case study periods in
section 3 are identified as gray points.
U.S., consistent with prior studies [e.g., TFHTAP, 2011;
Brown-Steiner and Hess, 2011; Zhang et al., 2011], where
the elevated terrain has a higher probability of intersecting
subsiding air masses behind cold fronts than lower elevation
regions such as the Central Valley of California and the
eastern U.S. (section 3). The minimum Asian O3 enhancement in surface air occurs in the Southeast U.S. where the
average transport in the lower troposphere advects air
masses from the Gulf of Mexico, limiting the influence of
westerly transport, similar to summertime transport conditions discussed by Fiore et al. [2002]. The AM3 simulation
at C48 horizontal resolution (Figure 9c) produces a consistent large-scale view of Asian influence in surface air over
U.S., but the high-resolution model spatially refines the
estimates and produces a 1–2 ppbv higher impact at the
surface in Utah, Arizona and western Colorado. Zhang et al.
[2011] also found a greater background impact in a nested
version of the GEOS-Chem model than the coarser output
from the 2°  2.5° version.
5.2. Contribution to Air Quality Exceedances
[41] We next examine in Figure 10, the O3 enhancement
from Asian anthropogenic emissions for the entire distribution of springtime MDA8 O3 concentrations in the model
surface layer over the southwestern U.S. (box in Figure 9a).
Asian emissions can contribute up to 8–15 ppbv when
springtime total O3 concentrations exceed 70 ppbv over
southern California and Arizona, consistent with case study
results in section 3 (gray points in Figure 10). This finding
is in contrast to an earlier study indicating that foreign
influence typically declines below 8 ppbv in the 70–90 ppbv
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range of U.S. summertime total O3 concentrations in surface
air [Fiore et al., 2002]. While local emissions likely play a
dominant role in producing the high-O3 events in surface air
over this region, here we calculate the number of O3 events
in excess of 60, 70 and 75 ppbv thresholds that would not
have occurred in the model in the absence of Asian pollution
enhancements. These points are denoted by the green and
red trapezoids in Figure 10 for 60 and 70 ppbv thresholds,
respectively. We include only points where the Asian
enhancement is above the 25th percentile to filter out model
noise. Dividing the number of points falling within these
trapezoids by the total number of points exceeding the
threshold value, we estimate that 20% of MDA8 O3 exceedances of 60 ppbv in the model would not have occurred
over southern California and Arizona in the absence of
Asian anthropogenic emissions. For a 70 ppbv threshold,
this statistic increases to 49% since both the mean and
extreme events of Asian enhancements increase in the 70–
80 ppbv range of total O3 and the number of exceedances
for the 70 ppbv threshold decreases as compared with the
60 ppbv threshold. For a 75 ppbv threshold–the current
NAAQS for O3–that statistic is 53%.
[42] We further examine any influence of model biases
on the relationship between Asian enhancements and total
O3 abundances, and thereby our estimate of the relative
contribution to high-O3 events. The results are reported in
Figure S8a for all AQS sites within the same region used
in Figure 10, suggesting no direct relationship (r2 = 0.02)
between Asian enhancements and model bias in surface O3.
Reidmiller et al. [2009] found an anti-correlation between
foreign influence and model biases for a 15-model average
(year 2001), and thus suggested that global models may
underestimate foreign contribution. We do not find any
evidence for this relationship in our model.
[43] Next we explore the influence of Asian emissions
on high-O3 episodes at three representative CASTNet sites
(Figure 11). Episodes of elevated O3 mixing ratios are
observed at the national park ground stations, lagged by 1–
2 days after the onset of Asian pollution events over the U.S.
west coast discussed in section 3 (gray shaded periods in
Figure 11). During these events from May–June 2010, surface O3 anomalies of up to +15 ppbv are observed at the three
sites, with the model attributing approximately 2–9 ppbv
positive anomalies to Asian anthropogenic emissions. The
GFDL AM3 high-resolution model captures 45–65% of
observed day-to-day variability of surface O3 at the ground
stations, and the Asian anthropogenic enhancements can
explain 25–30% of the variability in the model total O3. The
results indicate that subsiding Asian pollution directly contributes to some high-O3 episodes at the CASTNet stations in
the mountain west, consistent with our findings in section 3
and Figure 10.

6. Forecasting Asian Pollution Events
in the Western U.S. From Space
[44] In this section we explore the potential to develop a
space-based indicator for Asian pollution enhancements to
surface O3 over the western USA. The method involves the
correlation of daily AIRS CO columns at each 1°  1° grid
box with the Asian contribution to MDA8 O3 in the model
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Figure 11. Day-to-day variability of observed (black), modeled (red) and Asian enhancements (purple)
to daily maximum 8-h average ozone at three CASTNet surface stations (triangles in Figure 9a). Shown
are anomalies relative to the May–June mean. The gray shading indicates major Asian pollution events
discussed in section 3.

surface layer for western U.S. national parks, for time lags
of 0 to 3 days between the data sets. Figure 12 shows an
example for Grand Canyon National Park. The region with
the greatest correlation over the eastern North Pacific

represents the region from which air is preferentially transported to the U.S. west coast lower troposphere within the
time lag (transport time to the high elevation receptor site)
indicated. In Figure 12 strong correlations emerge with
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Figure 12. Correlation coefficients between May–June 2010 AIRS daily CO columns at each 1°  1°
grid box and AM3 estimated Asian anthropogenic enhancements to daily maximum 8-h average ozone
at Grand Canyon National Park (denoted as a white circle), Arizona, considering time lags of 0–3 days.
The rectangles indicate the regions where AIRS CO can be used to derive a space-spaced indicator of
Asian influence on surface ozone in the western U.S. (section 6).
AIRS CO columns over approximately 30°–50°N of the
northeast Pacific; the region that gives the best correlation
with the surface data shifts from west to east as the time
offset decreases, reflecting the progression of Asian pollution toward the U.S. west coast consistent with Figure 1.
Correlation results for other ground stations in the western
mountains show a similar large-scale feature, with the region
experiencing the peak correlation falling within the boxes
denoted in Figure 12.
[45] Based on the correlation analysis, we hypothesize that
variability of AIRS CO measurements averaged over the
eastern North Pacific within these boxes can serve at least as
a qualitative warning index to inform regional air quality
management decisions about incoming Asian enhancements
to surface O3 in the western mountains. Figure 13 elaborates
on this hypothesis by illustrating a time series of AIRS CO
averaged over the eastern North Pacific between 30°–50°N
latitudes and 145°–125°W longitudes (box in lag = 1d panel
of Figure 12), together with Asian enhancements to surface
MDA8 O3 averaged over Great Basin, Grand Canyon and
Canyonlands National Parks. The variability in AIRS CO is
confounded by the seasonal increase in OH, which leads to
a decreasing trend ( 6.1  1015 molecules/cm2 per day, r2 =
0.74) in CO from May to June. To highlight the CO variability due to trans-Pacific transport, we remove the linear
trend from the time series of AIRS CO, which more clearly
shows the three major trans-Pacific Asian pollution events

discussed in section 3 (May 7–12, May 17–22, and June 17–
22). Further supporting the utility of satellite-based CO
column measurements as an early warning indicator for
surface air quality, we find that the timing of peak Asian
enhancements on surface O3 over the Rocky Mountains
generally appears 1–3 days later than the peak AIRS CO off
the U.S. west coast. Generalizing from the analysis in
section 3 and Figures 12 and 13, we find that it takes
approximately 3–6 days for the Asian pollution plumes
arriving over the eastern North Pacific, which can be
detected from space, to be transported into western U.S.
surface air during the late spring and early summer of 2010.
[46] We note that the relationship between AIRS CO and
Asian O3 pollution events in the western U.S. shown here is
qualitatively promising in terms of daily to synoptic-scale
variability. The DO3 due to Asian influence may not have a
quantitative relationship with DCO represented by AIRS
since Asian pollution transported to the eastern North Pacific
may not consistently reach the same locations given variability in meteorological conditions. Future work should
explore the interannual variability in the vertical extent of
Asian pollution over the U.S. west coast as well as explore
whether retrievals at particular levels (rather than the total
column) contain a more quantitative relationship with the
Asian surface O3 over the U.S. Mountain West. The correlation between satellite-detected CO enhancements over the
eastern North Pacific and the Asian pollution reaching

16 of 20

LIN ET AL.: ASIAN INFLUENCE ON U.S. SURFACE OZONE

D00V07

D00V07

Figure 13. Time series illustrating increasing Asian enhancements to surface ozone (purple) at CASTNet
sites following 1–2 days after peak CO columns represented by AIRS (gray, detrended in black) over the
eastern North Pacific (30°–50°N, 145°–125°W). The yellow shading indicates the range of Asian
enhancements at the three sites: Great Basin, Grand Canyon, and Canyonlands National Parks.
western U.S. surface air should be further examined using
multiyear data sets.

7. Conclusions
[47] We have applied a new high-resolution (50 
50 km2) global chemistry-climate model (GFDL AM3) to
examine the transport pathways of Asian pollution over
the western U.S. in spring 2010, with a primary focus on the
influence of Asian pollution on surface O3 air quality. To the
best of our knowledge, this is the first time a global highresolution model with full stratospheric and tropospheric
chemistry has been employed to address the problem of
trans-Pacific pollution transport.
[48] Extensive observations during the CalNex field campaign (May–June 2010) enable a process-oriented assessment of the model in simulating regional transport and
chemistry over the western USA. Evaluation with surface
O3 networks shows that the model captures much of the
observed day-to-day variability in daily maximum 8-h average O3 (MDA8) in surface air, with correlation coefficients
ranging from 0.4 to 0.8 and simulated standard deviations
within 15% of those observed for most sites. The most
severe limitation for our study is a high surface O3 bias of
2–10 ppbv on average in the high elevation regions and up
to 10–25 ppbv at the Pacific coastal sites (section 4). The
model bias in surface O3 does not have a direct relationship
with the Asian enhancement.
[49] An integrated analysis of satellite measurements of
CO and total O3 columns from AIRS, ozonesondes, and
model diagnostics reveals two cases of interleaving and
mixing of Asian pollution with stratospheric air associated
with complex airstream interactions as midlatitude cyclones
cross the North American west coast during CalNex (May
17–20 and June 17–19) - a transport mechanism noted by
prior studies [e.g., Stohl and Trickl 1999; Cooper et al.,
2004b]. The GFDL AM3 model successfully reproduces
the prominent features of these events, and implies that
transported stratospheric remnants from a deep tropopause
fold may contribute 50–60% of distinct O3 layers between 2

and 4 km above the California coast. Asian pollution, arriving a day after deep tropopause folding, contributes 20–30%
of total O3 in the mid-troposphere when the air was sampled
by the ozonesondes (section 3.1). We note our estimates
should be viewed as upper limits as discussed in section 2.4.
[50] Using both the model and observations, we further
illustrate that Asian pollution over the U.S. west coast descends isentropically behind cold fronts toward the south
(sections 3.2 and 3.3), consistent with prior model studies
[Cooper et al., 2011; Brown-Steiner and Hess 2011].
Combined with the influence of additional O3 produced
from the thermal decomposition of Asian PAN during subsidence, the Asian enhancement to O3 at 800 hPa exhibits
a pronounced maximum in the southwestern U.S. (including
parts of California, Nevada, Utah, and Arizona; section 5.1).
We find that the Asian enhancement in the model surface
layer over this region increases for total MDA8 O3 concentrations in the 70–90 ppbv range compared with that in
the 60–70 ppbv range (Figure 10). We estimate that in the
absence of Asian anthropogenic emissions, 49% of springtime MDA8 O3 exceedances of 70 ppbv in the model would
not have occurred over the southwestern U.S. For a 60 ppbv
or 75 ppbv threshold, that statistic is 20% or 53%, respectively (section 5.2).
[51] During strong trans-Pacific transport events, the
Asian enhancement to MDA8 O3 in western U.S. surface air
can reach 8–15 ppbv in high-elevation regions experiencing
peak surface O3 levels in excess of 60 ppbv (Figures 6 and 8).
We further demonstrate the potential for using near realtime satellite measurements of CO columns (AIRS) over the
eastern North Pacific at daily intervals to develop spacebased criteria to identify these strong Asian pollution events
(Figures 12 and 13). Such a space-based index could serve
as an early warning indicator (lead time of 1–3 days) for the
potential influence of Asian pollution on surface O3 air
quality and any associated health advisories for National
Park Services.
[52] Our analysis suggests that consideration of enhancements from Asian anthropogenic emissions will be important
to develop effective O3 abatement strategies for the western
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USA. There is a high degree of uncertainty regarding the
trend of Asian emissions over the next few decades. The RCP
(Representative Concentration Pathways) scenarios for IPCC
Fifth Assessment Report [Moss et al., 2010] indicate that
East Asian NOx emissions peak in 2020–2040 with 10–
30% increase from 2010 levels. It therefore seems likely that
the Asian component of U.S. baseline O3 will continue to
increase at least in the coming decade, although coincident
reductions in other northern hemispheric source regions may
cancel such increases, with little change in baseline O3 over
North America. Constant baseline O3 would make O3
abatement more difficult under more stringent NAAQS, and
increasing baseline would further confound O3 abatement
efforts (the “tightening vise” of Keating et al. [2004]).
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The carcinogenicity of outdoor air pollution
In October, 2013, 24 experts from
11 countries met at the International
Agency for Research on Cancer
(IARC), Lyon, France, to assess
the carcinogenicity of outdoor air
pollution. This assessment was the
last in a series that began with speciﬁc
combustion products and sources
of air pollution and concluded with
the complex mixture that contains
all of them. The results of this most
recent assessment will be published as
volume 109 of the IARC Monographs.1
Outdoor air pollution is a mixture of
multiple pollutants originating from a
myriad of natural and anthropogenic
sources. Transport, power generation,
industrial activity, biomass burning,
and domestic heating and cooking
are the predominant anthropogenic
sources in many locations.2 The mix
of pollutants in outdoor air varies
substantially over space and time,
showing not only the diversity of
sources, but the eﬀect of atmospheric
processes, including oxidation and
weather. Diverse approaches are used
to measure air pollution and some
countries have established monitoring
networks that typically record levels
of regulated pollutants, such as
respirable particulate matter (PM10),
ﬁne particulate matter (PM2·5), NO2,
SO2, and O3. PM2·5 is increasingly used
as an indicator pollutant, with annual
average concentrations ranging from
less than 10 to more than 100 μg/m3
globally. Pollution levels in western
Europe and North America have
generally declined since the late 20th
century, but they are increasing in
some rapidly industrialising countries,
notably in Asia. In many areas, WHO
and national air quality guidelines
for PM2·5 and other pollutants are
routinely and substantially exceeded.3
Occupational exposures to outdoor
air pollution, although not routinely
monitored, are also of concern for
certain groups of workers, such as
traﬃc police, drivers, and street
vendors.

The
IARC
Working
Group
unanimously classiﬁed outdoor air
pollution and particulate matter from
outdoor air pollution as carcinogenic
to humans (IARC Group 1), based on
suﬃcient evidence of carcinogenicity
in humans and experimental animals
and strong mechanistic evidence.
The ﬁndings regarding the carcinogenicity of outdoor air pollution as
a mixture, and of particulate matter
speciﬁcally, are remarkably consistent
in epidemiological research, studies of
cancer in experimental animals, and a
wide range of studies of mechanisms
related to cancer. Particularly, an
increased risk of lung cancer was
consistently observed in cohort and
case-control studies including millions
of people and many thousands of
lung cancer cases from Europe, North
America, and Asia. The largest and
most informative studies were a pooled
analysis of data from ten European
countries and a large nationwide
cohort study in the USA.4,5 Many
studies estimated quantitative levels
of outdoor air pollutants, most often
as mass concentration of particulate
matter, and adjusted for a wide range
of potential confounders including
tobacco smoking. Increased risk
associated with outdoor air pollution
was also seen in studies restricted to
never smokers.6 Positive exposureresponse relations were consistently
observed in studies that provided such
data. Notably, virtually all of the studies
were done in areas where annual
average levels of PM2·5 range from
about 10 to 30 μg/m3, which represents
approximately the lower third of
exposures worldwide. Nevertheless,
increased risk of lung cancer was
observed even in those areas where
PM2·5 concentrations are less than the
current health-based guidelines.4
There was limited epidemiological
evidence for bladder cancer associated
with various metrics of exposure
to outdoor air pollution, including
occupational and residential exposure

to traﬃc or traﬃc emissions, in
studies that were adjusted for
tobacco smoking. However, most
studies assessed exposure only by
employment in occupations with
potentially high exposure to outdoor
air pollution, so the results did not
weigh heavily in the evaluation.
The
Working
Group
also
reviewed evidence regarding the
carcinogenicity of outdoor air
pollution in experimental animals.
As part of this process, the IARC’s
earlier evaluations of diesel engine
exhaust and of emissions from the
combustion of coal and wood were
updated and conﬁrmed. All of these
agents can be present in outdoor air
and were shown previously to cause
benign and malignant lung tumours
in mice or rats.
Only a few studies have assessed
the occurrence of cancer in animals
exposed directly to outdoor air
pollution by inhalation. Studies of
mice exposed to traﬃc-related outdoor
air pollution in São Paulo, Brazil,
showed an increase in the incidence
of lung adenoma, and an increase in
the incidence and tumour multiplicity
of urethane-induced adenomas in
a dose-dependent manner.7 Several
studies in which mice were injected
subcutaneously with organic solventextracted material from particles
collected from outdoor air pollution,
showed increased incidence of
injection-site tumours, including ﬁbrosarcomas, and pulmonary adenoma or
adenocarcinoma.8,9
The ﬁndings of carcinogenicity in
humans and animals are strongly
supported by a large, diverse body
of evidence showing genetic and
related eﬀects in exposed humans
and animals and a wide range of
experimental systems. Studies of
people exposed occupationally to
outdoor air pollution have shown
enhanced frequencies, relative to
controls, of chromosome aberrations
and micronuclei in lymphocytes.10,11
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Exposure to polluted outdoor air in
occupational settings or urban and
industrial areas is also associated with
changes in the expression of genes
involved in DNA damage and repair,
inﬂammation, immune and oxidative
stress response, as well as altered
telomere length and epigenetic
eﬀects such as DNA methylation.11
An increase of cytogenetic and
DNA damage related to outdoor air
pollution was associated with genetic
polymorphisms, such as GSTM1 null.
Genetic damage, including somatic
and germ-cell mutations, cytogenetic
abnormalities, and DNA damage
were also observed in mammals,
birds, and plants exposed to outdoor
air pollution.12 Genotoxic eﬀects
have also been observed in studies of
human and animal cell lines in vitro.
Additionally, extracts of particulate
matter from outdoor air representing
a wide range of locations, time periods,
and atmospheric conditions induce
mutations in bacteria. This mutagenic
activity, covering more than ﬁve orders
of magnitude per volume of air across
locations, is quantitatively related
to the concentration of atmospheric
particulate matter. Thus, the Working
Group concluded that there is strong

evidence that real-world exposures
to outdoor air pollution, in several
species, are associated with increases
in genetic damage, including cytogenetic abnormalities, mutations
in both somatic and germ cells, and
altered gene expression, which have
been linked to increased cancer risk in
humans.
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This document is not intended to provide specific
strategies or tactics to be used during emergency
responses. It does, however, discuss some tactics
that should be considered. The information
presented here and collected during pre-incident
surveys should be used to train all emergency
responders on how to properly handle incidents at
facilities with combustible dusts.
The information presented in this publication
is limited to the fire and explosion hazards of
combustible dust. Facilities with combustible
dust may have other hazards for emergency
responders to consider, such as engulfment,
electric shock, unguarded machinery and
chemical toxins.
1. “Explosible” materials are capable of exploding; combustible dusts
become capable of exploding when finely divided and dispersed as
described in the next section. “Explosive” materials can explode as is;
their main purpose is to function by explosion.

EN

AT

The primary purpose of this document is to protect
emergency responders from harm by giving
them a framework for gathering the necessary
information prior to an emergency and converting
it into safe operating procedures. In this document,
emergency responders include firefighters, fire
brigade members, hazardous materials teams, and
others who might be called upon to respond when
a fire or explosion occurs.

HE

When there is a delay or setback during an
incident, the risk of injury rises for facility workers
as well as for emergency responders. Everyone is
safer when facility and emergency personnel share
information and develop safe procedures to handle
incidents involving combustible dusts. Owners,
operators, and the community also benefit from
reduced property damage when incidents are
handled quickly and safely.

Firefighters are well aware of the elements of the
“fire triangle”: fuel, heat, and oxygen (see figure 1).
In this case, combustible dust is the fuel. Oxygen
is usually available in the ambient air. In addition
to, or in place of the oxygen, another chemical
oxidizer may simulate oxygen in the combustion
reaction. The following information discusses
the additional elements needed for a flash fire or
explosion to occur.

YG

Every year, a number of emergency responders are
injured, and sometimes killed, during emergency
operations in facilities where combustible dusts
exist. In some cases, responders have inadequate
information or training on the explosible1
characteristics of combustible dust and/or the
conditions present in the facility, which has
increased the challenge of handling incidents
safely and effectively.

How does a combustible dust
explosion occur?
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Figure 1. Fire Triangle

Just about any solid material that burns can be
explosible when finely divided into a dust. For
example, a piece of wood can become explosible
when reduced to sawdust. Even materials that do
not burn in larger pieces (such as aluminum or
iron) can be explosible in dust form.
In school or training, you may have seen a
demonstration involving a small container with
flour or a similar material that was ignited, created
a small fireball, and forced the lid of the container
to lift. This can occur on a much larger scale in a
building or confined space.
When combustible dust in the proper
concentration is dispersed in a cloud, and then
ignited, a flash fire occurs (see figure 2). This
flash fire is like a larger version of the fireball in
the classroom demonstration. It is much more
dangerous to humans than an ordinary fire
because it spreads too quickly to outrun. You may
hear the term “deflagration”; this is a type of flash
fire that is strong enough to cause damage to
equipment or structures.
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What do previous
incidents illustrate?
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Firefighting operations can inadvertently increase
the chance of a combustible dust explosion if they:
■■
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Figure 2. Elements of a Flash Fire2

When a flash fire is confined, the pressure that
develops can cause an explosion, damaging or
destroying the confining enclosure (see figure
3). This explosion is a larger version of the
lifting lid in the classroom demonstration above.
The confining enclosure could be processing
equipment, a conveyor, a dust collector, a room,
or an entire building. The flying shrapnel, blast
wave and collapsing structural members resulting
from the explosion can injure or kill individuals
over a large area.
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Use tactics that cause dust clouds to form or
reach the explosible range.
Use tactics that introduce air, creating an
explosible atmosphere.
Apply incorrect or incompatible
extinguishing agents.
Use equipment or tools that can become an
ignition source.

The examples below illustrate these general
principles in specific incidents. In some examples,
combustible dust fueled the entire event; in
others, combustible dust may have contributed
to it. In most cases, the initial ignition sequence is
unknown or unreported.
■■

South Dakota, 2011: two firefighters
killed. According to a National Institute for
Occupational Safety and Health (NIOSH) report,
a fire occurred in a coal bin that fed a boiler.
Firefighters brought it under control at first, but
it flared up again. Two firefighters then climbed
onto the roof and directed a water hose stream
through a hatch. An explosion killed both of
them (see figure 4). The explosion may have
involved combustible dust, flammable gases,
steam, or a combination of these factors.

FUEL
Figure 3. Explosion Pentagon

2. This four-sided representation of flash fire elements should not be
confused with a fire tetrahedron, which adds an element (chemical chain
reaction) to the fire triangle to explain how certain agents extinguish a fire.

2

Photo: NIOSH

The blast wave can also disperse accumulated
combustible dust in work or storage areas,
fueling one or more subsequent explosions.
These secondary explosions are often more
destructive than the initial incident due to the large
quantities of dust dispersed. Secondary explosions
can continue to ignite in sequence, cascading
throughout a facility.
Figure 4. Coal bin explosion
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Wisconsin, 2010: one firefighter killed and
eight injured. According to a NIOSH report,
foundry workers improperly placed a barrel of
hot slag in a recycling dumpster with aluminum
shavings, and a fire resulted. The local fire
department had not conducted a proper preincident survey of the facility and was unaware
of the incompatibility of water and burning
metals. They attacked the fire with water first,
and then foam. Despite making no progress
toward extinguishing the fire, as well as visual
warnings such as bluish-green flames, the
firefighters continued to attack the fire at close
range. An explosion killed one of them and
injured eight others (see figure 5).

from a sawdust hopper at a boat manufacturing
plant. Two firefighters opened an access door
and directed a straight stream of water onto the
burning sawdust. A dust cloud discharged from
the door, ignited immediately, and injured both
firefighters (see figure 6 and cover). A second
team of firefighters, unable to confer with the
injured firefighters, repeated the attack using
the same tactics. The same sequence of events
recurred and they were also injured.

Photo: Todd Dudek, Gannett Newspapers

■■

■■

Figure 5. Dumpster explosion
■■

■■

■■

Oregon, 2010: one firefighter injured. News
reports indicated that a fire occurred in sawdust
waste on a conveyor at a forest products plant.
A spark sensor and interlock operated properly
and shut down the conveyor. When an access
door was opened, the inrush of air triggered an
explosion that injured a firefighter.
Unknown location, 2004: two firefighters
injured. A National Fire Protection Association
(NFPA) report on firefighter injuries described
a smoldering fire in ductwork at a furniture
manufacturing company. Plant personnel told
the fire department that the associated dust
collector had been shut down, but it had not.
Two firefighters on an aerial lift were injured
when they gained access to the duct and an
inrush of air caused an explosion.
Maryland, 2005: four firefighters injured. A fire
department responded to light smoke coming

Ohio, 2003: two firefighters killed, eight
injured. According to a NIOSH report, several
fire departments were fighting a fire at a
lumber company in an oxygen-limiting silo that
was filled with wood chips. Firefighters were
directing water streams through openings at
the base and the top of the silo when there was
an explosion. A firefighter on top of the silo and
another on an aerial platform were killed (see
figure 7). The report cited improper tactics for
oxygen-limiting silos as a factor in the outcome.

Photo: NIOSH

Photo: NIOSH

Figure 6. Sawdust hopper flash fire

Figure 7. Wood chip silo explosion
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What preparations can be
made prior to a response?
Pre-incident survey
Many emergency response agencies routinely
perform pre-incident surveys at facilities with special
hazards. This allows responders, regardless of the
size of the jurisdiction, to learn about the hazards,
proper methods to handle emergencies, and the
features in place to assist them (for example, water
supplies, suppression systems, confined spaces,
egress points). Emergency responders should treat
combustible dust as a special hazard. This document
is intended to provide guidance on supplementing
the routine pre-incident survey to include
combustible dust hazards.
A facility may produce, collect, or store dusts
and/or dust-producing materials as its main
operation or as an incidental matter. In either
case, emergency responders need to know about
combustible dust hazards in advance. This helps
them plan appropriate actions and avoid creating
additional hazards to themselves or occupants.
All locations where combustible dust is used
(including process or conveying equipment),
produced (for example, cutting or grinding
equipment), or stored (including all vessels,
containers, or collectors) should be identified in the
survey (see figure 8).

Facilities can have a variety of materials,
operations, and procedures. Appendices A through
D at pages 14–23 contain general information
about these aspects of operations. During the
pre-incident survey, it is important to collect
facility-specific information on all of these aspects.
This will make it possible to tailor emergency
operations to a particular facility.
The pre-incident survey team should walk
through the entire facility and consider each
process, possibly by functional area, to identify
the operations or components that generate, or
could generate, enough dust to create a flash fire
or explosion hazard. The team should consider all
normal and potential abnormal (upset) conditions
to ensure that the pre-incident survey is as
comprehensive as possible. Consider organizing
the information by facility areas or process areas
for clarity.
Combustible dust can accumulate on any upwardfacing surface. Fine dusts can even cling to
vertical surfaces (see figure 9). A large amount of
combustible dust often accumulates overhead, on
structural components or other surfaces where it
is hard to notice or clean. Historically, these dust
accumulations are associated with cascading
secondary explosions that lead to major or total
facility loss. The team must consider all spaces—
both exposed and hidden and at any elevation—in
the pre-incident survey.

Figure 9. Sawdust clinging to
horizontal and vertical surfaces

Figure 8. Sawdust spilled from equipment
4

Other sources of information are the jurisdiction’s
building construction and fire code officials.

OCCUPATIONAL SA FE T Y AND HE ALTH ADMINISTR ATION

In many cases the fire official is within the fire
department, but this is not always the case. State
and local fire codes often require permits for
hazardous materials. In some cases, operational
permits may be specifically required for
combustible dust-producing operations. Such
permits can serve as triggers for the pre-incident
survey and can also contain specific facility
information.
The pre-incident survey should cover metal dusts
carefully. Note the presence of water-reactive
metals and metal dusts. The importance of this is
discussed in the section below on extinguishing
agent selection.
The pre-incident survey forms the basis of how
emergency responders plan for and handle
incidents. Responders and facility representatives
should discuss compatible extinguishing agents
and appropriate attack methods during the
survey. The section below regarding operational
planning covers considerations and precautions
in more detail.

Trade secrets
A company may be reluctant to disclose certain
facts about a facility to the survey team, for
fear of revealing trade secrets. But employers
and firefighters must understand that the more
specific the information that is shared, the more
comprehensive and valuable the pre-incident
survey will be. Explaining the negative effects of
an incomplete or inadequate survey to the facility
managers can help them realize the importance
of disclosing as much relevant information as
possible. When trade secrets are divulged to
emergency responders, they must understand the
importance of keeping this information secure.

Safety Data Sheets
Emergency responders should always consult
Safety Data Sheets (SDSs) for all materials present.
They can be a good source of basic information
that should be supplemented by information
specific to the facility’s processes and operations.
SDSs were previously called Material Safety Data
Sheets (MSDSs).

Responders should also understand the limitations
of SDSs. For some materials, SDSs may be
unavailable because of the emergency or response
situation, or may not be comprehensive because
SDSs do not account for unanticipated uses and
unforeseen emergencies. Chemical manufacturers
are required to indicate hazards under normal
conditions or in foreseeable emergencies
(including those anticipated during downstream
processing). Responders should heed warnings
on any SDS, but should also consider possible
explosion hazards even when SDSs do not
mention them.

Hybrid mixtures
Emergency responders should be aware of the
potential for hybrid mixtures. These are mixtures
of flammable gas or vapor and combustible
dust suspended in air. Hybrid mixtures can be
explosible below either the lower flammable limit
for the gas/vapor or the minimum explosible
concentration for the dust.
Processes can involve hybrid mixtures routinely or
during abnormal conditions. Potential flammable
gas and vapor sources include fuel pipes to
heating equipment, fuel tanks on material-handling
equipment, and flammable liquid containers.
Flammable gas can also be produced when a
fire’s combustion by-products become mixed
with suspended dust. For example, carbon
monoxide is a product of incomplete combustion
and is a toxic, flammable gas often produced in
dangerous amounts by smoldering fires. Any of
these flammable gases or vapors can form hybrid
mixtures with combustible dust.
Hybrid mixtures often migrate and become
trapped by building features or equipment.
Responders should be aware of ceiling height and
potential trap areas.

Protection systems
Equipment and buildings with known combustible
dust hazards should be equipped with devices
or systems to prevent an explosion, minimize
its propagation, or limit the damage it causes.
Examples include relief vents or abort gates that
direct damaging pressure or burning material out
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of a confined area (see figure 10) and isolation
devices that prevent damaging pressure or fire
from extending to another piece of equipment.
Facilities can use special high-speed detection and
suppression systems as well as oxygen-reduction
systems. The team should note all these devices
and systems in the pre-incident survey; this will
let emergency responders support the systems or
avoid making them ineffective during an incident.

maintenance, production, and facility engineering
departments can provide valuable input, as can
employee representatives.
Facilities should designate a specific person
responsible for updating the emergency
responders on any changes that affect the hazards
at the facility. Ideally, this representative, and
one or more alternates, will also be available as
emergency contacts. An on-site liaison should
report to the incident commander at the start of an
emergency operation.
Emergency responders should obtain contact
information for all facility emergency contacts,
storing this information in a way that facilitates
rapid communication during an incident. Facilities
should ensure that any changes in representatives
or their contact information are communicated to
response agencies.
It is also a good idea for emergency responders
and facility personnel to train together regularly.
Knowing each other and the facility will promote
a more efficient and effective response if an
incident occurs.

Figure 10. Abort gate in duct

Both fire and explosion hazards of combustible
dusts are often present in a facility. Ordinary fire
suppression systems can be installed to address
fire hazards. When such systems are provided in
areas with explosion hazards (such as a silo or dust
collector), they will only be effective for a fire and
not for an explosion. These situations should be
noted during the pre-incident survey. Precautions
are discussed in greater detail in the section below
on Fire Safety Systems section on page 10.

Facility liaison
The facility’s staff is usually the best resource
on the nature and extent of hazardous dust
conditions present. To get a complete and
accurate accounting of the materials, processes,
and potential hazards, those performing the preincident survey will often need to discuss these
issues with multiple members of the facility’s
organization. Staff from the safety, operations,
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Equipment compatibility
Finally, firefighters should ensure that on-site
firefighting equipment is compatible with their
equipment. For example, they should check
whether the facility’s fire hydrants, standpipe
systems, and fire department inlet connections
have the same hose threads as those used by
the fire department. If the equipment is not
compatible, it is best for the facility’s equipment
to be changed to match the fire department’s.
Alternatively, or as an interim measure, the facility
can use adapters—either stored at the facility or
carried by the fire department.

How should this preparation
affect the operational plan?
Fire departments and fire brigades should use
the information from the pre-incident survey
to develop a draft Incident Action Plan (IAP).
An IAP is a component of the National Incident
Management System plan that is used throughout
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the United States to mitigate situations
necessitating an emergency response. The
IAP is more specific than the general Standard
Operating Plans (SOPs) and Standard Operating
Guidelines (SOGs) that the fire service uses to
streamline typical emergency operations. Facility
representatives that help conduct the pre-incident
survey can often provide helpful input in the IAP
development.
The draft IAP should consider all the precautions
discussed in the next section. It should also take
into account the information collected during the
pre-incident survey described in the previous
section, including specific materials, processes,
equipment and protection systems.

What precautions can be
taken during a response?
Fire Attack Mode
One of the first decisions during an emergency
incident is whether to attack the fire offensively
(see figure 12) or to contain it defensively; a
rapid risk assessment must be conducted with
the information available. This becomes more
important during responses that involve materials
subject to flash fires or explosions (including
combustible dusts) because of the speed of the
combustion and the large potential exposure areas.

Photo: V. Maggiolo

During an emergency response to a facility (see
figure 11), the fire service and other responders
can implement the IAP. SOPs or SOGs guide their
general operations, as modified by the facilityspecific IAP. If an incident involves unexpected
conditions, the IAP should be modified with the
help of the information in the pre-incident survey
and facility personnel. Together, planning and
operational flexibility keep responders safe.

All responders who might be called to a facility
should be able to access the pre-incident survey
information and the IAP. This likely means
sharing the information with all fire stations
expected to respond, whether within the same
department or not. Fire departments (of all sizes)
often have arrangements with other nearby
departments to provide assistance through
“mutual aid” agreements.

Responders should decide the best way to record
both the pre-incident survey information and the
IAP to enable ready access during an incident. It is
crucial that this method allow these documents to
be available even if memories fade and personnel
changes. Whether the storage mode is written or
electronic, expedited retrieval is essential.

Photo: V. Maggiolo

Figure 11. A fire department at
the scene of a building fire

Figure 12. Firefighters performing
an interior (offensive) fire attack
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The attack posture can also be changed during
an incident. The appearance of a persistent dust
cloud or the discovery of significant accumulations
of combustible dust should trigger the same
considerations and precautions as any other
material that could explode.
The explosibility of a dust cloud is difficult, if not
impossible, to measure during an incident. Meters
are available to measure for explosible levels
of flammable gases and vapors, but none are
currently available for combustible dusts. One rule
of thumb: if the dust cloud totally obscures a light
source at a distance of 6 to 9 feet, treat it as if it is
in the explosible range, and consider evacuating
the area.
A hybrid mixture’s explosion limit is very difficult
to predict precisely because there are infinite
combinations of gas and dust concentrations,
and their relative amounts are likely not uniform
throughout a dust cloud. Emergency responders
commonly use flammable gas and vapor meters
(often two to validate results), but there is no test
equipment that will determine if a hybrid mixture
has reached explosion limits.
Dusts can also interfere with meters for flammable
gases and vapors by depositing residue on sensors.
Filtering material to remove the dust may protect
the sensors, but the meters should be checked
frequently for loss of sample flow. Some meters
will provide an alarm upon reduction or loss of this
flow. Responders must remember that the reading
on the meter is only for the flammable gas and
vapor component; it does not include the hazard
contribution from the dust. A mixture of flammable
gas or vapor and combustible dust can be more
energetic than either individual component.
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Extinguishing Agent Selection
The main precaution in choosing extinguishing
agents is to use only agents that are compatible
with the materials present—both those burning
and those just nearby. For example, using water
or any water-based agents (such as foam) on any
burning combustible metals (such as magnesium,
aluminum, and titanium) can cause an explosible
reaction. Alkali metals (such as sodium and
potassium) will react violently with water even if
they are not burning. Wetted alkali metals may
generate hydrogen gas, and this gas may not
register on a traditional 4-gas meter.
The type and quantity of extinguishing agent must
also be able to extinguish the materials involved
in a fire. Examples include class C agents for
live electrical equipment and class D agents for
combustible metals (see figure 13).

Photo: M. Chibbaro

One main consideration in the decision regarding
attack mode is the structural stability of the
building or equipment involved. By definition, an
explosion causes structural damage to the confining
enclosure. However, even a flash fire can weaken
structural components due to the intense heat
involved. Responders may arrive to find that a flash
fire has occurred but not propagated; they should
not assume that the building or vessel is structurally
sound simply because the fire is extinguished.

Figure 13. Class D fire extinguisher

If materials present are all class A, consider the
use of wetting agents. These reduce the surface
tension of the water. Wetting agents help the
water penetrate and extinguish deep-seated fires,
particularly those in densely-packed material.
A reference chart for extinguishing agents
suitable for various combustible metals is
contained in the National Fire Protection
Association (NFPA) book Guide to Combustible
Dusts or its standard 484, Standard for
Combustible Metals. The chart also indicates
which agent is the preferred one for each metal.

OCCUPATIONAL SA FE T Y AND HE ALTH ADMINISTR ATION

Reactivity between extinguishing agents and
chemicals is a further concern. Reference
information is available on the Chemical Reactivity
Worksheet from the National Oceanic and
Atmospheric Administration or in NFPA’s book, Fire
Protection Guide to Hazardous Materials.

Fire Extinguisher Use
Just as selecting an appropriate extinguishing
agent is important, properly applying the agent
is crucial to a successful outcome. When using
extinguishers, responders must avoid dispersing
combustible dusts into the air. Typically,
extinguishers are aimed directly at the base of
the flames. To avoid dust clouds, responders
should use the extinguisher from as far away as
possible and apply the agent as gently as possible.
Pressurized class D extinguishers are designed for
gentle application, but care must still be exercised.
Class D extinguishing agents can also be stored in
containers and applied with a scoop or shovel.
Fire extinguishers are often available at facilities
for use on specific hazardous materials, including
combustible dust. If so, emergency responders
should plan to use these existing extinguishers.

Hose Stream Use
The main considerations with hose stream
operation are to avoid creating combustible dust
clouds or introducing more air. In particular, the use
of solid streams can disperse dust into the air. The
use of wide-pattern (or “fog”) streams at pressures
typically used for firefighting can move large
quantities of air, which is why firefighters often use
such streams to “hydraulically ventilate” spaces.
The best way to apply water is in a medium to
wide-pattern, as gently as possible (see figure 14).
Responders should use a low nozzle pressure and
loft the stream onto the burning material from as
far away as the stream will reach.

Photo: M. Chibbaro

Complicating extinguishing agent selection is
the potential for multiple fuels to be involved in a
fire, with no single extinguishing agent available
rated to extinguish all of them. If the fuels cannot
be separated, it will likely be necessary to take a
defensive attack posture and allow the fire to burn
out on its own.

Figure 14. Low pressure, medium fog hose stream

Solid streams can be used from a safe distance
where farther reach is necessary. If still in an area
subject to the effects of an explosion (e.g., fireball,
pressure wave, shrapnel), the nozzle should be
set up with covering hose streams and then left
operating unmanned.
Responders may consider using solid streams to
overhaul piles of fully wetted material. However,
determining if the pile is wet all the way through
can be difficult or impossible. If dry material
remains inside the pile or on its bottom, it could be
dispersed by the hose stream.
Another tool that may be effective in certain
circumstances is a piercing nozzle. These are
designed to penetrate an enclosure, making it
possible to apply water without entering or even
opening the enclosure. Such nozzles are commonly
used on coal bunker fires. The penetration point,
spray pattern, and nozzle pressure must still be
considered to minimize dust dispersal within the
enclosure. Responders should not get a false sense
of security just because personnel are outside the
enclosure; they should consider if they can still be
affected by an explosion.
In addition to extinguishment, water from hose lines
can be used to render dust accumulations safe.
Gently wetting piles of dust will make it too heavy
to disperse into a cloud. Because a large amount
of water can be trapped within the piles rather
than run off, structural stability could become a
problem—but here, again, planning can help.
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Some class A materials, such as coal, are known
to heat up when wetted. Do not use water as a
preventive measure on such fuels.
Overall, give preference to using medium- to widespray patterns rather than solid streams. Use as
low a pressure as possible to provide the stream
reach necessary.

Fire Safety Systems
Fire protection systems designed for fires will likely
not protect against flash fires or explosions. For
example, a sprinkler system designed to control
fires is typically designed for sprinklers to open
over an area expected to be involved in a fire. A
flash fire could easily activate a far greater number
of sprinkler heads than the design considered,
resulting in inadequate water pressure and
ineffective fire control. An explosion could damage
a significant portion of the system, also rendering
it ineffective. This can even occur where an
incident occurs in outside equipment arranged to
recirculate exhaust back into an interior space and
an abort mechanism is not provided. Responders
should therefore have a good understanding of the
capabilities and limitations of such systems.
Responders might also encounter more specialized
fixed systems for fire and explosion prevention,
detection, protection, or suppression. A safe and
successful outcome requires a clear understanding
of these specialized (and often unique) systems
before interacting with them.
Some systems have hazards inherent in their
operation. One example is explosion suppression
systems that must activate at speeds high enough
to stop explosions in progress; these systems likely
employ explosive actuators. Some systems apply
agents at a concentration unsafe for humans without
proper respiratory protection. Other systems
need an enclosure to contain the extinguishing
agent; ventilating or accessing such an enclosure
prematurely can negate its effectiveness.
Responders should also be aware of inerting
systems that use an agent such as nitrogen or
carbon dioxide to reduce the oxygen available and
thus prevent a fire or explosion. Self-contained
breathing apparatus is necessary in such an
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environment. Ventilation and access activities
can reduce the effectiveness of such systems
and introduce oxygen to form an explosive
atmosphere. In a few rare situations, inerting can
be a useful form of suppression if the agent and a
safe delivery system are available.
There have been reports of two issues associated
with dry-pipe or deluge sprinkler systems:
1. As they fill with water, such system’s pipes can
shake. This can dislodge combustible dust that
has accumulated on them, contributing to the
fire.
2. Air discharged from the system (before water
begins to discharge) can both disperse dusts
accumulated nearby and introduce more air in
the immediate vicinity of the fire.
Finally, emergency responders should coordinate
with facility personnel before shutting down any
protection or prevention system.

Access
Gaining access to the interior of process
equipment, dust collection equipment, conveying
equipment, or storage elements (see Appendices
A through D) can be dangerous due to the
possibility of dislodging dust or allowing dust to
fall out, which could create an immediate dust
explosion hazard. Such access can also introduce
additional air flow to support a fire or explosion. It
is important, therefore, to thoroughly understand
the ramifications of gaining access before doing
so, and to consider the proper timing of ventilation
and power shutdown.
A thermal imaging camera can be a valuable tool
in this situation. It can provide information about
where hidden burning materials are located, and
thereby assist in the decision regarding whether or
when to gain access.
If opening an access panel (see figure 15) is
necessary, consider protecting nearby firefighters
with a covering hose stream. Responders should
work with the facility’s liaison or emergency
contacts to find the safest access procedure—the
one that will contain dust clouds or keep them
from forming.
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Ventilation
Firefighters regularly use ventilation as a tactic
to remove heat and smoke during fire attack and
overhaul. When combustible dust is involved,
ventilation—particularly at the wrong time—can
have catastrophic consequences.

Figure 15. Access panel,
walkway, and ladder on equipment

Dust collection systems (see Appendix A) typically
use negative pressure; thereby collecting dust with
exhaust hoods, sweeps, extraction points, and
ducts. Rupturing or opening most ductwork for
negative pressure systems while operating should
not release much dust, but will likely reduce the
air velocity and cause dust to accumulate within
ducts. Every system is different, however, and the
planning activities should consider the specific
characteristics of the system in question. Note
that dust collection baghouses and cyclones are
especially likely to have significant accumulations
of combustible dust, so emergency response
activities involving these components should be
well thought out.
Pneumatic conveying systems—common in many
industries—are typically positive pressure systems
used to transport materials between points in a
process. These systems move solid materials,
including collected dust, by suspending the material
in high-velocity air. For example, combustible sugar
and flour are often transported this way.
If a pneumatic conveying pipe, tube, duct, or piece
of equipment is opened or has a structural failure
while solid materials are moving, an explosible
dust cloud could develop quickly outside the
system. Emergency responders should be aware
of this in case such a failure occurs during the
incident and the pneumatic conveyance system is
still operational.

Ventilating specific pieces of equipment (e.g., for
processing, conveying, or dust collection) can have
the same consequences as accessing them (see
the previous section). Responders should carefully
consider if ventilation is an appropriate tactic and,
if so, they should time it to minimize the flash
fire or explosion hazard. It may be appropriate to
ventilate only after complete wetting of surfaces
and dust accumulations.
Using fans (either negative or positive pressure) to
ventilate rooms or buildings can create sufficiently
high air velocities to dislodge dust and suspend it
in a cloud. Fans can also introduce more air into a
space, which can create or worsen an explosible
situation. Gas-powered positive pressure fans
can introduce additional carbon monoxide into a
facility during operation.
Responders may also encounter explosion vents
installed on buildings or equipment. These devices
are meant to relieve the pressure caused by a flash
fire or explosion—preferably to a safe location. In
some cases, they are not installed properly and are
directed to inside work areas. Whether the vents
are directed properly or not, responders should
know their location to avoid being in the path of a
venting flash fire or explosion.

Power Shutdown
Firefighters commonly shut down sources
of power early in the operation. Here again,
responders must ensure that power shutdown
is the appropriate course of action, or at least
consider the proper timing of the shutdown, and
must understand the full implications of power
shutdown before taking such actions. Coordination
with plant personnel is essential—both to safely
de-energize equipment, and to properly lockout/
tagout equipment to prevent re-energizing during
emergency operations.
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Different courses of action may be appropriate
for process systems, conveying systems, dust
collection systems, and overall building power.
For example, some dust collection systems need
power to keep dust contained; shutting down
power can create a dust cloud where none existed.
Main power shutdown may disable fire detection
and protection systems unless they are supplied
by a secondary or emergency power source such
as a generator.
Responders must take care when shutting down a
pneumatic conveying system, especially if ignition
sources are present. They must also evaluate
the trade-offs associated with shutting down the
system versus stopping the introduction of the
material and allowing the system to purge itself.
It may be prudent to allow conveying systems to
run so that they can remove burning material from
dryers or dust collectors. Consider the impact of
either choice on the process equipment; it should
not create further hazards.
Changes to the operating status of processing
equipment can introduce abnormal (upset)
conditions that could lead to fires, flash fires, or
explosions. For example, shutting down power to
a process stream without running out the product
could trap that product in a dryer, where it might
overheat and ignite. Responders should plan for
possible scenarios and corresponding strategies
for shutting down processes and the main power
supply. They should also identify conditions
under which power or process streams can safely
be shut down.
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Emergency responders should understand the
proper rating of electrical equipment for dust
explosion hazards. They may be familiar with
Class I-rated equipment for flammable gases and
vapors. The rating necessary to prevent ignition
of combustible dust clouds is Class II. Responders
should be sure to look for the proper rating for the
corresponding hazard and remember that multiple
ratings are necessary for multiple hazards. Finally,
regardless of the planning done and precautions
taken, emergency responders should operate
under the assumption that ignition sources are
always present.

Tool and Equipment Use
Emergency responders might carry tools that are
not appropriate for use near combustible dust
hazards. The wrong tool can introduce ignition
sources. These might include portable fuel-fired
tools, non-classified electrical equipment, or sparkproducing hand tools. Non-sparking tools such as
scoop shovels or natural-bristle brooms may be
appropriate for certain situations or materials; if so,
they are often available at the facility.
Emergency responders may be called upon to
clean up combustible dust, especially during
overhaul operations. Do so with care and with the
advice of facility representatives. Any portable
vacuum equipment used to remove combustible
dust must be rated for dust explosion hazards
(Class II hazardous areas) so that they do not
present an ignition source. Vacuum hoses must be
conductive or grounded to prevent static electricity
buildup and discharge.
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Where can I find additional information?
OSHA
■■

■■
■■

■■

■■

Combustible Dust Safety and Health Topics
page: www.osha.gov/dsg/combustibledust/
index.html
Safety and Health Information Bulletin: www.
osha.gov/dts/shib/shib073105.html
Combustible Dust Explosions Fact Sheet:
www.osha.gov/OshDoc/data_General_Facts/
OSHAcombustibledust.pdf
Combustible Dust Explosions Poster:
www.osha.gov/Publications/
combustibledustposter.pdf
Hazard Communication Guidance for
Combustible Dusts: www.osha.gov/
Publications/3371combustible-dust.html

NIOSH
■■
■■

www.cdc.gov/niosh/fire
Firefighter fatality reports, safety advisories,
and other guidance materials

NATIONAL FIRE ACADEMY
■■

Research Project: Developing Criteria for Proper
Handling of Wood Dust Fires. www.usfa.fema.
gov/pdf/efop/efo21877.pdf

NATIONAL FIRE PROTECTION ASSOCIATION
(NFPA)
■■
■■
■■
■■
■■

NFPA Standard 1620, “Pre-Incident Planning”
Several combustible dust-related standards,
including 61, 484, 644, 654, and 655
Fire Inspection Manual
Fire Protection Handbook
Fire Protection Guide to Hazardous Materials

INTERNATIONAL CODE COUNCIL’S
INTERNATIONAL FIRE CODE
■■
■■
■■
■■

Chapter 22, Combustible Dust Producing
Operations
Section 406, Employee Training and Response
Procedures
Section 407, Hazard Communication
Table 5003.1.1(1), Maximum allowable quantities
and requirements specific to combustible dust

NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION
■■

Chemical Reactivity Worksheet

FM GLOBAL
■■
■■
■■

Data Sheet 10-2, “Emergency Response”
Data Sheet 7-73, “Dust Collectors and Collection
Systems”
Data Sheet 7-76, “Prevention and Mitigation of
Combustible Dust Explosion and Fire”

FIREFIGHTING PRECAUTIONS AT FACILIT IES W ITH COMBUST IBLE DUST

13

Appendix A—Dust Collection Equipment
Dust collectors, also referred to as air-material
separators, are a type of equipment commonly used
in industry to remove particles from dust-laden
air streams. Dust collectors are also the industrial
equipment in which combustible dust explosions
most frequently occur in the United States. This is
because of their commonplace use and because
dust collectors capture and store fine dust particles,
which tend to be extremely combustible.
There are many different types of dust collectors,
including cyclones, baghouses and water wash
systems. This appendix describes how these
operations differ, but all systems collect potentially
combustible dusts and such systems should be
approached with caution. All three types of dust
collectors come in many different shapes and
sizes—from large baghouses found in multi-story
structures to small cyclones the size of a standard
refrigerator. Most dust collectors are typically found
outside facility structures (e.g., along building
perimeters, on top of large buildings), but some
facilities operate dust collectors inside buildings.
The size and placement of these systems will
determine, and sometimes limit, means for external
access and egress. Large systems atop buildings,
for example, might be accessible only by ladder.
Typically, all or part of dust collectors will be permitrequired confined spaces (29 CFR 1910.146).

Cyclone
The dust-conveying air stream enters the cyclone
unit and is sent into a circular motion, forcing the
dust particles, especially the larger ones, to the
inside perimeter of the unit. The particles then
settle down the sides and collect at the bottom.
The conveying air is discharged through baffles
near the top or is ducted to a baghouse. The air is
either sent for further processing or discharged
from the building; it is unusual that air from a
cyclone is returned to the building. Note whether
the equipment is inside or outside the building.

Figure 2. Cyclone dust collector

The cone at the bottom of a cyclone will collect
the dust—and it would fill up without a way to
remove the dust. Since air discharging through the
bottom of the cone would make it inoperable, the
collected dust is usually discharged through some
type of airlock valve to prevent the loss of air and
dispersion of the material. Once the dust passes
through the valve, it can be collected in a closed
or open container under the cyclone or moved
mechanically or pneumatically to a remote location.

Figure 1. Dust collection system diagram
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Responders should always assume that a
dangerous amount of dust is present in the bottom
of a cyclone’s cone. Similarly, the parts of the
cyclone above the cone will have a film of dust, and
access methods must consider the need to avoid
suspending the dust and preventing its ignition.
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Cyclones are often constructed with explosion
relief panels and access doors that can be opened
without cutting tools. The opening will allow air
into the cyclone, however, which can intensify an
internal fire or even create an internal explosion.
Suppression operations should avoid the front of
the cyclone’s principal material openings (inlets
and discharges) and the hinged sides of doors/
panels. Responders should always approach a
cyclone knowing that there is the potential for
an internal explosion at any time. This caution is
relevant even if the explosion panels are opened
before emergency personnel arrive, as secondary
explosions are possible.

Baghouse
Dust-conveying air streams typically enter the top
of a baghouse and then pass through groups of
side-by-side bags that form a filter. Once the air
passes through the bag filters, it is considered to
be on the clean side of the baghouse. The dirty
side is usually considered to be the lower part of
the enclosure, which usually has sloped collection
cones or pyramids to hold the dust as it falls out
of the airstream and/or off the bags. The bags
are held in metal frames suspended from a metal
plate, often called a tube sheet. The bags and the
metal plate form a physical separation between
the dirty and clean sides. Generally, baghouses can
collect smaller dust particles than other methods,
because the bags forming the filter bank can be
chosen to capture a particular size dust.

Figure 3. Dry baghouse

The bags themselves can be made of a variety
of materials, including cotton, combustible
synthetics and fire-resistant synthetics such as
Nomex® and PBI Kevlar. To maintain operations
and the efficiency of the baghouse, a control unit
regularly activates a cleaning cycle through all of
the bags. The cleaning action could be a pulse of
high-pressure air or a mechanical stroking of the
bags. The collected “dust clumps” on the bags are
loosened by the action of the air or stroking and
fall to the bottom of the collector.
Because the bags are more efficient than cyclones
at dust collection, a dangerous amount of dust is
unlikely to build up in the clean side. Therefore,
the air stream from the clean side of the baghouse
may be discharged outside the building or,
possibly, returned inside. NFPA standards and
local codes address air recirculation. Note whether
the equipment is inside or outside the building.
Like cyclones, baghouses have several access
doors on both the clean and dirty sides of the
collector. Explosion relief panels may also be found
on the dirty side, where the dust is contained. As
with cyclones, a potentially dangerous amount
of dust will likely be present within the collector,
particularly on the dirty side below the tube sheet
and bags.
Responders should always approach a baghouse
assuming that there could be an internal
explosion at any time. This is true even if the
explosion panels are already opened before
emergency personnel arrive, as secondary
explosions are possible, particularly when the
bag-cleaning cycle is activated. Emergency
responders should not stand directly in the path
of either doors or explosion relief panels. Access,
especially to the lower portions of the baghouse,
could result in a dust cloud explosion hazard
when collected material is disturbed or metalon-metal contact generates a spark. Emergency
responders should seriously consider whether
it is urgent to access or fight fires in a dust
baghouse, as either activity could result in a dust
explosion. It may be better to use a defensive
attack mode and monitor the situation.
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It is also important for responders to realize that
when power to a dust collection system is shut
down, the dust collected on the exterior of the
bags within the baghouse often falls off once the
air flow across the bag surfaces has stopped.
This could easily create an explosible dust cloud
inside the baghouse on the dirty side. Therefore,
emergency responders need to coordinate with
facility personnel before shutting off the power
to a dust collection system and exercise extreme
caution when doing so.

Water Wash
Water wash is a style of dust collection involving
the air stream passing through a water spray or
wall of water film that collects the dust. The water
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is usually recirculated and could have chemicals
added to control foaming or other performancediminishing characteristics. The dust settles out in
a sump and the water may pass through filters to
remove finer dust. Water wash is most often used
to collect metal dust. It is also sometimes used for
material, such as coal, that tends to leave a residue
when dried.
These systems have a water sump that should
be checked for flammable gas during emergency
operations near the sump. When dry, the once-wet
areas will usually have a covering of fine metal
powder on vertical surfaces and potentially thicker
amounts on horizontal surfaces. Avoid actions that
may disturb the dust or suspend it in air.
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Appendix B—Storage Methods
Silo
A silo is a tall, slender cylinder-shaped structure
rather than a tank, hopper, or bin. A silo can be a
single unit or arranged into interconnected groups
of silos. When four silos are arranged in a group,
the star-shaped space between them can also be
used for storage.
Silos are filled from the top. Dust clouds are
often generated during filling and can fill most of
the ullage (unfilled) spaces. When filling ceases,
the dust clouds typically settle onto the stored
materials.

Newer silos are typically constructed of metal,
glass-coated or enameled metal, or concrete. Many
older silos, however, are constructed of various
types of tile and brick. For each construction
material, there are unique challenges regarding the
methods needed to breach the silo wall. Cutting
metal walls, for example, often involves methods
that generate sparks or heat—both possible
ignition sources.
Material movement through a silo is uncontrolled;
this means that for some materials, gaps can
form during filling and dispensing. In addition,
some products may not support the weight of
a person standing on them in a silo. For both
reasons, a responder could become engulfed in
the material, which is an extremely hazardous and
life-threatening situation. Lifelines, harnesses and
boards to spread out a person’s weight need to be
available should an emergency responder need to
enter a silo.

Hopper/Bin

Figure 1. Bucket elevator and storage silo

Silos are emptied from the bottom, typically
through control valves (with gravity as the only
force moving material out of the silo). The material
is often deposited on moving belts and carried to
elevators to raise it to higher levels for processing
or movement to trucks, rail cars, barges, or ships.
Some silos are elevated themselves, so that trucks
can drive under them to receive material. The
discharge process usually generates dust, with the
volume depending on the distance the material
falls and the rate at which it moves. Tunnels under
silos need frequent cleaning to remove the dust
and material that falls from the conveyor system.
The bearings in conveying systems have been the
ignition source for many dust explosions in the
past. Regular inspection and lubrication are key to
preventing overheating and operational failure.

A hopper, or bin, is a smaller storage unit that is
often connected or used with a specific machine
or group of production machines. It may contain
raw material, finished product, or waste from the
production. The actual contents will determine the
hazard and the means of response.
A person generally would not be expected to enter
this type of storage container. When hoppers and
bins are part of the production equipment, product
fires can spread into them from a production
malfunction. Hoppers and bins can be elevated
on legs, supported by the equipment, or rest on
the floor; the pre-incident survey should include
procedures for safely reaching these positions. As
part of the survey process, the contents of hoppers
and bins should be identified. For instance, it is
helpful to know the type of material stored (e.g.,
pulverized coal, grain dust, resin dust) and the
physical properties of the material (e.g., particle
size distribution, moisture content). With detailed
knowledge of the contents of hoppers and bins,
the hazards of the contents can be determined and
incorporated into the IAP.
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Bunker
A bunker is a larger storage unit, typically
horizontal and on the ground (or sometimes in
the ground). The term can also be used for large
vertical storage of raw material. In some cases,
it can be difficult to access material stored inside
a bunker. Bunkers sometimes involve heavy
construction, and the depth or width of the stored
material makes the center a long way from the
perimeter or surface.
Bunkers are filled from the top, like silos, and they
have the same ullage (unfilled) area dust cloud
issues. Horizontal bunkers often generate less dust
than vertical storage systems, given the shorter fall
distance from the loading mechanism.

Tanks
Tanks typically are stationary storage containers,
large enough for a person to enter, with gravity
discharge. Tanks are most often used for liquid
storage, but dusts and finely divided solids
can also be stored in them. Responders should
consider likely emergency scenarios for tanks used
to store dusts and finely divided solids.

the risk associated with entering or accessing
external tanks often exceeds the risks associated
with letting a fire burn in an enclosed vessel;
emergency personnel should consider taking a
defensive attack mode in these cases.

Bulk Piles
Bulk piles can be located indoors or outdoors and
can have open sides, partial sides to allow the pile
of material to be higher with a smaller base, or no
siding—simply material on a grade, allowed to
take whatever shape gravity allows. In any of these
configurations, extensive quantities of dust can be
piled several feet deep. This is hazardous: normal
operations can easily disperse the dust into the air,
creating the possibility of a series of explosions.
While any explosion hazard is significant, indoor
pile storage can have extreme consequences.
Responders should take a close look at appropriate
responses to any situation involving extensive
quantities of openly stored combustible dusts.
Almost any material can be stored in a bulk pile—
coal, grain and wood chips, among others. The
hazard will vary with the material and how it is
placed into the pile. For example, flat indoor grain
storage can include the full range of grain sizes,
from dust to full kernels. As it is moved either into
or out of storage, dust will be generated. A nearly
empty storage area could have piles of dust on the
floor. Facility personnel on the pre-incident survey
team are encouraged to document the types of
materials that are expected to be present based on
their familiarity with typical plant conditions.

Photo: M. Chibbaro

Piles tend to self-heat, especially outdoors.
There is a science relating to compaction of coal
or similar materials to allow heat dissipation
while minimizing moisture and air infiltration.
Smoldering piles may be spread out and wetted if
doing so is possible without forming a dust cloud.
Figure 2. Tanks

Emergency personnel should not enter tanks
without following confined space safety
procedures (29 CFR 1910.146). Sometimes it
is best to handle a fire emergency involving a
tank by closing the tank and waiting for lack of
oxygen to extinguish the fire. In other words,
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Waste Receptacles (e.g., Dumpsters,
Trash Compactors)
Both dumpsters and trash compactors are
examples of waste receptacles that are potential
sources of dust explosions. Unless a facility
has rigid guidelines and security, the range of
materials in its waste and recycling containers
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will be extensive. Responders should view waste
receptacles in facilities with combustible dusts as
explosion hazards.
Unloading a dumpster containing a large amount
of combustible dust clearly can be hazardous
because the activity can generate a dust cloud.
However, even when dumpsters are not being
unloaded and dust clouds are not visible,
emergency responders should assume the
presence of combustible dusts when they respond
to fires in dumpsters. Facility owners should try
to place dumpsters where an incident will not
spread to the facility or involve exterior equipment
such as dust collection systems (e.g., baghouses).
When dealing with a dumpster fire, emergency
responders should avoid firefighting actions
that could create a dust cloud. It may be prudent
to assume a defensive attack mode, protecting
exposures and cooling the receptacle.
Whereas dumpsters are typically detached, trash
compactors are often connected directly to the
facility. Trash compactors attached to a building’s
interior through loading doors or chutes can allow
an explosion or fire to spread into the building.
Any access doors between the trash compactor
and the facility need to be designed to self-close
and latch. The building area around the loading
door or chute should be clear of accumulated
dust and waste to keep explosions and fires from
spreading. Emergency responders should be
aware that interior access to trash compactors can
be difficult—and that dust from collection systems
often ends up in trash compactors. The preincident survey team should address the potential
for dust explosions when anticipating emergency
response actions involving trash compactors.

Spontaneous Ignition in Storage
It is not uncommon for coal and wood chips to
self-heat and begin burning without a separate
ignition source. This most often occurs in outdoor
pile storage, but it is possible with other kinds of
storage.
When smoldering fires occur in a pile, they can be
difficult to identify and to extinguish. Many factors
make spontaneous ignition hard to anticipate. For
example, the potential for coal to self-heat depends
on the type of coal, its size, and how the bulk pile
is assembled. One of the main concerns with
deep-seated fires is that emergency responder
actions could generate a dust cloud that leads to
an explosion.
Emergency responders should avoid using
straight-stream suppression attacks, as they
can cause dust clouds to form as well as kick up
burning material. The pre-incident survey team
should evaluate hazards involving bulk pile storage
and assess the possibility of fighting deep-seated
pile fires. To avoid creating explosion hazards,
emergency responders should be aware of bulk
pile dust hazards.
Emergency responders should also avoid walking
or driving onto burning piles. Fires can burn out
a core area — in which case the pile may appear
solid on top, but is unable to support the load of
a person or vehicle. A collapse will drop whatever
is on top into a burning hole that can then flare up
from the sudden introduction of air.
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Appendix C—Process Equipment
Dryers and Ovens
Dryers and ovens are used to dry or heat materials
as part of a process. They can be classified into
two operational groups: continuous and batch.

Figure 1. Ring dryer

Batch dryers and ovens are typically loaded,
operated and then unloaded. Dust is generally
produced only during loading and unloading.
Sometimes, however, the internal ventilation used
to increase drying or heating performance can
dislodge dusts and small particles, which then
settle within the dryer or oven.
In a continuous dryer or oven, material is carried
through the space (by conveyor belts, mobile carts,
cranes, etc.), and can be dislodged or produce
dust that settles on interior surfaces. Deposited
material can remain, start a fire, or help one to
spread. When attending to an incident in a dryer
or oven, responders are likely to find combustibles
throughout the equipment. Drying or heating can
generate combustible dusts if the original material
was in solution. In an emergency involving dryers
and ovens, responders need to take great care
to systematically eliminate the potential hazards.
Explosions have occurred during operations as
well as during facility investigations, when the unit
has stopped working and personnel are trying to
identify the source of failure.
Responders may encounter dryers inside or
outside, even in areas where codes or standards
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require or recommend that they be outside.
Responders need to be aware of all such
equipment, regardless of its location.
The first step in most situations is to shut down
the heating systems, which are often the ignition
sources of most immediate concern. Ventilation
systems should stay running to prevent the
accumulation of potentially explosible vapors or
combustion gases (i.e., unburned gases emitted
during incomplete combustion).
For continuous dryers and ovens, the equipment
feeding material should be shut off. Removal of
material already inside depends on whether it is
involved in a fire and if continued exposure to heat
as the oven cools presents a more significant risk.
Continuous dryers may also have an abort gate
that redirects burning material to a safe location.
The pre-incident survey team should discuss these
issues and establish a strategy that limits the risk
of fire or explosion associated with shutting down
the process material flow. Responders must also
recognize any hazards involving the contents,
gaseous by-products, or combustion products that
might be generated as part of the drying process.

Spray Drying Equipment
As spray drying equipment has become more
popular, fire experience has prompted many
significant improvements to the equipment
operation and controls. In a spray dryer, large
volumes of heated air rapidly remove moisture
from liquids or semisolids by spraying/atomizing
the material to be dried in the air stream. The
resulting solids are removed by cyclones and dust
collection equipment. Milk and eggs are examples
of common food products that are spray-dried.
Dust and finely divided combustible solids
are part of the finished product. When air
circulation is interrupted, these solids fall and
collect at the bottom of the unit. Heat is used to
remove moisture; this heating is known to cause
smoldering fires and restarting the air circulation
has caused explosions from the smoldering fires.
Explosions have also occurred when equipment
was opened to extinguish the internal fires.
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Internal hot spots can be identified from the
outside using thermal imaging cameras and
temperature measurements of exterior walls.
Removing the heat is one way to reduce ignition
sources. However, introducing water could cause
a dryer to collapse from the weight of the water.
Responders should determine whether waterbased suppression agents are appropriate to use
inside a dryer and, if so, calculate the maximum
amount of suppression agent to be used. (Driedproduct collection equipment should be treated the
same as the dust collection equipment described
in this appendix, in terms of potential dust
explosion hazards.)

Size-Reduction Operations
Many materials must be reduced in size during
processing operations. Equipment such as
grinders, pulverizers and hammer mills are used
for size reduction. When most materials are
reduced in size, dust and solid fines are generated.
The process of size reduction also generates
heat, as well as metal (often called tramp metal)
that breaks off inside the equipment. Both can
be ignition sources for fires and explosions. To
reduce this risk, facilities can take steps - such as
dust control and removal, use of magnets to catch
tramp metal and equipment cooling.

Emergency response must include positive lockout
of power supplies (electrical and/or mechanical)
and the blocking or securing of rotating elements
to prevent movement. The material (e.g., chains,
cables, wedges, wood blocks) and methods to
accomplish the blocking or securing should be
part of the plan. Responders should approach
size reduction equipment as they would other
dust-containing enclosed equipment to avoid
dispersing the contents into the air. Incidents that
occur while the machine is operating will involve
materials inside the enclosure in a range of sizes,
including fine dust. The potential for an explosion
is increased by the amount of fine dust generated
by the process. The particle size of the finished
product should be noted.
Pre-incident survey activities should include a
review of facility safety and suppression systems.
This allows the team to understand when and
under what circumstances such resources will be
used or activated. In some cases, there may be
automatic activation. Size reduction processes
can have extensive fugitive dust issues if there is
no dust collection system or if the dust collection
system is poorly designed. Facility personnel on
the pre-incident survey team should accurately
portray typical conditions so that the team can
assess the dust explosion hazard in the facility and
near the size-reduction processing equipment.
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Appendix D—Pneumatic Conveying Equipment
Industrial manufacturing facilities use many
methods to move bulk solid materials through their
production processes—for example, belt conveyors,
screw conveyors and bucket elevators. Certain
facilities use pneumatic conveyors to transfer
materials; these are completely enclosed tubing,
piping, or ductwork that can transport solids both
vertically and horizontally. Pneumatic conveying
systems can transport a wide range of materials,
including process feedstock, finished products and
even wastes collected in production areas.

Figure 1. Conveying system piping

Pneumatic conveying systems function by gases—
most commonly air—carried through the tubing
or ductwork at velocities high enough to push
the solid material from one unit operation to the
next. Pneumatic conveyance systems can operate
under either positive or negative pressure. Positive
pressure systems use blowers that push materials
through piping or ductwork, whereas negative
pressure systems use vacuum equipment to move
material.
Pneumatic conveying systems are not ideal for
transporting all materials, particularly solids with
large particle size or high bulk density. There are
two main pneumatic conveyance types: dilute
phase and dense phase. (Both methods can be
used with either positive or negative pressure.)
Dilute phase conveyance is the most common
method for transporting materials and is better
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suited for powders or granules with light bulk
densities. In this case, the systems operate at low
pressure and high velocities, which helps keep
particles in suspension. Dense phase conveyance
involves transferring materials at low velocities
and high pressures without suspending particles.
Explosions in pneumatic conveying systems occur
because they often are used to transport heated
and dried particles between process components
that are potential ignition sources, such as hammer
mills, ovens and direct-fired dryers. Factors leading
to explosions may include: (1) static electricity
generated when particles contact other particles or
contact the walls of pneumatic conveying systems;
(2) heated or smoldering material transported from
grinding or drying processes into the pneumatic
conveying systems; (3) frictional heating caused
by tramp metal that inadvertently enters the
systems; and (4) charged powder emitted to the
atmosphere, which combines with electrostatic
sparks.
Pneumatic conveying systems typically have
safety controls to mitigate the effects of fires and
explosions. Examples of these controls include
venting, suppression and pressure containment.
Spark detection and extinguishing systems can
also be useful in pneumatic conveying systems
because they are designed to extinguish sparks
or embers as soon as they are detected. These
controls can also be interlocked with abort
gates, alarms and other measures designed to
prevent hazards and alert facility personnel of
unsafe conditions. A fire detection system should
also include an interlocking device that will
automatically shut down any devices that feed
materials into the pneumatic conveyance system
as soon as fire is detected. Other controls may also
be used to ensure safe operation of these systems,
such as flooding with inert gases and pressure
containment.
Emergency responders should be careful when
fighting fires near pneumatic conveying systems
for several reasons:
■■

Because the systems are essentially pressurized
streams of air, any breach or failure in the

OCCUPATIONAL SA FE T Y AND HE ALTH ADMINISTR ATION

■■

pipes, tubes, or ducts in a positive pressure
operational pneumatic conveying system can
release large quantities of combustible dust into
the air. Therefore, should an incident breach
a pneumatic conveying system—or should
firefighting activities cause such a breach—an
explosible dust cloud could be created quickly
in areas where firefighters are working.
Even if a facility confirms that a pneumatic
conveying system is no longer transporting
solids, the system can still present a hazard.
Breaches in pneumatic conveying systems
can worsen existing hazards by increasing the
amount of air available to a fire or possibly
dispersing dust that had settled outside the
ductwork. This concern is greatest for positive
pressure systems but can also be a hazard in
negative pressure systems, depending on the
location of the breach.

■■

A possible question during some firefighting
incidents is whether facilities should shut
down their pneumatic conveying systems.
Some facilities will have automatic interlocks
that trigger purging and other shutdown
mechanisms. If they do not or if these interlocks
fail, responders should evaluate the trade-offs
between shutting down the system (which
would halt the air flow but leave tubes, pipes,
or ducts potentially full of combustible dusts) or
purging the system (which would remove the
potentially explosible material but could also
cause smoldering material to travel through
the system, depending on the specifics of
the incident). It is best to work with facility
personnel on these matters.

Emergency responders should be aware of these
possibilities in case this type of failure occurs
during the initial incident and the pneumatic
conveyance system is still operational.
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Note: To get contact information for OSHA area
offices, OSHA-approved state plans and OSHA
consultation projects, please visit us online at
www.osha.gov or call us at 1-800-321-OSHA (6742).
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How to Contact OSHA
For questions or to get information or advice,
to report an emergency, report a fatality or
catastrophe, order publications, sign up for
OSHA’s e-newsletter QuickTakes, or to file a
confidential complaint, contact your nearest
OSHA office, visit www.osha.gov or call OSHA
at 1-800-321-OSHA (6742), TTY 1-877-889-5627.

For assistance, contact us.
We are OSHA. We can help.

U.S. Department of Labor

For more information:
Occupational
Safety and Health
Administration

www.osha.gov (800) 321-OSHA (6742)
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help in managing the emerging risk related
to issues of ﬁre, freezing and safety.
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1 INTRODUCTION

1.1

Background: the underground storage facility

This work was sparked by incidents of spontaneous combustion and
freezing of coal in the Salmisaari automated coal storage, which is a first-ofa-kind facility with large underground rock silos. As the cases demonstrated
hazards that were not expected to manifest themselves the way they did,
they were classified as issues of emerging risk (here the risk issues refer to
sources of risk, and emerging when carrying new or significantly growing
risk). With the fortunate opportunity to conduct a study in cooperation with
the European project iNTeg-Risk (www.integrisk.eu-vri.eu), the incidents
were taken as case examples of more general and conceptual development
in the area of emerging risk, including the aspects of prevention, mitigation
and other improvement in the operation of the storage facility.
Self-heating and spontaneous combustion of coal represent a well-known
issue and are generally under control in mining, transport and storage in
above-ground stockpiles (Porter and Ovitz 1912, Carpenter et al. 2003,
Nalbandian 2010), but there is little published experience on closed
storage, and practically nothing on underground rock silos (Quest 2011).
Freezing of coal was another subject of intensive studies in late 1970s and
early 1980s (H.G. Engineering 1978, Colijn 1980, Glanville and Haley 1982,
Boley 1984, Carpenter et al. 2003), but again not for underground rock
silos. As occupational safety is included in the important subjects of the
iNTeg-Risk project (Jovanovic 2009, Duval and Dien 2010), safety at the
storage facility is also an issue of interest in this study.
The storage facility at the Salmisaari combined heat and power plant
(Figure 1) has been operational since 2004, replacing an earlier aboveground open stockpile. The storage has a total capacity of 250 000 tons,
which corresponds to about half of the yearly fuel consumption of the plant.
The storage consists of four silos,  40 m x 65 m each, with the silo bottom
at a depth of -120 m. A cross-section of the storage facility is presented on
top cover of the dissertation. Coal is discharged from the silos to the boilers
via horizontal and vertical conveyors through day bunkers. The vertical
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conveyor is an important vulnerable component with a maximum allowable
operating temperature of 70qC, and the delivery time of a new vertical
conveyor is approximately eight months.
The advantages of closed underground storage in comparison to the
earlier above-ground stockpile include automated operation, greatly
reduced dust, noise and loss of heat content, less air ingress to the stored
coal, and improved aesthetics. The new storage facility also provided an
opportunity for the City of Helsinki (utility owner) to free up approx.
100 000 m2 of urban real estate close to the city centre. A potential
disadvantage could be the less convenient access to the stored fuel
whenever such a need may arise.
Maintenance campaigns are typically conducted in summer when the
need for district heating is minimal and the price of electricity is low.
During the summer outage the silos should be empty, because at that time
no heated coal can be simply burned in the boiler, and it is not as easy to
remove heated coal as from an above-ground stockpile.

a)

b)

Figure 1. Salmisaari power station a) before and b) after construction of the underground
coal storage facility. Photos: Helsingin Energia

1.2

Problem setting and objectives

During the short service history of the underground storage, unexpected
events of operational interruption and lost availability have been observed
due to the triple challenge of smouldering fires, freezing of coal, and
occupational incidents. As the the associated risks could be seen as
potentially new or emerging, this work was initiated with the following
objectives:

-

to address the root causes to the challenges from smouldering fires, coal
freezing and occupational incidents in the underground coal storage,

-

to recommend appropriate leading and performance indicators, and means
of prevention, mitigation or other improvements to deal with the associated
risk, and

-

to assess the benefit from the action recommended and taken so far.

2

2 STATE-OF-THE-ART

2.1

Self-heating and spontaneous combustion

Even in absence of an external heat source, provided that the balance of
the rates of heat produced by the chemical reactions and heat losses from
the system allows for it, exothermic oxidation of coal can result in gradual
heating of a coal mass up to a point of ignition. The resulting self-heating
and spontaneous combustion (Figure 2) can be a threat to reliable
operation in mining, transporting and storing coal, and has been a
recognised challenge for more than a century (Porter and Ovitz 1912,
Carpenter et al. 2003, IMO 2009, Nalbandian 2010).

a)

b)

c)

d)

Figure 2. Steps leading to spontaneous combustion: a) coal pile at an ambient (low)
temperature; b) initial self-heating by oxidation with air ingress; c) continuing self-heating
exceeding heat loss by conduction, convection and radiation; d) heating to a critical
temperature to ignite a fire (adapted from DOE HDBK-1081 1994).

3

Conventional above-ground stockpiles allow for a straightforward
solution to extract the hot spots for cooling and self-extinction, as an open
fire is generally not sustained due to heat loss to the environment
(Nalbandian 2010, Figure 3).

a)
b)
Figure 3. a) Excavation and removal of burning hot spot in an open coal stockpile; b)
spreading out burning coal for self-extinction. Photos: Keijo Kotirinta/Helsingin Energia

Because of more limited access, the same approach is not as easy in a
closed storage. Therefore, when sufficient air ingress is available to feed
self-heating, other means are needed to identify, locate and size (assess) the
hot spot, and to combat it. The principles and critical factors in self-heating
and spontaneous combustion such as the condition of the environment and
quality of coal are fairly well known (Bowes 1984, Smith and Lazzara 1987,
Davidson 1990, Fierro et al. 1999, DMT/BAM 2000, Ray et al. 2000,
Carpenter et al. 2003, IMO 2009, Nalbandian 2010), although may only
provide partial help in fire prevention. The classical model of thermal
explosion for the purpose assumes unlimited reactants and implies two
alternative future paths for a body of self-heating material: it will either
show progressively increasing temperature, or establish a steady-state
temperature excess in the body (van’t Hoff 1884, Semenov 1928, 1940a,
1940b, Frank-Kamenetskii 1938, 1969).
For a cylindrical body of porous reactive solid, or a cylindrical fuel silo,
the one-dimensional heat balance of unsteady temperature T at time t can
be expressed as (Frank-Kamenetskii 1969, Bowes 1984)

wT
wt

k H
O
ª E º
 2T  0 0  exp«
U cp
cp
¬ RT »¼

(1)

where k0 is the pre-exponential or frequency factor to be experimentally
determined, Ǐ is the effective density (for bituminous coal somewhat below
1000 kg/m3), H0 is heating value (heat of reaction, see publication IV), Ǌ is
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the effective thermal conductivity (of the order of 0.1 W/mK), cp is the
specific heat capacity (about 1 kJ/kgK), E/R (also experimentally
determined, roughly 104 K) is the apparent activation energy normalized by
the gas constant, and the operator  is of the form [w2T/wx2 + (1/x)(wT/wx)].
The ambient temperature is initially on average about 9°C at the silo wall of
the Salmisaari storage. In reality the process of coal oxidation consists of
varying contributing reactants at different temperature ranges, with
corresponding activation energies and pre-exponential factors. However,
here the main interest is in the early stages of self-heating at relatively low
temperatures, and this would constrain the effective activation energy and
other factors in Eq. (1).
Various experimental arrangements have been used to assess the critical
temperatures and time to sustained self-heating and ignition of coal (Smith
and Lazzara 1987, Beamish et al. 2001, Wang et al. 2003, Malow and
Krause 2004, Lohrer 2005, Krause et al. 2006 & 2009, Garcia-Torrent et al.
2012). Experimental laboratory methods to characterize self-heating of coal
are mostly using a coal samples subjected to controlled heating and feed of
the oxidizing gas flow. The most common methods are the following:
Adiabatic heating (calorimetry) is a method where a ground coal sample
is heated in an adiabatic oven (calorimeter, with walls of low thermal
conductivity) with constant oxygen carrying gas feed. The approach can be
used to indicate the maximum temperature rise during self-heating, the
effective activation energy (E/R) and the pre-exponential coefficient
(k0H0/cp). A typically reported characteristic measure of self-heating
propensity of a coal batch is R70, which is the rate (°C/h) in the linear part
of the temperature-time curve for the sample to self-heat from 40°C to 70°C
under given test conditions (Humphreys et al. 1981, Beamish et al. 2001).
Crossing-point temperature (CPT) is the temperature of self-heating coal,
when it equals (crosses) the temperature of the reaction vessel that is
heated at a constant rate (usually about 1°C/min). CPT corresponds to the
point where the conduction term (2T) in Eq. (1) is zero, and CPT is then
assumed to be a measure of the onset of significant self-heating (Nubling
and Wanner 1915, Zhang and Sujanti 1999).
Differential thermal analysis (DTA) is used to obtain simultaneously the
temperature records of a coal sample and an inert reference when both are
identically heated at a selected rate. The results can be applied to analyse
heat evolution and the related chemical reactions (Banerjee and
Chakravorty 1967).
Thermogravimetric analysis (TGA) involves weighing of a coal sample
during heating with controlled oxygen feed. The results can be used to
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assess kinetic parameters like reaction rate constants, often in combination
with DTA (Marinov 1977, Chen et al. 1995).
Oxygen adsorption technique can be applied to determine the timedependent rates of gas adsorption and desorption from the partial pressure
records of oxygen and oxidation products for adsorption equilibrium at
given temperature (Carras and Young 1994). In a faster modification of the
original static approach, an isothermal flow reactor is used to analyse the
gases and partial pressures and to determine the dynamics of the reactions
from oxygen consumption and emission of product gases (Krishnaswamy et
al. 1996).
Basket heating approach is using a pre-shaped e.g. metal wire basket
filled with coal. The basket is placed in an oven at selected constant oven
temperature and oxygen feed, and the temperature of the basket centre is
monitored. If there is no runaway reaction, the test is repeated at a higher
temperature until by iteration a critical runaway or self-ignition
temperature (TSI) is found for the given test volume. With a series of
experiments using different basket sizes, the corresponding values of
logarithmic volume-to-surface ratios (characteristic dimension) are plotted
against reciprocal TSI values and extrapolated to the ratio (dimension) of
interest, for example to the size of the coal storage, to obtain the relevant
value of TSI. To estimate the self-ignition temperature and the
corresponding time to self-ignition, this is the simplest graphical pseudoArrhenius technique of the standard EN 15188 (2007) that is originally
intended for assessing the ignition behaviour of dust accumulations. By
similarly extrapolating the logarithmic volume-to-surface ratios plotted
against logarithmic values of the time to self-ignition up to the actual
storage size gives the predicted induction time to self-ignition.
The graphical method can lead to relatively large uncertainty in the
predictions, and an alternative approach is using the Frank-Kamenetskii
(FK) simplification of Eq. (1) for an experimental analysis of the reaction
rates (Frank-Kamenetskii 1969, Bowes 1984, Jones 1999). This model can
be expressed as

ªG T 2 º
ln « c 2SI »
¬ r ¼

E
ª E k  U  H0 º

ln «  0
»
O
¬R
¼ RTSI

(2)

where įc is the critical value of FK number (geometry-dependent, e.g. įc =
2.76 for a cylinder with height = diameter), and r is the characteristic
dimension of the coal bed.
Again, an Arrhenius plot with extrapolation to real storage volume can be
made to fit the experimental data from the oven tests of different test
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volumes, giving a linear correlation between logarithm of įc(TSI/r)2 and
reciprocal TSI, with E/R as the slope, to yield the predicted TSI for the coal
storage. The prediction can be further refined by including a correction for
finite values of the heat transfer coefficient, but even then the approach
does not include time as a variable, and cannot predict the induction time.
To allow for more general analysis of any boundary condition, geometrical
configuration and self-heating history up to ignition, Eq. (1) can be solved
numerically by finite element analysis (FEA) to describe the evolution of the
temperature field.
The risk of self-heating and spontaneous combustion is influenced by
both storage system-related and coal-specific (intrinsic) factors. Known
intrinsic factors to promote the process include, for example, low rank, high
volatile content, high active surface area (porosity and small particle size) of
coal, and high alkali content in ash (Van Krevelen 1993, Beamish et al.
2001, Quick and Brill 2002, Beamish and Arisoy 2008, IMO 2009,
Nalbandian 2010, Sipilä and Auerkari 2010). When considering the early or
low-temperature stages (below 70-80°C) of self-heating, the rate of
oxidation reaction can be expressed as (Smith and Glasser 2005)

r

m
k  C coal
 COn2

with k

k0  exp( E / RT )

(3a)
(3b)

where m is the order of reaction with respect to coal and n the order of
reaction with respct to oxygen, and C refers to the corresponding
concentration. The rate constant k includes a temperature dependence with
activation energy E and pre-exponential factor k0, similarly as in Eq. (1) for
comparable coal, oxygen concentration and temperature regime. At low
temperatures the observed reaction rates for a wide range of coals are
insensitive to many variables including particle size, petrographic details of
coal and contents of other constituents than volatiles and inherent
moisture. By regression analysis of 23 such variables on tested oxidation
rates in laboratory, Smith and Glasser concluded that the low-temperature
reaction rate r is best predicted by

log( r )

0.89  m 0.14  v 0.43

(4)

where m is the inherent moisture content and v the volatile content of coal.
If true, this appears in many ways attractive and fortunate, since it would
dramatically constrain the amount of information that has been assumed to
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be influential for the propensity of coal to self-heat (Van Krevelen 1993,
Beamish et al. 2001, Quick and Brill 2002).
No fire will occur without oxygen, but it is generally challenging to
exclude air ingress to the storage. As long as the temperature remains below
about 40-50ÛC, oxidation of coal is slow. Above this temperature level, the
reaction rate progressively increases, although initially slowly, until a selfsustaining combustion can be expected at about 200-250ÛC. As the coal bed
is also an effective obstacle to heat transfer, the critical temperature for a
self-sustained reaction can be as low as 70-80ÛC for bituminous coal (DOE
HDBK-1081 1994, Jones et al. 1998, Jones 1998, Walker 1999, Ren et al.
1999, Sujanti et al. 1999, Nalbandian 2010). The likelihood of self-ignition
will depend on coal type and storage time, and is usually highest before
6 months after entering storage. The oxidation rate is reduced by a partly
protective (absorbed) layer on the coal particles, while the oxidation
products are typically released as carbon dioxide, carbon monoxide, and
water or steam (Wang et al. 2003, Nalbandian 2010). The process will
typically result in smouldering fires that can be challenging to detect and
extinguish at an early stage.
In principle heating and autoignition can be revealed by the emission of
odour, gaseous reaction products, and heat. The challenge lies in
sufficiently early detection as the signals may be delayed by diffusion and
mass transfer through the bed between the hot spot and the detecting
sensor. In closed storage facilities like above-ground silos, CO, CH4 and O2
(gas) sensors are used together with ambient air temperature monitoring.
Also, thermal imagers and pyrometry can indicate heated coal but only at or
near surfaces of the coal bed (Sipilä 2009, Rosner and Röpell 2011). These
indicators are also used in the Salmisaari storage.
Beyond these methods, only few techniques appear to be available for
detecting hot spots, such as the measurement of electric resistance. In this
approach, the hot spot is indicated from its temperature-dependent change
in the electrical conductivity, so that the distribution of electrical potential
corresponds to the intensity and distribution of the heat source (Tanaka et
al. 2004, Li et al. 2005).
When excessive heating or fire is detected, cooling or extinguishing can be
carried out with water, particularly if the hot spot is near the surface. In
such cases sufficiently abundant water flow should be used to avoid
significant water gas reaction from producing a flammable gas mixture
(hydrogen and carbon monoxide) at the hot spot. Otherwise, nitrogen
injection can be applied, typically combined with discharge of the heated
coal from the silo when possible. These extinguishing methods are also
available in the Salmisaari storage. Efficient fire extinction during power
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plant operation can be also challenging, as any air ingress tends to feed the
fire and result in losses of the extinguishing agent and the heating value of
coal (Hull et al. 1997a, 1997b, Tuomisaari et al. 1998, Vierro et al. 2001,
Nijhof 2007, Sipilä and Auerkari 2010, Auerkari et al. 2011, Lerena et al.
2013, Zhu et al. 2013). A fire in the rock silo may also heat the rock wall so
that adjacent coal can re-ignite faster.
The propensity analysis and prevention of coal fires are in principle
analogous for coal mines and underground storage, with important
differences. In particular, coal mines require more detailed analysis of the
coal grade (and possible flammable gases) because of the natural variation
and needs to characterize and possibly treat or blend the product. In
contrast, power plant storage only needs to confirm the compatibility to the
fuel specifications, the fuel stock is limited to the storage, and there is much
reduced hazard of e.g. methane explosions.
In the present work the emphasis is on avoiding excessive self-heating
from the point of view of a power plant utility that receives specified coal to
store. In-plant data is utilized as much as possible on the delivered coal
batches and the operational experience from the underground storage,
rather than on detailed ignition studies like those typically applied in coal
mining and supply industry. Nevertheless, the experience derived from
work supported by the mining and supply side is also to be acknowledged.

2.2

Freezing of coal

The subzero temperatures of the northern winter can be challenging for
the handling, transport, storage and end use of solid fuels. In case of coal,
this happens when freezing water in contact with coal forms ice that binds
coal particles together and to external surfaces. The rock walls of the silos
can be weakened by variation in temperature, humidity (moisture), and
permeability. Expansion of freezing water can promote cracking of rock or
concrete (Hall et al. 2002), but due to the associated increase in pressure,
undercooling well below 0ÛC is needed for complete freezing in a crack.
Additional weakening can arise from multiple freezing-thawing cycles
(Takarli et al. 2008, Matsuoka 2008), but more importantly, ice
segregation occurs when the temperature gradient in the freezing coal or
rock drives unfrozen water through a porous medium (rock, concrete drains
and coal bed) towards freezing sites to grow lenses or layers of ice (Murton
et al. 2006). For coal handling, freezing problems are unlikely as long the
surface moisture content remains below about 4-5% (H.G. Engineering
1978, Colijn 1980, Taglio 1981, Richardson et al. 1985, Jones 1998). With
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sufficient surface moisture, the freezing challenge is increased by higher
content of fine particles, particularly those smaller than 2 mm grain size
(Jones 1998). Generally in all reported cases of coal freezing the heat flow is
in the direction from coal to the environment (Colijn 1980, Sargent and
Wold 1981, Glanville and Haley 1982, Carpenter et al. 2003).
Freezing of coal has been a subject of intensive studies in the 1970s to the
1980s (Glanville and Haley 1982), resulting in the development of, e.g.
freeze conditioning agents (FCA) as preventive additives (EIA 1979, Martin
1980, Moaveni and Stewart 1980, Schlaff 1981, Green 1982, Boley 1984,
Richardson et al. 1985). This approach is better than thawing by heating
that can be challenging because of the associated cost and the low thermal
conductivity of crushed coal (whether frozen or not). The previously
adopted solutions like FCA have mainly been for transport by conveyors
and open space rail cars, and for storage in open stockpiles, where access
for preventive or corrective measures has been reasonably easy. Access to
the stored fuel is much more limited in closed storage, for which recorded
or published freezing incidents have been rare, and completely absent in
case of underground storage to the knowledge of the author.
One of the major sources of disturbance involving frozen coal is the
mechanical strength of the ice-coal aggregate, at least when FCA is not
used. High strength translates to tedious mechanical removal by breakup or
crushing, and the upper limit, particularly in compression, is generally
given by the strength of freshwater ice. At ambient winter temperatures ice
is near its melting point, and the relevant compressive strength can be often
taken to be creep strength (Fletcher 1970). Creep data of freshwater ice is
available e.g. from Gold (1977), Sinha (1981), Arakawa and Maeno (1997),
Jones (2007), and Kim and Keune (2007). For constant grain size, at stress
(strength) ı and absolute temperature T, the classic Norton power law gives
for strain rate

dH / dt

AV n exp( E / RT )

(5a)

or for creep strength

V

>

exp n 1 (ln(dH / dt )  ln A  E / RT )

@

(5b)

where A is a rate constant, R is the gas constant, n is the creep exponent
and E is the apparent activation energy for creep. The commonly reported
value for n = 3 to 5 and for E = 61-80 kJ/mol (Barnes et al. 1971, Durham et
al. 1983, Arakawa and Maeno 1997, Jones 2007) for freshwater ice at strain
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rates below 10-3 1/s. For example, for ice with a grain size of 1 mm and
ductile failure under compression, A = 2.7Ɗ107 1/s, n = 3.7 and E = 69.9
kJ/mol at strain rates of 4Ɗ10-6 to 4Ɗ10-4 1/s (Arakawa and Maeno 1997). The
compressive strength of ice increase up to the strain rate of about 10-3 1/s,
then decreases to about 100 1/s and increases again at higher strain rates
(Schulson 2001, Jones 2007, Kermani et al. 2007). At high strain rates in
compression brittle failure mode can be expected up to high temperatures
close to the melting point. Under tension the failure mode is consistently
brittle and strength lower, not more than about 1.0-1.5 MPa almost
independently of strain rate and temperature (Schulson 1999 and 2001,
Mohamed and Farzaneh 2011).
In terms fracture mechanics, i.e. strength of material containing
macroscopic defects, the fracture toughness (KIc) of polycrystalline
freshwater ice is typically about 0.1 to 0.25 MPa¥m in short-term tests
above -25°C (Goodman 1980, Tromans and Meech 2004, Timco and Weeks
2010).
Because of significant mechanical strength of ice and materials like frozen
soils, these can be used in arctic and other cold regions as structural
materials for e.g. bases of buildings, mining and transport lines (Neuber
and Wolters 1977, Lai et al. 2013). For similar reasons, ice and frozen solids
like coal can represent mechanical obstacles in processes that are not
designed for them.
Subzero winter temperatures are common in Helsinki, but the yearly
mean rock temperature around the underground storage is permanently
about +9°C, and therefore freezing incidents in the storage require much
colder material from outside. After the zero-strength threshold of 4-5%
moisture, the strength of frozen coal will initially increase in proportion to
the moisture content of coal (H.G. Engineering 1978, Colijn 1980,
Richardson et al. 1985). This is the starting point for modelling the strength
of frozen coal in Publication IV, to consider the impact of frozen coal in the
underground storage from the information available for the power plant
operator. In the present work the emphasis is on explaining the extent of
likely trouble in case of very cold or frozen coal entering the storage, and on
considering the associated consequences, potential leading indicators, and
mitigation or prevention. Cases or experience are compared below with
findings of the study.
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2.3

Occupational safety

In comparison to an above-ground stockpile, the closed underground coal
storage has reduced emissions of dust, CO2 and noise, and limited
employee exposure through automated remote operation. On the other
hand, a closed underground storage provides more limited access at times
of safety challenge. Incidents that may result in personnel injury are often
associated with some exceptional circumstances during construction,
maintenance or process disturbance (Jo and Park 2003, Sonnemans et al.
2010). For incidents with widely variable causes, the preventive measures
and policies may mainly target the hazard exposure rather than the
individual initiating causes which however also need to be analysed for the
actually occurred incidents and near-miss cases (Khanzode et al. 2010,
Anderson and Denkl 2010). For investigating the occurred incidents,
guidelines exist for helpful advice on procedures to follow (e.g. AIChE
2003).
Accidents typically do not happen without a combination of causal and
contributing conditions and events, so that a harmful consequence requires
penetration of all individually sufficient safety barriers (Figure 4).
Especially

under

exceptional

circumstances,

easier

or

temporary

opportunities for penetration may easily appear (Reason 1990, 1997 &
2008, Hollnagel 1998, 2009 and 2010, Perneger 2005, Ren et al. 2008,
Weissenborn 2011) if there is insufficient effort to maintain intact barriers.
An automated and remotely controlled normal operation of the
underground storage does not call for direct human involvement. Hence,
exposure to safety hazard can be expected to concentrate on the periods or
events of process disturbance or maintenance requesting human
intervention (Figure 5).
According to reported statistics and experience from power plants
(Williams 1986 & 1988, Jo and Park 2003), under certain conditions the
likelihood of human error can be expected to increase. Such conditions
include in decreasing order of impact:
-

unfamiliarity with rare or new hazards

-

short time for error detection and correction

-

easy override of the safety precautions at times of disturbance

-

mismatch between views of the operator and designer or on views
between perceived and real risk

-

operator inexperience, and

-

loss of information in communication.
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The related experience strongly suggests that important remedial actions
include training and coaching to promote risk awareness and safety culture
(Swain and Guttman 1983, Ricci and Rowe 1985, Gertman et al. 2005).
The design and operation involves a range of measures to deal with the
recognised or anticipated health and safety hazards that are listed in brief
with the outlined mitigation measures in Table 1. The safety system has
been designed to protect the personnel and equipment, with features
described in Table 2.
Safety barriers:
error/failure in

Organisation
Human
behaviour

Accident

Process/
equipment
Safety
system
Figure 4. Fault tree of an accident that requires simultaneous errors or failures in
organisational performance, human behaviour, process/equipment and safety system (partly
adapted from Jo and Park 2003)

P(U)

Time

Figure 5. Increased accident probability P(U) in exceptional circumstances (e.g. process
disturbance or maintenance) compared to normal operation with a conventional approach in
the first event and reduced P(U) for the second event with added safety measures
(schematic, adapted from Jo and Park 2003)
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Table 1. Recognised health and safety issues and mitigation measures (Sipilä and
Auerkari 2010)
Hazard

Control / mitigation

Notes

Coal fire

Alarms, sealed air access,

Early alarm, training to

extinguishers, avoid heated coal

avoid escalation

Oil fire

Alarms; diesel vehicles only; avoid

Fire-resistant oils to be

storing much oil underground

preferred for e.g. hydraulics

High CO and/or CO2

Alarms, ventilation, safe exits

Oxygen < safety limits

Alarms, ventilation, safe exits

N2 purging will reduce O2

Dust explosion

Cleaning and coal selection

Water wash, crusher cyclone

Gas explosion

Protected electrical equipment

Also use of diesel vehicles

Burns and other

Use of protective equipment

According to instructions

Smoke from coal fire,

Venting, booster fan (on trailer);

Booster fan used by city fire

car or other

only diesel vehicles allowed

brigade

injuries

flammables
Coal dust (health)

Cleaning, coal selection

Limited human presence

Reduced light in

Maintenance: emergency lighting

Additional lights may be

storage (accident

with battery backup (60 min)

needed at points of working

Limited opportunities

Underground base station

Fire service phone socket in

for communication

network to support mobile phones

all 65 service points

Limited number of

Design for short term exit at least

Exit directions indicated by

and lengthy routes to

in two directions

emergency lighting

Time to access points

Service points with water,

Mean distance to a service

for mitigating action

electricity, compressed air, alarms

point 75 m

Hot work, e.g.

Hot work permit, communication,

Fire alarms to be reactivated

welding, grinding,

post-confirmation of no ignition

if disconnected for hot work

hazard)

exits

heat treatment
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Table 2. Features of the safety system
Issue

Action / features

Notes

Training before allowing

All personnel working

Also subcontractors & fire

access

underground

brigade

Confirmation of training

Passing a written exam

Proficiency and competence

success
Monitoring of presence,

Log of personnel, gas sensor,

Log of entering & returning

use of safety equipment

rescue hood, mobile number

personnel at control room

Preventing ingress of

Overpressure in shafts and

To provide safe exiting time

smoke/ toxic gases to

lifts

emergency exits
Safety information system

Technical service points

Visualised hot spots, air flow,

Visual mapping, to help e.g.

fire shutters, smoke fans,

firemen to assess the

gases

current situation

Alarms, lights, water, phone,

65 service points (every 75

electricity, pressurised air,

m) for fire brigade

ventilation
Emergency stop of

Fire: shutdown of fans,

Manual from the control

ventilation

closure of fire shutters in

room; fire shutters only

ventilation channels

close in extensive fire

Gas / danger alarms

Silo alarm lights and sound

High CO, CH4, low O2

Alarms on conveyor start

Alarm light and sound

Short alarm only

Emergency lighting

Battery back-up

60 min reserve

Smoke removal

Boosted by power fan (on

Managed by city fire brigade

trailer)
Sprinkler system + water

Water spray for tunnels &

Water posts at service

posts

conveyors

points

Nitrogen and foam systems

Above (both) and below (N2)
silos

Post-fire / heating control

Removal of heated coal

Monitor (thermal imaging)

Thermal (infrared) sensors

Before and after silos

Sensitive to dust, dirt,
moisture

Ventilation & monitoring of Ventilation of CO, CH4, H2 /
gases

silo roof

Prevention of dust

Cleaning of coal dust (water

explosions

wash)

Monitoring of CO, CH4, O2
Also cyclone at coal crusher

The recorded cases in the coal storage (see Sipilä et al. 2013) are
consistent with the types thought to be most likely, i.e. incidents involving
relatively simple types of “slips, trips and falls from height” or “caught
between”, or “struck by” incidents, affecting in each case singular
individuals only. Assuming that the hazard and related statistics are
sufficiently comparable, it may be appropriate to describe the associated
risk in a hierarchical way (see Wright and van der Schaaf 2004, Anderson
and Denkl 2010, Khanzode et al. 2010, Kleindorfer et al. 2012). As outlined
in Figure 6, fatalities in such incidents are much less common than injuries
leading to lost working time, but the consequences of fires and coal mine
incidents may be particularly severe. A common lagging (historical) safety
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indicator in e.g. large construction projects or in large companies can be the
number of incidents per million work hours. Leading or forward-looking
indicators can be related to safety walks, observed adherence to safety
instructions, and rewarding of safety-promoting initiative (Eiden 2013, Pust
and Müller 2013). Note however that reduction of personnel through
automation can also reduce the yearly work-hours to such an extent that it
may become a challenge to measure the safety indicators to a satisfactory
accuracy.
10000

Lost-time injuries / fatalities

MoreoftenfatalLessoftenfatal
1000

Mean=205
100

10

1

Figure 6. Ratio of injuries to fatalities: data from Indian coal mines (with “serious injury”
only, 1981-2004, Khanzode et al. 2010), other data including the indicated mean of 5657
fatalities and 1158870 lost-time injuries recorded by the US Bureau of Labor Statistics in
2007, as quoted by Anderson and Denkl (2010); note that the categories of “caught in etc.”,
“fall to lower level” and “exposure to harmful substance (or environment)” could be relevant
to the example cases of the present work (see Sipilä et al. 2013).
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3 MATERIALS AND METHODS

3.1

Self-heating and spontaneous combustion

After the first major spontaneous combustion incident in 2008, an
investigation was launched by the operator to evaluate the causes and
procedures of extinguishing coal fires (Sipilä 2009). This initial effort was
extended to a further assessment of subsequent autoignition incidents, the
fault and event trees, associated risk and contributing factors such as
properties and condition of transported coal and the silos (Publications IIIV). The information and experience of the plant personnel from the
incidents were collected by interviews in 2009 and 2010. The observed fire
incidents were used to highlight the complexities in avoiding and
extinguishing smouldering underground fires. The incident experience was
used to develop a risk matrix and a proposed set of leading and
performance indicators for smoldering fires. To assess the potential
influence of coal grade, the properties were reviewed for more than 600
bituminous coal batches (shiploads) delivered to the operator over a period
of ten years (2001-2010). This amounted to a total of about 7.5 million tons,
consisting of about 3 million tons of Polish and 4.5 million tons of Russian
coal with a similar mean heating value of about 7.85 MWh/ton (LHV)
delivered as batches (shiploads) of 2000-31 000 tons. Each batch was
characterised in an on-site laboratory for e.g. moisture and volatiles
content, and heating value. Before entering the silos, coal is crushed so that
the maximum size of the smallest dimension is 30 mm (for more details see
Publication IV). For improvement, the emphasis was in seeking methods
and approaches that could be applied as much as possible with the existing
facilities and for the specified coal grade.
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3.2

Freezing of coal

Observed incidents of coal freezing in the Salmisaari storage have first
been described by Sipilä and Auerkari (2010) and in Publication II, and
further analysed in Publication VI. Fault and event trees have been created
to describe the causes and progression of events leading to discharge
blockage and operational disturbance of the storage facility (Publication II).
To understand the mechanical characteristics of frozen coal responsible for
the blockage and its resistance to attempts of clearance, the strength of
frozen coal has been modelled (Publication VI) by combining a creep
rupture model of freshwater ice and the available strength data for ice from
Gold (1977), Sinha (1981), Arakawa and Maeno (1997), Jones (2007), and
Kim and Keune (2007), and for frozen coal from H.G. Engineering (1978),
Colijn (1980), and Richardson et al. (1985), the measured moisture content
of bituminous coal batches delivered to the storage before the freezing
incidences, and sub-zero temperature data of Helsinki in 1971-2000,
provided by the Finnish Meteorological Institute. For comparison and
background information, operator experience of the coal freezing incidents
was gathered by interviewing the power plant personnel and operators in
2009 and 2010. The results were used to propose a risk matrix and a set of
leading and performance indicators for coal freezing, also to consider the
future development of the associated risk.

3.3

Safety issues of the storage facility

Safety is an obvious issue of interest for all fuel storage facilities, largely
but not exclusively due to the fire hazard. This work is addressing the
experience, prevention, impact and mitigation of safety related incidents in
the storage facility. The most common expected type of accident in the
storage facility involves relatively simple occupational events, such as “slips,
trips and falls from height” or “caught between”, or “struck by” type of
incidents, leading in the worst case to injury or death of one or a few
individuals (cf. Attwood et al. 2006). Based on the recorded and mostly also
previously published incidents (TVL/TOT 2003, TVL/TOT 2009), case
examples of selected hazards and observed accidents have been analysed
and described in terms of fault and event trees, and discussed for
improvement of safety by preventive, corrective and mitigating measures
(Publication V). Also, leading and performance indicators have been
considered for the purpose.

18

4 REVIEW OF THE FINDINGS

4.1

Self-heating and spontaneous combustion

In case of the Salmisaari storage facility, CO, CH4 and O2 (gas) sensors,
and ambient air temperature monitoring, are mostly used. In case of doubt,
hand-held thermal imagers and pyrometry can also be applied, for example,
to detect heated coal on conveyors (Publications I-IV).
Beyond these methods, only few techniques appear to be available, such
as the measurement of electric resistance (Tanaka et al. 2004, Li et al.
2005), which is not used in Salmisaari. In this approach, the hot spot is
detected from its temperature-dependent change in the electrical
conductivity, so that the distribution of electrical potential corresponds to
the intensity and distribution of the heat source.
When excessive heating or fire is detected, cooling or extinguishing is
carried out with abundant water if the hot spot is near the surface.
Otherwise, nitrogen injection can be applied, typically combined with
discharge of the heated coal from the silo when possible.
The complexities in avoiding and extinguishing underground fires are
highlighted by the case example, describing the observations and outcome
of an extended smouldering fire in 2008 (Publications I-III). The principles
and critical factors in self-heating and spontaneous combustion such as the
condition of the environment and quality of coal are fairly well known
(Smith and Lazzara 1987, Davidson 1990, Fierro et al. 1999, DMT/BAM
2000, Ray et al. 2000, Carpenter et al. 2003, IMO 2009, Nalbandian 2010),
but may only provide partial help in fire prevention. Efficient fire extinction
during power plant operation can be also challenging, as any air ingress
tends to feed the fire and result in losses of the extinguishing agent and the
heating value of coal (Hull et al. 1997a, 1997b, Tuomisaari et al. 1998,
Vierro et al. 2001, Sipilä and Auerkari 2010, Auerkari et al. 2011, Lerena et
al. 2013).
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4.1.1

Factors affecting the likelihood of self-heating and
spontaneous combustion of coal

Methods have been sought to assess the (intrinsic) self-heating propensity
of bituminous coals. One challenge is that all coal-specific properties that
can influence the likelihood of self-heating and autoignition (see
Publication I) are not routinely measured from commercial deliveries. It
has been shown that the content of volatile matter and intrinsic moisture
reflect the self-heating potential of coal of a given particle size (Smith and
Glasser 2005). Decreasing the particle size can promote self-heating, but
the effect is not initially significant before considerable heating well above
the room temperature (Smith and Glasser 2005, Fei et al. 2009). To explore
the applicability of this approach, the recorded properties of more than 600
coal batches (shiploads; about 7500000 metric tons in total) were reviewed
and compared to the experience on incidences of self-heating and
autoignition (see Publications II-IV). Moisture is partly held relatively
tightly in the coal particles and their pores and microcapillaries (intrinsic
moisture), and only partly externally on the outer surfaces and between
particles (Karthikeyan et al. 2009). The intrinsic moisture correlates with
the reactive surface area, and the volatile content roughly indicates the
extent of lighter and more easily flammable combustibles in coal than
carbon. These variables appear to stand out as the most significant
indicators in a statistical evaluation of early self-heating (Smith and Glasser
2005). Unfortunately unlike total moisture, intrinsic moisture (see ASTM D
1412-99) is not routinely recorded for commercial deliveries. Nevertheless,
a comparison of the literature information (Publication IV) suggests a
reasonably constant ratio (1.5 to 2.5) of total to intrinsic moisture content
for a given type of coal. Accordingly, a modified Smith-Glasser index (SGI)
was proposed as
SGI

0 .89  m 0.14  v 0.43 ,

(1)

where m is the (total) moisture (%) and v is the dry content of volatiles (%)
in coal. A comparison is shown in Figure 7, suggesting a consistently higher
index for Russian than Polish coal. It is notable that all significant fire
incidents in the Salmisaari storage facility have involved Russian coal or its
batch interface. It is hence suggested that the modified Smith-Glasser index
(SGI) can serve as a leading indicator of the self-heating propensity.
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Figure 7. a) Mean modified SGI (using total moisture) in 2001-2010; b) normalised
distributions of modified SGI for all coal batches 2001-2010 (left side: Polish coal);
Publication IV

More complex indices can be constructed for the ignition propensity, but
these will also require additional measurements (Wang et al. 2009, Mohalik
et al. 2009, 2010, Auerkari et al. 2011), and for quick screening and
comparison of coals, the simplicity of modified SGI appears attractive.
With evolving technology, new risk issues may emerge (cf. IRGC 2010).
New challenges could arise from the increasing use of biomass fuels that
similarly to low-rank coals have relatively high volatile and moisture
contents, ignite easily when dry, and have low heating values and densities
such that high volumes are needed for an equivalent energy content. It
remains to be seen whether the modified SGI could also be used to rank the
intrinsic self-heating propensity of such fuels.
The overall likelihood of self-heating will naturally involve other than
purely intrinsic factors. Coal entering conveyors and storage can already be
heated, and heating may be further promoted by the excessive ingress of air
to the coal bed. In such cases, it is important to extract heated coal and
divert it to combustion as soon as possible, and to seal off the air leaks,
particularly if leakage occurs from below.

4.1.2

Fire incident in 2008

A smouldering fire in silo no. 4 was first indicated by elevated CO levels
on 15th September 2008, and lasted for four months. The silo contained
mainly Russian coal, with an approximately one metre layer of old Polish
coal at the bottom. Nitrogen injection (Figure 8) was initiated but was not
fully successful before discharging the silo completely. Thermal images
showed two hot spots on the silo surfaces, one next to a maintenance door
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and another at nearly the opposite side of the silo (Figures 9 and 10). Upon
discharging, a relatively strong steam flow was observed next to the bottom
maintenance door and the concrete wall (Sipilä 2009).

Figure 8. Nitrogen injection at the Salmisaari plant during the worst fire incident in
2008. Photo: Juha Sipilä/Helsingin Energia

Inhabitants in the vicinity of the plant complained about the noise of the
ventilation fan and a smell of hydrogen sulphide. No production limits were
introduced during the incident, but personnel traffic in the storage was only
allowed with oxygen breathing support. During discharge, a thin bottom
layer of cool coal from another silo was sufficient to protect the conveyor
belt from the impact of heated coal. Otherwise, the belt was watered for
additional cooling using a sufficient water flow to prevent significant
formation of explosive gas mixtures.
Cracking and spalling of the shotcrete in the silo wall was observed in an
area corresponding to about one third of the wall area, which is in contact
with coal when the silo is full. A temperature difference of approximately
120ÛC in the adjoining layers was estimated to spall the shotcrete of the
rock surface, not necessarily requiring that the fire would touch the wall.
The damage at the bottom maintenance door (Figure 10) with partly burnt
coal, ash and hard slag around the opening suggest a nearby hot spot where
this provided air ingress during the fire. The measured surface temperature
on the door was 350ÛC, which was enough to damage the seal of the door
frame. The concrete surfaces near the silo also suffered damage near the
discharge cone, silo ceiling and nitrogen injection tubes. The bellows of the
discharge cone had nearly completely burnt, providing additional air
ingress.
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Figure 9. Thermal image of a hot spot in the silo. Photo: Mikko Sillanpää/Helsingin
Energia

Figure 10. Inside appearance of the bottom maintenance door opening after a
smouldering fire in the silo. Photo: Juha Sipilä/Helsingin Energia

4.1.3

Fire risk management: prevention and mitigation

The current system to extinguish fires in the Salmisaari silos is using
nitrogen which however is relatively costly, takes time (delivery, filling,
holding and venting of N2) and prevents human presence in the storage
during the extinguishing work cycle of about two days. Ventilation
afterwards with smoke venting fans is noisy and disturbing to people in the
plant vicinity. Relatively small smouldering fires have been successfully
extinguished using water with a fire hose, for example, by directing the
water flow near the silo wall drains that appear to facilitate air ingress. The
advantages of water include good availability, low cost and no need for
subsequent venting or limits to personnel access. Water is only suitable for
extinguishing fires on conveyor belts or close to the top surface layers of
coal in the silos. Water on conveyor belts tends to encourage the sticking of
fine coal particles to the belt, potentially disturbing belt alignment and
cleaning during operation.
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For example fly ash mixed with water can be useful for fire prevention by
sealing coal beds from air ingress in open stockpiles (Kenneth et al. 2006),
but it has not been tested for the top side of a closed storage. A closed
storage facility can be easier to seal, but it may provide less cooling than
open stockpiles if the air flow is only through leaks from drains or other
channels of the coal bed. Increasing time in storage for up to approximately
six months also appears to enhance the hazard of self-heating and
autoignition (Carpenter et al. 2003, Nalbandian 2010). In principle the
probability of autoignition can be reduced by ensuring that the storage is
dry, cool and clean. Coals with highly differing qualities and grain sizes
should be stored separately, and strongly self-heating coals should be used
first (Fierro et al. 2001).
Table 3 shows a comparison of the experience from the Salmisaari facility
with that of the Värtan underground facility in Sweden (Alsparr 2000) and
of the Tiefstack above-ground silo storage in Germany (Rosner and Röpell
2011). Table 4 compares typical fire retardant and fire fighting media.
Table 3. Comparison of selected closed storage facilities (Alsparr 2000, Sipilä and
Auerkari 2010, Publication I, Rosner and Röpell 2011), in all cases last in first out (i.e. oldest
coal last out); for more details see Publications II and III)
Issue or

Salmisaari (FI,

Tiefstack (DE,

Värtan (SE,

feature

underground)

above-ground)

underground)

Principles of

Coal to silos in thin

Coal to silos in 0.2 m

As free-standing

excluding or

even layers, closed

layers, closed storage,

piles in storage

reducing air access

storage, tight doors,

tight doors, drains, etc., caverns

drains, etc.

gel or sand bags on top

Observed or

Maintenance door,

Inspection doors, drain

suspected air

hopper, bellows, drain

pipes and fittings

ingress from

pipes, loose coal

Thermal draft in

Anecdotal evidence

Air leaks amplified by

silo

only, along rock walls

draft due to heated coal

and wall drains

and low outside

See above

See above

temperature
Self-heating & fire

CO, CH4, O2 detectors CO, CH4, O2 detectors

detection from

+ odour (human nose) + thermal imager

Alarm indication by Mainly CO, odour
Observed incidents
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Mainly CO

CO detectors
Mainly CO

Reported cases of self- Only self-heating cases

Self-heating

heating and fires

occurred

reported

Table 4. Comparison of media used against self-heating and fires in closed storage
facilities
Medium

Advantages

Limitations

Notes

Water

Cheap, widely available, with

To be applied in large Can form flammable

(spray)

cooling effect

quantity, reduces the

water gas (CO+H2) if

heating value, can

not used in

reduce coal flow

abundance

Fire-fighting

Relatively cheap, easy to

Reduces the heating

Can make substrate

foam

apply, with cooling effect

value, can reduce coal surfaces greasy or

Nitrogen

Fully inert, cooling medium,

Expensive, diluted if

Requires venting

replaces oxygen, can be

not contained in a

afterwards

introduced from below

gas-tight system, will

flow

sticky

limit personnel access
Fire-retardant Reduces through-bed air flow

Requires proper and

Prevents quick water

and loss of heating value, low

even spreading to be

evaporation and

tendency to reduce coal flow,

effective

gel

cheaper than N2

formation of CO+H2
on hot coal surfaces

An explosion can occur in flammable gases, such as methane, CO,
hydrogen and light hydrocarbons, in coal dust, or both together (hybrid
explosion). Coal dust can ignite as a suspended dust bed in air, or as a
precipitated dust layer, with the igniting energy that can be provided by a
spark or even human static discharge. For prevention, dust formation can
be controlled by process design, but the amount of coal dust usually
remains small with a typical water content of about 8-12% (Grossman et al.
1995, Carpenter et al. 2003).
Some self-heating in the Salmisaari storage will probably occasionally
occur also in future. To reduce or avoid autoignition events, selecting and
maintaining a proper grade, grain size and temperature of the stored coal
remains important. Sufficient air tightness should be provided particularly
for the lower parts of the silos. From the consequence point of view, a worst
case fire could damage the main conveyors, disabling the storage and the
power plant during the critical winter months.
The fault and event trees (Figures 11a and 11b) aim to show in an
abbreviated manner the incident of the autoignition case. The essential
causative factors promoting self-heating and spontaneous combustion
include air ingress, high moisture and volatiles (reactivity) of coal, and
extended time in silo (or in transport) to self-heat. These factors will also
provide the basis for the suggested leading indicators of smouldering fire.
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hing

Repeat

Consequence

Safe state or some smoke
Operator
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Coal removal &
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Smoke, dirty belt, water gas
Emission of smoke & harmful gases
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b)
Figure 11. Abbreviated a) fault tree and b) event tree presentation for assessing the risk of
self-heating and autoignition incidents in the underground storage silos; the thick line shows
the event path of the case example (adapted from Publication III)

A tentative 4 x 4 risk matrix related to in-storage fire incidents was
developed in cooperation with the plant personnel, and is shown in Figure
12, with an estimated position of the 2008 fire incident. The experience
suggests that, with attention to the coal grade and handling, suitable order
and timing of silo filling and discharge, and well maintained capabilities of
both equipment and personnel, the fire risk has been significantly reduced
from the time of early operation and the most severe fire incident.
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Figure 12. Suggested risk matrix for self-heating and spontaneous combustion incidents
in a closed coal storage facility; red = immediate action required; orange = action required
within defined time; yellow = tolerable; green = minor to negligible risk; the marker shows
the estimated position of the 2008 fire incident (adapted from Auerkari et al. 2013).
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4.2

Coal freezing

To assess the accompanied risk and options, the strength of frozen coal
has been modelled from the expected behaviour bounded by the extremes
of moisture content. Based on the strength model and realistic distributions
of the input variables (Publication VI), a Monte Carlo analysis has been
used to assess the expected strength of frozen coal under the local winter
climate (Figure 13). The results suggest that the strength of frozen coal in
the discharge hoppers is typically sufficient to render immediate remedial
action tedious and problematic, explaining the observed challenges to plant
operation.
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Figure 13. Distribution of subzero temperatures in Helsinki (1971-2000; data from the
Finnish Meteorological Institute; Publication VI)

4.2.1

Coal freezing incidents

The relatively cold winter of 2009-2010 was reflected in a high demand
for district heating from the Salmisaari plant, and in corresponding coal
consumption. In February 2010, two of the storage silos were unavailable,
and two batches of cold coal with total moisture of 14% and 10% were
introduced to the remaining two silos when the outside temperature was 8°C and -15ÛC, respectively. After a few days, initiated discharge from the
silos with cold coal was interrupted by large frozen ice clumps that blocked
the discharge hoppers above the horizontal conveyor. The buckets of the
vertical conveyor were also blocked and required repeated manual cleaning
work. Manual unblocking and thawing by heating was not sufficient to
restore fuel flow to the power plant, and additional truck transport from
another above-ground stockpile was initiated. In addition, the reserve fuel
of heavy fuel oil was not available either due to the cold weather that
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rendered the necessary oil heating system insufficient. The disturbance
resulted in added costs due to power derating and external energy supply,
additional labour and maintenance, and transport of replacement fuel. The
disturbance was only ended with the arrival of a shipment of unfrozen coal.
It turned out that icy clumps were forming within cold coal from the
groundwater leaking to the coal bed from the surrounding rock after the
wall drains were first frozen by cold coal. An unexpected feature of the
incident was freezing with heat flow from the surrounding rock of the
storage wall into coal (Publication VI). As far as is known, in all other
reported cases of coal freezing, the heat flow is in the opposite direction, i.e.
from coal to the environment (see e.g. Colijn 1980, Sargent and Wold 1981,
Glanville and Haley 1982, Carpenter et al. 2003).
The following winter was also colder than average, and a batch of coal
with 12% total moisture was partly frozen in December 2010 at the harbour
hoppers during discharge from ship. Operating the coal feed to crusher and
further to the underground storage became too slow at an ambient
temperature of -19°C, even when attempting to assist the coal flow by
manual clearance and steam thawing (Figure 14). Unlike in the freezing
event of the previous winter, the coal batch apparently already included
frozen clumps that could not pass the hopper grills, and the incident
represented the more conventional case of freezing due to heat flow from
coal to the environment. Neither case apparently involved a third possible
mechanism that may occur e.g. inside hoppers, when coal includes freezing
slosh (partly liquid water) that adheres together under compression rather
like a snowball. For receiving and storing individual batches of coal arriving
by marine transport to Salmisaari, freeze-conditioning agents (FCAs) have
not been considered cost-effective. However, a partly new situation was
created by the commencing of underground storage in 2004. FCAs would
be less likely to fully prevent freezing of the inward flowing seepage water in
the case of the first incidence.
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Figure 14. Steam thawing (here almost completed) of a harbour hopper blocked by
frozen coal; note residual frozen lumps on the grille. Photo: Juha Sipilä/Helsingin Energia
(Publication VI).

4.2.2

Modelling for coal freezing hazard

The hazard of coal freezing can be affected by the modes of transport as,
e.g. the transport equipment may add some water, ice or snow already
before loading, during transport or in intermediate storage. Layers of frozen
coal may be produced by refreezing and thawing, so that even after crushing
solid icy blocks form to hamper end user operation. Coal transported in
subzero weather may be so dry that it is not prone to freezing. However, as
shown for the Salmisaari facility (Publications II and VI), very cold coal can
freeze the silo drains, resulting in clumps of ice to effectively block the coal
flow at the bottlenecks of the transport system, such as the discharge bins
and conveyors.
Proposed fault and event trees for the freezing incident in Salmisaari are
shown in Figure 15. In this case the critical event is failed supply of coal and
reserve fuel (heavy fuel oil) to the power plant.
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Figure 15. Abbreviated a) fault tree and b) event tree for lost fuel supply due to frozen
coal; the thick line shows the event path of the case example (adapted from Publication II).

The essential contributing factors in coal freezing are the temperatures of
coal and the environment, cooling rate, (surface) moisture and particle size
(Taglio 1981). For the bituminous coals considered here, the distribution of
moisture content was reasonably normal, with the mean at 11% (Figure 16).
For frozen coal to become problematic, it must have sufficient mechanical
strength. A relatively wide distribution of particle sizes is generally more of
a freezing challenge than more evenly coarse-grained coal, since fine
particles filling the interparticle spaces can help to form ice bridges (Taglio
1981). Otherwise, higher surface moisture (at least 4%), faster loading,
decreasing solute content, reduced bubbles or other defects, and decreasing
temperature will increase the compressive strength of frozen coal (H.G.
Engineering 1978, Colijn 1980, Taglio 1981, Richardson et al. 1985).
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Figure 16. Distribution of measured total moisture of the coal batches (Russian coal;
Publication VI)

To model the compressive strength of frozen coal, the upper limit was
taken to correspond to the strength of freshwater ice, with data from Gold
(1977), Sinha (1981), Arakawa and Maeno (1997), Jones (2007), and Kim
and Keune (2007). For ice with a constant grain size, at stress (strength) ı
and absolute temperature T, the common Norton law gives for strain rate
dİ/dt = Aın·exp(-Q/RT), where A is a rate constant, R is the gas constant, n
is the creep exponent, and Q is the apparent activation energy. For example,
for ice with a grain size of 1 mm and ductile failure under compression, A =
2.7Ɗ107 1/s, n = 3.7 and Q = 69.9 kJ/mol at strain rates of 4Ɗ10-6 to 4Ɗ10-4 1/s
(Arakawa and Maeno 1997). The values of n and Q are within the commonly
reported range with n = 3.2-5.1 and Q = 61-80 kJ/mol (Barnes et al. 1971,
Durham et al. 1983, Arakawa and Maeno 1997, Jones 2007) for freshwater
ice at strain rates below 10-3 1/s. The strength of frozen coal is taken to be
initially proportional to the moisture content m above a critical moisture
level that corresponds to zero strength (H.G. Engineering 1978, Colijn 1980,
Richardson et al. 1985). To comply with the asymptotic behaviour towards
low and high moisture content, the suggested model for the compressive
strength of frozen coal (Publication VI) is

VC

ª
º
2
 1»
¬1  exp> 2k (m  m0 ) / V i @ ¼

Vi «

(1)

where m0 is moisture content at zero strength and k is the slope of the
strength-moisture curve at this point. Close to m0, the predicted strength
increases nearly linearly with m, and approaches the strength of ice at high
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values of m (Figure 17). In general, the compressive strength of ice
increases up to the strain rate of about 10-3 1/s, then decreases up to the
strain rate of approximately 10-1 1/s and finally increases again at higher
strain rates (Schulson 2001, Kermani et al. 2007, Jones 2007). At high
strain rates, ice will show brittle failure up to temperatures close to the
melting point. The failure mode is also brittle under tension, with a much
reduced and nearly constant strength, about 1.0-1.5 MPa practically
independently of the strain rate and temperature (Schulson 2001,
Mohamed and Farzaneh 2011). The tensile strength of frozen coal (in MPa)
can be approximated by

V

Dm G

(2)

where with a tensile strength of 1.3 MPa for ice, D = 0.0363 and G = 0.15,
independently of strain rate (above 10-4 1/s) and temperature at least above
-20°C (Schulson 1999, Mohamed and Farzaneh 2011).
The predicted compressive strength of frozen coal from the Eq. (1) is
shown as a function of total moisture in Figure 17 for the upper and lower
range of published test data (H.G. Engineering 1978, Colijn 1980,
Richardson et al. 1985) at -20°C and a strain rate of 4Ɗ10-4 1/s. The
corresponding tensile strength according to Eq. (2) is also shown in Figure
17 for strain rates of at least 10-4 1/s. As the packing density, particle size
distribution and ice crystal adherence can introduce much scatter to the
levels corresponding to the strength range of Figure 17, the lower limit of
the compressive strength can be negligible even with sufficient moisture in
a subzero environment. However, winter transport to Salmisaari may well
provide enough time for ice bridging between coal particles, and as seen
from Figure 16, as a rule there is sufficient (> 6%) moisture content in most
batches received.
In reality, the variables of the strength model (1) can vary within a certain
range, and hence the strength is better characterised by a distribution of
expected values. Assuming a range of the values for strain rate, moisture,
temperature and model constants according to observations and
experience, the corresponding strength distribution can be extracted using
the model and the Monte Carlo approach (here with 5Ɗ104 repeats). This has
been done in Figure 18 for the strength model of Eq. (1), using a strain rate
evenly distributed in the range 4Ɗ10-6 to 4Ɗ10-4 1/s, a strength level evenly
distributed between the upper and lower lines of Figure 17, observed
distribution of the total moisture content of the coal batches (Figure 16),
and an ambient subzero (below 0°C and below -10°C) temperature
distribution in Helsinki (cf. Figure 13). The results shown in Figure 18
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suggest that the most likely level of compressive strength is about 1.8 MPa
for all subzero temperatures, and about 2.2 MPa for temperatures below 10°C. The distributions are upwards biased, so that the expected strength is
higher than these values in more than 50% of the cases. The expected
values of compressive strength are thought to be well sufficient to make
frozen coal tedious to remove when confined by the hopper walls. The
situation can be even worse if blocks of pure ice can form within the coal
bed, since at challenging subzero temperatures below -10°C and at high
strain rates (like in crushing), the expected compressive strength of pure ice
is approximately 3-20 MPa (Jones 2007), i.e. much higher than that shown
in Figure 18 for frozen coal (see Publication VI).
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Figure 17. Predicted strength of frozen coal for the upper (H.G. Engineering 1978, Colijn
1980) and lower bound (Richardson et al. 1985) of test data at -20°C, with fitted lines from
the model Eq. (1) at strain rates of about 10-4 1/s (Publication VI)
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Figure 18. Compressive strength of frozen coal from the Monte Carlo prediction using
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4.2.3

Freezing risk management

A tentative risk matrix related to storage freezing incidents is proposed as
outlined in Figure 19, with the estimated position of the first 2010 freezing
incident. So far, the experience suggests that, with attention to the
appropriate risk indicators, the freezing risk has been contained to a
significantly reduced level in comparison to the time of early operation of
the storage facility. This requires proper sourcing and timing of wintertime
deliveries, to avoid receiving very cold coal batches that could result in
drain freezing. A useful sign of an overly cold batch can be an unusually
high dust emission that may indicate lack of dust-binding unfrozen water at
subzero harbour discharge.

Figure 19. Suggested risk matrix for in-silo coal freezing incidents; red = immediate
action required; orange = plan/implement preventive/mitigating action; yellow = tolerable;
green = negligible risk; the marker shows the estimated position of the first 2010 freezing
incident.

If a very cold batch is received, but it cannot be redirected and stored
elsewhere, it is preferably stored in silo no. 4 that shows the lowest drain
water flow rate (about tenth of that in silo no. 1; see Table 5). In this silo the
maximum water flow (in 2010) and therefore also the ice formation rate
would be about 2.7 tons per week.
Mechanical crushing (assuming strain rates of 1 s-1 or more) may facilitate
transport of frozen coal to or from the silos but should be designed to
overcome a compressive strength of both frozen coal and pure ice, or some
15-20 MPa.
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Table 5. Drain water flow rates (m3/day) in nearly empty storage silos; measured
16.8.2010/23.8.2012 1)
Location

Silo 1

Silo 2

Silo 3

Drain 1

3.40/ -

1.24/ -

0.76/0.09

0.39/0.006

Drain 2

0.82/ -

0.39/ -

2.42/1.44

0.00/0.0001

Total

4.22/ -

1.63/ -

3.18/1.53

0.39/0.007

1) Not

Silo 4

properly measurable in 2012 because of excess extinguishing water

4.3

Safety issues

Compared with an above-ground stockpile, the underground storage has
reduced the emissions of dust, CO2 and noise, and limited employee
exposure through automated remote operation. On the other hand, a closed
underground storage provides more limited access at times of incidents that
may challenge safety, and creates a closed environment to potentially
accumulate harmful gases like CO. Case examples of such incidents can
highlight the impact of exceptional circumstances during construction,
maintenance and process disturbances, consistent with the expected type of
events that may result in personnel injury (Jo and Park 2003, Sonnemans
et al. 2010). As such incidents can have very variable causes, preventive
measures are more effective when targeting the hazard exposure rather
than the individual initiating causes (Publication V). The systematic effort
in hazard reduction should be conducted with vigilant persistence and
continuous

improvement,

even

under

a

continuously

changing

environment for business and operation. Power plants typically represent a
long term investment and relatively slow shift in technology, and the
related conservatism can also help to provide time and an opportunity for
conscious promotion of the safety culture. For minimising the risk of
occupational incidents, protective and precautionary measures are included
in the system design, operational procedures and other guidelines of the
storage facility (see Publications I-II and V).

4.3.1

Safety during operation and periods of disturbance

Here four case examples have been taken from the recorded and
published safety related incidents in the underground storage at Salmisaari
to show the characteristics of the hazard and risk of accidents to moments
and periods of exceptional circumstances rather than to times of normal
operation. For all case examples, abbreviated fault and event tree
presentations of the incidents can be found in Publication V.
The first example incident (TVL/TOT 2009) occurred when coal was
sticking and accumulating on a horizontal conveyor belt and its supporting
roller, resulting in belt misalignment and conveyor stoppage by limit switch
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action. An experienced operator of the fuel supply system went to clean the
roller with a steel bar from below the moving conveyor, and was fatally
injured after being caught between the roller and the belt. According to the
operating guideline, the conveyor must be stopped for cleaning. There was a
protective steel grid fence in front of the roller-belt gap, but it was possible
to bypass it (Figure 20). An emergency stop line runs along the conveyor
but is not accessible from under the belt. Coal particles can accumulate on
the rollers from residual water and coal sludge on the belt, e.g. after
extinguishing a self-ignited fire on the belt or in silos. Additional safety
measures, such as an improved protective fence and further training of
storage operators on safe operational practices were implemented after the
incident, and no similar or comparable incident has occurred thereafter.
The second case example (TVL/TOT 2003) is from the time of
construction of the underground storage. An experienced worker was
drilling rock holes for lift shaft reinforcement on a wooden platform,
without using a protective harness, which was not considered compulsory
when working on the platform. Due to a faulty gripping handle of the
original rock drill, the operator switched to another tool, which included a
pneumatic cylinder foot for additional drilling force. For this purpose, he
attached the cylinder head to the working platform, which was not designed
to take the horizontal force. With likely ice formation in the control valve,
the pneumatic cylinder did not function well, and after further opening of
the valve, the cylinder suddenly pushed the platform so that the operator
slipped and was fatally injured by falling approximately 30 m down the
open lift shaft. In this case, proper drilling equipment would have helped to
avoid the accident, but the unsafe attachment of the pneumatic cylinder on
the working platform was also against the user instructions. No similar or
comparable incidents have occurred later during the operation of the
facility.
The third example is a case of an assumed credible hazard, which so far
has not resulted in any accident. At the bottom level of each silo is a door to
the service tunnel and, during an inspection to check for possible thermal
draft through the coal bed, the inspector noted that his portable gas sensor
indicated low oxygen content. An outward air/gas flow was found to take
place through the seals of the door frame in the dead space where
ventilation is relatively poor. Further measurements with a more accurate
sensor indicated an oxygen content of only 15% next to the bottom door
frame. As reduced oxygen content in the silos can occur even without fire, it
is important that the seals to every opening are tight and that no personnel
will work without adequate sensors, indicators, protection and/or
supervision at locations of poor ventilation.
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Figure 20. Due to repeated disturbance of belt operation, a fuel supply operator went
below the moving conveyor belt to clean the belt turning roller and was fatally caught
between the belt and the roller. The location was covered by a steel fence, but it was possible
to bypass it during operation. The space between the floor and the lower roll is about 70 cm
(TVL/TOT 2009).

The last case example refers to a persistent smouldering fire in a storage
silo, resulting in damage to hopper bellows and wall shotcrete in one silo,
and intermittent nitrogen injection for a total period of four months
(Publications IV and V). In spite of the lengthy period of disturbance, the
storage was sufficiently available for power plant operation during the
incident, without any serious injury. After introduction of a better seal
against air ingress, no fires have occurred on a similar scale, in spite of
leaving e.g. the sensor and alarm systems, use of the storage, related
practices and the equipment unchanged. Nevertheless, fires can carry
potential health and safety issues including the potential impact of noxious
flue gases.
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4.3.2

The safety system and potential for development

Although some safety hazards and incidents were encountered in the new
storage, replacing the previous open stockpile by an automated and
remotely controlled underground facility has provided expected and
realised benefits (Publication V). The observed safety related cases involved
relatively simple types of “slips, trips and falls from height” or “caught
between”, or “struck by” incidents, affecting in each case singular
individuals only. Assuming that the hazard will remain sufficiently
comparable, it may be appropriate to describe the associated risk in a
hierarchical way (see Wright and van der Schaaf 2004, Anderson and Denkl
2010, Kleindorfer et al. 2012), as outlined in Figure 21.
To minimise the risk of such incidents, it is thought to be important to
-

reduce hazard exposure at times of exceptional circumstances such as
construction, maintenance and process disturbance;

-

promote and maintain adherence to safe working practices and
attitude also during normal operation (“innate immunity”); and

-

reduce the risk related to observed incidents or deviations from safe
practice by a root cause analysis and a subsequent review of
instructions, working practices and training (“adaptive immunity”).

Systematic risk reduction by maintaining and upgrading training,
guidelines, process control and other safety barriers can provide a response
to the safety challenges, even when relatively rare, and to remain prepared
for necessary action through a proper safety culture. The observed incidents
and the related new (emerging) risk also required a more detailed causative
assessment, as described previously. In particular, when addressing the
hazard through minor but frequent incidents according to the Heinrich
pyramid principle (Heinrich 1931, Heinrich et al. 1980), one may miss cases
that are potentially severe but not well represented by the more frequent
events, or otherwise the fatal and non-fatal accidents are differently
distributed (Salminen et al. 1992, Anderson and Denkl 2010). This could
also be the case when looking at new or emerging risks that by definition
may not be well represented in the incident statistics or accident history.
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The post-incident experience appears to demonstrate safety improvements.
Considering the four incident cases described above, this conclusion is
justified not only by the fact that no similar incidents have occurred since,
but also by the following exposure-reducing actions and observations of
success:
-

concerning the first incident case, the safety fences of the conveyors
have been upgraded to prevent access to operating belts, and
personnel training includes added emphasis on working next to
moving equipment and underground.

-

concerning the second case, no similar construction work is expected,
but to some extent comparable working conditions are conceivable
during maintenance or upgrading of underground facilities; strict
adherence to the use of safety harnesses under such work conditions is
emphasised in safety reviews and training.

-

for the third (low oxygen under silo) and fourth (smouldering fire)
incident cases, observed improvement is thought to be largely due to a
second sealing maintenance door at the silo bottom to drastically
reduce gas leakage in and out of the silos.

The success can also be described in terms of the payback period of the
related investment. For example, assuming that a fire comparable to that in
2008 would under similar conditions occur once in four years, causing an
average loss of about 700 000 euros, and the preventive action by installing
the sealing maintenance doors costing approximately 5000 euros,
corresponds to a payback period of only approximately 10 days. In this case,
the preventive measure successfully addressed both the smouldering silo
fires and the low oxygen hazard under the silos.
A common and good ultimate goal is a zero accident rate, particularly for
fatal or severe injury. Success may be measured as a reducing accident rate
which however is a historical (lagging) performance indicator. For a
proactive approach one must strive for continuous improvement by an
effort to develop and maintain a proactive safety culture, active learning
from the best practices and caring of the fellow team members (Anderson
and Denkl 2010, van Selm 2011, Sundell 2011).
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Fatal,
catastrophic

Lagging
indicators
Increasing
perception
of risk
Increasing
negative
impact

Leading
indicators

Serious,
with injury

Light accident,
no injury

Decreasing
degree of
drama

Near miss (near accident)

Exposure to hazard:
unawareness, positive illusions, unsafe conditions

Figure 21. Schematic hierarchy of incidents: more serious incidents are less frequent
than those of less severe consequence, and provided that causes are comparable, the latter
may better work as leading indicators; partially adapted from Anderson and Denkl (2010),
Kleindorfer et al. (2012)
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5 PERFORMANCE INDICATORS

The

performance

of

any

system

is

only

understandable

and

communicable if the related criteria are defined, measurable or at least
comparable for the defined purposes, such as an evaluation of past
operations or expectations for the future. In practice, the requirement to
measure or compare will need indicators that also must be defined for the
system of interest.

5.1

Definitions

Traditional risk assessment largely relies on historical incident data and
existing experience with particular risks that can only provide posterior or
lagging indicators of the expected, i.e. using such indicators one takes a
reactive approach and assumes that future risk is reasonably well
represented by that in the past. Not surprisingly, such lagging (key)
performance indicators or (K)PIs are not always suitable to analyse new or
emerging risks. Both for emerging and existing or known risks, there is a
need for a more proactive approach.
The risk issues can in principle be identified and mitigated before an
unwanted incident occurs by using appropriate leading indicators, to be
applied instead of or together with more traditional lagging indicators.
Ideally, the indicators should be applicable through a technology or facility
life cycle. For example, inherent safety can be addressed by indicators for
design, while indicators for operation could be applied during a later service
phase by the operators and management.
Conventional risk assessments have often focused on technical aspects,
such as failure of engineering equipment, facilities or systems. Whether
risks are known or new (emerging), aspects related to the interfaces of
human activity, technology and organisation can also be important.
Leading performance (or risk) indicators can address the issues related to
the interfaces, and a systematic assessment with such indicators can
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account for human and management, policies and regulatory, technological
and governance aspects in the applied framework (ISO 31000:2009, IRGC
2010, Duval et al. 2009, Duval and Dien 2010, Jovanovic 2010).
Successfully selected leading (or early warning) indicators are hence
particularly attractive for issues associated with new or emerging risk.

5.2

Leading indicators

Suggested leading or early warning performance (or risk) indicators on
unwanted events are summarised in Tables 6 and 7. Table 6 is grouped
according to the issues of concern in the example cases, i.e. for fires from
self-heating, coal freezing and occupational safety. In Table 7, seleted issues
and potential leading indicators are listed from the point of view of other
unwanted events or features. Some of the indicators have been further
elaborated and quantified for the Salmisaari storage (Auerkari et al. 2011,
Sipilä et al. 2012).
Table 6. Suggested leading (early warning) indicators of risks of fire, freezing and safety
issues (Auerkari et al. 2013, Sipilä et al. 2013)
Issue of concern
Self-heating and

Leading indicators
CO > 10

ppm1)

, indicated odour,

autoignition of coal coal temperature > 40°C,
Coal freezing

Notes
High sensitivity needed to detect
initiation in a thick coal bed;

SGI > 0.42, storage time > 1 year

early indicators underlined

Cold weather in filling (<-10°C),

Early indication from cold

cold/frozen coal to silos with high transport route; risk reduced by
seepage water flow
Occupational safety Deviation from norms, observed

1) extinguishing
2)

unfrozen coal in other silos
E.g. in safety walks: improper

exposure to hazard2), or severe

safety equipment, toxic emission,

disturbance

untidy work environment etc.

when CO > 30 ppm

e.g. normal work limits CO > 30 ppm during 8 h or > 75 ppm during 15 min
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Table 7. Suggested additional leading indicators for selected risk issues (Publications IIIII)
Issue of concern

Leading indicators

Notes

CO2, other emissions

CO, CH4 content,

Help from cool & closed

from storage

temperature

underground silos

Disturbed fuel flow,

Fuel supply rate (difference to

Risk from fires or freezing

plant shutdown

demand), temperature

Extra wear & tear

Temperature, fuel blockage, coal

E.g. due to accepting of heated or

bridging/arching

too cold coal

Unauthorised entry

Access control, monitoring

Dust build-up

Cleaning, overtime control,

Unplanned maintenance

correct work methods & tools

Safety hazard

Challenge to train for rare events

5.3

Lagging indicators

In principle, lagging (longer term) performance indicators offer the
wisdom of hindsight, or experience, when available. Although experience is
rare or nonexisting for truly new events or risks, some guidance may be
sought from parallel technology, temporally or geographically distant
sources, or in combination with presumed leading indicators. However,
when faced with new risks, potentially symptomatic incidents may start to
provide evidence and imply lagging indicators for future risk management.
Suggested lagging performance indicators are summarised in Tables 8 and
9. In Table 8, the issues are grouped according to the example cases, i.e.
fires, freezing and safety, largely in accordance with the experience from the
Salmisaari storage (Publications II and III). In Table 9, selected additional
issues and lagging indicators are suggested from the point of view of the
unwanted event.
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Table 8. Suggested lagging performance indicators of risks of fire, freezing and safety
issues (Publications II and III)
Issue of concern

Lagging indicators

Self-heating and

Number of recorded fires/10 y

autoignition (fires)

Number (trend) of true alarms/1, 5 & 10 y
Time to extinguish from alarm (mean, max, no. of attempts)
No. of deviations from the storage utilisation plan / y
Extent of related public reactions
Losses (€)

Coal freezing

No. of related incidents limiting supply to/from storage /10 y
No. (trend) of related disturbances requiring extra
maintenance/clearing / 1, 5 & 10 y
Time to end disturbance (from alarm)
Extent of related public reactions
Losses (€)

Occupational safety Number of injuries & lost work time due to fires, freezing or dust
explosions /1, 5 & 10 y
Overtime hours / y for unplanned maintenance
Number of deviations from safety norms / y
Table 9. Suggested additional lagging indicators for selected risk issues (cf. e.g.
Nalbandian 2010, Eiden 2013)
Issue of concern

Lagging indicators

Notes

(Coal turnover rate)

Possibly insensitive

Disturbed fuel flow,

Total difference of fuel supply and

Leading to shutdown or

plant shutdown

demand /y

derating

Extra wear & tear

Added cost / y

Safety hazard

Number of unauthorised entries/y

CO2, other emissions
from storage

Dust buildup/untidiness: no. of
deviations from norm/y
Communication &

No. of initiatives for improvement

To include rewarding for

development

(fires, freezing, safety)

adopted practices
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6 DISCUSSION AND
CONCLUSIONS

During the relatively short operational history of the Salmisaari
underground storage facility, smouldering fires, coal freezing and
occupational accidents have emerged as occasional challenges to reliable
operation. This work aimed to address the root causes in these challenges,
to define useful means of prevention, mitigation and other improvement,
including performance indicators for the outcome, and to assess the
benefits as far as they can be indicated (for an outline, see Figure 22). The
results, recommendations and selected aspects of foreseen future
developments are discussed below in the order of the challenges of fires,
freezing and occupational safety. The recommendations naturally aim to be
compatible with the general objectives of the organisation related to quality,
continuous improvement and environmental management (ISO 14001:
2004, ISO 9001:2008). In general, the developments, successes and
remaining challenges can be seen as a part of the evolving storage design
for solid fuels. In particular, there is still a significant scope for
improvement in terms of fire and freezing risk in the current type of
underground rock silos. In terms of safety, the targets are clear but
quantifying the current level of risk (say, as incidents per million work
hours) is made more difficult by the low absolute rate from the automated
remotely controlled operation, and modest number of yearly work hours in
the storage.
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Figure 22. Schematic outcome of the effort described in the present work in comparison
to the initial risk (approximated by relative change in area) and near-future targets for
smouldering fires, freezing and occupational safety

6.1

Self-heating and spontaneous combustion

The root causes of the smouldering fire incidents are clear: combined air
ingress, coal reactivity and sufficient time in closed storage will create
conditions of accelerated heating and finally autoignition due to sufficient
rate of heat generation and insufficient rate of heat loss. The estimated level
of the associated risk is indicated in Figure 12 for the most severe observed
fire incident in 2008. The improvement until present has not been very
impressive, and the underground silo design with the first in, last out
principle has not become popular elsewhere, i.e. the Salmisaari storage type
remains unique.
The experience with the warning (alarm) indicators of odour, gas (CO)
and temperature monitoring of the process of spontaneous combustion has
shown both potential for improvement and limitations in the underground
rock silos (Publications III and IV, Sipilä et al. 2012). In particular, coal
ranking using the modified SGI can be evaluated from the currently applied
batch-specific quality control analysis of each shipped delivery (Publication
IV). The earliest warning indication is obtained as a combination of SGI,
time in storage and temperature of coal at silo entry (see Table 6), so that
when everything proceeds as planned, a satisfactory safe storage
(incubation) time of about one year can be expected even for the more
reactive Russian coal (Auerkari et al. 2013). However, deviations from the
expected process have not yet been excluded, and smouldering fires can
continue to occur. Hence further preventive and mitigating measures like
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additional oxygen barriers are still needed, although sealing of the bottom
access with secondary doors was successful in reducing the fire risk
(Publications II and III). It remains also important to avoid heated coal
from entering the storage (Publications I and II). In addition, the risk of
spontaneous combustion can be reduced by suitable scheduling (minimal
incubationtime) and layering (minimal air ingress) in filling and discharge.
Selected additional actions proposed to minimise or avoid self-heating and
resulting fires are listed in Table 10. These include application of fireretardant gel on the top layers to stop air flow through coal, following the
experience at closed silos elsewhere (Rosner and Röpell 2011), and nitrogen
purging at the hopper side. The silo ceiling could be sealed with a waterand fireproof membrane for corrosion protection and to avoid air
channelling by drip water. The last recommended action in Table 10 aims to
provide an element of continuous improvement by systematic review of
quantified objectives and performance indicators.
Suitable (key) performance indicators for the fire risk remain important,
in particular the leading indicators of Table 6. The benefit from a reduced
rate of smouldering fire incidents has been assessed above, suggesting a
payback period of only about 10 days, if a fire like the one in 2008 occurred
without additional measures once in four years, with an conservative
estimated loss of about 700 000 euros, and that the cost of the preventive
action (sealing maintenance doors) was 5000 euros. The action would also
simultaneously address the low oxygen hazard under the silos. New
challenges could arise from the increasing use of biomass fuels with high
volatile contents to facilitate relatively easy autoignition.
Table 10. Recommended actions to avoid/manage self-heating and spontaneous
combustion, with advantages and possible limitations, to be implemented with training and
communication (Alsparr 2000, Rosner and Röpell 2011, Publications I-III, V-VI)
Action

Advantages

Limitations

Notes
Stops air ingress

Add fire

Reduced air ingress, less fire Applied at discharge

retardant gel

incidents, reduced need for stop, reduces locally the through coal bed

to top

N2 purging

heating value

Add silo

Prevents water drip

May limit visual

Fire retardant

sealing top

channels in coal and

inspection of the rock

membrane available

membrane

corrosion in structures

ceiling

Hopper (N2)

To reduce coal oxidation

Needs modification to

inertisation

rates at the hopper

the existing system

by using N2 bottles

Check fire

Early alarm makes

Sensors may miss

Safety case example

indications in

mitigation easier, reduces

odours detectable by

no. 4; monitor

every shift

cost and occupational risk

human operator

adherence

New goals,

Systematic goal review to

Rare events may

Possibly to be

KPI’s and

avoid incidents & maintain/ challenge alertness &

continuity

improve performance
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motivation

Could be introduced

integrated into a
wider system

6.2

Freezing of coal

The root causes of coal freezing are also clear: combined subzero weather
conditions in transport and discharge to silos (low coal temperature) to
facilitate blocked conveyor transport to or from the silos. The estimated
level of the associated risk is indicated in Figure 19 for the most severe
observed freezing incident in 2010. In spite of some improvement, the
freezing risk during adverse weather and transport condinditions remains
significant, and this is clearly related to the unique storage design.
The suggested leading indicators for freezing are observed as subzero
weather, wet or frozen coal in the system, and seepage water entering silos
with cold coal (Table 6, see also Publication II). Coal batch-related risk
factors to freezing have been considered in Publication VI. Again,
prevention of freezing related trouble is much better than solving problems
resulting from blocked fuel flow, and selected actions are proposed to
manage the associated risk (Table 11). In particular, avoiding suspect
batches or directing them elsewhere can prevent trouble before coal enters
the silos. In addition, the freezing trouble is much alleviated if unfrozen
coal is available from at least some of the other silos.
The most severe freezing incident in 2010 was considered to represent a
new, unique type of emerging risk in terms of the contributing mechanisms
(Publications II and VI). Filling with subzero coal froze the silo drains for
seepage water, resulting in leakage into the silo to form icy lumps and
prevent discharge. Compared to any previously known cases of freezing, the
unexpected direction of heat transfer from the storage wall to coal means an
additional challenge in mitigation, as for example freeze conditioning
agents would be unlikely to help. Nevertheless, the implemented measures
are expected to reduce the likelihood of recurring problems, and even the
unexpected reduced fuel supply during the worst freezing incident did not
lead to the extreme consequence of full plant shutdown. The relative rarity
of the freezing incidents may also pose some challenge in keeping the
organisation alert and responsive. The climate models suggest that in spite
of general warming, all extreme cold spells are unlikely to disappear
(Hansen et al. 2012). Furthermore, renewable solid fuels tend to have
higher moisture content than coal and may freeze even more easily (unless
sufficiently self-heating). Replacing a significant fraction of coal with such
fuels will increase the scale of associated transport and storage activities, as
a low heating value will translate to a correspondingly high fuel volume.
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Suggested leading indicators of the freezing risk are those listed in Table
6: adverse weather, wet or cold coal, and seepage water entering silos with
cold coal. The benefit from a reduced rate of freezing incidents will arise
from avoided plant derating, avoided added cost of replacement fuel and
personnel overtime, and reduced risk of occupational hazard from
unplanned heavy clearing work. As noted above, the risk from freezing is
reduced by the availability of unfrozen coal from other silos. Some freezing
challenges in the future may arise from the increasing use of biomass fuels
with high moisture content.
Table 11. Recommended actions to prevent/manage coal freezing, with expected
advantages and possible limitations, to be implemented with training and communication
(Publications I-III, V-VI)
Action

Advantages

Limitations

Notes

Avoid deep

Reduced freezing risk

Cold spells only, in

Compounded by

subzero

at unloading and in silos

shipping or land

high water content

transport 1)

transport

in coal

Redirect

Reduced freezing risk at

Requires an alternative

Currently discharge

problem coal

unloading and in silos

site for storage and

only to combustion

elsewhere 1)

means of transport

New goals,

Systematic goal review to

KPI’s and

avoid incidents & maintain/ challenge alertness &

Rare events may

integrated into a

continuity

improve performance

wider system

motivation

Possibly to be

1) Unattractive option when running out of coal in storage

6.3

Occupational safety

The root causes were assessed for four recorded and published safety
related incidents in the Salmisaari storage. The cases are variable but show
common characteristics of hazard confined to periods of exceptional
circumstances rather than to times of normal operation. While the
automated and remotely controlled operation of the storage is expected to
provide distinct safety advantage, it does not necessarily extend to the
exceptional circumstances requiring human involvement. This is also
demonstrated by the most serious belt/roller gap incident that occurred
during operation but only when the guidelines were not followed and the
protective safety measures were circumvented. To prevent a similar
operator error, the protective fence was redesigned to prevent bypass, and
strict adherence to the proper way of belt roller cleaning is emphasised in
training of the operators and other personnel involved, including those of
external contractors. No similar incident has occurred after the case
example, but the leading indicators are considered more important: the
unsafe method of belt cleaning has not been used after the accident.
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On the other hand, the occurred incidents, corresponding precautions or
indicators need not be fundamentally unlike those in some other industrial
systems. For example, it is plausible that belt conveyors may represent
rather similar hazards in coal fired power plants and coal mines (see e.g.
Khanzode et al. 2010, Khanzode et al. 2012). The suggested leading or early
warning indicators are the monitored adherence to safety precautions, and
the extent of hazard exposure during disturbance (Table 6).
With no harmful incident so far, the case example on low underground
oxygen content represents a credible hazard but the improved seals of the
silo maintenance doors have reduced the associated risk to the personnel.
Monitoring of local oxygen/CO/CH4 level provides a leading indicator of
this risk, and also of that of smouldering fires. Considering lagging
indicators only, no similar extensive fires as in 2008 have occurred since
introducing the improved door seals, and this is thought to indicate a
parallel reduction of safety hazard (Publication V).
The recommended actions to manage the safety risk are summarised in
Table 12. These actions concentrate on safe work practices, using protective
equipment, carrying indicators of harmful or toxic gases when working
underground, with attention to potential fire indications during every
workshift and recurrent attention to continuous improvement.
Table 12. Recommended actions to prevent/manage autoignition, with expected
advantages and possible limitations, to be implemented with training and communication
(Publications I-III, V-VI)
Action

Advantages

Limitations

Notes

Use safe work- Reduced incident rate,

May require change of

Case examples 1 & 2;

practices,

less sick days, better

safety culture, applies

monitor adherence

protective

corporate image

also to contractors

Use personal

Indicates if toxic

May be seen as

Case examples 3 & 4;

gas indicators

atmosphere is present in

nuisance by personnel

monitor adherence

in storage

storage (CO, CH4, low O2 )

harness/
equipment

facility
Check fire

Early alarm makes

Sensors may miss

Case example 4;

indications in

mitigation easier, reduces

odours detectable by

monitor adherence

every shift

cost and occupational risk

human operator

New goals,

Systematic goal review to

Rare events may

KPI’s and

avoid incidents & maintain/ challenge alertness &

integrated into a

continuity

improve performance

wider system

motivation

Possibly to be

All case examples represented relatively infrequent incidents, except for
self-heating of coal that may not be as uncommon as one would hope for.
Rare alarms may reduce the alertness and ability of organisations to
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respond to unusual initiating events that can become weak signals even for
the experienced personnel. Continuous improvement towards a zero
incident rate will by definition make the incidents less common and hence
more challenging to anticipate, unless the alarm signals, leading indicators,
training, communication, or other features of the safety system will
compensate for the trend.
Considering the future option of biomass fuels, apart from the potential
fungal growth and spore formation, no major new health and safety issues
are expected to emerge, assuming that closed storage continues to be
applied (Saidur et al. 2011).

6.4

Suggested future work

Regarding the self-heating and autoignition risk of the delivered coal
batches, possible further development could be introduced by measuring
and recording the intrinsic moisture of coal in addition to the total
moisture. This would allow for more accurate follow-up of SGI and possibly
better control in cases of self-heating. The results could be used in
automatic accounting of SGI and amounts of the coal batch layers in each
silo, to assess the self-heating propensity and its relation to the applied
leading and lagging fire risk indicators. Nevertheless, emergency transfer of
heated coal from the silos to above-ground extinguishing and cooling
should also be made possible. It would be good for tracking if more accurate
accounting of the individual coal batches were possible than at present in
spite of varying amounts of coal entry and discharge form individual silos
during the winter season.
Considering coal freezing, a potential measure to indicate on-going
freezing and ice accumulation in a silo could be a reduced flow of the
drainage water. Therefore, continuous measurement of the drain water flow
rates may provide a useful leading though not very early indicator of the
freezing risk. In contrast, the drain water flow rate is not expected to
significantly change by self-heating, and the occasionally observed
condensing steam during self-heating incidents is thought to originate from
the moisture in coal rather than from drain water. In principle the drain
water flow to the coal bed could be prevented by an additional liner at the
silo wall.
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The coal-ﬁred Salmisaari power plant has
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entire period, the fuel was stored in an
unsightly above-ground stockpile. However,
as of 2004, the fuel has been stored in a ﬁrstof-a-kind automated underground storage
facility. The new storage facility has a
number of advantages, but it has also
experienced unanticipated incidents of ﬁre
and freezing, as well as occupational
incidents that are considered to represent
issues of emerging risk. Options for
prevention, mitigation and other
improvement are discussed from the point
of view of preparing for rare or unforeseen
events, and for future operation. Key
performance indicators are suggested to
help in managing the emerging risk related
to issues of ﬁre, freezing and safety.
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COAL DUST EXPLOSION HAZARDS
by
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MINE SAFETY AND HEALTH ADMININSTRATION
PITTSBURGH, PENNSYLVANIA
ABSTRACT
There are a large number of facilities throughout the world which
handle coal, such as preparation plants. Many other facilities
use coal as a fuel, such as cement and lime factories. Although
coal can be handled safely and can be an efficient fuel, there
are explosion hazards which are accentuated as the particle size
is reduced. Particle sizes of coal which can fuel a propagating
explosion occur within thermal dryers, cyclones, baghouses,
pulverized-fuel systems, grinding mills, and other process or
conveyance equipment. This paper discusses how explosions can
occur within these facilities.
FIRE TRIANGLE AND EXPLOSION PENTAGON
There are three necessary elements which must occur
simultaneously to cause a fire: fuel, heat, and oxygen. These
elements form the three legs of the fire triangle. By removing
any one of these elements, a fire becomes impossible. For
example, if there were very little or no oxygen present, a fire
could not occur regardless of the quantities of fuel and heat
that were present. Likewise, if insufficient heat were
available, no concentrations of fuel and oxygen could result in a
fire.
On the other hand, for an explosion to occur, there are five
necessary elements which must occur simultaneously: fuel, heat,
oxygen, suspension, and confinement. These form the five sides
of the explosion pentagon. Like the fire triangle, removing any
one of these requirements would prevent an explosion from
propagating. For example, if fuel, heat, oxygen, and confinement
occurred together in proper quantities, an explosion would still
not be possible without the suspension of the fuel. However, in
this case, a fire could occur. If the burning fuel were then
placed in suspension by a sudden blast of air, all five sides of
the explosion pentagon would be satisfied and an explosion would
be imminent.
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Remembering the three sides of the fire triangle (fuel, heat,
oxygen) and the five sides of the explosion pentagon (fuel, heat,
oxygen, suspension, confinement) is important in preventing fires
and explosions at any facility. By eliminating the possibility
of either suspension or confinement, an explosion cannot occur,
but a fire may occur. By eliminating the fuel, the heat, or the
oxygen requirements, neither a fire nor an explosion can occur.
Fuel
Coal, as a primary fuel, must meet several requirements in order
to be explosive. These requirements are volatile ratio, particle
size, and quantity.
The volatile ratio is a value established
by the former United States Bureau of Mines to evaluate the
explosibility of coals based on large-scale tests in the
Experimental Coal Mine. To calculate the volatile ratio, a
proximate analysis must be performed in the laboratory on a
sample of the coal. This analysis determines the volatile matter
and fixed carbon quantities of the coal along with moisture and
ash. The volatile ratio is defined as the volatile matter
divided by the summation of volatile matter and fixed carbon of
the coal.
This method for calculating the volatile ratio produces a value
independent of the natural or added incombustible in the coal.
It has been determined that coals with a volatile ratio exceeding
0.12 present a dust explosion hazard. All bituminous coals fall
into this category. Since anthracite coals, by definition, have
a volatile ratio of 0.12 or less, they do not present an
explosion hazard. It is important to note that both bituminous
and anthracite coals can be involved in fires, but only
bituminous coals can be involved in explosions.
Another important requirement of the fuel is related to particle
size. Experiments have shown that bituminous coal particles
passing through a U.S. standard 20-mesh sieve can participate in
a coal dust explosion. A 20-mesh sieve allows particles up to
841 microns or about 0.03 inch to pass and these are the largest
particles that contribute to a coal dust explosion. As the
particle size is reduced even further, a more severe explosion
hazard is realized. Typically, in pulverized-fuel systems, the
coal is reduced to a particle size where more than 85% will pass
a U.S. standard 200-mesh sieve with openings of 74 microns or
about 0.003 inch. These coal dust particles require less energy
or temperature to ignite and, since heat transfers more quickly
between smaller particles, the pressure and rate of pressure rise
during an explosion are accentuated.
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The third requirement for explosibility is related to the
quantity of coal dust available, known as the minimum explosive
concentration (MEC). This is the minimum quantity of dust in
suspension that will propagate a coal dust explosion and generate
sufficient pressure to cause damage. The MEC for bituminous coal
is approximately 0.10 ounce per cubic foot or 100 grams per cubic
meter. When pulverized coal dust at the MEC was dispersed in an
entry, a cap lamp 10-feet within the cloud was not visible to
observers standing in front of the dispersed dust. Also, a
person cannot breathe in an atmosphere containing dust at the
MEC. This amount of dust in the air is 25,000 times greater than
the average concentration of respirable dust to which a coal
miner may be exposed during an 8-hour shift. A layer of
pulverized coal dust at the MEC deposited on the floor of the
Experimental Coal Mine in Bruceton, Pennsylvania averaged 0.005inch thick. This thickness is almost unobservable. In other
words, if footprints are visible in coal dust on the floor or the
coal dust is seen on the walls of a plant, then there is enough
coal dust at that particular location to propagate an explosion.
The upper explosive limit is not well-defined and experiments
have shown that a coal dust loading of 3.8 ounces per cubic foot
would propagate a low-velocity explosion and that a 5.0 ounces
per cubic foot loading would quench itself within 10 feet of
ignition. The presence of other flammable dusts or gases can
lower the MEC of the coal, which increases the hazard. On the
other hand, the hazard can be lessened with the addition of ash,
rock dust, inert gas, and any other inert material.
Heat
The heat requirements to complete the fire triangle or the
explosion pentagon can be in the form of temperature or energy.
The ignition temperature of a coal dust cloud decreases as the
volatile content increases. At high volatile contents, the
ignition temperature of a coal dust cloud approaches a limiting
temperature as low as 440EC (824EF). The ignition temperature of
a Pittsburgh Seam coal dust cloud is fairly constant as the
particle size increases to about 180 microns. Further increases
in size result in rapid rise in the ignition temperature
requirements. As the particle size decreases, the coal dust
becomes easier to ignite.
The ignition temperature of a coal dust layer also decreases as
the volatile content increases. At high volatile contents, the
ignition temperature of a coal dust layer approaches a limiting
temperature as low as 160EC (320EF). With dust layers on hot
surfaces, the minimum ignition temperature decreases sharply as
the thickness of the deposit is increased. This is due to the
3

fact that thicker dust layers capture and hold heat more readily.
To illustrate the variety of coals, the minimum ignition
temperatures to ignite clouds of various ranks of coal are as
follows:
Coal Rank or Type

Minimum Ignition Temperature
(E
EC)

Pocahontas Seam bituminous

610

Pittsburgh Seam bituminous

525-560

Sub-bituminous blend (as
received)

475

Sub-bituminous blend (dried)

455

Lignites (as received)

450-600

Lignites (dried)

425-555

Visually, a temperature of approximately 537EC (1000EF) is
obtained when an object is heated to a dull red in a darkened
room. Resistors in controllers or other electrical components
may exceed this temperature. Also, temperatures at the top of a
200-watt incandescent bulb approach 250EC and, at the top of a
1500-watt incandescent bulb, can exceed 300EC.
There is also a variation in the minimum ignition temperature of
coal dust layers as follows:
Coal Rank or Type

Minimum Ignition Temperature
(E
EC)

Pittsburgh Seam bituminous

170

Rhode Island (Cranston)
anthracite

520

Illinois No. 7 bituminous

160

Pocahontas Seam bituminous

220

Electrical or frictional sparks can also provide the heat source
for initiating a fire or explosion. Experiments have shown that
a coal dust cloud can be ignited directly by frictional sparks in
the absence of methane. Dust clouds of lignite and subbituminous coals can ignite with as little as 30 millijoules of
energy. Bituminous coal from Kentucky and from the Experimental
Coal Mine (Pittsburgh Seam) in Bruceton, Pennsylvania required 30
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and 60 millijoules, respectively, as the minimum ignition energy
of a cloud. Below a moisture content of between 5%-8%, there is
no effect on the explosibility parameters for minus 200-mesh
Pittsburgh Seam coal dust. Beyond 8% moisture, the minimum
amount of energy required for an explosion increases dramatically
and, at 15% moisture, about ten times more energy is required.
Also, the minimum ignition energy of coal dust varies with oxygen
content of the atmosphere, volatile content, and the amount of
fine dust that will pass a U.S. standard No. 200-mesh sieve (74
microns). Coals are easier to ignite with increases in the
oxygen content, or the volatile content, or in the amount of fine
coal. However, there is a limiting value of minimum ignition
energy which varies for each coal.
All coal dusts should be regarded as prone to ignition when
exposed to the frictional sparks of badly maintained machinery or
when they become contaminated with tramp metal. For mixtures of
coal dust and flammable gas, the critical minimum ignition energy
is that which affects the gas. When ignited, the gas releases
sufficient energy to suspend and ignite a coal dust cloud.
Oxygen
As the volatile content of a coal increases, less oxygen is
required to complete the fire triangle or the explosion pentagon.
Less oxygen is also required as the rank of the coal decreases.
Semi-anthracite has a very low volatile content and lignite is at
least as volatile as high-volatile bituminous coals. However, at
ambient temperatures, the oxygen content must be reduced to below
13% to prevent ignition of bituminous coal dusts with a strong
ignition source.
Suspension
For fires to occur, suspension is not a necessary step but
completion of the explosion pentagon does require that the fuel
be placed in suspension. There is certainly danger present
whenever coal dust is placed in suspension because, in most
circumstances, it need only find a heat source to initiate an
explosion. If a coal dust layer on the floor is smoldering, an
explosion is imminent if the layer is somehow placed into
suspension. In this case, heat to satisfy the fire triangle and
the explosion pentagon is already present.
The speed and duration of the moving air in an explosion is
capable of dispersing additional coal dust from the floor, walls,
overhead beams, and equipment. A hurricane causes substantial
damage when the wind speed is 150 to 200 miles per hour (230 to
5

290 feet per second). In most coal dust explosions, the air
speed exceeds 200 miles per hour. In fact, a coal dust explosion
will generally die out if the air speed is less than 100 miles
per hour (150 feet per second).
The maximum explosion pressure developed is about 90 psig for
Pittsburgh Seam coal. The maximum rate of pressure rise for
Pittsburgh Seam coal is 2000 psi per second. These parameters
are important in predicting the violence or destructive powers
capable of being generated when a particular dust is suspended
and ignited. Since the maximum pressure is 90 psi for Pittsburgh
Seam coal and the rate of pressure rise is 2000 psi per second,
it is easily seen that only about 0.045 seconds elapse before the
maximum pressure is realized. In a pulverized-fuel system using
Pittsburgh Seam coal and designed to withstand 50 psi, vents must
rupture within 25 milliseconds, otherwise pressures become
excessive and equipment in the system is destroyed.
Good housekeeping practices are extremely important inside a
plant because process equipment is not always able to withstand
the internal pressures generated by an explosion. Once the
explosion flame and pressures burst from the confinement into the
plant, a secondary explosion may be fueled by any additional dust
suspended by the blast. When good housekeeping practices have
eliminated coal dust in the plant, there would not be any fuel to
allow a continuation of the explosion flame. This secondary
explosion is responsible for the most damage to the plant itself.
Also, the secondary explosion is usually responsible for the loss
of lives or the serious injuries to personnel that occur.
Confinement
Confinement is not a leg of the fire triangle, but to complete
the explosion pentagon, it is essential. Basically, confinement
keeps the fine coal particles in close proximity after they are
placed in suspension. Without the closeness, heat transfer could
not occur rapidly enough to allow continued propagation. Without
confinement, a propagating explosion is not possible, but rather,
only a large fireball with no appreciable forces associated with
it. If an explosion is vented to the atmosphere outside the
plant, confinement is eliminated and only part of the coal forced
out of the vent will be burned, with the remaining unburned coal
falling to the ground. As with the suspension leg of the
explosion pentagon, if confinement is lost, the air speed will
drop, additional coal dust will not be placed in suspension, and
the explosion will extinguish.
EQUIPMENT CONSIDERATIONS
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There are many explosion hazards associated with facilities
utilizing pulverized-fuel systems. However, with an
understanding of the explosion phenomena, these types of
accidents can be avoided. The same knowledge applies to
preparation plants where large tonnages of coal are processed.
Each area where coal is handled and each piece of equipment in
the process poses individual hazards. Some of those areas and
equipment are discussed in subsequent sections of this report.
Raw Coal Stockpile
The raw coal for a pulverized fuel system is usually received
from a variety of sources and the size is generally limited to
approximately 2 inches or smaller. This raw coal is typically
stored on an outside stockpile where it is moved around by frontend loaders. The fire and explosion hazards associated with this
stockpile are usually limited to spontaneous combustion. Hot
material must never be loaded into the pulverized-fuel system.
There is a definite possibility of an explosion occurring within
the pulverizer because all sides of the explosion pentagon could
occur simultaneously. It is recommended that these hot spots be
removed from the coal stockpile and spread until cooled.
Raw Coal Storage Bin
If there are no hot spots in the coal, the front-end loader will
load the coal onto a conveyor belt, which feeds a coal storage
bin. These bins are usually equipped with mechanical sensors to
detect high-level or low-level coal storage. There is also an
emergency chute for unloading the bin in the event of a problem
inside the bin. Coal in the bin may be susceptible to
spontaneous combustion; however, some airflow is required to
provide the oxygen necessary for heating. However, thermocouples
are sometimes located inside the bin to give warning of a fire,
but carbon monoxide sensors would be more reliable for detecting
an incipient fire. The raw coal empties from this bin onto a
weigh scale. The weigh scale is a short conveyor belt that
monitors the weight and the feed rate of the raw coal to the
pulverizer. When any problems are detected in the system, the
coal feed to the pulverizer is stopped completely.
Coal Pulverizer
Under normal operating conditions, coal is dropped from the weigh
scale into a rotary airlock before it enters the pulverizer. The
rotary airlock allows the coal and its inherent moisture to enter
the pulverizer, but prevents any outside air from entering the
system. Generally, the outside air has a higher oxygen content
than the air circulating in the system and this additional oxygen
7

could lead to completion of the explosion pentagon and potential
disaster.
Coal that passes through the rotary airlock falls on the grinding
table inside the pulverizer. The coal feed rate and the size of
the grinding table are variable. For example, a C. E. Raymond
443 Roller Mill has a table diameter of 44 inches and 3 grinding
rollers and, reportedly, can handle up to 25 tons per hour of raw
coal. The coal is ground between the rollers and the rotating
grinding table and is thrown outward by centrifugal force. It is
typical for a mill to pulverize the coal to where 85-97% of the
coal will pass a U.S. standard No. 200-mesh sieve. The finer the
coal, the greater the explosion hazard.
As the coal is being ground, hot air enters the bottom of the
pulverizer and passes up through the pulverizer. The air is used
for its drying and conveyance abilities. This hot air can come
either from the clinker cooler or can come from the kiln hood.
However, hot air from the clinker cooler is generally around
400EF as opposed to hot air from the kiln hood which is between
900EF and 1200EF. These elevated temperatures can lead to
heating in any coal that has deposited along internal surfaces.
The main explosion hazard associated with a pulverizer is related
to start up and shutdown procedures. When a system goes down
under load, all the coal falls out of suspension. The internal
surfaces are at elevated temperatures and the process of
spontaneous combustion begins immediately. If the system is then
restarted without full knowledge of internal conditions, an
explosion could occur when the hot particles are suspended.
Primary Fan
The drive motor at the base of the mill can provide power for
both the mill and the primary air fan, if the fan does not have a
separate motor. The one advantage to having a single-drive motor
is economical. The major disadvantage is that, in the event of a
pulverizer shutdown, there is no way to pneumatically clear the
coal out of the mill because the primary fan would also be down.
This could lead to spontaneous combustion problems inside the
mill that would make restarting the system hazardous. Before
restarting, it must be verified that no hazardous conditions
exist within the system.
The primary fan does force the coal particles into the kiln. If
this fan is downstream from the pulverizer, it exerts a negative
pressure, or suction, on the pulverizer. With higher pressures
outside the pulverizer, typically nothing leaks out while a
little air may leak in. However, a disadvantage to this sequence
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is the fact that pulverized coal will pass through the rotating
blades of the primary air fan. This is not a problem unless an
ignition source occurs within the fan. On the other hand, if the
primary air fan is upstream of the pulverizer, then it exerts a
positive pressure on the pulverizer. In this case, fine coal
particles may find their way out of the mill through any small
crack or fracture in the mill or through parts of the mill that
are not well sealed. This leads to accumulations of coal dust in
the plant and, if an explosion ruptures the pulverized-fuel
system, it could use this coal dust as additional fuel for a
serious secondary explosion.
Dust Cyclone
After the coal has been pulverized to a fine enough size, the
circulating air lifts it out of the top of the pulverizer and
through a classifier. When these fine coal particles pass out of
the classifier, they may be transported through a duct leading to
a dust cyclone. The coal-dust-laden airstream enters the cyclone
where separation of the pulverized coal and circulating air is
accomplished. The cyclone is designed such that the pulverized
coal falls into the bottom of the cyclone, while the clean
circulating air is allowed to pass out of the top of the cyclone.
However, the cyclone is capable of removing approximately 95% of
the coal fines from the circulating air. The other 5% of coal
fines will pass out of the top of the cyclone and continue
through the system fan.
A limited amount of coal is stored in the base of the cyclone for
a short period of time. The rotary valve then feeds the coal
into the airstream of the primary air fan. Immediately, the coal
dust is blown into the kiln. It has been reported by an operator
of a semi-direct system that only about 25 pounds of fine coal
dust would be in the cyclone at any time. Without any bulk
storage of pulverized coal in the system, a shutdown of the
pulverizer will stop the continuing coal feed to the kiln.
System Fan
The clean air that flows out of the top of the cyclone passes
into the system fan. Primarily, the system fan provides an
airstream to transport fine coal from the pulverizer to the
cyclone. Basically, the circulating air travels in a loop
comprising the system fan, the pulverizer, the dust cyclone, and
the connecting ducts. In this respect, the air provided by the
system fan enters the pulverizer, but only that air passing
through the primary fan enters the kiln.
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As previously stated, the pulverized coal does not pass through
the blades of any operating fan. The fact that the system fan is
a clean fan is an advantage. However, when discussing the dust
cyclone, it was mentioned that about 5% of the coal fines are not
removed. This indicates that accumulation of coal fines can
occur in the closed loop, including the system fan. With
sufficient fuel and oxygen in an area, only an ignition source
need be present for a fire or explosion to occur. Along these
lines, start-up and shutdown are critical times. During
shutdown, an accumulation of coal may begin to smolder in a state
of spontaneous combustion. If this condition is not detected
before start-up, the smoldering coal could be placed into
suspension by the system fan and the five sides of the explosion
pentagon would be satisfied.
Baghouse
The air that passes out of the top of the cyclone, with the 5%
coal dust, is transported to a baghouse. This baghouse is
designed with many filter-type bags hanging vertically, which are
capable of removing the remaining coal dust from the circulating
air. In the baghouse, all the coal dust is captured in filtertype bags and the air circulating from the system fan is vented
to the atmosphere. The primary advantage is twofold: first, all
coal dust can be used as fuel; secondly, the air vented to the
atmosphere carries a high-moisture content and is not
recirculated through the system. This allows hot, dry air from
the kiln hood or clinker cooler to be mixed with air from the
system fan before entering the pulverizer. The moisture content
of this air is lower than that which is vented to the atmosphere
from the baghouse because it is not involved in coal drying until
it enters the pulverizer.

Kiln
After the coal-laden primary air passes through the primary air
fan, it is blown through the burner pipe and directly into the
kiln. The burner pipe is a long cantilever, which can extend 35
feet of more into the kiln, but is usually limited to 10-15 feet.
The rotation and slope of the kiln cause the raw material to fall
towards the lower end of the kiln where the burning zone is
located. It is in this burning zone that the process of
transforming the raw material to clinker takes place at around
2800EF. This temperature and the length of the flame are
directly related to the volatile matter and the moisture in the
coal.
10
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a b s t r a c t
This study examined the spatial and temporal trends of mercury (Hg) in wet deposition and air concentrations in
the United States (U.S.) and Canada between 1997 and 2013. Data were obtained from the National Atmospheric
Deposition Program (NADP) and Environment Canada monitoring networks, and other sources. Of the 19 sites
with data records from 1997–2013, 53% had signiﬁcant negative trends in Hg concentration in wet deposition,
while no sites had signiﬁcant positive trends, which is in general agreement with earlier studies that considered
NADP data up until about 2010. However, for the time period 2007–2013 (71 sites), 17% and 13% of the sites had
signiﬁcant positive and negative trends, respectively, and for the time period 2008–2013 (81 sites) 30% and 6% of
the sites had signiﬁcant positive and negative trends, respectively. Non-signiﬁcant positive tendencies were also
widespread. Regional trend analyses revealed signiﬁcant positive trends in Hg concentration in the Rocky
Mountains, Plains, and Upper Midwest regions for the recent time periods in addition to signiﬁcant positive
trends in Hg deposition for the continent as a whole. Sulfate concentration trends in wet deposition were
negative in all regions, suggesting a lower importance of local Hg sources. The trend in gaseous elemental Hg
from short-term datasets merged as one continuous record was broadly consistent with trends in Hg concentration in wet deposition, with the early time period (1998–2007) producing a signiﬁcantly negative trend
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(−1.5 ± 0.2% year−1) and the recent time period (2008–2013) displaying a ﬂat slope (−0.3 ± 0.1% year−1, not
signiﬁcant). The observed shift to more positive or less negative trends in Hg wet deposition primarily seen in the
Central-Western regions is consistent with the effects of rising Hg emissions from regions outside the U.S. and
Canada and the inﬂuence of long-range transport in the free troposphere.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Mercury (Hg) is a pollutant of global concern due to its persistence
in the environment and ability to biomagnify and bioaccumulate as
monomethylmercury (CH3Hg+), a neurotoxin for humans (especially
in utero) and wildlife (Mergler et al., 2007; Scheuhammer et al., 2007;
Buchanan et al., 2015). Marine seafood in the diet is the primary route
of exposure for most residents of North America (Li et al., 2014), however, eating ﬁsh caught from rivers and lakes is also a concern (Stahl
et al., 2009; Wathen et al., 2015). Exposure pathways and impacts of
CH3Hg+ on terrestrial food webs have also been highlighted (Cristol
et al., 2008; Evers et al., 2011). Mercury is a naturally occurring element
that has been mobilized into the environment by human activity for
thousands of years due to its use in precious metal extraction (e.g.
gold), its presence as an impurity in many materials (coal, metal
ores), its use in products (e.g. electronic devices, fungicides, paint)
and subsequent disposal (waste incineration), and by industry (chloralkali plants) (AMAP, 2013). Concern regarding Hg releases to the
environment were initially focused on large industrial sources that
discharged wastes directly to rivers and lakes such as the Great Lakes
in the United States (U.S.) and Canada, but since the 1970s these sources
have largely been controlled (Evers et al., 2011). Atmospheric
deposition of Hg is now seen as the major source to most environments
(Evers et al., 2011; Schmeltz et al., 2011) because the major species of
Hg is gaseous elemental Hg (GEM or Hg0), which has an atmospheric
lifetime of 6 months to 1 year allowing for global dispersion (Selin,
2009). Hg0 becomes oxidized in the atmosphere to gaseous and particle
bound HgII compounds, which can undergo wet and dry deposition
resulting in a much shorter atmospheric lifetime than Hg0, of several
hours to days (Pirrone et al., 2013). Hg deposition to water and land surfaces provides Hg for iron and sulfate-reducing, and other bacteria in
water, sediment, and soils, that methylate Hg (Gilmour et al., 2013)
and begin the process of movement and accumulation of CH3Hg+ in
aquatic and terrestrial biota (Harris et al., 2007; Risch et al., 2012;
Blackwell and Driscoll, 2015).
Mercury control policies, both legally binding and voluntary actions,
have been adopted on regional, national, and global scales in order to
decrease the exposure of humans and wildlife to Hg in ﬁsh and other
biota (Driscoll et al., 2013). Hg anthropogenic emissions in the U.S.
have declined substantially from 223 megagrams (Mg) in 1990 to
92 Mg in 2005 to 51 Mg in 2011 (Fig. 1). Substantial reductions from
waste incineration (95–99% reduction) and chlor-alklai plants (97% decrease) occurred before 2002 (Butler et al., 2008) with coal-ﬁred power
plant (CFPP) reductions occurring more gradually throughout the period (Schmeltz et al., 2011). Since 2007, CFPP emissions have fallen more
substantially, and contribute approximately 50% of the 51 Mg of Hg
emissions in 2011 from all anthropogenic sources (Fig. 1). Several factors are likely responsible for decreasing Hg emissions from U.S.
CFPPs, including some plants have closed or switched to natural gas,
compliance with State rules, voluntary reductions by CFPP operators,
and the co-beneﬁts from controls installed for the reduction of other
pollutants, such as sulfur dioxide (SO2) and particulate matter (Zhang
and Jaeglé, 2013). Additionally, the chemistry of Hg emitted by CFPPs
is likely shifting toward a greater proportion of Hg0 (57% in 2010 vs.
50% in 2007) and smaller proportions of the reactive and short-lived
gaseous HgII compounds (41% in 2010 vs. 47% in 2007) and particulate
Hg (2% in 2010 vs. 3% in 2007) (Electric Power Research Institute
(EPRI), 2009 and unpublished data). These data have large uncertainties
since they are calculations based on the chlorine content of the coal

burned at an individual power plant, which in most cases was near
the detection limit. In spite of the uncertainty, a shift in speciation was
expected since scrubbers for SO2 removal preferentially capture divalent mercury.
Mercury emissions in North America comprised about 7% of worldwide anthropogenic Hg emissions to the atmosphere in 2005 (Pirrone
et al., 2010). The largest Hg emitter is currently China estimated at
643 Mg in 2007 (Wang et al., 2014), although this number has been recently revised downward to 538 Mg emitted in 2010 (Zhang et al.,
2015). In contrast to these “bottom-up” calculations, a recent attempt
to estimate Chinese emissions using atmospheric observations and a
global model (the “top-down” approach) indicates that these emissions
range between 650–1770 Mg year−1 (Song et al., 2015). Total anthropogenic Hg emissions globally were estimated to have risen from
1400 Mg year− 1 in 2000 to 2000 Mg year−1 in 2008 (Streets et al.,
2011) primarily driven by coal combustion in East Asia and changes in
emissions factors. Smaller absolute emissions, but a similar growth
rate of 1.3% annually from 1970 to 2008, and a total emission estimate
of 1287 Mg year−1 were reported by Muntean et al. (2014). However,
other reports indicate that global Hg emissions have remained essentially constant since 2000 largely the result of improved energy production efﬁciency and control technologies that have compensated for
increases in the amount of coal combusted (Wilson et al., 2010;
AMAP, 2013). The inclusion of Hg emissions from commercial products,
a previously unquantiﬁed source, resulted in a revised global inventory
that peaked at nearly 3000 Mg year−1 in 1970 and due to the phase out
of these products, led to a reduction to 2100 Mg year−1 in the year 2000
(Horowitz et al., 2014). Thus, there is no current consensus on the trend
of global Hg emissions during the 1997 to 2013 period, although U.S.
emissions have declined.
The relative contribution of Hg emissions originating in the U.S. to
Hg wet depositional ﬂuxes over the U.S. has been the focus of many
studies. Seigneur et al. (2004) and Selin and Jacob (2008) found this
contribution to be 24% in 1998 and 27% in 2004 and 2005, respectively,

Fig. 1. Mercury point-source emissions in the U.S and Canada. U.S. data comes from the
U.S. EPA National Emissions Inventory (NEI) (US EPA, 2015) and the Electric Power
Research Institute (EPRI) (Electric Power Research Institute, 2009). Canadian data comes
from the National Pollutant Release Inventory (NPRI; Environment Canada, 2015b)
[CFPP, coal-ﬁred power plant].
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whereas Zhang et al. (2012) used a modiﬁed source proﬁle to account
for in-plume reduction and found the contribution to be only 10%.
However, in certain regions such as the Ohio River Valley, where
many CFPPs are located, the relative contribution of U.S. Hg emissions
to Hg in wet deposition was found to be much higher (40–60%, Zhang
et al., 2012; and 72%,White et al., 2009).
Monitoring networks for atmospheric Hg in North America have
produced continuous multi-year datasets that, along with investigations of temporal trends in Hg air concentrations and concentrations
in wet deposition, are used to determine the possible inﬂuence of
changing anthropogenic emissions. Negative trends of Hg concentration
in wet deposition have been reported in Canada (1996–2010) with a
6-site mean trend of −2.1 ± 0.6% year−1 (Cole et al., 2014) (note that
a change ± a percent represents percent change with one standard
deviation). Likewise, ambient total gaseous Hg (TGM) concentrations
displayed a median trend of −0.34% year−1 across 11 sites in Canada
from 1995–2005 (Temme et al., 2007). Cole et al. (2013) found signiﬁcant TGM trends ranging from − 2.2 to − 1.6% year− 1 at 4 sites in
eastern Canada (2000–2009) but no signiﬁcant trends at 2 Canadian
Arctic sites. Butler et al. (2008) observed signiﬁcant trends in Hg concentration in wet deposition (1998–2005) of − 1.70 ± 0.51% year−1
and −3.52 ± 0.74% year−1 for sites grouped in the Northeast and Midwest U.S., respectively, but no signiﬁcant trend in the Southeast U.S. region. Prestbo and Gay (2009) also found signiﬁcant negative trends in
Hg concentration in wet deposition mostly in Northeast U.S. and Southeastern Canada (1996–2005) ranging from − 4.4 to − 1.0% year−1. A
similar pattern was observed by Zhang and Jaeglé (2013) of predominantly negative trends in Hg concentration in wet deposition
(2004–2010) for the Northeast U.S. (− 4.1 ± 0.5% year− 1) and the
Midwest U.S. (−2.7 ± 0.7% year−1), and of no signiﬁcant trends over
the Southeast U.S. These patterns in North America are consistent
with TGM trends from Europe at Mace Head, Ireland (Weigelt et al.,
2015); Cape Point, South Africa; and ship cruises in the Atlantic Ocean
(Slemr et al., 2011) which point to a systematic decline in Hg air concentrations and Hg in wet deposition since the mid-1990s.
In this work, we perform trend analysis of Hg concentrations in wet
deposition for the time period 1997–2013 and for ﬁve additional shorter
time periods with starting years of 2001, 2005, 2006, 2007, and 2008 for
sites in the National Atmospheric Deposition Program (NADP) Mercury
Deposition Network (MDN) in the U.S and Canada. With successively
shorter time periods the conﬁdence in the temporal trends becomes
weaker, however, the number of sites included in the network increased from 19 in 1997 to 81 in 2008, thus improving the spatial resolution of Hg wet deposition data especially in the western region of the
continent. Our central hypothesis was that because anthropogenic Hg
emissions in the U.S. and Canada have decreased by at least a factor of
2 from 2002 to 2011 (Fig. 1), these changes could be detectable as temporal trends in Hg concentrations in wet deposition and Hg air concentrations at sites in our domain. We also compared two trend analysis
methods for Hg concentrations in wet deposition, examined trends in
wet Hg deposition, precipitation, as well as GEM concentrations in air,
and wet sulfate (SO=
4 ) concentrations, in order to postulate the reasons
for any observed trends in Hg wet deposition.

2. Methods
2.1. Data sources
Mercury concentrations in weekly integrated wet deposition
samples, precipitation depth, and calculation of Hg depositional ﬂux
were obtained from the NADP/MDN (NADP, 2015) (Table S-1). Sulfate
concentrations in weekly integrated wet deposition samples from colocated NADP National Trends Network (NTN) sites were also obtained
(NADP, 2015). Details on the data quality assurance protocols for the
MDN are presented in the Supplemental Information (Wetherbee,
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personal communication, 2015). Only samples qualiﬁed as valid by
NADP quality assurance methods were used for all analyses.
Air concentrations of GEM were obtained from the NADP
Atmospheric Hg Network (AMNet) (NADP, 2015), Environment
Canada (EC) networks (CAMNet and NatChem) (Environment Canada,
2015a), and various other sites in western North America (Table S-2).
Data from each site were of various term lengths and collectively
covered the time period between 1998 and 2013. GEM data from each
site were taken from hourly means and converted into monthly
medians. Details on data management and quality assurance for
AMNet are available (NADP, 2012; Gay et al., 2013).
2.2. MDN site selection, data handling, and region deﬁnitions
As of 2014, there were 181 active and inactive MDN sites in the U.S.,
Canada, and Mexico with weekly Hg wet deposition data expressed in
both concentration (ng L−1) and annual deposition ng m− 2, and 81
sites in the U.S. (77) and Canada (4) were used in this study. For analysis
of temporal trends it was important to only compare data between sites
with data spanning equivalent time periods. In this study varying time
periods were considered for trend analysis: the longest was January
1997–December 2013 with 19 sites with continuous (N 90% completeness) data. Shorter time periods were also considered that allowed for
inclusion of data from more sites in the network for better spatial coverage, but at the expense of shorter time spans from which to calculate
temporal trends. The shortest time period considered was 2008–2013
(6 years); details of the 81 sites selected are shown in Table S-1.
Regional boundaries deﬁned in this work were determined based on
a review of the previous trend analysis work of Butler et al. (2008) and
Prestbo and Gay (2009), and with a knowledge of CFPP distribution and
general climate characteristics. No distinction was made between urban
and rural sites. Refer to Table S-1 for regional designations for each site
and Fig. 2 shows the distribution of sites within each region. For simplicity, the “western” regions include coastal locations Alaska (AK) (not
shown on maps), California (CA), and Paciﬁc Coast (PC). The Rocky
Mountain (RM) region includes 2 rural sites in Nevada (NV), 1 urban location in Utah (UT), 2 rural sites in Colorado (CO), and 1 rural site each
in Montana (MT) and Wyoming (WY). The Great Plains (PL) sites are
concentrated in Oklahoma (OK). The “eastern” regions have much better coverage, and include Upper Midwest (UW), Lower Midwest (LW),
Southeast (SE), Lower Northeast (LE), and Upper Northeast (UE).
2.3. Trend calculation procedures
In this work, two methods for determining trends in Hg concentration in wet deposition were compared: non-parametric seasonal
Mann–Kendall (SMK) and linear parametric (LP). For the SMK method,
weekly residual Hg concentration was determined from a regression of
weekly log[Hg] vs. log(precip depth) according to the following
equation:
log½Hg ¼ β0 þ β1 logðprecip depthÞ þ ε;

ð1Þ

where β0 is the intercept, β1 is the slope, precip depth is the precipitation depth, and ε is the weekly residual Hg concentration, i.e., the
precipitation-depth adjusted log[Hg]. Precipitation-weighted monthly
mean (PWM) residuals were then calculated and used as input to the
SMK method. The SMK is a non-parametric ranking procedure that is
appropriate to run for environmental data containing seasonal cycles
(Gilbert, 1987). The tests were run for each season (where month =
“season”) over all years independently. Monthly time steps were chosen
over weekly observations to reduce high variability due to dry weeks
and highly variable Hg concentrations in low precipitation observations.
Monthly steps were chosen over true meteorological seasonal medians/
averages to preserve cycles (if present) that occur over less than three
month periods. For all SMK runs, observations from a particular season
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Fig. 2. Annual slopes (% year−1) in PWM residual Hg concentration from MDN sites with data from the periods: (A) 1997–2013, (B) 2001–13, (C) 2005–13, (D) 2006–13 (E) 2007–13, and
(F) 2008–13, with statistical signiﬁcance shown with × (p b 0.1) and + (p b 0.05) symbols.

are only compared against later observations within the same season;
i.e., January observations are compared only against other January observations, with all months combined to derive annual summaries.
After the SMK trends determination on PWM residuals, the annualized
trend rate was determined with Sen's Test of trends (Gilbert, 1987).
The LP method used the following equation:
log½Hg ¼ β0 þ β1 logðprecipÞ þ β2 sineð2πt Þ þ β3 cosineð2πt Þ
þ β4 sineð4πt Þ þ β5 cosineð4πt Þ þ β6 t;

ð2Þ

where β0 is the intercept, β1–β6 are regression coefﬁcients, and t is time
in years (using the sample start date). For all sites and time periods, β1
values were signiﬁcant (p b 0.05) and in nearly every case, highly significant (p b 0.0001) indicating the importance of accounting for precipitation volume when assessing trends in [Hg]. Fourier terms are generally

added to regression models in pairs to model sinusoidal patterns in the
data with phase shifts determined by the data. For this study, the ﬁrst
pair of Fourier terms were signiﬁcant for all sites and time periods, i.e.
either or both β2 and β3 were signiﬁcant. The second pair of Fourier
terms (β4 and β5) were signiﬁcant at a subset of sites and, for consistency, were retained in all regression models. The regression coefﬁcient for
time (β6) is the linear trend in [Hg], accounting for the exogenous effects of precipitation depth and seasonality. This approach removes
the heteroscedasticity from the data (Helsel and Hirsch, 2002) and has
been used previously for Hg wet deposition trend studies (Brigham
et al., 2014). Time coefﬁcients are converted to an annual percentage
change by Eq. (3) (after Helsel and Hirsch, 2002).

eβ6 −1  100:

ð3Þ
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At each site, mercury concentrations in precipitation show a
washout effect of generally decreasing concentrations with increasing
precipitation. Therefore, accurate trend calculation methods must take
into account the exogenous effect of precipitation depth. The relationship between concentrations and precipitation depth is heteroscedastic,
i.e. variance of the error term in Hg concentration is not constant as a
function of precipitation depth (Huang and Gustin, 2012; Gratz et al.,
2013; Brigham et al., 2014). Log transformation of the concentration
and precipitation depth data removed much of the heterogeneity in
the error term. Trends in Hg deposition and precipitation were determined with the SMK method using non-adjusted monthly sums to accurately account for weeks with zero precipitation. Trends in GEM in
air concentrations were determined with the SMK method using nonadjusted monthly medians.
Sites were grouped into regions and regional trends were determined with the regional Mann Kendall method (RMK). This variation
of the generalized Mann-Kendall test uses chi-square χ2 statistics
based on seasonal and site variation, and interaction terms to determine
if records from multiple sites can be appropriately grouped into a single
pre-deﬁned region, and then to determine statistical signiﬁcance and
direction of the trend, but not the magnitude (Van Belle and Hughes,
1984). For Hg concentration, the RMK used PWM residuals, for Hg deposition and precipitation, monthly sums were used as input to the RMK.
2.4. Data presentation, statistics, and analysis
For the trends determination, MATLAB (Mathworks) and SAS/STAT
(V 9.3) (SAS Institute) were used. Maps were generated using ArcGIS
10.3 with a Lambert Conformational Conic projection, and graphs
were made in Origin 9.0. Statistical signiﬁcance was determined using
p b 0.1 for individual site trends in wet Hg concentration and Hg deposition, and p b 0.05 for regional trend analysis and GEM air concentration trends. A criteria of p b 0.1 for signiﬁcance was chosen for Hg
concentration and deposition so that more sites satisﬁed the criteria
and general spatial patterns in the temporal trends could be revealed.
In this paper, the term “trend” is reserved for annual rates of change
that are statistically signiﬁcant, whereas annual rates of change that
were not signiﬁcant are called “slopes”.
3. Results and discussion
3.1. Comparison of trend calculation methods
Annual rates of change in Hg concentration were calculated with
the SMK and the LP methods over the longest (1997–2013) and
shortest (2008–2013) time periods and a good comparison was
found (Fig. S-1A, B). Out of the 19 MDN sites with data from 1997–
2013, the SMK method found 10 sites with signiﬁcant negative trends
and no sites with signiﬁcant positive trends (distribution of sites across
domain shown in Fig. 2A). The LP method found 11 sites with signiﬁcant
negative trends and one site with a signiﬁcant positive trend. Eight sites
were found to have signiﬁcant negative trends using both methods and
no sites were found to have opposite signiﬁcant trends using both
methods. Out of the 81 MDN sites with data from 2008–2013, 19 sites
displayed signiﬁcant positive trends and two sites displayed signiﬁcant
negative trends using both methods (distribution of sites across domain
shown in Fig. 2F). Only one site had a signiﬁcant trend with one method
and the opposite direction with the other method. A linear regression of
all annual rates of change, whether signiﬁcant or not, obtained from the
SMK versus the LP methods produced a slope of 0.80, an r2 of 0.74 and a
p-value of b 0.001. This indicates that the two methods produced annual
rates of change that were very similar, but with a slight bias for SMK to be
about 20% higher. Again, only rarely did one method predict a trend of
different sign compared to the other method. Thus, both methods were
deemed adequate for trend analysis on Hg concentrations in wet deposition and for the remainder of this paper, results from the SMK method
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will be presented. For the following discussion, when the term Hg concentration is used, it represents the PWM residual Hg concentration
and when the term Hg deposition is used it means the monthly sum of
Hg deposition.
3.2. Trends of Hg in wet deposition
Annual rates of change in Hg concentrations and Hg deposition were
determined using the SMK method for each site over six time periods
(Fig. 2A–F, Fig. S-2, Tables S-3, S-4, S-5). For the 1997–2013 period, 10
of 19 (53%) sites had signiﬁcant negative trends in Hg concentration
(Fig. 2A, Table S-4), and no sites had signiﬁcant positive trends. Speciﬁcally, only two sites had positive slopes. For Hg deposition one site had a
signiﬁcant negative trend and one site had a signiﬁcant positive trend
(Fig. S-2, Table S-5). The spatial coverage across the continent was not
uniform for this time period with only the UW, SE, and UE regions containing more than 2 sites.
For the 2001–2013 period, the number of sites in the network nearly
doubled resulting in good coverage in the eastern regions (UW, LW, SE,
LE, and UE), but still no western regions had more than one site. Similar
to the 1997–2013 period, there were many sites in the eastern regions
with signiﬁcant negative trends in Hg concentration (12 of 39, 31%)
(Fig. 2B, Table S-4), but now locations in all regions of the country
except the UE were beginning to show non-signiﬁcant positive tendencies. Only one site displayed a signiﬁcant positive trend in Hg concentration and this was located in Pennsylvania (PA90) in close proximity to
other sites with signiﬁcant negative trends. For Hg deposition there
were two sites with signiﬁcant negative trends and nine sites with signiﬁcant positive trends (Fig. S-2, Table S-5). The sites with signiﬁcant
positive trends in Hg deposition were distributed across all ﬁve eastern
regions and none were in the western regions.
For the 2005–2013 period, there was a noticeable increase in the
number of sites in the western regions (N = 12). There were also the
same number of sites with signiﬁcant positive trends in Hg concentrations compared to the number of sites with negative trends (8 of 62,
13% for each) (Fig. 2C, Table S-4). All sites with signiﬁcant negative
trends in Hg concentration were conﬁned to the SE, LE, and UE regions,
whereas four of seven sites in the RM region displayed signiﬁcant positive trends. There are also now sites tending positive in every region except CA (27 of 62, 44%). For Hg deposition there were 11 sites with
signiﬁcant negative trends and 5 sites with signiﬁcant positive trends
(Fig. S-2, Table S-5). The LE region had six sites with signiﬁcant negative
trends in Hg deposition. In contrast, the RM region had four sites with
signiﬁcant positive trends in Hg deposition.
For the 2006–2013 time period, there were more sites with signiﬁcant negative trends (N = 12) in Hg concentration than sites with signiﬁcant positive trends (N = 6) (Table S-4). The negative trends were
once again primarily at sites in the SE, LE, and UE regions, while the positive trends were spread across many regions (Fig. 2D). For Hg deposition there were 9 sites with signiﬁcant negative trends, mostly
clustered in the LE and UE regions, and 6 sites with signiﬁcant positive
trends mostly spread throughout the domain (Fig. S-2, Table S-5).
For the 2007–2013 time period, there was a shift toward more signiﬁcant positive trends in Hg concentration and deposition (Fig. 2E,
Fig. S-2, Tables S-4, S-5). Twelve sites were found to have signiﬁcant
positive trends in Hg concentration and 12 sites had signiﬁcant positive
trends in Hg deposition. This is in contrast with only 9 and 3 sites with
signiﬁcant negative trends in Hg concentration and deposition,
respectively.
For the shortest time period considered (2008–2013), analysis
showed trends that were positive at more sites compared with any
other time period considered. Caution must be used when considering
annual rates of change from 6 years of data, however, the pattern that
emerged from these data is noteworthy and extended what was seen
in earlier time periods. For Hg concentration, 24 out of 81 (30%) sites
had signiﬁcant positive trends and only 5 sites had negative trends
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Fig. 3. Percentage of MDN sites in each region that displayed (A) signiﬁcant positive or
(B) signiﬁcant negative (p b 0.1) trends in PWM residual Hg concentration over the
multiple time periods with the starting year shown and each with an ending year of
2013. The number of sites in each region for each time period is given in Table S-4.

Fig. 4. Mean slopes by region of PWM residual Hg and PWM residual SO=
4 concentrations
from the Mercury Deposition Network and National Trends Network datasets for the time
periods shown. “All” refers to the means across all sites.

(Table S-4). Overall, there were more sites having positive slopes than
with negative slopes, and are now occurring in all regions. Most of the
sites with positive trends were clustered in the RM, PL, and UW regions, whereas all but one of the sites with negative trends were located in the SE and LE regions (Fig. 2F). For Hg deposition the pattern
was similar with 19 of 81 (23%) sites displaying signiﬁcant positive
trends and only one site displaying a signiﬁcant negative trend
(Table S-5).
Fig. 3 provides a quantitative summary of the number of sites
(expressed as percentage of total sites in a region) with signiﬁcant
negative and signiﬁcant positive trends in Hg concentration for
each time period considered. Most sites that displayed negative
trends for the time periods with data starting in 1997 or 2001 were
no longer displaying negative trends when the data started in 2007
or 2008. Conversely, there were very few sites displaying positive
trends when the data started in 1997 or 2001, but for data starting
in 2007 or 2008, there are many sites with positive trends. The regions with greatest proportion of sites with positive trends for the
2008–2013 time period are PL N UW N RM N UE N LE N LW N SE.
Note the two sites in the CA region are the exception as one site

had a negative annual rate of change (not signiﬁcant) and the other
site had a signiﬁcant negative trend for 2008–2013.
3.3. Regional analysis
3.3.1. Mean trends by region
Mean slopes for all sites grouped together in each region from trend
analysis for the six time periods considered are shown for Hg concentration, and SO=
4 concentration (Fig. 4A, B). Although statistical signiﬁcance was not considered here, and thus, magnitudes of a regional
trend cannot be stated, there was a noteworthy pattern in the slopes
as the time periods became more recent across almost all regions for
Hg concentrations. For the 2007–2013 and 2008–2013 time periods
there was a noticeable uptick in the regional mean slopes relative to earlier time periods for the PL, UW, LW, and UE regions, and for all sites
combined. The same tendency is present, but less strong, in the SE and
LE regions. The PC and RM regions are consistently strong for the time
periods available.
Precipitation trends (not shown) show that the 2008–2013 period
produced more negative slopes in precipitation for the LW, LE, and UE
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regions compared to earlier periods, which is the opposite pattern that
is shown for Hg concentration and deposition. This indicates that precipitation was not the primary cause of more positive trends in Hg deposition for the 2008–2013 period in these regions. Following the
concentration trends, trends in Hg deposition were the most positive
for the 2008–2013 period compared to earlier periods, although the
pattern was not as well deﬁned as that seen for Hg concentration.
Patterns in SO=
4 concentration regional mean slopes, on the other
hand, were very different from those for Hg concentration (note there
were no co-located MDN-NTN sites in the AK and PC regions). All regions had negative mean slopes for all time periods, which is consistent
with decreasing SO2 emissions in the U.S. over the past two decades
(Fig. S-3). The most negative regional mean slopes occurred for the periods beginning in 2005, 2006, 2007, or 2008, in other words the most
recent time periods, which was when the major reductions in SO2 emissions occurred from CFPPs starting in 2005 (Fig. S-3) The LE region,
which is includes Pennsylvania and the upper Ohio River Valley, and
the down-wind UE region displayed the most negative SO=
4 concentration mean regional slopes, which is consistent with the locations of
many major CFPPs in the U.S. and reﬂects the emissions inventory.
Thus, this does not support a hypothesis that CFPP emissions in the
U.S. and Canada might be responsible for the observed upward trends
in Hg concentration at many sites across the domain over the most recent time periods (2007 and 2008 through 2013).
3.3.2. Mann–Kendall modeled trends by region
Table 1 shows the results of the regional Mann-Kendall (RMK) analysis for the nine regions (not including AK) and for all sites combined
(All) using data from three time periods: 2001–2013, 2007–2013, and
2008–2013. The time period beginning in 2001 represents the maximum length of time when there was reasonable distribution of sites in
the eastern regions (see Fig. 2B). For the RMK analysis, a criteria of signiﬁcance was set at p b 0.05. Trends were determined for PWM residual
Hg concentration, and the monthly sums of precipitation and Hg deposition as described in the methods section. For the 2001–2013 time period, there were signiﬁcant negative trends in Hg concentration for the
SE and UE regions, signiﬁcant positive trends in precipitation in most regions, and a signiﬁcant positive trend for All in Hg deposition. For the
more recent time periods, there were a total of four regions in which
signiﬁcant positive trends in Hg concentration were observed: RM, PL,
UW, and LW. Only the CA region had a signiﬁcant negative trend for
Hg concentration for the 2008–2013 time period.
For precipitation, only the UW and All regions had signiﬁcant positive trends for the 2007–2013 time period, and no regions had signiﬁcant trends for the 2008–2013 time period. For Hg deposition, there
were positive trends observed in the RM, UW, and All regions for data
sets starting in 2007 and 2008. In the case of the RM region, positive
trends in Hg concentration were also observed but none observed for
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precipitation. Thus, we can conclude the trends in Hg deposition in
this region were driven by trends in Hg concentration. For the UW region, the results were mixed with trends in Hg deposition likely driven
by trends in precipitation for the 2007–2013 time period and driven by
trends in Hg concentration for the 2008–2013 time period. Positive
trends in Hg deposition for the All region were likely driven by positive
trends in precipitation for the 2001–2013 and 2007–2013 time periods.
For the 2008–2013 time period, the positive trend in Hg deposition for
the All region (Fig. S-4A) was probably driven by an observed positive
tendency in Hg concentration for the All region (Fig. S-4B), although
the RMK test assumptions were violated for Hg concentration and
thus a result of “NA” was obtained. Trends were not sensitive to outlier
concentrations or depositions as the same results were obtained when
the highest 1% of the values were removed. As a regional test summary,
we can conclude that (a) negative concentrations were clearly decreasing with time and that positive trends were appearing in many regions
in the later years (b) that some compounding precipitation trends were
present in the longer periods but were not signiﬁcant in the shortest periods, and (c) that mixed spatial and temporal concentration trends
were present when treating all sites together which precludes our ability to conclude a continent-wide concentration increase, but increasing
concentration trends were present in a number of regions.
3.3.3. Interpretation of spatial patterns in Hg concentration in wet
deposition
Most signiﬁcant positive trends in Hg concentration and deposition
were observed at sites in the central and western part of the continent
(regions RM, PL, and UW). We suggest that this was a result of general
air ﬂow patterns identiﬁed for U.S. Great Basin (Huang and Gustin,
2012) and Colorado Rockies (Faïn et al., 2009) that indicate that free tropospheric air contributes to enhanced levels of gaseous oxidized mercury (GOM) due to complex terrain and high elevations. Free tropospheric
air also can contain elevated concentrations of other pollutants from upwind areas, notably Asia (VanCuren and Gustin, 2015; Christensen et al.,
2015). Once descended from the free troposphere, these air masses
move eastward and it is plausible that the impacts of elevated pollutants
from long-range transport may been seen in the PL and UW regions, and
that this effect would become diluted as the air mass moved further to
the east. Note that the SE region, which is dominated, particularly in
the summer, by the Bermuda High and ﬂow from the Gulf of Mexico,
shows no dominant increasing trend in Hg concentration in wet deposition, and therefore consistent with it receiving relatively little input
from long-range transported emissions (Gustin et al., 2012) that are
more commonly seen over the Great Basin (Huang and Gustin, 2012).
The sites in southern California (CA75 and CA94) have pronounced
negative trends in Hg concentration in wet deposition, and this region
is less impacted by air from the free troposphere (Wright et al., 2014)
and more impacted by pollution emissions within California that have

Table 1
Trend analysis on PWM-residual Hg concentration, monthly sums of Hg deposition, and monthly sums of precipitation for the time periods shown by region and for all sites together using
the regional Mann–Kendall (RMK) method. NT stands for “no trend” meaning statistical signiﬁcance (p b 0.05) was not met. NA stands for “not appropriate,” meaning that there were
signiﬁcant and dissimilar site and season trends so that a Mann–Kendall regional test was not valid. Pos and Neg indicate statistical signiﬁcance and direction of the trend.
Region

California (CA)
Paciﬁc Coast (PC)
Rocky Mountain (RM)
Plains (PL)
Upper Midwest (UW)
Lower Midwest (LW)
Southeast (SE)
Lower Northeast (LE)
Upper Northeast (UE)
All

2001–2013

2007–2013

2008–2013

Hg Conc

Precip

Hg Dep

Hg Conc

Precip

Hg Dep

Hg Conc

Precip

Hg Dep

–
–
–
–
NT
NT
Neg
NA
Neg
NA

–
–
–
–
Pos
Pos
NT
Pos
Pos
Pos

–
–
–
–
NT
NT
NT
NT
NT
Pos

NT
NT
Pos
Pos
NT
Pos
NT
NT
NT
NA

NT
NT
NT
NT
Pos
NT
NT
NT
NT
Pos

NT
NT
Pos
NT
Pos
NT
NT
NT
NT
Pos

Neg
NT
Pos
Pos
Pos
NT
NT
NT
NT
NA

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

NT
NT
Pos
NT
Pos
NT
NT
NT
NT
Pos
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declined since the mid-1990s, as demonstrated by a decreasing number
of ozone exceedance days measured across the South Coast Air Basin in
the Los Angeles metropolitan area (AQMD, 2015). Such a decline in locally and regionally produced oxidants could have the potential to
drive downward atmospheric GOM concentrations and subsequently
lower Hg concentration in wet deposition (Gustin et al., 2012).
In the LE region, a distinct cluster of sites near the Atlantic coast
(including parts of the states of Maryland, Pennsylvania, New Jersey,
Virginia, West Virginia, and New York) had mostly negative annual
rates of change (slopes) for Hg concentration across all time periods
considered (Fig. 2). This region is distinctive because it is seasonally affected by continental outﬂow (Li et al., 2005), and Hg models indicate
that the entire region from the Ohio River Valley to the Mid-Atlantic
Seaboard should be most affected by domestic Hg emissions in wet deposition (Zhang et al., 2012; Zhang and Jaeglé, 2013). Using SO=
4 concentrations in wet deposition as an indicator of the extent of inﬂuence
from U.S. anthropogenic emissions, sites with larger correlation coefﬁcients from a linear regression between the log of weekly Hg and the
log of weekly SO=
4 concentrations were interpreted as being better receptors of these Hg emissions. Fig. 5 shows the 2008–2013 slopes in
Hg concentration (same colors as in Fig. 2F) with distinctions made
for different ranges in the values of correlation coefﬁcients (R) from
logHg:logSO=
4 linear regressions over this time period. Only co-located
MDN-NTN sites are shown and the map is focused on the eastnortheast U.S. region. Note that the largest values of the logHg:logSO=
4
correlation coefﬁcient were from sites with mostly negative annual
rates of change in Hg concentration (PA00 and NY20 are notable exceptions with positive trends in Hg). The mean slope from sites with R N 0.6
was −1.0 ± 1.7% year−1 (N = 9), and these were located along the
northeastern seaboard and one site near Chicago (WI99) (Fig. 5). This
mean slope was signiﬁcantly different (p b 0.05, two-sample t-test)
than the mean slopes from the other two ranges of R values from
logHg:logSO4 linear regressions, which were +2.5 ± 2.5% year−1
(N = 11) for R = 0.5–0.6, and +1.4 ± 0.8% year−1 for R b 0.5 (N = 5).
These results indicate that although there appears to be an increase in

Hg concentrations in wet deposition over the central U.S. during
2008–2013, the sites that are perhaps most inﬂuenced by local and regional scale anthropogenic emissions had predominantly negative slopes
in Hg concentration in wet deposition, in agreement with the reduction
in Hg emissions as indicated by North American emissions inventories
for this period (Fig. 1). This result is also consistent with a recent paper
that shows negative trends in annual averages of SO2 and GOM concentrations in air and emissions from CFPPs in upwind states, as observed
at the MD08 site in Maryland (Castro and Sherwell, ES&T, in press). As
a caution though, many of the region's sites are not testable (i.e. do not
have paired SO=
4 measurements) and may not follow this pattern, and
PA00 and NY20 were exceptions, having slopes that were opposite in
sign with high Hg:SO=
4 correlation.
3.4. Trends in Hg air concentrations
Data for calculating trends in TGM (or GEM) are sparse temporally
and spatially (not many sites and few of those with multiyear records)
compared to Hg in wet deposition. Thus, GEM monthly medians from
33 sites across North America were joined to make a data set that
spanned 1998–2013 in order to investigate trends that might agree
with the observed trends in Hg concentration in wet deposition. We justify this approach because monthly median GEM for most non polar
sites typically only varies between 1.3–1.7 ng m−3 (Cole et al., 2014) a
variation of only 13%. Hg concentrations in wet deposition in this
work varied from 2.2–19.4 ng L− 1 for the precipitation weighted
mean by site (Table S-1), a variation of 80%. There were also regional differences in Hg concentration in wet deposition (SE vs. UE in Table S-1)
that are not present for GEM since it is more globally mixed. Fig. 6
shows the locations and mean GEM concentrations for all 42 sites
where data were collected for varying lengths between 1998 and
2013. The sites shown in red (N = 9) had mean GEM
concentration N 1.7 ng m− 3 and were excluded from the composite
data set upon which trend analysis was done due to suspected inﬂuence
from local sources. The predominance of these sites were in the WE

Fig. 5. Annual rates of change in PWM residual Hg concentration over the period 2008–2013 for co-located Mercury Deposition Network and National Trends Network sites in the
northeastern U.S. Symbols indicate the site-speciﬁc linear correlation coefﬁcients (R) obtained from a regression between weekly log Hg and weekly log SO=
4 concentrations (not
residuals) over the 2008–2013 period.
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Fig. 6. Locations, site IDs, region IDs, and mean GEM concentrations at sites from which data were taken for this study. Table S-2 gives the standard deviations of the mean GEM
concentrations, the site names, and the start-stop dates for each site's data set. [NO, Northwest region, WE, West region, all other region IDs deﬁned in Table S-1].

region and may reﬂect the importance of historical and current mining
sources.
Trend results shown in Fig. 7 are for pre-and post-2008 time periods.
GEM concentrations in the 1998–2007 time period displayed a signiﬁcant negative trend (−1.5 ± 0.2% year−1, p b 0.05), whereas for GEM
concentrations in the 2008–2013 time period, an essentially ﬂat slope
was found (−0.3 ± 0.1% year−1, p N 0.05). However, caution must be
used in interpreting this ﬁnding since data from the early time period
came from only three regions, whereas starting in 2009 the AMNet
data were incorporated from many more sites, and this has an unknown
effect on the observed trends. But, the results represent a consistent

Fig. 7. Monthly median GEM concentrations from all sites shown in Fig. 6 grouped by
region ID, except for the sites denoted with red symbols (mean GEM N 1.7 ng m−3).
Also shown are the SMK trends on monthly medians (not residuals) separated into preand post-2008 time periods. The 1997–2007 trend is signiﬁcant with p b 0.05.

temporal development to that seen for Hg concentrations in wet deposition, with trends generally becoming more positive in the recent time
periods. Similarly, a less negative trend in TGM concentration at Mace
Head, Ireland, was observed by Weigelt et al. (2015) for data beginning
around 2005.
4. Conclusions
Performing trend analysis of Hg in wet deposition data from the
MDN involved a balance between few sites clustered in the eastern
U.S. with reasonably long records (N 13 years) and more sites with better spatial coverage, but with shorter data records (6–7 years). Longterm trends in Hg concentration at many sites in the U.S. and Canada
were signiﬁcantly negative (53% of sites for 1997–2013 and 31% of
sites for 2001–2013) whereas only one site displayed signiﬁcant positive trends for these time periods. This was in general agreement with
previous studies that revealed negative trends in both Hg concentrations in wet deposition and Hg air concentrations for MDN and EC
data going up to about 2010. However, Hg concentrations trends calculated on more recent data show more numbers of sites with signiﬁcant
positive trends compared to the number of sites with signiﬁcant negative trends (12 positive versus 9 negative for 2007–2013 and 24 positive
vs. 5 negative for 2008–2013). Regional trend analysis of MDN data revealed that the central area of the U.S. which includes the RM and UW
regions displayed signiﬁcant positive regional trends in Hg deposition
for the most recent time periods that appears to be partly driven by signiﬁcant positive regional trends in Hg concentration. Clearly, many sites
and regions of North America were exhibiting more positive/less negative trends (or tendencies) with time. We hypothesize that the location
of these regions with the largest positive trends in the center of the continent is consistent with a contribution from long-range transported Hg
emissions in the free troposphere.
Mean regional trends in SO=
4 concentrations in wet deposition were
consistently negative across all regions, primarily after 2005, which is
consistent with the steepest declines in SO2 emissions from
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anthropogenic sources in the U.S. and Canada. We note the lack of general agreement in trends in SO=
4 and Hg concentrations in wet deposition, which indicates that recent increases in Hg concentrations are
not due to rising Hg emissions from sources in the U.S. or Canada. However, the LE region which includes the upper Ohio River Valley and
Pennsylvania has many sites that showed signiﬁcant negative trends
in Hg concentrations through the 2008–2013 period accompanied by
relatively strong correlations with SO=
4 concentrations in wet deposition. This suggests that reported coal-combustion related anthropogenic Hg emissions reductions during the 2008–2013 period were
detectable in Hg concentration in wet deposition trend in this region.
The temporal trend of GEM in air was calculated by combining
the data records from 33 sites considered representative of the
background across the U.S. and Canada with varying data
term lengths. The composite GEM data from all sites covering 1998–2007 produced a signiﬁcant trend on monthly medians
of − 1.5 ± 0.2% year − 1 (p b 0.05), whereas the data from all sites
covering 2008–2013 produced a rate of change of − 0.3 ±
0.1% year− 1 (p N 0.1) (not signiﬁcant). While there may be biases
inherent in combining data sets from different sites, the overall
pattern of more positive/less negative trends is consistent with
other long-term TGM measurements from Mace Head, Ireland, in
addition to our observations of trends in MDN Hg concentration
and deposition.
We speculate that many drivers of Hg concentration in wet deposition will act to produce positive trends in the future if one considers
1) rising Hg emissions from emerging economies, 2) increasing oceanic,
soil, and biomass burning emissions of Hg due to warming temperatures, and 3) greater oxidation of gaseous elemental Hg due to increasing levels of atmospheric oxidants. Thus, continuing monitoring efforts
such as the MDN are vital in addition to establishing more sites in critical
regions (i.e. Western North America).
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Introduction and context
In most countries in the region covered by the United Nations Economic Commission for
Europe (UNECE), ambient air quality has improved considerably in the last few decades. This
has been achieved by a range of measures to reduce harmful air emissions, including those
stipulated by the various protocols under the Convention on Long-range Transboundary
Air Pollution (1). There is, however, convincing evidence that current levels of air pollution
still pose a considerable risk to the environment and to human health.
Recently, the Executive Body of the Convention has adopted amendments to the
Convention’s 1999 Gothenburg Protocol to Abate Acidification, Eutrophication and Groundlevel Ozone. Following years of negotiations, the approved revised text of the Protocol now
specifies national emission reduction commitments for main air pollutants to be achieved
by the UNECE Parties by 2020 and beyond. The revised Protocol includes, for the first time,
commitments to reduce the emission of fine particulate matter (PM2.5). Furthermore, black
carbon or soot is now included in the revision as an important component of PM2.5. Black
carbon is an air pollutant which both affects health and contributes to climate change (2).

What is particulate matter?
PM is a widespread air pollutant, consisting of a mixture of solid and liquid particles
suspended in the air.
Commonly used indicators describing PM that are relevant to health refer to the mass
concentration of particles with a diameter of less than 10 µm (PM10) and of particles with
a diameter of less than 2.5 µm (PM2.5). PM2.5, often called fine PM, also comprises ultrafine
particles having a diameter of less than 0.1 µm. In most locations in Europe, PM2.5 constitutes
50–70% of PM10.
PM between 0.1 µm and 1 µm in diameter can remain in the atmosphere for days or weeks
and thus be subject to long-range transboundary transport in the air.
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PM is a mixture with physical and chemical characteristics varying by location. Common
chemical constituents of PM include sulfates, nitrates, ammonium, other inorganic ions such
as ions of sodium, potassium, calcium, magnesium and chloride, organic and elemental
carbon, crustal material, particle-bound water, metals (including cadmium, copper, nickel,
vanadium and zinc) and polycyclic aromatic hydrocarbons (PAH). In addition, biological
components such as allergens and microbial compounds are found in PM.

Where does PM come from?
Particles can either be directly emitted into the air (primary PM) or be formed in the
atmosphere from gaseous precursors such as sulfur dioxide, oxides of nitrogen, ammonia
and non-methane volatile organic compounds (secondary particles).
Primary PM and the precursor gases can have both man-made (anthropogenic) and natural
(non-anthropogenic) sources.
Anthropogenic sources include combustion engines (both diesel and petrol), solid-fuel
(coal, lignite, heavy oil and biomass) combustion for energy production in households and
industry, other industrial activities (building, mining, manufacture of cement, ceramic and
bricks, and smelting), and erosion of the pavement by road traffic and abrasion of brakes
and tyres. Agriculture is the main source of ammonium.
Secondary particles are formed in the air through chemical reactions of gaseous pollutants.
They are products of atmospheric transformation of nitrogen oxides (mainly emitted by
traffic and some industrial processes) and sulfur dioxide resulting from the combustion of
sulfur-containing fuels. Secondary particles are mostly found in fine PM.

Photo: © Martina Böhner - pixelio.de

Soil and dust re-suspension is also a contributing source of PM, particularly in arid areas or
during episodes of long-range transport of dust, for example from the Sahara to southern
Europe.
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What are the levels of and trends in PM
in the WHO European Region1 ?
The WHO Environment and Health Information System (ENHIS), which is based to a
large extent on data submitted by European Union (EU) member states to the European
Environment Agency AirBase (3), includes PM10 monitoring data from urban and suburban
background locations. Fig. 1 presents the population exposure, expressed as annual mean
concentration of PM10, weighted by the population in cities with data, in 403 cities in 34
WHO European Member States for 2010. In only 9 of these 34 Member States, PM10 levels
in at least some cities are below the annual WHO air quality guideline (AQG) level of 20
µg/m3. Almost 83% of the population of the cities for which PM data exist is exposed
to, PM10 levels exceeding the AQG levels. Although this proportion remains high, it is an
improvement compared to previous years, with average PM10 levels slowly decreasing in
most countries in the last decade.

Fig. 1.
Population-weighted annual mean PM10 in cities by WHO European Member State, 2010

Source: WHO Regional Office for Europe (4).

On the other hand, monitoring of PM10 and PM2.5 is very limited in countries in eastern
Europe, the Caucasus and central Asia (EECCA), with only a small number of monitoring
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1 The WHO European Region includes 53 countries stretching from the Atlantic Ocean to the Pacific Ocean, with
a population of almost 900 million people.

stations in Belarus, the Russian Federation (Moscow) and Uzbekistan (one in Tashkent and
one in Nukus). Initial data from the two Uzbek cities indicate that PM10 and PM2.5 levels are
high in comparison with most of the other cities with PM monitoring in the Region. While
the levels in Nukus may be affected by dust storms (which are frequent in that area), various
combustion sources may be predominant in Tashkent.
The proper assessment of levels of and trends in PM in EECCA countries requires PM10 and/or
PM2.5 monitoring in more locations in those countries. The assessment of PM concentrations
requires continuous monitoring conducted for 24 hours daily for 365 days a year, with
standardized methods or methods equivalent to the standard. Quantitative knowledge
about sources and levels of and trends in emissions of primary particles and precursor gases
plays an important role in finding the best control strategy for reducing risks.
In view of the scarcity of ground-level data for PM, remote (satellite) sensing combined with
modelling and existing surface measurements has recently been used for the assessment
of population exposure at country level. Recent estimates have been published for PM2.5
concentrations using this technology as part of the Global Burden of Diseases, Injuries
and Risk Factors Project (5) (see Fig. 2). Further development of these methods and their
precision depends to a large extent on the availability of surface measurements in all regions
of the world.

Fig. 2.
Estimated 2005 annual average PM2.5 concentrations (µg/m3), presented according to the
WHO AQG and interim target values

Source: Michael Brauer, personal communication based on (5).
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What are the health effects of PM?
PM10 and PM2.5 include inhalable particles that are small enough to penetrate the thoracic
region of the respiratory system. The health effects of inhalable PM are well documented.
They are due to exposure over both the short term (hours, days) and long term (months,
years) and include:
• respiratory and cardiovascular morbidity, such as aggravation of asthma, respiratory
symptoms and an increase in hospital admissions;
• mortality from cardiovascular and respiratory diseases and from lung cancer.
There is good evidence of the effects of short-term exposure to PM10 on respiratory health,
but for mortality, and especially as a consequence of long-term exposure, PM2.5 is a stronger
risk factor than the coarse part of PM10 (particles in the 2.5–10 µm range). All-cause daily
mortality is estimated to increase by 0.2–0.6% per 10 µg/m3 of PM10 (6,7). Long-term
exposure to PM2.5 is associated with an increase in the long-term risk of cardiopulmonary
mortality by 6–13% per 10 µg/m3 of PM2.5 (8–10).
Susceptible groups with pre-existing lung or heart disease, as well as elderly people and
children, are particularly vulnerable. For example, exposure to PM affects lung development
in children, including reversible deficits in lung function as well as chronically reduced lung
growth rate and a deficit in long-term lung function (4). There is no evidence of a safe level
of exposure or a threshold below which no adverse health effects occur. The exposure is
ubiquitous and involuntary, increasing the significance of this determinant of health.
At present, at the population level, there is not enough evidence to identify differences in
the effects of particles with different chemical compositions or emanating from various
sources (11). It should be noted, however, that the evidence for the hazardous nature of
combustion-related PM (from both mobile and stationary sources) is more consistent than
that for PM from other sources (12). The black carbon part of PM2.5, which results from
incomplete combustion, has attracted the attention of the air quality community owing to
the evidence for its contribution to detrimental effects on health as well as on climate. Many
components of PM attached to black carbon are currently seen as responsible for health
effects, for instance organics such as PAHs that are known carcinogens and directly toxic
to the cells, as well as metals and inorganic salts. Recently, the exhaust from diesel engines
(consisting mostly of particles) was classified by the International Agency for Research on
Cancer as carcinogenic (Group 1) to humans (13). This list also includes some PAHs and
related exposures, as well as the household use of solid fuels (14,15).
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What is the burden of disease
related to exposure to PM?
It is estimated that approximately 3% of cardiopulmonary and 5% of lung cancer deaths
are attributable to PM globally. In the European Region, this proportion is 1–3% and 2–5%,
respectively, in various subregions (16). Results emerging from a recent study indicate
that the burden of disease related to ambient air pollution may be even higher. This study
estimates that in 2010, ambient air pollution, as annual PM2.5, accounted for 3.1 million
deaths and around 3.1% of global disability-adjusted life years (17).
Exposure to PM2.5 reduces the life expectancy of the population of the Region by about
8.6 months on average. Results from the scientific project Improving Knowledge and
Communication for Decision-making on Air Pollution and Health in Europe (Aphekom),
which uses traditional health impact assessment methods, indicate that average life
expectancy in the most polluted cities could be increased by approximately 20 months
if the long-term PM2.5 concentration was reduced to the WHO (AQG) annual level (Fig. 3).
Fig. 3.
Predicted average gain in life expectancy (months) for people aged 30 years for a reduction
in average annual levels of PM2.5 down to the WHO AQG annual mean level of 10µg/m3 in
25 European cities participating in the Aphekom project

Source: based on Medina (18).
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WHO AQGs
WHO last revised its AQG values for PM in 2005, as follows:
• for PM2.5: 10 µg/m3 for the annual average and 25 µg/m3 for the 24-hour mean (not to be
exceeded for more than 3 days/year);
• for PM10: 20 μg/m3 for the annual average and 50 μg/m3 for the 24-hour mean.
In addition to these guideline values, the AQGs provide interim targets for each air pollutant,
aimed at promoting a gradual shift to lower concentrations in highly polluted locations.
If these targets were to be achieved, significant reductions in risks for acute and chronic
health effects from air pollution could be expected. Progress towards the guideline values
should, however, be the ultimate objective. As no threshold for PM has been identified below
which no damage to health is observed, the recommended values should be regarded as
representing acceptable and achievable objectives to minimize health effects in the context
of local constraints, capabilities and public health priorities.

8

Photo: © Dieter Schütz - pixelio.de

WHO is currently developing indoor air guidelines for household combustion of fuels for
cooking, heating and lighting. These will provide recommendations for household fuels
and technologies that will enable progress towards the AQGs.

Evidence on effects of
air quality improvements
There is consistent evidence that lower air pollution levels following a sustained, long-term
intervention result in health benefits for the population, with improvements in population
health occurring soon (a few years) after the reduction in pollution. Several successful
interventions and accountability studies have been evaluated (19,20). A few examples are
summarized below.

Follow-up to the Harvard Six Cities Study, United States
A group of adults living in six cities in the United States was followed from 1974 to 2009 in
order to estimate the effects of air pollution on mortality. Overall, PM2.5 concentrations had
decreased to below 15 µg/m3 by 2000 (except in one city where levels were below 18 µg/
m3). The main finding was that a 2.5 µg/m3 decrease in the annual average level of PM2.5 was
associated with a 3.5% reduction in all-cause mortality (21–23). Results show associations
between chronic exposure to PM2.5 and all-cause, cardiovascular and lung cancer mortality,
with health effects seen at any PM concentration. Results suggest that the critical period
of exposure to PM2.5 for the associated health effects is one year for all-cause mortality,
implying that health improvements can be expected to start almost immediately after a
reduction in air pollution. In a related study, but using different data, it was demonstrated
that the reduction in fine particulate air pollution in the United States in the 1980s and
1990s accounted for as much as 15% of the 2.7-year overall increase in life expectancy that
had occurred in that period (24).

Short-term decrease in industrial emissions, United States
A copper smelter strike in 1967–1968 in four states, and the closure and reopening of a
steel mill in Utah Valley in 1986–1987, are two examples of unplanned events which had
a positive impact on health by decreasing air pollution concentrations in specific areas.
The copper smelter strike led to a 60% drop in regional sulfur dioxide concentrations over
eight months and was associated with a 2.5% decrease in mortality (25). In the Utah Valley,
the closure of the steel mill, which was the primary source of PM10 in the area, lasted for 13
months and led to a decrease in PM10 levels of approximately 50% during the closure in
winter compared to the previous winter when the mill was operating. Hospital admissions
for children were approximately three times lower and bronchitis and asthma admissions
were halved when the mill was closed (26). Furthermore, the reported 3.2% drop in daily
numbers of deaths was associated with a simultaneous fall in PM10 levels of approximately
15 μg/m3 while the steel mill was closed, the strongest association being with respiratory
deaths (27).
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Respiratory health studies and air pollution abatement
measures, Switzerland
The Swiss Study on Air Pollution and Lung Diseases in Adults assessed lung diseases in
adults from eight Swiss communities in 1991 and again in 2002. Overall exposure to outdoor
PM10 estimated at each individual’s residence fell by an average of 6.2 µg/m3 over the
study period, to reach a range of approximately 5 µg/m3 to 35 µg/m3 in 2002, depending
on the community. This reduction in particle levels was associated with attenuated agerelated annual declines in various lung function parameters. The falling PM10 levels were also
associated with fewer reports of respiratory symptoms such as regular cough, chronic cough
or phlegm, and wheezing and breathlessness (28,29). As part of a separate investigation,
children from nine Swiss communities were followed between 1992 and 2001 as part
of the Swiss Study on Childhood Allergy and Respiratory Symptoms with respect to Air
Pollution, Climate and Pollen. Falling levels of regional PM10 were associated with a declining
prevalence of various respiratory symptoms, including chronic cough, bronchitis, common
cold, nocturnal dry cough and conjunctivitis symptoms (30). These findings suggest that
modest as well as drastic improvements in ambient air quality are beneficial for respiratory
health in both children and adults.
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These examples of successful interventions show that decreased levels of particulate
air pollution can substantially diminish total, respiratory and cardiovascular death rates.
Benefits can be expected at almost any reduction in levels of air pollution, which suggests
that further policy efforts that reduce fine PM air pollution are likely to have continuing
favourable effects on public health.

Air quality management and policy
Up to 80% of particulate air pollution in EECCA countries can be reduced with currently
available technologies (31). The reduction of outdoor air pollutants in general, and PM
in particular, requires concerted action by public authorities, industry and individuals at
national, regional and even international levels. Responsible authorities with a vested
interest in air pollution management include the environment, transport, land planning,
public health, housing and energy sectors. Since the burden of air pollution on health is
significant at even relatively low concentrations, the effective management of air quality
is necessary to reduce health risks to a minimum.
The development and exchange of information on policies, strategies and technical
measures to reduce emissions are part of the fundamental principles of the Convention
on Long-range Transboundary Air Pollution. The Working Group on Strategies and Reviews
of the Convention, and in particular its Expert Group on Techno-economic Issues (32),
maintains the database of information on control technologies for air pollution abatement
and their costs. An example of its work is provided by the Group’s 2010 report summarizing
progress in work to reduce dust emissions from small combustion installations (33).
There are co-benefits to addressing particulate air pollution that go beyond just the positive
impact on health. For example, reductions in black carbon emissions from the strategic
mitigation of combustion sources will also simultaneously reduce global warming (34).
Finally, integrated policies on urban planning and transport can encourage the use of
cleaner modes of transport and lead to changes in individual behaviour by promoting
walking, cycling and increased commuting by public transport. These policies contribute
to cleaner air while promoting physical activity and largely benefiting public health.
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Conclusions
PM is a widespread air pollutant, present wherever people live.
The health effects of PM10 and PM2.5 are well documented. There is no evidence of a safe
level of exposure or a threshold below which no adverse health effects occur.
Since even at relatively low concentrations the burden of air pollution on health is significant,
effective management of air quality aiming to achieve WHO AQG levels is necessary to
reduce health risks to a minimum.
Monitoring of PM10 and/or PM2.5 needs to be improved in many countries to assess
population exposure and to assist local authorities in establishing plans for improving air
quality.
There is evidence that decreased levels of particulate air pollution following a sustained
intervention result in health benefits for the population assessed. These benefits can be
seen with almost any decrease in level of PM. The health and economic impacts of inaction
should be assessed.
Particulate air pollution can be reduced using current technologies.
Interventions resulting in a reduction in the health effects of air pollution range from
regulatory measures (stricter air quality standards, limits for emissions from various
sources), structural changes (such as reducing energy consumption, especially that based on
combustion sources, changing modes of transport, land use planning) as well as behavioural
changes by individuals by, for example, using cleaner modes of transport or household
energy sources.
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There are important potential co-benefits of integrating climate change and air pollution
management strategies, as evidenced by the importance of the PM indicator and climate
change contributor black carbon.
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Key facts
Air pollution is a major environmental risk to health. By reducing air
pollution levels, countries can reduce the burden of disease from
stroke, heart disease, lung cancer, and both chronic and acute
respiratory diseases, including asthma.
The lower the levels of air pollution, the better the cardiovascular and
respiratory health of the population will be, both long and shortterm.
The "WHO Air quality guidelines" provide an assessment of health
effects of air pollution and thresholds for healthharmful pollution
levels.
Ambient (outdoor air pollution) in both cities and rural areas was
estimated to cause 3.7 million premature deaths worldwide in 2012.
Some 88% of those premature deaths occurred in low and middle
income countries, and the greatest number in the WHO Western
Pacific and SouthEast Asia regions.
Policies and investments supporting cleaner transport, energy
efficient housing, power generation, industry and better municipal
waste management would reduce key sources of urban outdoor air
pollution.
Reducing outdoor emissions from household coal and biomass
energy systems, agricultural waste incineration, forest fires and
certain agroforestry activities (e.g. charcoal production) would
reduce key rural and periurban air pollution sources in developing
regions.
Reducing outdoor air pollution also reduces emissions of CO 2 and
shortlived climate pollutants such as black carbon particles and
methane, thus contributing to the near and longterm mitigation of
climate change.
In addition to outdoor air pollution, indoor smoke is a serious health
risk for some 3 billion people who cook and heat their homes with
biomass fuels and coal.

Background
Outdoor air pollution is a major environmental health problem affecting
everyone in developed and developing countries alike.
WHO estimates that some 80% of outdoor air pollutionrelated
premature deaths were due to ischaemic heart disease and strokes,
while 14% of deaths were due to chronic obstructive pulmonary disease
http://www.who.int/mediacentre/factsheets/fs313/en/

1/8

4/21/2016

WHO | Ambient (outdoor) air quality and health

or acute lower respiratory infections; and 6% of deaths were due to lung
cancer.
Some deaths may be attributed to more than one risk factor at the same
time. For example, both smoking and ambient air pollution affect lung
cancer. Some lung cancer deaths could have been averted by improving
ambient air quality, or by reducing tobacco smoking.
A 2013 assessment by WHO’s International Agency for Research on
Cancer (IARC) concluded that outdoor air pollution is carcinogenic to
humans, with the particulate matter component of air pollution most
closely associated with increased cancer incidence, especially cancer
of the lung. An association also has been observed between outdoor air
pollution and increase in cancer of the urinary tract/bladder.
Ambient (outdoor air pollution) in both cities and rural areas was
estimated to cause 3.7 million premature deaths worldwide per year in
2012; this mortality is due to exposure to small particulate matter of 10
microns or less in diameter (PM 10 ), which cause cardiovascular and
respiratory disease, and cancers.
People living in low and middleincome countries disproportionately
experience the burden of outdoor air pollution with 88% (of the 3.7
million premature deaths) occurring in low and middleincome countries,
and the greatest burden in the WHO Western Pacific and SouthEast
Asia regions. The latest burden estimates reflect the very significant
role air pollution plays in cardiovascular illness and premature deaths –
much more so than was previously understood by scientists.
Most sources of outdoor air pollution are well beyond the control of
individuals and demand action by cities, as well as national and
international policymakers in sector like transport, energy waste
management, buildings and agriculture.
There are many examples of successful policies in transport, urban
planning, power generation and industry that reduce air pollution:
for industry: clean technologies that reduce industrial smokestack
emissions; improved management of urban and agricultural waste,
including capture of methane gas emitted from waste sites as an
alternative to incineration (for use as biogas);
for transport: shifting to clean modes of power generation;
prioritizing rapid urban transit, walking and cycling networks in cities
as well as rail interurban freight and passenger travel; shifting to
cleaner heavy duty diesel vehicles and lowemissions vehicles and
fuels, including fuels with reduced sulfur content;
for urban planning: improving the energy efficiency of buildings and
making cities more compact, and thus energy efficient;
for power generation: increased use of lowemissions fuels and
renewable combustionfree power sources (like solar, wind or
hydropower); cogeneration of heat and power; and distributed energy
generation (e.g. minigrids and rooftop solar power generation);
http://www.who.int/mediacentre/factsheets/fs313/en/
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for municipal and agricultural waste management: strategies for
waste reduction, waste separation, recycling and reuse or waste
reprocessing; as well as improved methods of biological waste
management such as anaerobic waste digestion to produce biogas,
are feasible, low cost alternatives to the open incineration of solid
waste. Where incineration is unavoidable, then combustion
technologies with strict emission controls are critical.
In addition to outdoor air pollution, indoor smoke is a serious health risk
for some 3 billion people who cook and heat their homes with biomass
fuels and coal. Some 4.3 million premature deaths were attributable to
household air pollution in 2012. Almost all of that burden was in low
middleincome countries as well.
The 2005 "WHO Air quality guidelines" offer global guidance on
thresholds and limits for key air pollutants that pose health risks. The
Guidelines indicate that by reducing particulate matter (PM 10 ) pollution
from 70 to 20 micrograms per cubic metre (μg/m), we can cut air
pollutionrelated deaths by around 15%.
The Guidelines apply worldwide and are based on expert evaluation of
current scientific evidence for:
particulate matter (PM)
ozone (O 3 )
nitrogen dioxide (NO 2 ) and
sulfur dioxide (SO 2 ), in all WHO regions.

Particulate matter
Definition and principal sources

PM affects more people than any other pollutant. The major components
of PM are sulfate, nitrates, ammonia, sodium chloride, black carbon,
mineral dust and water. It consists of a complex mixture of solid and
liquid particles of organic and inorganic substances suspended in the air.
The most healthdamaging particles are those with a diameter of 10
microns or less, (≤ PM 10 ), which can penetrate and lodge deep inside
the lungs. Chronic exposure to particles contributes to the risk of
developing cardiovascular and respiratory diseases, as well as of lung
cancer.
Air quality measurements are typically reported in terms of daily or
annual mean concentrations of PM 10 particles per cubic meter of air
volume (m 3 ). Routine air quality measurements typically describe such
PM concentrations in terms of micrograms per cubic meter (μg/m 3 ).
When sufficiently sensitive measurement tools are available,
concentrations of fine particles (PM 2.5 or smaller), are also reported.
Health effects

There is a close, quantitative relationship between exposure to high
concentrations of small particulates (PM 10 and PM 2.5 ) and increased
mortality or morbidity, both daily and over time. Conversely, when
http://www.who.int/mediacentre/factsheets/fs313/en/
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concentrations of small and fine particulates are reduced, related
mortality will also go down – presuming other factors remain the same.
This allows policymakers to project the population health improvements
that could be expected if particulate air pollution is reduced.
Small particulate pollution have health impacts even at very low
concentrations – indeed no threshold has been identified below which no
damage to health is observed. Therefore, the WHO 2005 guideline limits
aimed to achieve the lowest concentrations of PM possible.
Guideline values
PM 2.5
10 μg/m 3 annual mean
25 μg/m 3 24hour mean
PM 10
20 μg/m 3 annual mean
50 μg/m 3 24hour mean
In addition to guideline values, the Air Quality Guidelines provide interim
targets for concentrations of PM 10 and PM 2.5 aimed at promoting a
gradual shift from high to lower concentrations.
If these interim targets were to be achieved, significant reductions in
risks for acute and chronic health effects from air pollution can be
expected. Progress towards the guideline values, however, should be
the ultimate objective.
The effects of PM on health occur at levels of exposure currently being
experienced by many people both in urban and rural areas and in
developed and developing countries – although exposures in many fast
developing cities today are often far higher than in developed cities of
comparable size.
"WHO Air Quality Guidelines" estimate that reducing annual average
particulate matter (PM 10 ) concentrations from levels of 70 μg/m 3 ,
common in many developing cities, to the WHO guideline level of 20
μg/m 3 , could reduce air pollutionrelated deaths by around 15%.
However, even in the European Union, where PM concentrations in
many cities do comply with Guideline levels, it is estimated that average
life expectancy is 8.6 months lower than it would otherwise be, due to
PM exposures from human sources.
In developing countries, indoor exposure to pollutants from the
household combustion of solid fuels on open fires or traditional stoves
increases the risk of acute lower respiratory infections and associated
mortality among young children; indoor air pollution from solid fuel use is
also a major risk factor for cardiovascular disease, chronic obstructive
pulmonary disease and lung cancer among adults.

http://www.who.int/mediacentre/factsheets/fs313/en/
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There are serious risks to health not only from exposure to PM, but also
from exposure to ozone (O 3 ), nitrogen dioxide (NO 2 ) and sulfur dioxide
(SO 2 ). As with PM, concentrations are often highest largely in the urban
areas of low and middleincome countries. Ozone is a major factor in
asthma morbidity and mortality, while nitrogen dioxide and sulfur dioxide
also can play a role in asthma, bronchial symptoms, lung inflammation
and reduced lung function.

Ozone (O 3 )
Guideline values

O3
100 μg/m 3 8hour mean
The recommended limit in the 2005 Air Quality Guidelines was reduced
from the previous level of 120 µg/m 3 in previous editions of the "WHO
Air Quality Guidelines" based on recent conclusive associations
between daily mortality and lower ozone concentrations.
Definition and principal sources

Ozone at ground level – not to be confused with the ozone layer in the
upper atmosphere – is one of the major constituents of photochemical
smog. It is formed by the reaction with sunlight (photochemical reaction)
of pollutants such as nitrogen oxides (NO x ) from vehicle and industry
emissions and volatile organic compounds (VOCs) emitted by vehicles,
solvents and industry. As a result, the highest levels of ozone pollution
occur during periods of sunny weather.
Health effects

Excessive ozone in the air can have a marked effect on human health.
It can cause breathing problems, trigger asthma, reduce lung function
and cause lung diseases. In Europe it is currently one of the air
pollutants of most concern. Several European studies have reported that
the daily mortality rises by 0.3% and that for heart diseases by 0.4%,
per 10 µg/m 3 increase in ozone exposure.

Nitrogen dioxide (NO 2 )
Guideline values

NO 2
40 μg/m 3 annual mean
200 μg/m 3 1hour mean
The current WHO guideline value of 40 µg/m 3 (annual mean) was set to
protect the public from the health effects of gaseous.
Definition and principal sources

As an air pollutant, NO 2 has several correlated activities.
At shortterm concentrations exceeding 200 μg/m 3 , it is a toxic gas
which causes significant inflammation of the airways.
NO2 is the main source of nitrate aerosols, which form an important
http://www.who.int/mediacentre/factsheets/fs313/en/
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fraction of PM 2.5 and, in the presence of ultraviolet light, of ozone.
The major sources of anthropogenic emissions of NO 2 are combustion
processes (heating, power generation, and engines in vehicles and
ships).
Health effects

Epidemiological studies have shown that symptoms of bronchitis in
asthmatic children increase in association with longterm exposure to
NO 2 . Reduced lung function growth is also linked to NO 2 at
concentrations currently measured (or observed) in cities of Europe and
North America.

Sulfur dioxide (SO 2 )
Guideline values

SO 2
20 μg/m 3 24hour mean
500 μg/m 3 10minute mean
A SO 2 concentration of 500 µg/m 3 should not be exceeded over
average periods of 10 minutes duration. Studies indicate that a
proportion of people with asthma experience changes in pulmonary
function and respiratory symptoms after periods of exposure to SO 2 as
short as 10 minutes.
The (2005) revision of the 24hour guideline for SO 2 concentrations from
125 to 20 μg/m 3 was based on the following considerations.
Health effects are now known to be associated with much lower
levels of SO 2 than previously believed.
A greater degree of protection is needed.
Although the causality of the effects of low concentrations of SO 2 is
still uncertain, reducing SO 2 concentrations is likely to decrease
exposure to copollutants.
Definition and principal sources

SO 2 is a colourless gas with a sharp odour. It is produced from the
burning of fossil fuels (coal and oil) and the smelting of mineral ores that
contain sulfur. The main anthropogenic source of SO 2 is the burning of
sulfurcontaining fossil fuels for domestic heating, power generation and
motor vehicles.
Health effects

SO 2 can affect the respiratory system and the functions of the lungs,
and causes irritation of the eyes. Inflammation of the respiratory tract
causes coughing, mucus secretion, aggravation of asthma and chronic
bronchitis and makes people more prone to infections of the respiratory
tract. Hospital admissions for cardiac disease and mortality increase on
days with higher SO 2 levels. When SO 2 combines with water, it forms
sulfuric acid; this is the main component of acid rain which is a cause of
deforestation.
http://www.who.int/mediacentre/factsheets/fs313/en/
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WHO response
WHO develops and produces "Air quality guidelines" recommending
exposure limits to key air pollutants.
WHO creates detailed healthrelated assessments of different types
of air pollutants, including particulates and black carbon particles,
ozone, etc.
WHO produces evidence regarding the linkage of air pollution to
specific diseases, such as cardiovascular and respiratory diseases
and cancers, as well as burden of disease estimates from existing air
pollution exposures, global and regional.
WHO’s "Health in the green economy" series is assessing the health
cobenefits of climate mitigation and energy efficient measures that
reduce air pollution from housing, transport, and other key economic
sectors.
WHO’s work on "Measuring health gains from sustainable
development" has proposed air pollution indicators as a marker of
progress for development goals related to sustainable development in
cities and the energy sector.
WHO assists Member States in sharing information on successful
approaches, on methods of exposure assessment and monitoring of
health impacts of pollution.
The WHO cosponsored "Pan European Programme on Transport
Health and Environment (The PEP)", has built a model of regional,
Member State and multisectoral cooperation for mitigation of air
pollution and other health impacts in the transport sector, as well as
tools for assessing the health benefits of such mitigation measures.

For more information contact:
WHO Media centre
Email: mediainquiries@who.int

Related links
WHO Air quality guidelines  2005
global update
WHO Global Health Observatory
Recent data on air quality.
Air pollution and cancer: IARC’s
2013 assessment
Review of evidence on the health
aspects of air pollution
(REVIHAAP)
Health in the green economy –
series
Measuring health gains from
sustainable development
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WHO's work on indoor air pollution
and health
WHO Regional Office for Europe's
work on air quality
More general information on air
pollution
Prevalence of fatal and nonfatal
violence

Related
Reducing global health risks through
mitigation of shortlived climate pollutants

Explore WHO
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Climate impacts
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1. Background
Air pollution, both indoor and outdoor, is a recognized threat to human health, even at low doses, and
has been convincingly associated with increased mortality and morbidity worldwide. WHO estimated
that 3.7 million persons died prematurely in 2012 due to the effects of ambient air pollution, with the
Western Pacific and South East Asian regions bearing most of the burden (WHO 2012). These
premature deaths are to a large extent due to ischaemic heart disease, stroke, COPD, lower respiratory
tract infections and lung cancer, diseases which ranked among the top ten causes of death in the world
in 2012.
Rather than decreasing, recent studies show that the burden of disease attributable to ambient air
pollution has increased steadily worldwide since 1990, and that the global risk factor of ambient
particulate matter in terms of attributable DALYs increased by 6% between 2000 and 2013
(Forouzanfar et al. 2015). This underscores the importance and the growing need to establish effective
public policies that mitigate the environmental determinants of these complex diseases.

1.1.

The 2015 World Health Assembly and the need to update existing air
quality guidelines

The sixty-eighth World Health Assembly (WHA), the decision-making body of the WHO, adopted in
May 2015 a resolution under the title “Health and the Environment: Addressing the health impact of
air pollution” which was endorsed by 194 Member States (MSs) (WHO 2015). This resolution stated
the need to redouble the efforts of MSs and WHO to protect populations from the health risks posed
by air pollution.
MSs are urged to raise public and stakeholder awareness on the impacts of air pollution on health,
provide measures to reduce or avoid exposure and facilitate relevant research, along with developing
policy dialogue, strengthen multisector cooperation at national, regional and international levels and
take effective steps to reduce health inequities related to air pollution.
This resolution for the first time recognized the role of WHO air quality guidelines (AQGs) for both
ambient air quality and indoor air quality in providing guidance and recommendations for clean air
that protect human health. In particular, it requested the Director-General to strengthen WHO
capacities in the field of air pollution and health through the development and regular update of WHO
AQGs in order to facilitate effective decision making, and to provide support and guidance to MS in
their efficient implementation.
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1.2.

Scope of the consultation

As a response to the WHA resolution, and considering the conclusions from a recent review of the
scientific evidence on health aspects of air pollution conducted as part of the WHO REVIHAAP
Project (2013) (WHO 2013), WHO organized an expert consultation in Bonn, Germany, from the 29th
of September to the 1st of October 2015, as a preliminary step in the process of the future update of
the global AQGs.
The objective of this consultation was to obtain expert opinion and guidance in order to identify and
discuss the latest available evidence on health effects of ambient air pollutants and interventions to
reduce air pollution, to contribute to the thinking behind the future update of the AQGs. To this end,
WHO convened 28 participants with a global geographic representation (from all six WHO regions)
and a wide array of expertise in relation to air pollution from the fields of epidemiology, toxicology
and clinical evidence, risk and exposure assessment, atmospheric chemistry, methodology, policy
implications, and accountability research/intervention studies. Representatives from WHO
Headquarters, WHO Regional Office for the Eastern Mediterranean, WHO Regional Office for
Europe, and the International Agency for Research on Cancer (IARC) were also in attendance. Annex
1 presents a full list of the meeting participants.
Experts were asked to identify and discuss the available scientific evidence on a number of ambient
air pollutants, as well as methodological issues and implications of recent research and intervention
studies for the future update of the ambient AQGs. The outcome of this expert consultation will serve
as a basis for further planning of WHO work on this topic.
Financial and in-kind support for the organization of this meeting was obtained from the Federal
Office for the Environment, Switzerland, the Federal Ministry for the Environment, Nature
Conservation, Building and Nuclear Safety, Germany, and the Environmental Protection Agency,
United States of America (US EPA).

1.3.

Organization

A background document, accompanied by two annexes, was made available to participants prior to
the expert meeting providing an overview of the latest WHO air quality guidelines, a summary of the
current state of evidence in relation to the exposure levels and health effects for the different air
pollutants and preliminary results from an ongoing systematic review on the effectiveness of
interventions to reduce air pollution (see Annex 2 for list of supporting documentation and
authorship). Key questions to help guide expert discussions were also provided as part of the
background material.
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The latest evidence for the classical air pollutants particulate matter (PM), ozone (O3), nitrogen
dioxide (NO2) and sulfur dioxide (SO2), in addition to the relevance of interventions in the context of
guideline update were discussed in plenary (days 1 and 3). A number of other organic and inorganic
air pollutants (listed in Table 1 of this report) were discussed in smaller working groups and then
consensus on expert recommendations was reached in plenary (day 2). The final program of the
meeting is provided in Annex 3 to the present report.
All experts filled in the WHO Declaration of Interest Form prior to the meeting. Their review by
WHO assured the lack of circumstances that could give rise to experts´ potential conflict of interest
related to the subject of the consultation.
The meeting was chaired by Martin Williams and Nadia Vilahur acted as meeting rapporteur. The
three working groups were chaired by Francesco Forastiere, Tom Luben and Lidia Morawska, while
Pierpaolo Mudu, Marie-Eve Héroux and Nadia Vilahur acted as group rapporteurs.

2. Process of guideline development
The development and update of guidelines is a time-consuming task requiring a substantial effort
from the scientific community under WHO coordination. Any WHO-produced guideline must be
based on a comprehensive and objective assessment of the available scientific evidence. In addition,
and especially when guidelines are intended for worldwide use such as the AQGs, also heterogeneity
on technological feasibility, economic development and other political factors must be recognized and
considered when interventions (such as, for example, to reduce air pollution) are recommended.
A summary of the process of producing a WHO guideline was presented. This follows internationally
recognized standards and methods adopted since 2007, and is published in the WHO Handbook for
Guideline Development (WHO 2014b), as a guidance manual on how to plan, develop and publish a
WHO guideline, ensuring that it is free from biases and meets public health needs.
The process of guideline development consists of 3 stages: planning, development and
publishing/updating, as summarized in Figure 1 from the above-mentioned manual.
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This expert consultation represents the initial step within the planning stage, with the aim of
discussing new evidence in order to determine the need of updating the existing WHO AQGs.
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3. Existing WHO air quality guidelines
The series of existing WHO AQGs are used as a reference tool to help decision-makers across the
world in setting standards and goals for air quality management that ultimately protect human health,
and have been widely adopted by risk assessment institutions worldwide.

3.1.

History

An overview of the history of the WHO AQGs was presented, based on a review conducted by Robert
L Maynard and collaborators (Maynard in preparation).
WHO work on air quality dates back as far as 1958, when a first report was produced, in which the
potential adverse effects on health from exposure to several air pollutants at low levels was already
mentioned, although no or very little evidence was available at that time. Further WHO expert
publications (1964, 1972, 1976 and 1984), including the International Program on Chemical Safety
(IPCS) Environmental Health Criteria monographs, set the basis for the first edition of the WHO
AQGs in 1987 (WHO 1987).
This first volume, covering 28 air pollutants classified in organic and inorganic 1, clearly stated that
compliance with guideline values did not guarantee absence of health effects, due to other causes
including combined exposure, multiple routes of exposure or sensitive groups. Different approaches
were used to deal with carcinogenic (i.e. unit risk factors) and non-carcinogenic-health endpoints (i.e.
LOAEL and protection factors), and SO2 and PM were considered jointly. The second edition of the
WHO AQGs was published in 2000 (WHO 2000), as a response to the compelling evidence of health
effects occurring at lower levels of exposure, and represented a starting point for the derivation of
legally binding limit values in the framework of the EU Air Quality Directive in Europe (EC 1996).
This volume covered 35 air pollutants, with additional assessments for 3 organic air pollutants
(butadiene, polychlorinated biphenyls and polychlorinated dibenzodioxins and dibenzofurans), and a
section on indoor air pollutants including radon, environmental tobacco smoke and man-made
vitreous fibres. However, a few of the pollutants in the 2000 AQGs were not re-evaluated and the
previous assessment from 1987 was retained (i.e. acrylonitrile, carbon disulfide, hydrogen sulfide,
1,2-dichloroethane, asbestos, vinyl chloride and vanadium). To note, no numerical guidelines were
provided for PM, but instead risk estimates were given for an increase in PM concentrations.

1

Organic: Acrylonitrile, Benzene, Carbon disulphide, 1,2-Dichloroethane, Dichloromethane, Formaldehyde, Polynuclear
aromatic hydrocarbons, Styrene, Tetrachloroethylene, Toluene, Trichloroethylene, Vinyl chloride; Inorganic: Arsenic,
Asbestos, Cadmium, Carbon monoxide, Chromium, Hydrogen sulphide, Lead, Manganese, Mercury, Nickel, Nitrogen
dioxide, Ozone, Radon, Sulfur dioxide, Particulate Matter and Vanadium.
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The latest WHO AQGs “WHO Air Quality Guidelines, Global Update 2005” included a first part on
application of AQGs for policy development and risk reduction followed by a comprehensive risk
assessment for the four classical air pollutants PM, O3, No2 and SO2. In addition to numerical
guidelines, in most cases it also proposed interim targets above the guideline value to promote steady
progress in different regions of the world towards meeting WHO guidelines (WHO 2006).
In addition, WHO has published a series of indoor AQGs on Dampness and Mould (2009), Selected
Pollutants (2010) and Household Fuel Combustion (2014) (WHO 2009, 2010b, 2014a).

3.2.

Identification of ambient air pollutants for expert consultation

Based on the previous editions of the WHO ambient AQGs, and in preparation for this consultation,
32 air pollutants were selected for expert discussion during the meeting (Table 1), according to the
following:
o

All air pollutants which were addressed, at least once, in published WHO ambient AQGs
(1987, 2000 and/or 2006 editions) were included.

o

Pollutants explicitly classified as indoor air pollutants in the 2000 AQGs edition were
excluded (i.e. radon, environmental tobacco-smoke and man-made vitreous fibres).

o

Pollutants assessed in the WHO indoor AQGs for selected chemicals (2010) were included
only if they were already covered in previous AQGs as an ambient air pollutant (naphthalene,
therefore, was not included).

A summary table of the latest WHO air quality guidelines for these 32 ambient air pollutants,
extracted from the background meeting document, is provided as Annex 4 to the present report. This
table contains additional information on their carcinogenicity classification from the WHO
International Agency for Research on Cancer (IARC) and the existence of additional WHO
assessments or guidelines (i.e. Concise International Chemical Assessment Documents (CICAD),
WHO Guidelines for Drinking Water (GDWQ), and Joint FAO/WHO Expert Committee on Food
Additives (JECFA)).
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Table 1. Air pollutants considered for discussion during the expert consultation
organic pollutants

inorganic pollutants

classical pollutants

Acrylonitrile
Benzene
Butadiene

Arsenic
Asbestos
Cadmium

Nitrogen dioxide
Ozone
Particulate matter

Carbon disulfide
Carbon monoxide

Chromium
Fluoride

Sulfur dioxide

1,2-Dichloroethane
Dichloromethane
Formaldehyde
PAHs
PCBs
PCDDs/PCDFs
Styrene
Tetrachloroethylene
Toluene
Trichloroethylene
Vinyl chloride

Hydrogen sulfide
Lead
Manganese
Mercury
Nickel
Platinum
Vanadium

PAHs:Polycyclic aromatic hydrocarbons, PCBs:Polychlorinated biphenyls, PCDDs:
Polychlorinated dibenzodioxins PCDFs:Polychlorinated dibenzofurans.

4. Discussions and expert advice
A series of introductory presentations on the classical air pollutants (PM, O3, NO2, and SO2) were
provided during the first meeting day, before starting the discussion in plenary on the latest health
evidence for these pollutants and whether it justified their re-evaluation in the context of the WHO
AQGs. Speakers provided a summary of the current guidelines, main conclusions and
recommendations from the 2013 WHO REVIHAAP Project and other recent assessments along with
the most informative results from selected critical new studies since the publication of the last WHO
AQGs for these pollutants.
Meeting participants were asked to discuss the new available evidence on exposure or health effects
of relevance for guideline development, and to comment specifically on:
o

The shape of the concentration-response function (CRF), identification of thresholds and
effects at very low or very high pollutant levels.

o

Effects at different exposure duration times (long-term, short-term).

o

Considerations regarding vulnerable sub-groups or windows of susceptibility.

o
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Causality and independence of effects (including multi-pollutant effect estimates as a basis
for joint health impact assessment).

Additionally, for PM:
o

On the sources, particle size and composition (in particular for black and/or elemental carbon
and ultrafine particles).

The available evidence for the remaining 28 air pollutants was discussed during the second day of the
meeting, first in small working groups and then conclusions from the small groups were presented by
chairs in plenary session, discussed and finally agreed on.
Experts were asked to discuss the newly available evidence on exposure through air and related health
outcomes for the pollutants and comment on the need and relevance for re-evaluation of this evidence
in the context of the update of the WHO air quality guidelines.
As a result of the discussions held among participants during the meeting, the 32 air pollutants were
categorized in 4 groups as shown in Table 2, to reflect the need for systematic review of the evidence
in the context of the process of updating the existing WHO Air Quality Guidelines. However, it has to
be acknowledged that more evidence might become available during the process development that
might change the current expert’s view on this proposed classification.
Table 2. Summary of expert pollutant advice
Recent evidence
justifies re-evaluation
(Group 1)
Particulate Matter
Ozone
Nitrogen dioxide
Sulfur dioxide
Carbon monoxide

Recent evidence
justifies re-evaluation
(Group 2)
Cadmium
Chromium
Lead
Benzene
PCDDs & PCDFs
PAHs*

Recent evidence justifies
re-evaluation
(Group 3)
Arsenic
Manganese
Platinum
Vanadium
Butadiene
Trichloroethylene
Acrylonitrile**
Hydrogen sulfide
Vinyl chloride
Toluene
Nickel

Recent evidence does
not justify need for reevaluation
(Group 4)
Mercury
Asbestos
Formaldehyde
Styrene
Tetrachloroethylene
Carbon disulfide
Fluoride
PCBs
1,2-dichloroethane
Dichloromethane

*PAHs were assigned to Group 2 (taking benzo[a]pyrene as a reference compound), on the basis of availability
of new evidence since 2010 regarding non-cancer health endpoints (i.e. cardiovascular, neurodevelopment
effects, lower birth weight etc.) and conclusions from ongoing health risk assessments that have included noncancer health effects from benzo[a]pyrene and reference concentration values for inhaled PAHs.
**Acrylonitrile was classified in Group 3 with possible reclassification to Group 2 depending on the results
from updated cohort analyses in the USA that are expected to be available in the near term..
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Group 1: Pollutants included in Group 1 are those that, according to the expert’s opinion, should be
considered of greatest importance in the process of updating the WHO AQGs. The large body of new
health-related evidence for these pollutants justifies the need for their systematic re-evaluation, with a
special consideration of interactions among pollutants, and a close scrutiny at results from
multipollutant models. Experts advised WHO to establish a specific working group for that purpose at
a later stage of the process.
Group 2: Pollutants in Group 2 are those for which, according to experts, a systematic revision of the
existing evidence is strongly recommended, due to their widespread presence in ambient air and the
large amount of new evidence available regarding adverse health effects, which may lead to changes
to the existing guideline values. Whether this should be framed as a secondary stage of this process
was outside the specific scope of this consultation.
Group 3: A systematic re-evaluation of the new evidence existing for air pollutants included in Group
3 is warranted according to experts, although with less urgency than for pollutants included in the two
previous groups. Some of the pollutants in this group need to be regarded as part of the PM mixture.
Group 4: According to experts, recent evidence available for pollutants in Group 4 does not justify
the imminent need for their reassessment in the context of updating the WHO ambient AQGs, and
should therefore be kept for future consideration. In addition, some of these pollutants are currently
addressed in occupational setting guidelines, and/or through water guidelines or other types of
management processes. However, this classification does not imply invalidation of the existing WHO
AQGs for these pollutants.
The discussions and the expert conclusions for the air pollutants included in each group are
summarized below:

4.1.

Air pollutants included in Group 1

There was a general agreement among experts with the REVIHAAP project conclusions on the
classical pollutants, which stated that there is a need to revisit the current guidelines for PM, O3, NO2,
and SO2 as the evidence base for the association between short- and long-term exposure to these
pollutants and health effects has become much larger and broader since 2006. Further, experts
concluded that carbon monoxide (CO) is another airpollutant for which a large amount of new
evidence is available, that should be reviewed at the same time as the classical pollutants mentioned
before.
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PM
PM 2.5
Since the publication of the latest WHO guidelines, new studies have emerged showing associations
between both short- and long-term exposure including mortality and cardiovascular disease morbidity
at levels below the existing WHO guideline values (Crouse et al. 2012; Shi et al. 2016; Thurston et al.
2015). Also, IARC has recently classified ambient air pollution and the PM mixture as carcinogenic,
with evidence of increased risk for cancer also at levels below the current PM2.5 guideline. These
findings support the need for re-evaluation of the evidence base considered in the latest PM2.5
guidelines.
Experts emphasized the need for a re-evaluation of the existing concentration response function
(CRF) for PM2.5, based on observations of changes in risk at low and very high concentrations, that
suggest a steeper exposure–response relationship at lower levels and flattening-off at higher
concentrations (observed both for cancer and non-cancer health endpoints). This implies that
extrapolation from studies conducted in European and North American cities might not be applicable
in countries such as India or China. New studies are being conducted in countries with higher levels
of exposure, and their results should be closely examined. Experts also mentioned the usefulness of
developing CRFs for other identified health endpoints than mortality. In this regard, there are a
growing number of health endpoints that have been subject to research (Alzheimer’s disease and other
neurological endpoints, cognitive impairment, diabetes, systemic inflammation, aging, etc.). Previous
air quality guidelines focussed on the most studied health outcomes (often mortality), but experts
noted the importance of describing and summarizing this wide morbidity spectrum for which evidence
is increasing, before narrowing down to a selected fewer health endpoints for risk assessment and
formulation of AQGs purposes. This should be based on a set of criteria such as the strength of the
association and clarity of the evidence, as well as understanding of the biological mechanisms.
Ongoing health risk assessment processes, including the US EPA Integrated Science Assessment
(ISA) on PM (a first draft is currently planned for release by the end of 2017), among others, could
greatly contribute to this task. Finally, experts pointed out that WHO might need to consider a review
of the available evidence for various averaging times for PM2.5 exposure, especially in relation to
short-term exposure (e.g. 1-hour), as emerging evidence suggests adverse health effects at much
shorter timescales than previously considered.
PM10
Meeting participants raised the suggestion that it might be relevant to investigate the health outcomes
related to coarse particles (PM2.5 – PM10) instead of PM10 as a whole. Coarse particles should be
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reviewed in terms of mass, composition and health effects (especially from short-term exposure, since
the evidence of effects on cardiorespiratory health and mortality has increased substantially), as well
as in the context of sources.
With respect to carcinogenicity, it was noted that the risks estimated for PM10 by IARC are virtually
the same as for PM2.5 (possibly triggered by the fact that one is contained within the other), and that
the carcinogenicity attributed to PM10 could be a result of carcinogenicity due to other chemicals
present in the mixture, such as polycyclic aromatic hydrocarbons (PAHs).
Experts agreed on the importance of understanding the specific health effects of natural source coarse
components including windblown road and desert dust, which can lead to extremely high air
concentrations of PM10 in some regions, although these sources cannot be controlled easily and more
research evidence needs to be generated to support risk assessment.
Other PM metrics or components
Recent reviews of evidence conclude that it is not possible to clearly differentiate those constituents
(or sources) that are more closely related to specific health outcomes (EPA 2009b). Although PM
mass continues to be the best indicator to characterize the risk, experts agreed in that the different
components of the PM mixture should not be overlooked and advised a systematic evaluation of their
health effects to be conducted during the upcoming guideline review process (taking into
consideration the multiplicity of sources and varying particle composition around the world), which
will inform the need to develop guidance for specific particle components.
The following PM metrics or components were particularly discussed:
PM1: Experts agreed that to date there is no standardized and validated methodology for a reliable
quantification in terms of mass, and a lack of substantial epidemiological evidence for guideline
development purposes.
Black carbon (BC): A number of studies consistently show associations between exposure to BC and
health effects, including recent large Chinese studies published since 2013 (Janssen N 2012; Kim et
al. 2014). However, different methods are used to measure BC in air and experts raised their concern
on the importance of ensuring a consistent and reliable measurement in order to quantitatively
estimate health effects. In addition, monitoring of BC worldwide is limited, although experts
acknowledged that the recommendation of a guideline for BC could influence the expansion of its
monitoring in many regions of the world. There are high correlations between BC and both NO2 and
ultrafine particles, and this should be taken into account, especially in the developed world where the
main source of BC is traffic coming from diesel powered vehicles. Finally, sources of BC vary widely
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across the world with biomass burning being very relevant developing countries (where fewer
epidemiological studies are available).
Overall, there was a general consensus among experts that the available body of scientific evidence
needs to be reviewed for BC, which might provide a better CRF and/or more evidence from
epidemiological and toxicological studies to support causality. Whether a guideline should be
produced, or some other form of recommendation that would stimulate more research and monitoring
of BC, is something that should be discussed as an outcome of the revision of the AQGs at a later
stage.
Ultrafine particles (UFP): Some recent studies are pointing towards effects of UFP on health
outcomes such as CV mortality independent of PM mass (Su et al. 2015), but existing evidence seems
yet insufficient to consider developing AQGs for UFP. Experts are unaware of the existence of studies
on health effects from long-term exposure for UFP, which would enable the derivation of a guideline
value. Experts recommended that WHO reviews the emerging evidence for UFPs, noting that there
are methodological challenges for the assessment of UFPs to overcome for guideline development
purposes, and pointed out the importance of considering that specific components such as metals or
PAHs might be underlying some of the adverse health effects attributed to UFPs.
Ozone
A considerable number of studies on the health effects of ozone have been published since the latest
WHO AQGs in 2006, including more short- and long-term exposure studies, at lower concentrations
and in regions of the world other than North America and Europe (mostly meta-analyses in China).
Short term:
Experts agreed that the process should review the accumulated new evidence, as there is mixed
evidence of effects at levels below 100 µg/m³ for an average 8-hour mean exposure (Dai et al. 2015;
Pascal et al. 2012; Pattenden et al. 2010). Additional short-term averaging times could be considered
if evidence is sufficient. Importantly, multipollutant models should be closely looked at, since the
negative correlations existing among ozone and other pollutants might affect the CRF and threshold
determination, especially at the lower end of the distribution of measured concentrations, as observed
in a recent report by the UK Committee on the Medical Effects of Air Pollutants (COMEAP)
(COMEAP 2015). Finally, the general expert’s view was that the SOMO35 (sum of mean ozone
values over 35 ppb) indicator does not necessarily need to be discussed in the context of the
guidelines, unless as part of a section addressing management issues.
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Long term:
Experts agreed with the conclusions of the recent REVIHAAP project, in that new evidence of
adverse health effects due to long-term exposure to ozone published since the latest WHO AQGs
warrants consideration in future revision of the guidelines. This is in line with the 2013 US EPA ISA
for Ozone and Related Photochemical Oxidants (EPA 2013a), reporting “likely to be a causal
relationship between long-term exposure to O3 and respiratory effects”. Additionally, the ISA
determined that “the evidence was suggestive of a causal relationship for long-term exposure to O3
and cardiovascular effects, reproductive and developmental effects, cancer, and total mortality”.
Experts recognized that this is a relevant research area and therefore researchers should be encouraged
to examine the effects of long-term exposure to ozone on health outcomes as part of existing or future
large cohort studies. Moreover, it was strongly agreed that WHO should review this accumulating
evidence, which might lead to the development of a numerical guideline for long-term exposure to
ozone. This might have large downstream policy implications, including the need to address global
emissions of ozone precursors, and impact on other areas such as climate change mitigation and
ecosystems. Experts pointed out the importance during this process of addressing confounding due to
multipollutant exposures (most importantly PM and NO2), considerations on seasonality effects
(summer versus winter averages), and effects due to repeated peaks of exposure versus chronic
exposure to inform the long-term ozone recommendation form.
Finally, in considering evidence of health effects from other photochemical oxidants such as
peroxyacetyl nitrate (PAN), participants agreed that the current body of evidence in the context of
health effects is too limited to recommend a systematic revision for guideline development, although
more examination of such complex reaction products is warranted in the future.
NO2
Since the publication of the latest WHO AQGs, new studies have emerged, reporting associations
with both short-term and long-term exposure to NO2.
Short term
Experts agreed that the new evidence should be re-evaluated in order to provide an epidemiologicallybased short term recommendation, considering new time-series studies providing CRFs with wider
ranges of exposure including concentrations below the current guideline value of 200µg/m³.
Moreover, there was a general consensus that, in view of recently available report from the French
Agency for Food, Environmental and Occupational Health and Safety (ANSES 2013b) and/or
ongoing (yet unpublished) assessments from the COMEAP, Health Canada (HC) or US EPA, the
evidence of a causal relationship of short-term NO2 with respiratory outcomes has strengthened, while
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it remains suggestive for cardiovascular disease and mortality. Therefore, experts suggested that in
terms of setting guidelines, the process might consider focusing on respiratory effects, for which
evidence of causality seems more robust from different type of studies (time-series, chamber, panel,
toxicological…), and strongly emphasized that this process will require a careful scrutiny of the multipollutant models including not only PM2.5 but other pollutants present in the traffic mixture (mainly
CO, EC and BC, but also PAHs) in order to disentangle NO2 and ozone related health effects. In
addition, a careful examination of the specific monitoring locations and the exposure assessment
methodology used in the available studies was advised, due to the very strong spatial gradients in NO2
concentrations.
Long term
There was a general consensus among the participants on REVIHAAP recommendations to update the
current WHO AQG for NO2 based on the amount and quality of the new evidence from cohort studies,
which might result in a numerical recommendation below the current annual 40µg/m³ guideline value.
These new studies, as well as results from recent meta-analyses and upcoming reports of which
experts were aware of (e.g. a COMEAP report to be published by the first half of 2016), show
associations of long-term NO2 exposure with different health outcomes such as children’s respiratory
symptoms or lung function, and provide more evidence in relation to mortality (respiratory,
cardiovascular and all cause), as well as some indication for lung carcinogenicity. Few existing
studies have considered two or more pollutant models, but experts emphasized that, particularly in the
context of long-term exposure, the fact that NO2 may represent other constituents in the mixture of
traffic-related air pollutants needs to be addressed when reviewing the evidence.
Nitric oxide
Nitric oxide often shares its main sources with NO2, especially in urban settings, where it can reach
very high concentrations under specific atmospheric circumstances.
Experts were aware of some literature showing adverse effects of NO following drastic changes in
exposure in the context of its therapeutic use, mainly in chronic obstructive pulmonary disease
(COPD) patients and at higher doses than what is commonly found in ambient air (Barbera et al.
1996; Weinberger et al. 2001). Experts recognized that there are a number of methodological
challenges in exposure assessment of NO due to its high correlation with NO2. There was a general
agreement that the upcoming process should consider the existing evidence for NO, specifically in the
context of effects in the general population due to ambient air exposure, to conclude on whether there
is enough basis for developing a health based recommendation separate from NO2.
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SO2
Since the 2005 global update of the WHO air quality guidelines, some new studies on the health
effects of SO2 have been published, especially time-series but also toxicological studies. Ambient
levels of SO2 have decreased over time in some regions of the world, but increased in others.
Short term and Long term:
Experts concluded that, in agreement with the outcome of the REVIHAAP Project and considering
the high levels measured in some countries, the available evidence for SO2 should be looked at again
in relation to very short (10 min) and short-term (24 hours) exposure, but also likely for long-term
exposure, for which there is currently no guideline value (with subsequent impacts at a global scale,
such as acidification of the environment). This systematic review can benefit from newly/upcoming
information from recent national assessments from USA and Canada, which are expected to provide
additional evidence of very short/short‐term SO2 exposure and respiratory effects based on chamber
studies, and suggest mixed evidence for long‐term exposure and adverse health effects. Further, new
available studies conducted in regions of the world that present higher concentrations of SO2 should
be considered (Lai et al. 2013; Shang et al. 2013).
Experts were of the view that an effort should be made as part of the process to recommend a CRF for
SO2, to have a quantitative tool that would allow comparison of the level of protection achieved with
WHO guidelines across different pollutants, and agreed that WHO might need to revisit the feasibility
of providing interim targets for SO2 in the updated guidelines.
CO
Carbon monoxide is ubiquitously found in ambient air, particularly in developing countries, where
emissions can be high. CO is widely monitored in ambient air and there is substantial new evidence
since the latest WHO AQGs on associations between long-term exposure to low concentrations and a
wide range of health effects including reproductive outcomes, or short-term exposure and mortality.
There is also increasing understanding that CO mechanisms of action are not only based on hypoxia
induced by formation of carboxyhaemoglobin (on which the current guideline is based) (Piantadosi
2008; Reboul et al. 2012). US EPA completed an ISA for this pollutant in 2010 (EPA 2010) and the
WHO indoor air quality guidelines (2010) included recommendations for CO (WHO 2010b), and as
the exposure profile differs significantly between indoor and outdoor environments, experts advise
WHO to systematically reevaluate CO as an ambient air pollutant, along with the classical pollutants
as part of the AQGs update process.
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4.2.

Air pollutants included in Group 2

Benzene: Ambient air exposure is widespread and relevant worldwide. Sources include biomass
burning, the use of compressed petroleum gas and its presence in gasoline and high emissions in
several countries including China, due to high concentrations of aromatic compounds in gasoline. A
recent health assessment suggested a different unit risk for cancer than WHO (ANSES 2014), and
new studies, both for short- and long-term exposure, show associations of benzene with non-cancer
health endpoints (e.g. neurological effects), and report higher risks at lower levels of exposure.
Experts agreed that all this body of new evidence should be re-evaluated.
Cadmium: Experts agreed with the conclusions of the REVIHAAP project, in that present levels of
cadmium in air are too high to obtain a cadmium balance in soils (suggesting that the cadmium dietary
intake of the population will not decrease). In addition, strong evidence is available on new health
effects due to cadmium exposure in the general population especially on bone, but also on hormonerelated cancer, cardiovascular disease, and fetal growth (Akesson et al. 2014; Larsson and Wolk 2015;
Tellez-Plaza et al. 2013).
Chromium: Current WHO recommendations include a reasonably high unit risk for inhaled
chromium VI using lung cancer as a critical effect. In addition, some evidence suggests a relationship
with respiratory irritation; lung function and dermal and reproductive effects (IPCS 2013). Exposure
to chromium is ubiquitous, mainly as a result from burning of fossil fuels in addition to natural
sources and, similar to other pollutants, chromium accumulates in soils and water via atmospheric wet
and dry deposition. The US EPA is currently updating an assessment for chromium VI that is
anticipated to be released for external peer review in 2017.
Lead: There was a general expert consensus with the conclusions of the REVIHAAP Project in that
the current WHO AQGs for lead need to be re-evaluated. New evidence consistently shows that
effects on the central nervous system in children and on the cardiovascular system in adults occur at,
or below, the existing guideline levels (EFSA 2013; EPA 2013b). Furthermore, direct inhalation of
lead (present from historical emissions) contributes to the blood levels in children, in addition to the
indirect exposure through soil deposition. Experts pointed out the need to coordinate with other
activities on lead that might be conducted by WHO.
Polychlorinated dibenzodioxins and dibenzofurans (PCDDs and PCDFs): Concentrations in
ambient air are generally low, but experts recognized the importance of the current emissions and
increasing trends of dioxins/furans as byproducts from open combustion of plastic and other types of
waste (e.g. medical), which could affect a large part of the population (Weichenthal et al. 2015). New
evidence is available due to long-term exposure on cancer, reproductive (hormonal), immune,
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developmental and fetal effects (Yi-Hsuan Shih et al. 2015). Although overall limited information
might be available for PCDDs and PCDFs in air from the last 15 years, experts agreed that a reevaluation of the new evidence existing for these chemicals, for which no numerical guideline is
currently provided in the WHO AQGs, should be conducted, with further downstream policy benefits.
Additionally, there was a general consensus among participants that this assessment should include
planar PCBs.
Polycyclic aromatic hydrocarbons (PAHs): PAHs in air come mostly from combustion of
carbonaceous material, including biomass and wood, diesel and coal, often leading to peaks of
exposure of public health concern during the winter months. Experts acknowledged the difficulty of
quantitatively assessing the health effects due to PAH mixtures, and recognized that, for guideline
purposes, a focus on benzo(a)pyrene as an indicator for deriving a quantitative guideline for PAHs is
still appropriate. IARC reclassified benzo(a)pyrene in 2005 as a Group 1 carcinogen, but experts also
discussed the emerging recent evidence on non-cancer health end-points such as the cardiovascular
system, neurodevelopment or effects on birth weight. Upcoming US EPA assessments, currently
under peer review, will provide non-cancer toxicity values for benzo[a]pyrene and updated relative
potency factors for PAHs. Also, considering that the current EU air quality target value for
benzo(a)pyrene of 1 ng/m3 annual mean (leading to a somewhat high lifetime cumulative risk for
cancer of 1 x 10-4) is significantly exceeded in many EU Member States, and in view of the increase in
the emission trends of benzo(a)pyrene in several European countries (EEA 2015), experts concluded
that the new health evidence should be re-evaluated.

4.3.

Air pollutants included in Group 3

Acrylonitrile: Worldwide production of acrylonitrile is very high, and exposure of the general
population in ambient air could be of concern, especially for those living near industrial emission
sources such as acrylic fiber or chemical manufacturing plants, rubber production facilities and
wastes, or near major populations centers (Fritz 2015), but also as a result of plastic production and its
use as a pesticide (fumigation), mainly in developing countries. Acrylonitrile is a potentially toxic
chemical, with limited evidence of carcinogenicity in humans and evidence of multiple tumor sites in
experimental animals (IPCS 2002). Updated cohort analyses are currently ongoing in the USA.
Results from these studies may provide additional useful information to WHO on this pollutant in
terms of need for reevaluation as part of this process.
Arsenic: Experts agreed with the conclusions of the REVIHAAP project, in that the new evidence
available for arsenic might not lead to a substantial change to the unit risk currently recommended in
the WHO AQGs. In addition, exposure through diet (food, water) is more relevant than air. However,
non-carcinogenic effects should be looked at, and ongoing evidence assessments conducted by US
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EPA as well as the European Food Safety Authority might provide new useful information on this
regard.
Butadiene: Main sources of butadiene in ambient air include motor vehicle exhaust, manufacturing
and processing facilities of styrene-butadiene rubber, forest fires or other combustion processes. The
implementation of catalytic converters has led to a decrease in the levels of this pollutant in developed
countries. This compound is classified by IARC as a Group 1 carcinogen, and experts were not aware
of a new substantial or critical body of evidence regarding additional health outcomes.
Hydrogen sulfide: This air pollutant is ubiquitous near sources, mainly related to petroleum and
natural gas production, as well as pulp and paper mills and waste management. However, the majority
is emitted from natural sources often related to anaerobic biological processes. Although the average
ambient concentrations might be relatively low and there is no evidence of health concerns in humans
at those low levels other than nuisance odor, health risk assessments conducted after the year 2000
provided lower reference values (based on animal studies) than the current WHO AQG from 1987
(ATSDR 2014c).
Manganese: Main sources of manganese are industrial and in the use of manganese-containing fuel
additives, in addition to natural sources. There is new evidence suggesting neurotoxic and neurologic
effects due to exposure via inhalation, with increased susceptibility in children and elderly population
(HC 2010). A higher inhalation standard than the existing WHO guidelines was published by ATSDR
in 2012 (EPA 2012a). An ongoing US EPA review on this pollutant might provide new useful
information.
Nickel: The levels in ambient air are generally low (except for some hot spots). Carcinogenicity (lung
and nasal sinus) observed in occupational cohorts was the critical health endpoint used in the existing
WHO AQGs to derive a unit risk for nickel (subsulfide and dust nickel). More recently, potential
associations of nickel exposure through air and cardiovascular disease and inflammation have been
described, but experts agreed with the REVIHAAP project conclusion that more epidemiological and
experimental studies are needed in this regard. A report on health risks from nickel in food and
drinking water has been recently published by EFSA (EFSA 2015). Experts raised the issue that
nickel speciation is also fundamental for guideline purposes, with current AQGs likely focusing on
nickel dust and subsulfide. Nickel is an important constituent of the PM mixture and some studies
suggest that it could contribute to some extent to the health effects attributed to fine PM (Bell et al.
2009).
Platinum: Concentrations in ambient air are overall very low, and this poses monitoring and
analytical challenges. As a result, limited knowledge on the geographical distribution of the
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compound in air is available. There is evidence of acute allergic sensitization effects and exacerbation
of asthma, mainly from worker studies and inhalation animal studies. No numerical guideline for
platinum is provided in the current AQGs, and experts pointed out that an existing US EPA 2009 draft
assessment for halogenated platinum (not finalized and archived) could be helpful to WHO in
providing a characterization of the scientific literature available at that time (EPA 2009a). Also,
halogenated platinum was considered in a WHO IPCS draft report on “Guidance for immunotoxicity
risk assessment for chemicals” in relation to sensitization and allergic response (WHO 2010a).
Toluene: Levels in air in North America and EU countries are decreasing, but will potentially
increase in other regions, especially as a result of efforts towards decreasing benzene levels in fuels.
Concentrations measured in air in road traffic sites can be up to three times higher than those for
benzene. However, the current WHO guideline value from 2000 is consistent or even lower than the
values proposed by more recent assessments from US EPA (EPA 2005, 2012b), HC (HC 2011) or
ANSES (ANSES 2010b).
Tetrachloroethylene: Sources of exposure are mainly indoors, including occupational (from drycleaning industries). Outdoor air exposure might be relevant for people residing near contaminated
sites. A future decrease in concentrations is expected in the USA due to phase-out of this chemical.
This pollutant has been addressed in 2010 by the WHO guidelines for indoor air quality, using effects
in the kidney indicative of early renal disease as a critical endpoint (WHO 2010b). There is evidence
that tetrachloroethylene may be carcinogenic to humans (IARC Group 2A) and recent health risk
assessments are available from US EPA (2012) and ATSDR (2014) on non-cancer effects with lower
reference values based on color vision impairment and cognitive effects (ATSDR 2014b; EPA
2012c).
Trichloroethylene: This compound is potentially relevant in the context of ambient air exposure. It is
ubiquitous, even though air levels are generally higher in urban than in rural areas, with the highest
concentrations found in commercial/industrial areas. Experts agreed that more data on monitoring in
ambient air would be needed. This pollutant is addressed by the 2010 WHO guidelines for indoor air
quality (WHO 2010b). While no guideline value was provided, the unit risk estimate might need
reevaluation, since it is of one order of magnitude lower than the unit risk provided by a later
assessment conducted by US EPA in 2011 (EPA 2011). Other recent assessments for this pollutant are
available from ATDSR (providing a reference value for chronic exposure) and from ANSES (ANSES
2013a; ATSDR 2014a).
Vanadium: Vanadium pentoxide is the compound of more concern in relation to air exposure, and it
is mainly emitted by the steel industry. However, vanadium is also present in liquid fuels, particularly
marine diesel. Experts agreed with the REVIHAAP project conclusion that in addition to the studies
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on occupationally exposed workers, an evaluation based on more recent data about effects in the
general population would be appropriate (considering additional health endpoints, such as airway
response). Vanadium pentoxide is classified as possibly carcinogenic to humans (IARC Group 2B),
and no concentration-response function for this compound is available. Assessments for this
compound have recently been conducted (ATSDR 2012) or are currently ongoing (US EPA).
Additionally, vanadium is an important constituent of the PM mixture and some studies suggest that it
could contribute to some extent to the health effects attributed to fine PM.
Vinyl chloride: Production of this chemical is high, but exposure in air worldwide still needs to be
fully evaluated and characterized. High concentrations in air are likely surrounding the sources of
emission. It has been classified as a Group 1 carcinogen from the IARC (2012), and health effects
other than cancer have been reported in relation to both short and long-term exposure (ATSDR 2006).

4.4.

Air pollutants included in Group 4

Asbestos: Asbestos related health effects have been extensively documented previously and unit risks
are available as part of existing AQGs. WHO recommendations clearly state that the most efficient
way to eliminate asbestos-related diseases is to stop using all types of asbestos. Exposure is mainly
occupational, but open cut mines could affect population living around them. In such situations,
guidance for mitigation can be provided as part of separate WHO activities.
Carbon disulfide: A main source in air comes from natural gas production. However, ambient air
levels of CS2 are extremely low and hard to measure (except in specific workplaces where it is used).
There is no evidence for carcinogenicity for this compound and, in general, toxicity levels are rather
low. The current WHO AQGs guidelines (from 1987) are more protective than values provided by
later assessments conducted by the US EPA, HC or the California Office of Environmental Health
Hazard Assessment (OEHHA) (EPA 1966; HC 2000; OEHHA 2002).
1,2-Dichloroethane: Concentrations in ambient air have decreased worldwide as a result of the ban
on leaded gasoline. Currently, a predominant source in ambient air comes from the manufacture of
vinyl chloride, particularly affecting population near point sources. It is classified by the IARC as a
possibly carcinogenic compound to humans (Group 2B), and an assessment published in 2009 by
ANSES established a relatively low unit risk of cancer (ANSES 2009). As such, experts agreed that a
reduction of this pollutant could be achieved indirectly through setting vinyl chloride guidelines.
Dichloromethane: This pollutant is widespread in industrial uses, but in general concentrations in air
are low. The current IARC classification as Group 2B (possibly carcinogenic) is currently under
review for reclassification in Group 2A. There is not a substantial body of new evidence pointing
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towards additional health endpoints in humans. A WHO drinking water guideline from 2011 exists for
this pollutant (WHO 2011).
Fluoride: The main exposure source of fluoride is water; only 0.001% of the body burden in the
general population comes from air. Except from occupational exposure, inhalation exposure is
considered negligible. There are no carcinogenicity data available for this compound (IARC Group 3,
1987). A WHO drinking water guideline from 2011 already exists for this pollutant (WHO 2011).
Formaldehyde: This compound is found at higher concentrations in indoor than in outdoor
environments, as a result of combustion in indoor environments (wood stoves, kerosene heaters and
cigarette), off-gassing from manufactured wood products in new and renovated homes, carpets, paints
and varnishes and when used as a disinfectant. This pollutant has been addressed in 2010 by the WHO
guidelines for indoor air quality, using sensory irritation as a critical outcome (WHO 2010b), and it is
classified as carcinogenic Group 1 by the IARC since 2012.
Mercury: Experts agreed with the conclusions of the REVIHAAP Project in that there is little new
evidence on the health effects of air emissions of mercury that would have an impact on the current
guideline. Considering the limited new health evidence from inorganic mercury, the relatively low
direct contribution to human exposure through air (levels of inorganic mercury in air are extremely
low), and that a UN convention exists specifically addressing mercury (Minamata Convention on
Mercury: http://www.mercuryconvention.org/), experts agreed in the context of this process that there
is no need for immediate re-evaluation of the evidence.
Polychlorinated biphenyls (PCBs): The main sources of PCBs are diet and indoor air. No guideline
value was proposed for this compound in the 2000 WHO AQGs, since inhalation was estimated to
constitute only a small proportion of the daily intake (1-2%), which mainly comes from food. There is
strong evidence for associations with neurotoxicity, reproductive toxicity, developmental toxicity,
hepatotoxicity, and immunotoxicity, but experts recognized that risk management approaches or
guidelines other than ambient AQGs exist that would best address this chemical.
Styrene: Levels of styrene monitored in ambient air are generally below the current AQGs, and also
lower than values reported in indoor environments. The current WHO AQGs is based on
carcinogenicity. Some re-assessments of this pollutant have been conducted by the ATDSR and
ANSES (ANSES 2010a; ATSDR 2010). Overall, experts concluded that the reevaluation of the
limited new body of evidence for styrene may not lead to a lower guideline value than the existing
one.
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5. Interventions in the context of AQGs
Previous editions of the AQGs have mainly focussed on providing guidance in the form of pollutantexposure specific recommendations, usually as ‘not to be exceeded’ concentration levels of air
pollutants. Some informative text on application of guidelines in policy formulation, including risk
management and implementation of the guidelines, has also been proposed; however this has largely
been done without a systematic review of the underlying scientific evidence evaluating their
effectiveness.
For the next update of the guidelines, it may be possible to formulate recommendations concerning
specific measures or interventions shown to decrease the levels of air pollutants and improve health.
These recommendations could be useful to countries, policy makers or other end-users of the
guidelines on how to progress towards meeting the WHO goals. If and to what extent the available
scientific evidence justifies including this particular topic as part of the updated AQGs was discussed
during the third day of the expert meeting.
Jacob Burns from the University of Munich presented the study design and preliminary results of an
ongoing Cochrane systematic review, conducted in collaboration with researchers from the Health
Effects Institute (HEI), assessing the effectiveness of interventions in improving air quality (mostly
PM2.5 and PM10) and/or health effects. This review includes evidence from 47 studies in 18 countries
across the world, categorized according to the source of PM as vehicular, industrial, residential or
multiple sources; and assesses the effect of these interventions on both non-health (i.e. mainly
changes in pollutant concentrations) and health outcomes (i.e. mortality, hospital admissions due to
cardiovascular or respiratory events, emergency department admissions and pre-term birth weight).
Modelling studies were not included in the review as the project did not have the scope to evaluate the
quality of the models.
The expected publication date of the review is spring 2016, but preliminary results suggested a
general decrease in pollution levels (PM2.5 and PM10) following the interventions assessed. However,
some particular challenges in the overall assessment of this type of studies were raised, such as how to
ensure that measured changes are due to the intervention, what constitutes an intervention versus a
control site, how to deal with study uncertainties and how to meaningfully summarize the very
heterogeneous group of studies.
The main expert opinions from discussion on this topic were the following:
o

Accountability research (i.e. research aimed at providing evidence that air quality regulations
improve public health) can provide convincing arguments to motivate governments to address
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local, specific sources, and can provide necessary evidence that air quality and health improve
as a result of interventions, even in areas with low air pollution.
o

Intervention studies are an important part of the evidence to be considered for the guidelines.
The mapping of the existing evidence on interventions provided in the Cochrane review is
essential to identify areas in which general recommendations can be developed. However, the
evidence retrieved is still limited and there is a need to continue improving the design of this
type of studies, especially regarding sources of counfounding (an outstanding issue especially
when evaluating the long-term effectiveness of interventions) and improving assessment of
the exposure to decrease study uncertainity. Therefore, it is not expected that the findings of
the Cochrane review will provide strong evidence on the basis of health endpoints that can be
used to recommend specific interventions. This is not to imply that successful interventions to
reduce air pollutant concentrations (and therefore probably improve health) do not exist. Also,
not all policy evaluations are presented as formal intervention studies and many may appear
in the grey literature, such as in Government reports. Further, they may be based on a
collective body of evidence published in separate articles on monitoring trends, atmospheric
modelling, emissions factors etc.

o

As such, experts underlined that the focus of the guidelines on pollutant-specific risk
assessment is still appropriate. The next update of the guidelines could provide general risk
management principles and best practices, including examples on how AQGs can be used in
policy formulation, especially in developing countries, while in depth evaluation of policies
and effectiveness of interventions should most appropriately be conducted as part of a process
separate to that of the update of the AQGs.

o

The effectiveness of other types of interventions, for example individual interventions (e.g.
use of masks) has not been included in the ongoing Cochrane systematic review, and has not
been systematically evaluated before. ANSES is currently assessing the efficiency of using
masks under different scenarios, to be completed by the end of 2016. The outcome of this
assessment could support further thinking on whether recommendations on this topic could be
provided by WHO in the updated guidelines or as part of other processes.

6.

Conclusions

Experts agreed on the need for WHO to start the process of updating the current ambient AQGs. It
was unanimously recognized that all the 32 ambient air pollutants addressed during this consultation
are relevant in that there is evidence that they can all pose health hazards to human populations, and
therefore should be carefully followed by WHO and monitored by countries worldwide. There is a
need to regularly review and update existing WHO AQGs. However, this task can be challenging if

WHO Expert Consultation:
Available evidence for the future update
of the WHO Global Air Quality Guidelines
Page 27
evidence has to be retrieved to support a large number of existing recommendations. In this situation,
it is essential to give priority to the more important areas, or those in which substantial new evidence
has emerged in relation to ambient air. After a careful review and discussion of the available evidence
for the future update of the WHO AQGs, experts agreed that these immediate priorities concern the
air pollutants included in Group 1 (PM, O3, NO2, SO2, and CO).

6.1.

Additional expert opinions

This section summarizes additional considerations relevant to the global update process of WHO
AQGs raised by the expert community during the meeting:
o

Experts consulted identified several air pollutants, which are not covered by existing WHO
AQGs, and that could be relevant to consider as part of future AQGs (i.e. copper, iron,
silicate, antimony, ammonia, aldehydes, and NO). However, in the spirit of transparency, a
suggestion was made for WHO to consider establishing a structured system for enlarging the
scope of the future AQGs with additional pollutants, similar to the open solicitations
procedure existing in other agencies. As an example, the IARC process encourages the
general public, the scientific community, national health agencies, and other organizations to
nominate agents for carcinogenicity review by submitting online a nomination form for the
pollutant summarizing the basis for the request along with a WHO declaration of interest.
These nominations are then evaluated and prioritized by an international and interdisciplinary
Advisory Group.

o

Some compounds from the BTEX group (i.e. ethylbenzene and xylenes) in addition to styrene
were not included in the list for discussion during the expert consultation since no previous
WHO AQG for these pollutants was available. Taking into account the available evidence
from recent reviews from other organizations (EPA 2009c, 2012d, e, f), experts agreed that
the immediate need for evaluation of this pollutants was not apparent.

o

A transparent, systematic and accountable process will need to be developed to assess the
large amount of available evidence, with clear methodology on how to conduct the systematic
reviews and grade the quality of the evidence. It is expected that in some cases this process
will consist of a review of recent existing reviews and/or available assessments by national
agencies. Experts encourage WHO to join forces with experienced institutions or commitees
that have well established methods and criteria for selection and decision making, in addition
to comprehensive sources of open data from which WHO could benefit. It would be
advantageous for the guideline update process to consider the creation of a working group for
that purpose, including relevant experts from US EPA, IARC, collaborators involved in the
Global Burden of Disease (GBD) project or the UK COMEAP, along with institutions with
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extensive experience in managment of large databases on air pollution and health such as for
example the Air Pollution Epidemiology Database (APED) at St. George’s University of
London, UK, or the Air Pollution and Health (LUDOK) database at the Swiss Tropical and
Public Health Institute (TPH) in Basel, Switzerland.
o

In order to inform the future update of the WHO AQGs and ensure that it meets the needs of
the main end-users, it may be useful for WHO to critically assess the implementation and
usefulness of the existing WHO AQGs in different countries. Such an effort was attempted in
2007 by means of a survey, but results were limited as this was conducted too shortly after the
publication of the latest edition of the guidelines (Vahlsing and Smith 2012).

o

The evidence on effects of acute exposure (short-term peaks) to classical pollutants should be
reviewed, as there are data available showing harmful effects due to very short exposures at
high concentrations (e.g. for PM and NO2), which might support the development of
guidelines for additional, shorter exposure times.

o

Additionally, it will be important to ensure that recommendations are relevant globally and
apply to the whole range of air concentrations measured worldwide. Epidemiological data
available from studies conducted in regions of the world with higher levels of air pollution are
critical for proper assessment of the risk and communication to policy makers and other endusers in areas of the world where air pollutant levels may be higher than in Europe or North
America.

o

Finally, experts emphasized the importance of establishing a conceptual approach to address
the multipollutant confounding existing across the various air pollutants. Additionally,
conducting a health risk assessment for the mixture of urban pollutants would be of high
relevance, but framed outside of the direct scope of guideline development.

6.2.

Follow up actions

Expert advice obtained during this consultation and summarized in the present report will be used by
WHO along with additional inputs as a basis to develop the planning proposal, that will be submitted
for approval to the WHO Guideline Review Committee before formally starting the process of
updating the AQGs.
As such, next steps of the planning process will consist of drafting the scope of the update, including
an initial list of priority topics and key issues and the formulation of questions to be answered in the
guidelines following a specific format, taking into account inequity/human rights and gender
considerations. Various guideline groups with specific tasks will be established (WHO Steering
Group, Guideline Development Group, Systematic Review Team, External Peer-review Group). The
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specific format and content of the updated AQGs will be defined at a later stage of the process with
inputs from the different expert groups, and was outside the scope of the present expert consultation.

6.3.
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Annex 2: List of background material
The following documents were prepared as supporting material to the expert consultation meeting.
The background document was developed by WHO (Marie-Eve Héroux and Nadia Vilahur, Regional
Office for Europe), Annex 1 was prepared in collaboration with US EPA (Tom Luben, George
Woodall, Lynn Flowers and collaborators), and Annex 2 was produced by the authors of the ongoing
Cochrane systematic review on interventions in air pollution, Jacob Burns (University of Munich),
Eva Rehfuess, Hanna Boogaard, and Annemoon van Erp (Health effects Institute).
Background document:
“Available evidence for the future update of the WHO Global Air Quality Guidelines”
Annex 1:
“Individual air pollutant summaries: Latest information available and critical issues to consider for
future update of WHO Air Quality Guidelines”
Annex 2:
“Effective interventions to reduce air pollutant levels and improve public health.”
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Annex 3: Final Programme

WHO Expert Meeting: Consultation on available evidence for
the future update of the WHO Global Air Quality Guidelines
Bonn, Germany
29 September – 1 October 2015

29 September 2015
8:30

Registration open

9:00

Opening of the meeting (WHO)

9:15

Introduction of participants, appointment of chairpersons and rapporteur, adoption of
agenda and programme

9:45

Objectives of the meeting and proposed plan for discussion (Marie-Eve Héroux)

10:00

Global and regional perspectives for air quality and context for update of guidelines
(Marie-Eve Héroux; Nadia Vilahur)

10:20

History of WHO air quality guidelines (Michal Krzyzanowski)

10:45

Coffee break

11:15

Classical pollutants: available evidence for the future update of the WHO Global Air
Quality Guidelines
Presentation on PM and ozone (Bert Brunekreef)
Discussion in plenary

12:30

Lunch break

13:30

Classical pollutants: available evidence for the future update of the WHO Global Air
Quality Guidelines
Discussion in plenary (continued)

15:00

Coffee break

15:30

Classical pollutants: available evidence for the future update of the WHO Global Air
Quality Guidelines
Presentation on NO2 and SO2 (Heather Walton)
Discussion in plenary (continued)

17:25

Short introduction to the next sessions in working groups
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17:30

End of day 1

30 September 2015
9:00

Discussion in 3 working groups on available evidence for the future update of the
WHO Global Air Quality Guidelines
Pollutant Group 1: PAHs and metals (Arsenic, Cadmium, Chromium, Lead,
Manganese, Mercury, Nickel, Platinum, Vanadium)
(Chair: Francesco Forastiere)
Pollutant Group 2: Asbestos, Benzene, Butadiene, Carbon monoxide,
Formaldehyde, Styrene, Tetrachloroethylene, Trichloroethylene, Toluene
(Chair: Lidia Morawska)
Pollutant Group 3: Acrylonitrile, Carbon disulfide, Fluoride, 1-2Dichloroethane, Dichloromethane, Hydrogen sulphide, PCBs, PCDDs and
PCDFs, Vinyl chloride
(Chair: Tom Luben)

10:30

Coffee break

11:00

Discussion in 3 working groups on available evidence for the future update of the
WHO Global Air Quality Guidelines (continued)

13:00

Lunch break

14:00

Plenary reporting and general discussion on available evidence
Chair Group 1
Chair Group 2
Chair Group 3

15:30

Coffee break

16:00

Plenary reporting and general discussion on available evidence (continued)

17:30

End of day 2

19:00

Social dinner (location to be confirmed)

1 October 2015
9:00

Recap from previous day’s meeting

9:15

Plenary discussion on any additional air pollutants and outstanding issues

10:00

Best practices, interventions and accountability measures: available evidence for the
future update of the WHO Global Air Quality Guidelines
Presentation (Jacob Burns)
Discussion in plenary

WHO Expert Consultation:
Available evidence for the future update
of the WHO Global Air Quality Guidelines
Page 43
11:30

Coffee break

12:00

General summary of plenary discussion; identification of relevant air pollutants and
interventions for future update of the WHO Global Air Quality Guidelines

13:00

Agreement on recommendations for follow-up actions and next steps

13:30

Concluding remarks: other WHO activities on air quality, and use of scientific
evidence in guideline development (Carlos Dora)

13:55

Closure of the meeting

14:00

Lunch
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Annex 4: Summary Table of WHO Air Quality Guidelines
Summary of existing WHO air quality guidelines and additional WHO guidelines and assessments for ambient air pollutants

Averaging
Time

TimeWeighted
Average

Year of
Latest
WHO
AQGs*

Health Endpoints used
for AGQ development

IARC Group
Classification
(Year)

PM10

Annual

20 µg/m3

2006

Total, cardiopulmonary and lung cancer mortality

1 (2013)

PM10

24 h

50 µg/m3

2006

Total, cardiopulmonary and lung cancer mortality

PM2.5

Annual

10 µg/m3

2006

Total, cardiopulmonary and lung cancer mortality

PM2.5

24 h

25 µg/m3

2006

Total, cardiopulmonary and lung cancer mortality

3

O3

8h daily
max

100 µg/m3

2006

Daily mortality

n/a

4

NO2

Annual

40 µg/m3

2010

Respiratory effects in children

n/a

1 h daily
max

200 µg/m3

2010

Bronchial responsiveness in asthmatics

n/a

24 h

20 µg/m3

2006

All age mortality and childhood respiratory disease

3 (2001)

10 min

500 µg/m3

2006

Respiratory symptoms in asthmatics

Classical pollutants
1

2

5

SO2

1 (2013)

Other WHO
Health Risk
Assessments
(Year)**
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Averaging
Time

TimeWeighted
Average

Year of
Latest
WHO
AQGs*

Health Endpoints used
for AGQ development

IARC Group
Classification
(Year)

Other WHO
Health Risk
Assessments
(Year)**

CICAD (2002)

Organic Pollutants

5

Acrylonitrile

n/a

No safe
level

2000

Carcinogenicity (lung)

2B (1999)

6

Benzene

n/a

No safe
level

2010

Carcinogenicity (myeloid leukaemia) and
genotoxicity

1 (2012)

7

Butadiene

n/a

No safe
level

2000

Carcinogenicity (multisite)

1 (2012)

CICAD (2001)

8

Carbon disulfide

24 h

100 µg/m3

1987

Neurological, coronary heart disease and endocrine
disturbance

n/a

CICAD (2002)

30 min

20 µg/m3

1987

Sensory effects or annoyance reactions

n/a

9

1,2-Dichloroethane

24 h

0.7 mg/m³

2000

Histological changes in the liver (animal studies)

2B (1999)

10

Dichloromethane

24 h

3 mg/m³

2000

Production of carboxyhaemoglobin (COHb)

2A (in preparation)

11

Formaldehyde

30 min

100 µg/m³

2010

Sensory irritation

1 (2012)

12

Polycyclic aromatic
hydrocarbons

n/a

No safe
level

2010

Carcinogenicity (lung )

1 B[a]P (2012)

13

Polychlorinated
biphenyls

n/a

2000

n/a

1 (2012)

No
guideline

GDWQ (2011)

CICAD (2003)
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Averaging
Time

TimeWeighted
Average

Year of
Latest
WHO
AQGs*

Health Endpoints used
for AGQ development

IARC Group
Classification
(Year)

Other WHO
Health Risk
Assessments
(Year)**

value

14

Polychlorinated
dibenzodioxins and
dibenzofurans

n/a

No
guideline
value

2000

n/a

3 (1997)

JECFA (2002)

15

Styrene

Weekly

0.26
mg/m³

2000

Carcinogenicity (lymphatic and hematopoietic)

2B (1987)

GDWQ (2011)

30 min

70 µg/m³

2000

Odour detection threshold

Annual

0.25
mg/m³

2010

Kidney alterations

2A (2014)

30 min

8 mg/m³

2010

Sensory effects or annoyance reactions

2A (2014)

Weekly

0.26
mg/m³

2000

Central Nervous System (CNS) effects (also
developmental)

3 (1999)

30 min

1 mg/m³

2000

Odour detection threshold

3 (1999)

16

17

Tetrachloroethylene

Toluene

18

Trichloroethylene

n/a

No safe
level

2010

Carcinogenicity and genotoxicity

1 (2014)

19

Vinyl chloride

n/a

No safe
level

2000

Carcinogenicity (liver and other sites)

1 (2012)

Inorganic pollutants

GDWQ (2011)
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Averaging
Time

TimeWeighted
Average

Year of
Latest
WHO
AQGs*

Health Endpoints used
for AGQ development

IARC Group
Classification
(Year)

Other WHO
Health Risk
Assessments
(Year)**
JECFA (2011)

20

Arsenic

n/a

No safe
level

2000

Carcinogenicity (lung)

1 (2012)

21

Asbestos

n/a

No safe
level

2000

Carcinogenicity (lung and mesothelioma)

1 (2012)

22

Cadmium

Annual

5 ng/m³

2000

Carcinogenicity (lung)

1 (2012)

23

Carbon monoxide

15 min

100 mg/m³

2010

COHb levels in non-smokers blood below 2%

n/a

1h

35 mg/m³

2010

Same as above

n/a

8h

10 mg/m³

2010

Same as above

n/a

24 h

7 mg/m³

2010

Same as above

n/a

n/a

No safe
level

2000

Carcinogenicity (lung)

1, Chromium VI
compounds (2012);
3, Chromium metallic
(1990)

CICAD (2013)

2000

Impairment of pulmonary function and skeletal
fluorosis

3 (1987)

EHC (2002)

CICAD (2003)

24

Chromium

25

Fluoride

n/a

No
guideline
value

26

Hydrogen sulphide

24 h

150 µg/m³

2000

Serious eye damage

n/a

30 min

7 µg/m³

2000

Odour detection threshold

n/a

JECFA (2013)
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Averaging
Time

TimeWeighted
Average

Year of
Latest
WHO
AQGs*

Health Endpoints used
for AGQ development

IARC Group
Classification
(Year)

Other WHO
Health Risk
Assessments
(Year)**

JECFA (2011)

27

Lead

Annual

0.5 µg/m³

2000

Free erythrocyte protoporphyrin levels in adults;
cognitive deficits, hearing impairment and
disturbed vitamin D metabolism in children

2B (1987), inorganic lead
2A (2006), organic lead 3
(2006)

28

Manganese

Annual

0.15 µg/m³

2000

Neurotoxic effects in workers, developmental
effects in children

n/a
JECFA (2011)
and CICAD
(2003) for
elemental mercury

GDWQ (2011)

29

Mercury

Annual

1 µg/m³

2000

Effects on kidney and CNS

mercury and inorganic
mercury compounds 3
(1993); methylmercury
compounds 2B (1993)

30

Nickel

n/a

No safe
level

2000

Carcinogenicity (lung and nasal sinus)

nickel, metallic and alloys
2B (1990); nickel
compounds 1 (2012)

31

Platinum

n/a

No
guideline
value

2000

Sensitization reactions

n/a

32

Vanadium pentoxide

24 h

1 µg/m³

1987

Chronic upper respiratory tract symptoms

2B (2006)

CICAD (2001)

*2010 indicates WHO indoor air quality guidelines for selected chemicals, while the remaining years (1987, 2000 and 2006) refer to WHO ambient air quality guidelines; **CICAD: Concise
International Chemical Assessment Documents; GDWQ: WHO Guidelines for Drinking Water; JECFA: Joint FAO/WHO Expert Committee on Food Additives.
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Contribution of anthropogenic warming
to California drought during 2012–2014
A. Park Williams1, Richard Seager1, John T. Abatzoglou2, Benjamin I. Cook1,3, Jason E. Smerdon1,
and Edward R. Cook1
1

Lamont–Doherty Earth Observatory, Columbia University, Palisades, New York, USA, 2Department of Geography,
University of Idaho, Moscow, Idaho, USA, 3NASA Goddard Institute for Space Studies, New York, USA

Abstract A suite of climate data sets and multiple representations of atmospheric moisture demand are used
to calculate many estimates of the self-calibrated Palmer Drought Severity Index, a proxy for near-surface soil
moisture, across California from 1901 to 2014 at high spatial resolution. Based on the ensemble of calculations,
California drought conditions were record breaking in 2014, but probably not record breaking in 2012–2014,
contrary to prior ﬁndings. Regionally, the 2012–2014 drought was record breaking in the agriculturally important
southern Central Valley and highly populated coastal areas. Contributions of individual climate variables to
recent drought are also examined, including the temperature component associated with anthropogenic
warming. Precipitation is the primary driver of drought variability but anthropogenic warming is estimated to
have accounted for 8–27% of the observed drought anomaly in 2012–2014 and 5–18% in 2014. Although
natural variability dominates, anthropogenic warming has substantially increased the overall likelihood of
extreme California droughts.

1. Introduction
During 2012–2014, drought in California (CA) caused water use restrictions, rapid drawdown of groundwater
reserves [Famiglietti, 2014; Harter and Dahlke, 2014], fallowed agricultural ﬁelds [Howitt et al., 2014], and ecological
disturbances such as large wildﬁres and tree mortality [e.g., Moore and Heath, 2015; Worland, 2015]. The ultimate
cause of the recent drought was a persistent ridge of high atmospheric pressure over the Northeast Paciﬁc that
blocked cold-season storms from reaching CA and stiﬂed precipitation totals [e.g., Seager et al., 2015]. Tree ring
reconstructions from CA indicate that the resultant 3 year precipitation shortfall of 2012–2014 has been matched
less than once per century over the past several hundred years [Grifﬁn and Anchukaitis, 2014; Diaz and Wahl,
2015]. Dynamical studies agree that the Northeast Paciﬁc ridge that caused the precipitation shortfall was part
of an atmospheric wave train originating from the western tropical Paciﬁc due to warm sea surface temperatures
(SSTs) in that region [Funk et al., 2014; Seager et al., 2014a, 2015; Wang and Schubert, 2014; Wang et al., 2014;
Hartmann, 2015]. The observed ridging anomaly was stronger than the modeled response to tropical SST forcing
[e.g., Wang and Schubert, 2014; Seager et al., 2015], however, and leaves room for contributions from internal
atmospheric variability or anthropogenic climate change. Although it has been suggested that anthropogenic emissions enhance the probability of extreme Northeast Paciﬁc ridging events without necessarily affecting the longterm mean state [Swain et al., 2014; Wang et al., 2014, 2015], model projections of increased extremes in cold-season
precipitation totals do not emerge as relevant until the second half of this century [Berg and Hall, 2015].
Furthermore, observed CA precipitation totals indicate no long-term trend despite cooccurring increases in western
tropical Paciﬁc SSTs [Seager et al., 2015], climate models do not produce negative CA precipitation trends when
forced by observed SST trends [Funk et al., 2014], and future anthropogenic climate change is projected to result
in slight positive trends in CA precipitation totals [Neelin et al., 2013; Seager et al., 2014b, 2015; Simpson et al.,
2015], all arguing against the likelihood of an anthropogenic role in the recent CA precipitation shortfall.
Importantly, there is widespread consensus that warmth has intensiﬁed the effects of the recent precipitation
shortfall by enhancing potential evapotranspiration (PET) [AghaKouchak et al., 2014; Grifﬁn and Anchukaitis,
2014; Diffenbaugh et al., 2015; Mann and Gleick, 2015; Shukla et al., 2015]. Because warming is a well-understood
and robustly modeled response to anthropogenic emissions of greenhouse gases, it is expected that
warming-induced drying will continue for centuries to come [e.g., Cook et al., 2015; Diffenbaugh et al., 2015].
However, the degree to which anthropogenic warming and resultant increases in PET were responsible for
the recent drought severity in CA is unknown.
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Grifﬁn and Anchukaitis [2014] used the Palmer Drought Severity Index (PDSI), a proxy for near-surface soil
moisture [Palmer, 1965], to investigate the role of temperature in the recent drought, but they did not
separate the inﬂuence of anthropogenic warming from natural temperature variability and their employed
version of PDSI (from the National Oceanic and Atmospheric Administration (NOAA)) uses a simpliﬁed
formulation of PET. Mao et al. [2015] attempted to isolate the anthropogenic component of warming using
a more physically based PET calculation but focused only on the Sierra Nevada Mountain region and spring
snowpack, and simply characterized anthropogenic warming as the observed linear trend in daily minimum
temperatures. Other studies investigate the effect of warming on the likelihood of severe drought events in
CA [e.g., AghaKouchak et al., 2014; Diffenbaugh et al., 2015; Shukla et al., 2015] but do not directly address the
anthropogenic contribution to recent drought severity. Each study noted above considers only a single
climate data product without addressing the structural uncertainty across different data products.
Here we quantify the severity of recent CA drought using an ensemble of data products and multiple PDSI
formulations, determine the relative roles of individual components of the water balance, and determine the
proportion of recent drought severity that can be attributed to increases in PET due to anthropogenic warming.

2. Methods
2.1. Palmer Drought Severity Index
We calculate monthly PDSI to characterize temporal and spatial variations in CA drought from 1901 to 2014:
most humidity, wind speed, and insolation data sets do not extend prior to 1901. The PDSI is based on a simple two-layer soil moisture model and is locally normalized to reﬂect moisture anomalies relative to long-term
mean conditions. PDSI is a primary tool used for drought monitoring in the United States [Heim, 2002;
Svoboda et al., 2002] and generally agrees well with modeled and observed soil moisture anomalies [Dai
et al., 2004; Cook et al., 2015; Smerdon et al., 2015; Zhao and Dai, 2015] and tree ring records [Cook et al.,
2007]. While some recent studies have taken more complex modeling approaches to investigate the recent
CA drought [Mao et al., 2015; Shukla et al., 2015], we use the PDSI because it allows efﬁcient calculations of
centennial-length records at high spatial resolution, which can be computed many hundreds of times with
different climate variables, input data sets, and methodological schemes. The PDSI only reﬂects drought
variability from a climatological perspective. Our results therefore do not explicitly reﬂect human water
demand, stream ﬂow and reservoir storage, or accessibility of groundwater. The PDSI also considers all
precipitation to occur as rain, neglecting snow storage and subsequently delayed inputs to soil moisture
and runoff. To assess implications of this latter simpliﬁcation, PDSI is compared to modeled soil moisture
by Mao et al. [2015] for the snow-dominated Sierra Nevada mountains.
Other studies also have used the PDSI to examine recent CA drought [Grifﬁn and Anchukaitis, 2014;
Diffenbaugh et al., 2015; Robeson, 2015]. A key difference between these studies, which use data developed
by NOAA, and our study is the formulation of PET. The NOAA calculations involve the simpliﬁed Thornthwaite
formula [Thornthwaite, 1948] that considers monthly mean temperature to be the only climatological driver
of PET variability. This approach can overemphasize the inﬂuence of warmth when temperatures are high,
and further inaccuracies are introduced by ignoring the nontemperature components of PET [e.g., Hobbins
et al., 2008; Hoerling et al., 2012; Shefﬁeld et al., 2012]. The more physically based Penman-Monteith (PM) formula [Penman, 1948; Monteith, 1965] considers the suite of variables affecting PET: mean daily maximum
temperature (Tmax), mean daily minimum temperature (Tmin), humidity, wind speed, and net radiation. We
use the PM formula and repeat calculations using Thornthwaite in some cases for comparison.
Additionally, we use the newer self-calibrated PDSI (PDSIsc), developed to make drought severity comparable
among locations [Wells et al., 2004].
Consistent with several prior studies [e.g., Cook et al., 2004, 2007, 2010; Grifﬁn and Anchukaitis, 2014], we focus
on June–August (JJA). PDSIsc is an integration of hydroclimate over multiple months to several years
[Guttman, 1998] and summer is the ideal season for characterizing drought intensity in CA for two reasons:
(1) it is when drought effects tend to be most critical; and (2) it is when PDSIsc is most accurate in mountain
regions because snowpack has melted or is at a minimum [e.g., Dai et al., 2004]. To facilitate interpretation,
each grid cell’s annual record of JJA PDSIsc is normalized so that two PDSIsc units equal a 1 standard deviation
departure from the 1931–1990 mean, retaining a similar variance in the records of JJA PDSIsc as is in the
WILLIAMS ET AL.

GLOBAL WARMING AND CALIFORNIA DROUGHT

6820

Geophysical Research Letters

10.1002/2015GL064924

monthly records. Again for interpretability, we renormalize statewide mean JJA PDSIsc records. We use a
1931–1990 calibration interval in all PDSIsc calculations to be consistent with NOAA methodology.
2.2. Climate Data
We calculate PDSIsc records for all 432 combinations of four precipitation, four temperature, three vapor pressure, three wind speed, and three insolation data sets. Data sets are listed with references in Table S1 in the
supporting information and described in Text S1. We bilinearly interpolate each monthly climate ﬁeld for each
data set to the spatial resolution of the PRISM data set (0.04167°) [Daly et al., 2004]. For each climate variable,
data sets were calibrated so that climatological means and variances match during 1961–2010 (see Text S1).
Uncertainties are high for humidity, wind speed, and insolation because they are largely based on models or
observations of other variables [e.g., Dai, 2011]. Although consideration of multiple data products helps
to characterize some of this uncertainty, data products are not all produced independently. Errors therefore
may be recurrent in multiple data products (see Text S1).
2.3. Decomposition of PET and PDSIsc
We calculate the inﬂuence of a given variable, or subset of variables, on PET as the PET anomaly calculated
while holding all other variables at their mean annual cycles [e.g., Cook et al., 2014; Scheff and Frierson,
2014; Zhao and Dai, 2015]. Mean annual cycles were always deﬁned over 1961–2010. For PDSIsc, the contribution of precipitation was deﬁned as PDSIsc_P, calculated by holding PET at its mean annual cycle and only
allowing precipitation to vary. The contribution of PET was calculated as the difference between PDSIsc_P and
a recalculation of PDSIsc in which both precipitation and PET vary. We isolated the inﬂuences of the temperature and nontemperature components of PET by applying versions of PET in which only the component of
interest varies. Contributions of subcomponents of PET and PDSIsc anomalies were nearly perfectly additive,
but all relative anomalies were rescaled to sum to exactly 100% of the total anomaly.
2.4. Effect of Anthropogenic Warming
Anthropogenic warming was isolated from that of natural temperature variability by considering four warming
scenarios that are described in detail in the next two paragraphs. For each scenario, natural temperature variability is calculated as the observed temperature minus the anthropogenic trend. All records of anthropogenic
warming and natural variability were calculated independently for Tmax and Tmin, each grid cell, and each
month. For each warming scenario, we recalculated PET twice: once considering only the anthropogenic warming record and once considering the residual record of natural temperature variability. Methods were repeated
from above to assess PDSIsc anomalies caused by anthropogenic warming and natural temperature variability.
The four anthropogenic warming scenarios are deﬁned as follows: (1) linear trend, (2) 50 year low-pass ﬁlter
(using a 10-point butterworth ﬁlter), (3) unadjusted mean trend from an ensemble of climate models, and (4)
an adjusted version of #3. The ﬁrst two warming scenarios represent empirical ﬁts to the observed temperature
records during 1895–2014. Although a linear trend is commonly used to represent the anthropogenic effect, a
linear ﬁt to a centennial temperature record may underestimate the human effect on temperature in recent
decades because radiative forcing during this period has increased relatively rapidly [e.g., Myhre et al., 2013].
The 50 year low-pass ﬁlter partially addresses this issue, but multidecadal natural temperature variability inhibits
complete isolation of the anthropogenic effect with either the linear trend or the 50 year ﬁlter. Additionally,
trends toward the end of the 50 year ﬁlter record are affected by boundary constraint assumptions. Although
continued warming is likely, we pad the end of the temperature record with a repetition of the last 25 years
in reverse order, likely leading to an underestimation of anthropogenic warming in the most recent years.
In the third and fourth warming scenarios, we use modeled records of Tmin and Tmax produced for the
Coupled Model Intercomparison Project Phase 5 (CMIP5) [Taylor et al., 2012] to represent anthropogenic
warming trends for each month. Thirty-six models in the CMIP5 archive are used, based on the availability
of Tmax and Tmin data for the historical (1850–2005) and future (2006–2099, RCP 8.5 [van Vuuren et al.,
2011]) simulations. For each model, Tmin and Tmax are each averaged across all available runs for the historical
and future periods, bilinearly interpolated to the geographic resolution of PRISM, and bias corrected for each
grid cell so that monthly means during 1961–2010 matched observational means. We calculate 50 year lowpass ﬁltered time series for each month during 1850–2099 and average across the 36 models. The resultant
ensemble mean records for 1895–2014 represent the CMIP5 records of anthropogenic warming used in the
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Figure 1. Contributors to interannual (water year) drought variability in CA, calculated from multiple data sets. (a) Precipitation. (b) PET totals, calculated using the PM
equation for all combinations of four temperature, three humidity, three wind velocity, and three insolation data sets. (c) Temperature contribution to PET anomalies.
Contributions of (d) all nontemperature variables, (e) humidity, (f) wind velocity, and (g) insolation to PET anomalies. (h) JJA PDSIsc calculated with all 432 combinations of
the climate-variable data sets. Horizontal black lines: 1931–1990 means. Colors distinguish data products.

third warming scenario. For the fourth scenario, we linearly adjust these records to best ﬁt the observations
from 1895 to 2014. This approach reduces biases in the modeled trends but carries the implicit assumption
that observed temperature trends are entirely anthropogenic in origin, which is a questionable assumption.
For example, Johnstone and Mantua [2014a] indicate that some of the observed warming trend may be due
to warming in the Northeast Paciﬁc that is not linked to anthropogenic climate change, but also see
Abatzoglou et al. [2014] and Johnstone and Mantua [2014b].

3. Results and Discussion
3.1. Recent Drought Conditions
Figure 1a shows annual water year (WY: October–September) CA precipitation totals for 1896–2014 and demonstrates general agreement among the four gridded data sets. The WY 2014 precipitation total was the third lowest (fourth lowest for Global Precipitation Climatology Centre (GPCC) [Schneider et al., 2014]) on record (behind
WYs 1977 and 1924) and WY 2012–2014 precipitation was the lowest (third lowest for GPCC) 3 year running
average on record (Figure S1a). The effects of the recent precipitation deﬁcit have been ampliﬁed by positive
PET anomalies. Figure 1b shows the 108 records of WY PET, calculated from all combinations of temperature,
humidity, wind, and insolation data sets. Among the PET records, 32 include data for 2014. WY 2014 PET was
9–12% above average and the highest on record in every case. PET for WY 2012–2014 was 7–9% above average
and either the highest or second highest (behind WY 2007–2009) on record (Figure S1b).
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Figure 2. Maps of (a) JJA PDSIsc and ranking for (b) 2014 and (c) 2012–2014. Rankings are based on all years between 1901
and 2014, and a ranking of 1 indicates record-breaking drought. PDSIsc in this ﬁgure is based on VOSE precipitation and
temperature, PRISM humidity, and LDAS [Mitchell et al., 2004; Rodell et al., 2004] wind speed and insolation. Polygons bound
the seven NOAA climate divisions (division numbers shown in Figure 2a).

All PET data sets indicate positive and signiﬁcant trends during WY 1949–2014, ranging from 8.2 to
13.7 mm/decade when considering linear trends. These trends are almost entirely due to warming. Since
WY 1949, warming positively forced PET by 10–12 mm/decade (65–82 mm total), equivalent to 10–13% of
the mean WY precipitation (Figure 1c). The VOSE [Vose et al., 2014], BEST [Rohde et al., 2013], and TopoWx
(which only goes back to 1948 [Oyler et al., 2015]) data sets indicate that the temperature contribution to
PET was highest on record in 2014 while PRISM indicates that the temperature contribution was higher in
1934. All four data sets agree that the temperature contribution to PET during WY 2012–2014 was substantially
higher than that of any other 3 year period on record (Figure S1c).
Nontemperature variables account for approximately one third of WY PET variability (Figure 1d), although
much uncertainty exists among the nontemperature data sets. Nearly all interannual variability and inter–data
set spread in nontemperature PET (Figure 1d) are due to contributions from vapor pressure and wind speed
(Figures 1e–1g). According to the data sets considered, positive wind speed trends contributed positively to
PET (4.5 to 4.8 mm/dec), positive humidity trends contributed negatively ( 3.5 to 4.0 mm/dec), and insolation
had a minimal inﬂuence due to very low interannual variability in warm-season insolation relative to the mean.
Prior to 1948, trends in the nontemperature components of PET are much less certain due to a nearly complete
lack of pre-1948 observational data [e.g., Dai, 2011].
Within CA, PET trends were spatially heterogeneous, with much of the Central Valley experiencing reduced
PET during the second half of the twentieth century due to suppressed daytime warming and increased
humidity, consistent with the effects of increased irrigation [Lobell and Bonﬁls, 2008]. These results are broadly
consistent with observed decreases in warm-season pan evaporation at sites in the Central Valley during
1951–2002 [Hobbins et al., 2004]. These agricultural trends appear distinct from the well-known global
declines in pan evaporation that appear to have been caused by pollution-induced solar dimming during
the 1950s–1980s and reductions in wind speed [Roderick et al., 2009]. While long-term records of insolation
and wind speed are sparse in CA, those that exist indicate insigniﬁcant wind trends of inconsistent sign
[Pryor et al., 2009; Pryor and Ledolter, 2010] and twentieth century insolation decreases that were too small
to substantially affect statewide mean PET, similar to prior ﬁndings in Australia [Roderick et al., 2007].
Figure 1h shows all 432 records of JJA PDSIsc for 1901–2014 (128 records extend through 2014). Colors in
Figure 1h indicate the precipitation product; spread among colors reﬂects disagreement among precipitation
products and spread within colors reﬂects disagreement among PET products. All records indicate that 2014
JJA PDSIsc was the lowest on record ( 4.64 to 3.67), with 25–37% of CA experiencing record-breaking
drought locally. The year 2014 had the highest proportion of record-breaking drought area on record for
all data sets, with the most severe anomalies centered in the southern Central Valley and the central and
southern CA coasts (Figures 2a and 2b).
Considering 3 year running average PDSIsc, 2012–2014 JJA drought intensity was found to be similar to, but
generally not as severe as, that of 2007–2009 when averaged across CA, regardless of data sets used
(Figure S1h). The similarity of mean PDSIsc during these two periods is interesting given that WY 2012–2014
had the lowest precipitation total on record and PET levels were comparable during each period. The difference
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Figure 3. Contributions of precipitation and PET to drought variability. (a) Annual and (b) 3 year running mean JJA PDSIsc
records calculated when (blue) only precipitation is allowed to vary from the climatological mean and (orange) when both
precipitation and PET vary. Thus, departures of the blue line from zero are due to precipitation variability and departures of
the orange line from the blue line are due to PET variability. Shading between lines in Figures 3a and 3b indicate periods
when (cyan) low PET reduces drought and (yellow) high PET intensiﬁes drought. Percent contributions of precipitation
and PET to the (c) 2014 and (d) 2012–2014 PDSIsc anomalies. The bars in the shaded area of Figures 3c and 3d break the
contribution of PET into contributions from temperature (T) and nontemperature (other: humidity, wind, and solar). Time
series and bars represent mean conditions across all combinations of climate data products and whiskers bound all values
from all combinations of data products.

was in the timing of precipitation. Unlike the 2012–2014 drought, which intensiﬁed over time, the 2007–2009
drought was most intense at the onset and the moisture deﬁcit established in 2007 partially propagated into
2008 and 2009. Additionally, spring months for WY 2012-2014 were generally wetter than WY 2007–2009,
contributing to soil moisture at a critical time immediately prior to summer (Figure S2).
The ﬁnding that the 2012–2014 PDSIsc was not as severe as that of 2007–2009 conﬂicts with prior ﬁndings
based on NOAA PDSI (which is based on VOSE precipitation and temperature) that 2012–2014 was the most
severe 3 year drought on record in CA [Grifﬁn and Anchukaitis, 2014; Robeson, 2015]. This is attributable to the
NOAA calculation of PDSI, which ampliﬁes the effect of extreme heat anomalies in 2014 via the Thornthwaite
PET equation (Figures S3 and S4). Importantly, while our calculations indicate that 2012–2014 was probably
not a record-breaking drought event when averaged across CA, 2012–2014 drought severity was record
breaking in much of the agriculturally important Central Valley (Figure 2c). In contrast, drought in 2007–2009
was most severe in the sparsely populated and already dry desert region of southeastern CA.
PDSIsc does not account for snowpack effects, which are important for human water supply, and our calculations
of statewide PDSIsc may therefore not always accurately reﬂect drought from the perspective of human water
supply, which is disproportionately linked to the Sierra Nevada Mountains. For that region, Mao et al. [2015] used
the Variable Inﬁltration Capacity (VIC) hydrologic model [Liang et al., 1994] to simulate hydrological dynamics
during 1920–2014. Using the Mao et al. [2015] meteorological forcing to calculate PDSIsc for the Sierra
Nevada Mountains, we ﬁnd strong agreement (r = 0.93) with VIC JJA soil moisture (Figure S5). VIC soil moisture
nevertheless indicates slightly more severe drought than PDSIsc during the most extreme drought years, likely
due to early disappearance of snowpack [e.g., Mote, 2006; Mankin and Diffenbaugh, 2015] and subsequently
reduced spring and summer melt-driven soil moisture inputs (Figure S6). Given that the calculation of PDSIsc
neglects snowpack and therefore cannot capture the effect of early snowmelt on summer soil moisture, the
warming effect on summer PDSIsc presented in the next section is likely conservative for snow-dominated areas.
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Figure 4. Contributions of anthropogenic warming and natural temperature variability to recent temperature and drought.
(a) Annual and (b) 3 year running water year temperature records with four alternate scenarios of anthropogenic warming.
Contributions of anthropogenic warming versus natural temperature variability to (c) 2014 and (d) 2012–2014 JJA PDSIsc
anomalies, where bar colors correspond to the colors of the four anthropogenic warming trends in Figures 4a and 4b. For
each of the anthropogenic warming scenarios, natural temperature variability is calculated as the observed temperature
minus the warming trend. All time series and bars represent mean conditions across all combinations of climate products.
Whiskers bound all values for all combinations of data products.

3.2. Effect of Warming on Recent Drought
Figures 3a and 3b compare PDSIsc (orange) to an alternate calculation in which only precipitation varies and
PET is held at its mean annual cycle (blue). While there is no long-term trend in precipitation-driven PDSIsc
since 1948 or 1901, trends in actual PDSIsc are signiﬁcant and negative (p < 0.05 according to Spearman’s
Rho and Kendall’s Tau) due to increasing PET. During 2014 and 2012–2014, PET anomalies accounted for
22–32% and 24–37% of the JJA PDSIsc anomalies, respectively (Figures 3c and 3d). Recalculating PDSIsc
considering the temperature and nontemperature components of PET separately, we ﬁnd that the intensifying effect of high PET on recent drought was nearly entirely caused by warmth (Figures 3c and 3d).
High temperatures accounted for 20–26% and 18–27% of the JJA PDSIsc anomalies in 2014 and 2012–2014,
respectively (Figures 3c and 3d).
The contribution of temperature is further separated into contributions from natural temperature variability
and anthropogenic warming in Figure 4. Figures 4a and 4b show the WY temperature record and the four
anthropogenic warming scenarios, which indicate an anthropogenic warming contribution in WY 2014 of
0.61–1.27°C relative to the 1931–1990 mean. The empirically derived trends suggest a weaker anthropogenic
warming contribution in recent years than the CMIP5 trends because (1) the linear trend does not account for
the nonlinear increase in anthropogenic forcing and (2) the 50 year low-pass ﬁlter trend indicates slowed
warming in the past two decades that is partly due to our conservative smoothing approach and partly
due to decadal climate variability. The CMIP5 trends represent the nonlinear increase in radiative forcing
without being affected by decadal climate variability or smoothing artifacts. The similarity between the
adjusted and unadjusted CMIP5 warming trends suggest that the CMIP5 provides a reasonable representation of the anthropogenic warming inﬂuence in CA despite having stronger warming trends than the
conservatively designed empirical trends.
Breaking the temperature contributions to PDSIsc into anthropogenic and natural components, the four
anthropogenic warming trends account for 5–18% of the JJA PDSIsc anomaly in 2014 and 8–27% of the
anomaly in 2012–2014 (Figures 4c and 4d). Despite differences in these relative contributions of warming
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to drought during 2014 versus 2012–2014, the absolute contributions of anthropogenic warming to drought
during these two periods were virtually identical. The absolute anthropogenic contribution does not change
much interannually but instead acts as a gradually moving drought baseline upon which the effects of natural climate variability are superimposed (Figure S7a).
As of 2014, the anthropogenic warming forcing accounted for approximately 0.3 to 0.7 standardized
PDSIsc units, depending on the anthropogenic warming scenario and combination of climate data sets considered (Figure S7a). To illustrate how this trend in background drought conditions affected the probability of
severe drought as of 2014, we compare the probability distribution of 1901–2014 PDSIsc values calculated in
the absence of anthropogenic warming to the same distributions shifted negative by 0.46, the 2014 PDSIsc
forcing by the 50 year low-pass ﬁlter warming trend (Figure S7b, based on VOSE temperature and precipitation data). Comparing the two distributions, we ﬁnd that severe summer droughts with PDSIsc ≤ 3 were
approximately twice as likely under 2014 anthropogenic warming levels (Figure S7c). Although uncertainty
in probabilities of extreme events is large when based on observed records [e.g., Swain et al., 2014], and
the anthropogenic trend may not result in a perfectly uniform shift in the PDSIsc distribution, this analysis
illustrates the general fact that the anthropogenic drying trend, while still small relative to the range of natural climate variability, has caused previously improbable drought extremes to become substantially more
likely, consistent with the conclusions of other recent studies [e.g., AghaKouchak et al., 2014; Cook et al.,
2015; Diffenbaugh et al., 2015; Shukla et al., 2015; Williams et al., 2013, 2014, 2015].
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Regarding anthropogenic contributions, there are some important caveats. First, anthropogenic climate
change has potentially affected more than just temperature in CA [e.g., Swain et al., 2014; Wang et al.,
2014, 2015]. Lack of long-term observational data on wind speed and humidity in CA, and uncertainties in
existing data, make it difﬁcult to quantify anthropogenic inﬂuences on these variables. For CA precipitation,
current models project a weak overall increase [Neelin et al., 2013; Seager et al., 2014b, 2015; Simpson et al.,
2015], but no such precipitation trend has emerged. Hence, we only characterize anthropogenic effects on
temperature in this study. Second, observed warming trends are affected by processes not related to greenhouse gas emissions such as land use (e.g., agriculture, urbanization) and natural low-frequency climate variability. While climate models provide a deﬁnition of anthropogenic warming that should be unbiased by
observations, the accuracy of this approach, as in other attribution studies [e.g., Bindoff et al., 2013], is conﬁned by the accuracy of climate models. Finally, our analyses do not account for snowpack, making our
results a likely underestimation of the contribution of heat anomalies to recent drought in snow-dominated
mountain areas and should be interpreted conservatively regarding the effects of warming on water
resources for systems strongly affected by the timing of seasonal runoff from mountains.

4. Conclusions
Anthropogenic warming has intensiﬁed the recent drought as part of a chronic drying trend that is becoming
increasingly detectable and is projected to continue growing throughout the rest of this century [e.g., Cook
et al., 2015]. As anthropogenic warming continues, natural climate variability will become increasingly unable
to compensate for the drying effect of warming. Instead, the soil moisture conditions associated with the current
drought will become increasingly common. Impacts of drought on society may be increasingly intensiﬁed due
to declining availability of groundwater reserves [e.g., Famiglietti, 2014]. The Central Valley may be particularly
vulnerable to warming-driven drought if reductions in water supply cause reductions in irrigation, as irrigation
has slowed warming in this region [Lobell and Bonﬁls, 2008]. The dramatic effects of the current drought in CA,
combined with the knowledge that the background warming-driven drought trend will continue to intensify
amidst a high degree of natural climate variability, highlight the critical need for a long-term outlook on drought
resilience, even if wet conditions soon end the current drought in CA.
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How Utah quietly made plans to ship coal
through California

A proposed export facility near the Port of Oakland faces sharp new questions over whether it would process coal bound for
Asia. (Justin Sullivan / Getty Images)
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he troubled U.S. coal industry has said for years that its future is in Asia. The question has
been how to get there.
New coal export facilities proposed for the West Coast have met stiff and sometimes fatal

resistance. City councils have passed defiant resolutions saying coal terminals would increase local
pollution and global greenhouse gas emissions. Environmental groups have filed lawsuits. Native
American tribes have invoked historical treaty rights.
So when state and county officials in southern Utah came up with an unusual plan to invest $53 million
http://www.latimes.com/nation/lanasejutahcoal20151211story.html
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in public money to help build an export terminal in San Francisco Bay, they decided to tell as few people
as possible what commodity they planned to export.
“The script,” according to Jeffrey Holt, the chairman of the Utah Transportation Commission and a
central figure in arranging the $53million loan, writing in an email last spring, “was to downplay coal.”
Now, more than six months after Holt sent his email, the state loan has yet to be finalized and the
proposed terminal — which is being developed on city property in Oakland with the help of a longtime
friend and investment partner of California Gov. Jerry Brown — faces sharp new questions. Instead of
stealthily helping shepherd the project, Holt appears to have inadvertently stoked opposition to it after
his email was released as part of a public records request.
“All he did was make people aware,” said Margaret Gordon, a longtime environmental activist in
Oakland and a former port commissioner. “That means the community organizing is happening on both
ends — in Utah and in Oakland.”
And that has meant new scrutiny for what opponents say would be the largest coal export facility in
California — a project that could create conflicts with California's ambitious climate goals even as Brown
has just returned from France, where he participated in the United Nations summit to address climate
change.
The debate over the terminal proposal provides an unusual window into the politics of energy
development in states such as Utah, whose political leaders are often as committed to resource
extraction as those in the private sector; and California, where a governor staking his legacy on climate
change faces an industry proposal — backed by a longtime associate — that could add significantly to
greenhouse gas emissions.
The push for the proposed terminal in Oakland has been led by Phillip Tagami, a prominent developer
and himself a former Oakland port commissioner. He was appointed to that role by Brown, then the
mayor of Oakland.
Tagami has donated generously to Brown's campaigns over the years, and Brown has substantial
financial stakes in real estate projects led by Tagami, according to a report last year by the Bay Area
News Group. Brown spokesman Gareth Lacy has said the governor “does not have a financial interest”
in the proposed export terminal.
Tagami's lawyer said the Oakland developer has no business relationship with Holt, a former executive
of Goldman Sachs in the Bay Area who invests in large port and infrastructure projects. A top executive
in Tagami's company traveled to Utah in April to meet with Holt and officials who agreed to make the
loan, according to public records.
http://www.latimes.com/nation/lanasejutahcoal20151211story.html
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A key point of controversy from the beginning has been whether the terminal was intended to process
coal bound for Asia.
Proponents have said the facility could end up exporting alfalfa, potash and other less controversial
commodities.
But the likelihood that coal could be part of the plan became clear this year, when four coalproducing
counties in Utah moved to invest $53 million in the terminal.
The move came through the Utah Permanent Community Impact Fund Board, which makes low
interest loans using royalty money from federal mining leases. The loans traditionally have been given for
public projects such as senior centers or sewer lines that would help communities affected by mining.
But recently, the board, known as the CIB, has funded infrastructure projects intended to expand
production of fossil fuels.
Holt, a former member of the board, has been behind at least two of the projects — the terminal and a
related rail line. Both would benefit Holt and his employer, the Bank of Montreal, according to public
records released in response to a request from the Sierra Club and other groups.
Emails contained in the records suggest that Holt, who has publicly downplayed any plans to export
coal, had indeed discussed moving Utah coal through the Oakland facility.
“The key concept is — This is a bulk terminal, many commodities can and will go through the terminal,”
he wrote in April in his suggested talking points for county leaders in Utah. “(Could coal be one of them,
you ask? Sure, I guess so, but we have so many products here in the State of Utah that need rail.) Less
press is best. Controlled message is critical.”
That month, Holt sought to persuade the CIB to loan money to the four counties in southcentral Utah
so they could invest in the Oakland terminal.
Holt has advocated for both the rail and the terminal at the highest levels of state government and has
sought to smooth over potential questions.
At its vote in April, the CIB said it would ask Utah Atty. Gen. Sean Reyes to assess the legality of using
CIB funds for the Oakland project.
Holt texted Utah Lt. Gov. Spencer Cox in late October, saying he and others were planning to meet with
Reyes' staff and asking whether Cox or Utah Gov. Gary R. Herbert “could come by and give some words
of encouragement to the parties assembled.”

http://www.latimes.com/nation/lanasejutahcoal20151211story.html
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“The plan,” Holt texted, “is to turn the [attorney general] folks into road map not a road block on these
large infra projects.”
The following week, after the Sierra Club, Earthjustice and other groups wrote to Reyes alleging that the
planned loan violated several laws, Holt wrote to Justin Harding, Herbert's chief of staff. “Official State
support would be timely,” he wrote.
Harding replied that the governor's office had “intimated state support for this project on a number of
occasions and in a number of ways” and “will determine appropriate ways to reach out and affirm our
position.”
Jon Cox, a spokesman for Herbert, said in an email to The Times that the governor “is supportive of the
concept of this project, but he is awaiting final legal review from the Utah Attorney General's office.”
Holt declined to respond to repeated Times requests for comment by phone and email.
On Friday, he announced his resignation as head of the Utah Transportation Commission, citing his
family's recent move to New York for his private sector job.
In Oakland, port officials rejected a different proposed coal terminal last year. The Tagami project,
however, would be on city land, not property controlled by the port.
Mayor Libby Schaaf, however, has been a vocal opponent of coal development, and this year she had a
public dustup with Tagami after news emerged that the terminal could export coal.
At the Paris climate summit last week, Schaaf and Brown spoke at a public forum on efforts to fight
global warming. Schaaf said she was “concerned about the health impacts when coal travels through or
is handled in your city.”
Brown suggested that any attempts to cut back U.S. coal use would be fruitless if the coal were simply
shipped overseas.
“It doesn't make sense to be shutting down coal plants and then export it for somebody else to burn it in
a more dirty way,” the governor said. “But what we need is a national plan to reduce all fossil fuels.
Certainly, coal would be at the top.”
william.yardley@latimes.com
Copyright © 2016, Los Angeles Times
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Abstract. A global-scale three dimensional atmospheric
transport and chemistry model was applied to simulate
transpacific transport of Benzo[a]pyrene (BaP) emitted from
Asia. The model results were compared with observations at
six monitoring sites. The annual mean and seasonal variation
of transport patterns and the contributions of different Asian
source regions to transpacific transport flux were investigated. The episodic nature of transpacific transport was also
systematically explored. Interannual variability of transpacific transport of BaP was also assessed during the period
of 1948–2007. Results showed that strong enhancements of
modeled BaP occurred in an area bounded by 70–80◦ E and
100–120◦ E. Air containing these elevated BaP concentrations was then delivered eastward by westerly winds. When
approaching the West Coast of North America, the descending atmospheric motion carried BaP-laden air into the lower
atmosphere. The transpacific transport flux was 1.6 times
higher in the winter than in the summer. East Asian emission dominates the transpacific transport flux with a contribution of about 97 %. Near ground concentration of BaP induced by Asian sources in North America varied between
1–20 pg m−3 . A case study for observation at Cheeka Peak
Observatory during March 2002–May 2002 reveals the importance of warm conveyor belt for transpacific transport.
The number of days with transpacific transport flux with a
factor of 0.5, 1.0, 1.5, and 2.0 larger than the running mean
were 9.4 %, 0.72 %, 0.06 % and 0.01 %, respectively, implying a mild contribution of episodic transport to the long-term
Correspondence to: S. Tao
(taos@urban.pku.edu.cn)

mean transport flux. Significant interannual fluctuation of
transpacific transport of BaP was found, including a general
decreasing trend during 1948–2007, and especially after the
1970s. The transpacific transport was found to be positively
correlated with the Southern Oscillation Index.

1

Introduction

Polycyclic aromatic hydrocarbons (PAHs) have been included in the Convention on Long range Transboundary Air
Pollution Protocol on Persistent Organic Pollutants (United
Nations Economic Commission, http://www.unece.org/env/
lrtap/pops h1.htm) and linked with human health (Armstrong
et al., 2004). PAHs are mainly generated from incomplete
combustion of carbonaceous bio- and fossil fuels. Despite
the drastic decrease of PAH emissions in developed countries
due to PAH emission reduction efforts (Pacyna et al., 2003),
PAH deposition on the ice sheet in Greenland showed the
global trend of PAH emission was nearly constant from the
beginning of the industrial period to the early 1990s (Masclet et al., 1995). One of the reasons is increasing PAH emission due to rapid economic development and population increases in Asia which compensates for the emission reduction in developed countries (Zhang et al., 2008b). According to a global emission inventory of PAHs, the total emission of sixteen PAH compounds listed in the United States
Environmental Protection Agency (USEPA) priority control
list from Asia was about 290 Gg y−1 , accounting for more
than half of total global emissions (Zhang and Tao, 2009).
Given considerable long range transport potential of many

Published by Copernicus Publications on behalf of the European Geosciences Union.
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PAH compounds (Lang et al., 2008; Primbs et al., 2008;
Klasmeier et al., 2006), higher emissions of PAHs from Asia
might threaten ecological environments and human health on
an intercontinental or even global scale.
A number of observations of transpacific transport of
PAHs have been documented in the literature. Surface
concentration measurements combined with backward trajectories have shown that semi-volatile organic compounds
(SVOCs), including PAHs, can be transported across the Pacific Ocean in about a week under certain meteorological
conditions (Primbs et al., 2007; Primbs et al., 2008; Killin
et al., 2004). For example, Killinet al. (2004) observed significantly elevated concentrations of PAHs and other SVOCs
during 15–16 March, 27–28 March and 22–23 April 2002,
when backward trajectories passed over Asia, suggesting
Asia as the potential source of these compounds.
Several modeling studies have also addressed the transpacific transport of particulate and gaseous pollutants derived
from incomplete combustion of carbonaceous fuels including
CO and Hg (Liu et al., 2003; Liang et al., 2004, 2005; Strode
et al., 2008), and SVOCs such as Polychlorinated Biphenyls
(Huang et al., 2007). In these studies, the warm conveyor belt
(WCB) was identified as an important pathway for transpacific transport. For instance, Liang et al. (2004) investigated
transpacific transport events occurring from March 2001 to
late May 2002. They found that lifting from the surface to
the free troposphere ahead of surface cold fronts in WCBs
was the main pathway (∼70 %) of the transpacific transport events occurring in this time period; other processes,
including deep convection and transport in the atmospheric
boundary layer behind cold fronts, accounted for remaining ∼30 %. After the lifting of pollutants from the surface
to the free troposphere where the wind is stronger and fast
transpacific transport is possible, single or multiple succeeding WCBs are also strongly associated with this advection
process (Cooper et al., 2004). Additionally, significant seasonal variation of transpacific transport due to the frequency
of cold surge events and the East Asian Monsoon system has
been reported in the literature (Liu et al., 2003).
Owing to the strong affinity of BaP to aerosols and subsequently subjected to stronger dry and wet deposition, the
overall lifetime of BaP is much shorter than Hg and CO (Liu
et al., 2003; Strode et al., 2008). However, modeling studies
of transpacific transport of PAHs have not been carried out
and reported in the literature except for the study by Lang
et al. (2008). In that investigation, Lang et al. (2008) applied a forward trajectory method to assess the outflow of
pyrene emitted from China to different regions from 1996
to 2005, and found a mean transit time of >9 days and an
outflow mass of ∼0.5 tons for North America. The trajectory approach is subject to substantial uncertainty due to the
large uncertainty in extensive trajectory calculations as well
as a highly simplified chemistry scheme (Kahl and Samson,
1986). Other PAH modeling studies either mainly focus on
the regional air quality and fate (e.g. Matthias et al., 2009;
Atmos. Chem. Phys., 11, 11993–12006, 2011

Zhang et al., 2009; Sehili and Lammel 2007) or the importance of the gas/particle partitioning scheme (e.g. Prevedouros et al., 2008; Lammel et al., 2009).
The objectives of this study were to (1) model the transpacific transport of PAHs using a state-of-the-art model with
complete atmospheric chemistry and multi-compartment fate
and exchanges, (2) identify background transport patterns
and episodic transport events, with a special focus on WCB
transport, (3) highlight the contribution of different Asian regions to transpacific transport, (4) quantify the concentration
of PAHs in North American induced by Asian sources, and
(5) investigate the seasonal cycle and interannual variations
of transpacific transport of PAHs. Due to its high emission
rate and extremely strong carcinogenic effect (Zhang and
Tao, 2009; Zhang et al., 2009; Nisbet and Lagoy, 1992),
benzo[a]pyrene (BaP) was chosen as the representative compound for PAHs in this study.

2
2.1

Methodology
Model description

The global-scale three dimensional atmospheric transport
and chemistry model CanMETOP (Canadian Model for Environmental Transport of Organochlorine Pesticides) (Ma et
al., 2003; Zhang et al., 2008a, 2010) was modified and applied in this study. Other modifications to a regional scale
version of this model, which was successfully used in modeling the transport of PAHs in China (Zhang et al., 2009,
2011), were also merged into this global model. The CanMETOP model was successfully used to model the transpacific transport of lindane (Zhang et al., 2008a) and the long
range transport of hexachlorocyclohexane to the Arctic region (Zhang et al., 2010).
Briefly, the atmospheric transport module of this model
is based on the atmospheric advection-diffusion equation,
which was discretized to the model grids at 1◦ ×1◦ latitude/longitude and 14 vertical levels (with 6 below 1 km),
and then solved numerically. The details of the numerical
schemes are described elsewhere (Ma et al., 2003; Zhang et
al., 2008a). In order to better handle the transport over high
latitudes and especially over the Polar Regions, the horizontal advection was solved by a multi-dimensional flux-form
semi-Lagrangian transport scheme (Lin and Rood, 1996).
The meteorological data (including wind, pressure, temperature, precipitation, etc.) were obtained from the National Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996), and interpolated at each 30-minute
model time step. A non-local and higher order turbulence
closure scheme was used in this model to estimate the momentum and heat fluxes and to characterize the sub-grid scale
process caused by the coarse meteorological data and surface
heterogeneity (Ma et al., 2003). The dry deposition velocity
is calculated by a resistance-in-series scheme following Ma
www.atmos-chem-phys.net/11/11993/2011/
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et al. (2003). As BaP can partition between gaseous and
aerosol phases, the wet deposition in both phases are considered. For the gaseous phase, the wet deposition flux is
proportional to the precipitation intensity and the solubility
of BaP in rain water. The temperature-dependent solubility
of BaP is calculated by its Henry’s Law constant. The fraction of wet scavenging in the aerosol phase is calculated as
exponential dependent on the precipitation intensity (Ma et
al., 2003).
Similar to the regional-scale version of CanMETOP for
PAHs (Zhang et al., 2009), a level-IV fugacity model is coupled with the atmospheric module. Fugacity is defined as the
tendency of a chemical to leave a certain phase compartment
(Mackay 2001), and the corresponding concentration can be
calculated as the product of the fugacity and the chemical
capacity. In this model, the soil/air and ocean/air exchange
at the bottom of the atmosphere, gas/particulate partition of
semi-volatile PAH compounds, degradation by OH radicals
in the atmosphere, biodegradation and leaching in soils, and
degradation and exchange between surface and deep ocean
are considered and simulated by a fugacity approach (Zhang
et al., 2009, 2011). These processes are briefly described below.
We treat the transport and fate of PAHs in soil largely following Ma et al. (2003) and Harner et al. (1999). The fugacity of PAHs in the fast exchanging layer (fs1 0.1 cm), buffer
layer (fs2 , 1 cm), and reservoir soil layers (fs3 , 10 cm) are
modeled by the following set of equations:


 d(fs1 Zs1 ) 
= fa Dq + Dd + Dm + fs2 Dv1,2 − fs1 Dv1,2 + DL + DR /vs1



 d(fs2dtZs2 )
= [ fs1 DL + Dv1,2 + fs3 Dv2,3 
dt
(1)

−f D
+ Dv2,3 + DL + DR ]/vs2



 d(fs3 Zs3 )  s2 v1,2
= fs2 DL + Dv2,3 − fs3 Dv2,3 + DL + DR /vs3
dt

where fa is the fugacity in the atmosphere above, fs1 , fs2 and
fs3 are the fugacity in the three soil layers, and Z and v are
the chemical capacity and volumes of the soil, respectively.
The D values describe the rates of transport and transformation processes in the soil, which include vertical diffusion
between layers (Dvn,n+1 ), biological reduction (DR ), leaching (DL ), dry deposition (Dq ), wet deposition (Dd ), and rain
dissolution (Dm ). The details of these D values are given by
Harner et al. (1999).
The ocean is considered as a series of independent slabs
without lateral advection and diffusion. These slabs have the
same horizontal spatial resolution as the atmospheric grid
boxes above and are divided into surface (with a depth of
30 m) and deep ocean boxes (depth 4000 m) following Wania
(1995). The fugacity of PAHs in the two layers (fw1 and fw2
for the surface and deep layers, respectively) are predicted by
Eq. (2):
(

d(fw1 Zw1 )
dt
d(fw2 Zw2 )
dt




= fa Dq + Dd + Dm + fw2 Dv1,2 − fw1 Dv1,2 + DS + DR /vw1



= fw1 DS + Dv1,2 − fw2 Dv1,2 + DS + DR /vw2

(2)

where the D, Z and v are similar to those for the soil compartment. Besides, we also consider the settling of PAHs
www.atmos-chem-phys.net/11/11993/2011/
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associated with organic matter (DS ), which is calculated by
Eq. (3) based on Dachs et al. (2002):
Ds = BCF × Fom Zw1

(3)

where BCF and Fom are the bioconcentration factor of PAHs
between ocean water and phytoplankton and the settling velocity of organic matter in the surface ocean water, respectively.
The exchange fluxes (Fsoil/ocean−air ) of PAHs between the
atmosphere and the underneath soil/water are then calculated
based on the difference of fugacity across the interface between compartments:
Fsoil/ocean−air = Dv (fsoil/ocean − fair )

(4)

where the f -values are the fugacity of PAHs in different
compartments, while the transport coefficients (Dv ) was described by Ma et al. (2003). The initial values of fugacity
in the soil and ocean water are generated by an iteration approach with constant PAH emissions until a steady state is
achieved.
A certain fraction of the PAHs is assumed to adsorb onto
the surface of aerosols in the atmosphere (Pankow et al.,
1987), and the fraction of particulate associated (θ) is calculated according to the surface area of aerosol (Stot ) and the
vapor pressure of PAH compounds (Ps ), as shown in Eq. (5):
θ=

cStot
cStot + Ps

(5)

where c (17.2 pa cm) is an independent constant.
The reaction of atmospheric PAHs with OH radicals is
considered for gaseous phases, whereas the degradation in
particulate phase is neglected in this study. The reaction coefficient (kOH ) is temperature (T ) dependent and calculated
by Eq. (6):
0
kOH = kOH
exp(a(1/T0 − 1/T ))

(6)

0 is the preexponential factor and a is the active
where KOH
energy. We used the monthly archived data from GEOSChem model for the total aerosol surface area and OH radical concentrations (ftp://ftp.as.harvard.edu/gcgrid/data). The
aerosol-adsorbed BaP was assumed to be non-react to oxidants in gas phase because of the lack of experimental data
and much smaller reaction coefficient (Estève et al., 2006).
Based on the reaction estimation by Schauer et al. (2003),
the residence time of particulate phase reduction of BaP is
on the order of a couple of days due to heterogeneous reaction with O3 and other photo-oxidants in the atmosphere.
The neglecting of this effect could cause an overestimation
of the residence time of BaP in the atmosphere for ∼30 % in
this study.

2.2

Emission inventory

Zhang and Tao (2009) have developed a global emission
inventory based on a compiled emission factors database
Atmos. Chem. Phys., 11, 11993–12006, 2011
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and emission activity data collected by the International Energy Association and other related sources. This inventory estimates the total PAH emission for each country in
2004, and also provides data on the socio-economic status
of these countries including the total population, the Gross
Domestic Product and the per-capita income level (Zhang
and Tao, 2009). Regression models were also built between
the PAH emissions and these parameters (Zhang and Tao,
2009). Based on these relationships, the national PAH emissions over Asian countries were interpolated into the model
grid, using the population statistics of each grid cell as a
weighting factor. The national population data were obtained from the LandScan™ global population dataset with
a spatial resolution of 1 km×1 km which was further resampled and merged into a 1◦ ×1◦ latitude/longitude grid
(Oak Ridge National Laboratory, Geographic Information
Science and Technology, the database can be accessed via:
http://www.ornl.gov/sci/landscan/index.shtml). For simplicity, we cut off the BaP emissions west of 60◦ E due to their
small portion compared with that from the whole continent.
The BaP emissions other than the year 2004 are not available in the emission inventory developed by Zhang and Tao
(2009). We therefore adopted the emission inventory developed by Zhang et al. (2008b) for China. This inventory investigated the interannual variation of PAH emissions from
1948–2007. The BaP emissions over other countries were
scaled by the historical population data by assuming that the
emission is proportional to the population. The population
data for each country during 1948–2007 were obtained from
the Statistics Division of the United Nations (http://unstats.
un.org/unsd/demographic/sconcerns/popsize/default.htm).
2.3

Reference compound and year

The model was run with 2004 as the reference year and full
BaP emissions over the entire Asian continent (east of 60◦ E).
The interannual variation of transpacific transport of BaP
was also investigated from 1948–2007 with the populationscaled emissions.
2.4

Comparison with observations

The model results were compared with the observations at
six monitoring sites including Changdao, Gosan, Kanazawa,
Okinawa, Cheeka Peak Observatory (CPO), and Mount
Bachelor Observatory (MBO) during different time periods
when observations were actually conducted (Feng et al.,
2007; Lee et al., 2006; Tamamura et al., 2007; Primbs et
al., 2007; Killin et al, 2004; Primbs et al., 2008). A map of
the location of these sites as well as a comparison of their
measured concentrations is shown in Fig. 1a. The total PAH
concentrations, instead of BaP concentration, were used as a
surrogate to compare with our model results, when individual
compound concentrations were not reported or not detected
(Fig. 1c, d, f and g). Changdao is an island near Shandong,
Atmos. Chem. Phys., 11, 11993–12006, 2011

China. Figure 1b shows modeled and measured seasonal
mean BaP concentrations at the Changdao site during 2003–
2004. The model underpredicted the concentrations in winter, partly because of underestimation of the seasonal variation of PAH emissions in this region (Zhang and Tao, 2008).
At the Gosan site, modeled concentrations show a good correlation with monitoring data (Pearson correlation coefficient
r = 0.67), but the model tends to underestimate BaP concentrations in most winter cases from 2001–2004. Generally, the
predictive power decreases as the distance between observation site and source areas increases, due to the weaker contribution from Asian sources as compared with local sources
that were not represented in the model. Although a good
agreement between modeled and measured concentrations
was achieved in the western Pacific Ocean (Okinawa in the
spring of 2004, r = 0.37, Kanazawa in 2003–2004, r = 0.80),
the model produces larger bias in predicting the concentrations in the western seaboard of North America, as illustrated by Fig. 1f. This figure shows that the model does not
entirely capture the observed data before May 2002, when
the local sources may dominate. Nevertheless, the model
successfully simulated the concentrations after 3 May 2002
and satisfactorily captured the concentration peak on 12 May
2002 (r = 0.98 if only this time period was considered). During this period the Intercontinental Transport and Chemical Transformation (ITCT 2K2) experiment was also conducted, during which the concentrations of different pollutants were measured by an aircraft campaign over the West
Coast of the United States (near Monterey, California). Results from this field campaign are discussed elsewhere (Allan et al., 2004; de Gouw et al., 2004; Goldstein et al., 2004;
Nowak et al., 2004). At the MBO site, the modeled concentrations were poorly correlated with measured concentrations
(r=0.09),likely because of the high altitude (2700 m a.s.l.)
and strong influence by local North American emissions of
this site (Primbs et al., 2008). At this site local wind patterns
are strongly influenced by the local topography, which cannot be captured by course wind data in a global-scale transport model. Our model also underestimates the average BaP
concentration (8 points were detected out of total observation of 69) by a factor of 3, indicating a dominate contribution from local sources. Nevertheless, the overall agreement between the model and the observations at CPO when
Asian source dominates provides an acceptable validation of
the model when it is used to quantitatively assess the large
scale transpacific transport of PAHs emitted from Asia.

3
3.1

Results and discussion
Annual mean transport pattern

Figure 2a presents the annual mean BaP concentrations and
wind vectors at the height of 3 km across the Pacific. The
vertical profile of the meridional mean concentration of BaP
www.atmos-chem-phys.net/11/11993/2011/
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averaged over 25–55◦ N is also shown in Fig. 2b. Significant
enhancements of modeled BaP concentrations occurred between 70–80◦ E and 100–120◦ E (Fig. 2b), corresponding to
West Asia and East Asia, respectively. Over East Asia, under the influence of convective injection and mid-latitude cyclones, BaP emitted from Siberia, Mongolia, and North and
Northeast China were lofted to the free atmosphere and transported southeast to the western Pacific Ocean. The mechanism of this transport pattern has been extensively explored
by several modeling studies (Liang et al. 2004, 2005; Zhang
et al., 2011). Over West Asia (70–80◦ E), the upward transport of BaP is weaker and largely contained under 3 km, corresponding to the low concentration levels in this region, as
shown in Fig. 2a. The mean ascending motion over this zone
is largely forced by the Tibetan Plateau. The divergence of
air parcels delivered by westerly flows produces an upward
motion over the upslope of the plateau, whereas on the south
of the plateau the winter India monsoon and the plateau interact to form a strong descending motion in the winter (Zhang,
1991). Therefore, despite the high emissions of PAHs in
South and Southeast Asia, the descending air parcels over
this region inhibit the lofting of pollutants from these regions
(Wallace and Hobbs, 2005; Shrestha et al., 2000).
The BaP-laden air parcels were transported eastward by
the westerly winds after they rose high in the atmosphere.
Liang et al. (2004) summarized the main mechanisms of
transpacific transport in two categories: advection in the
free troposphere by westerly flow and direct boundary layer
transport. Although under some episodic conditions transpacific transport occurs predominantly below 3 km (Jaffe et al.,
1999), our model results show that the largest transport flux
occurs at a height of 3–5 km each year. When approaching the western coast of North America, the descending air
Atmos. Chem. Phys., 11, 11993–12006, 2011

parcels associated with dry air streams behind cold fronts deliver BaP to a lower atmosphere (Liang et al., 2004). The
downward wind vectors near 120◦ W and the slightly enhanced BaP concentrations near the surface as seen Fig. 2b
also demonstrate this point. The magnitude and spatial pattern of BaP concentration induced by Asian emission will be
discussed in Sect. 3.4 with more detail.
3.2

Seasonal variation of transpacific transport

Significant seasonal variations of transpacific transport of
different pollutants and tracers have been reported in the literature (Liang et al., 2004; Liu et al., 2003). Figure 3 shows the
seasonal variation of the transpacific transport of BaP. Modeled mean column concentrations of BaP at North America
(130◦ W–105◦ W, 20◦ N–60◦ N, as shown the black box in
Fig. 3c) induced by Asian source vary between 5.3×104 and
3.3×105 pg m−2 in different seasons. The higher transport
flux in winter is partly caused by the higher BaP emission in
Asia. With bio- and fossil fuel consumptions as the major
sources, the emission of BaP is much higher during the cold
season than the warm season in the mid- and high-latitude
areas of Asia. The emission flux over the Asian continent
varied between ∼160 and ∼320 t month−1 . Another important factor attributable to the lower transport flux in summer
is the stronger OH radical degradation of BaP. The degradation flux was ∼120 t month−1 in July, but only 70 t month−1
in January.
Besides the influence of emissions and removal processes,
significant seasonal displacements and variations of the
semi-permanent pressure systems and the westerlies across
the North Pacific Ocean also contribute to the seasonal variation of transpacific transport (Liang et al., 2005; Wallace and
www.atmos-chem-phys.net/11/11993/2011/
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the corresponding wind vectors for January and July 2004,
respectively. In winter, the westerly flow and winter monsoon may carry BaP emitted from northern China to the western Pacific where the westerly winds reinforced by counterclockwise air flows on the south of the Aleutian Low further deliver the pollutant eastward. Over the eastern Pacific,
the eastward flow reinforced between the Aleutian Low and
the Pacific High finally pushes the BaP-laden air parcels to
the western seaboard of North America. However, with the
onset of the East Asian summer monsoon – which features
southeasterly winds extending from the western Pacific to
East China (Tian et al., 2009) and the northward displacement of the semi-permanent high pressure system over the
North Pacific Ocean – the outflow of BaP from North China
to the western Pacific becomes almost unlikely at lower atmospheric levels. Although an eastward returning flow at the
top (about 3000 m) of the East Asian summer monsoon system could transport the pollutants emitted from Asia to the
western Pacific, the strength and spatial scale of this returning flow is much less than the outflow flux in winter. The
northward movement of the Pacific High grows more intense
in summer and extends from 15 to 60◦ N, which blocks the
eastward transport of air masses over the North Pacific Ocean
(Wallace and Hobbs, 2005).
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The modeled annual mean BaP concentrations at 1200 m
altitude over North America originated from different regions of Asia are shown in Fig. 4a–f. As shown in Fig. 2,
the model has predicted significant outflow flux from the
Asian continent, illustrated by a plume crossing over 25◦ N
and 45◦ N and extending to the western Pacific Ocean. The
main contributors to this plume are emissions over East Asia
(Fig. 4b). Despite of the high emission density in South
Asia (Fig. 4c) and the Indochina Peninsula (Fig. 4e), the
contributions from these two sources are much smaller compared with that from East Asia due to the general descending
movement of air parcels in the downdraft of the Hadley cell
(20–30◦ N). The dominant easterly winds in the subtropics
further constrain the transpacific transport from this part of
Asia. On the contrary, although BaP emission from West
Asia can be effectively lofted to a higher atmospheric level
(Fig. 2b), the contribution of BaP emissions from East Asia
is less significant due to a longer travel distance (Fig. 4f).
The contribution from North and Southeast Asian BaP emissions is minimal due to considerably lower emissions compared with emissions in East and South Asia (Fig. 4a, d).
If the mean concentration of BaP over the western coast of
North America (defined as a box between 30–50◦ N and 120–
130◦ W) was taken into consideration, the East Asian emissions contributed about 97 % to BaP mixing ratios, while
other regions contributed at the following percentages: South
Asia at 1.3 %, West Asia at 1.1 %, North Asia at 0.68 %,
Atmos. Chem. Phys., 11, 11993–12006, 2011
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the Indochina Peninsula at 0.33 %, and Southeast Asia at
0.0052 % (Fig. 4). We further divided Asia into grids of
10◦ ×10◦ latitude/longitude and estimated the contributions
of BaP emissions from these grid boxes to the mean BaP
concentration over North America due to transpacific transport. Results are shown in Fig. 4g. It is evident that the
emission from East Asia between 20◦ N and 50◦ N made the
largest contribution to the mean BaP mixing ratio over North
America, primarily due to the high emissions over this region and favorable climate conditions for long-range transpacific transport. The contribution from other Asian regions becomes less important because of their lower BaP emissions
and unfavorable climate and meteorological conditions.
3.4

Transport budget and near ground concentration in
North America

Figure 5 shows the modeled annual mean BaP concentration
at 10 m above ground level over North America. The concentration was enhanced by about 4 pg m−3 (with a range
of 1∼20 pg m−3 ), indicating a slight enhancement of the
background BaP concentration over North America (which
is ∼100 pg m−3 , Naumova et al., 2002) due to Asian emissions. The BaP-laden air masses approaching North America spread over a wide latitudinal band between 25–70◦ N.
The concentrations over the western coast of North America
were the highest due to the subsidence of air parcels in this
Atmos. Chem. Phys., 11, 11993–12006, 2011

region (Fig. 2b), which entrain the BaP-laden air originating
from Asian sources into the boundary layer. The surface concentrations induced by the Asian emissions were more than
6 pg m−3 in the western North America, much higher than
the ∼2 pg m−3 in Central and Eastern America. The lowest concentration was modeled above seasonal or permanent
ice surfaces (e.g. the center of Greenland) where the ground
friction is minimal, and the weak eddy diffusion cannot efficiently transport the pollutants to the surface (Zellner et al.,
2000). In 2004, the total mass of BaP is about 1.4 t within
a box bounded by 30–70◦ N, 75–125◦ W and 0–7 km altitude. Of this BaP, about 6.7 t is degraded by OH radicals
and 0.6 t is deposited onto the surface. We also calculated
the fraction of atmospheric BaP emitted from North American soils, and found that the reemission from North American soils enhances the background concentration by only
∼10−4 pg m−3 , and therefore is negligible even though soil
is the largest reservoir for BaP (Sehili and Lammel, 2007).
3.5

Episodic transport mechanism

Many studies dedicated to investigating the episodic nature
of transpacific transport indicate stronger transport of pollutants than background level under certain meteorological
conditions (Lee et al., 2006; Tamamura et al., 2007; Primbs
et al., 2007; Killin et al., 2004; Primbs et al., 2008). On
5 May 2002, the Intercontinental Transport and Chemical
www.atmos-chem-phys.net/11/11993/2011/
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Fig. 5. Annual mean BaP concentration (pg m−3 ) at 10 m above ground level induced by Asian emission sources in 2004.

Transformation (ITCT 2K2) experiment was conducted over
the West Coast of North America, and air masses containing pollutants originating from Asia were measured by aircraft over a region bounded by 32–44◦ N, 122–125◦ W, and
0–8 km altitude (Allan et al., 2004). Weekly monitoring
of PAH concentrations at CPO was also conducted during
March 2002–May 2002 (Killin et al., 2004). A transpacific
transport event was captured on 12 May 2002 (Fig. 1f). In
the present study, CanMETOP also captured this transpacific transport event. This event is closely associated with
the ITCT 2K2 experiment carried out over the region about
1000 km south of CPO, which has been discussed in the literature (Allan et al., 2004; Cooper et al., 2004; de Gouw et al.,
2004; Goldstein et al., 2004; Nowak et al., 2004;). The role
of warm conveyer belt (WCB) was also identified and discussed by using satellite imagery, trajectory ensembles and
in situ aircraft measurements (Cooper et al., 2004). Therefore, this event will be discussed as a representative case to
investigate the role of WCB in transpacific transport of BaP.
BaP concentrations and wind vectors during this transport event at a height of 1200 m above ground are shown in
Fig. 6. In later April, a low pressure system was centered
in Northeast China and the associated warm conveyer belt
(WCB) helped to elevate air parcels to a relatively higher atmospheric level. This low pressure system moved eastward
and headed to 170◦ E on 3 May and to the International Dateline on 4 May. Correspondingly, a typical comma-shaped
distribution of elevated BaP can be seen in Fig. 6b (circled
region). This is also a typical cold front type distribution.
With further eastward movement, this low pressure system
weakened considerably due to (sea) surface cooling, so the
surface front associated with this low pressure system was no
longer identifiable (Fig. 6c). On the same day, it can be seen
that BaP concentrations extended from the central North Pacific (150◦ W) to the West Coast of Oregon State (near 45◦ N,
www.atmos-chem-phys.net/11/11993/2011/

120◦ W), and some of the air parcels originating from eastern Asia even penetrated inland up to 100◦ W. This transport
event was captured by the aircraft monitoring on 5–6 May on
the western coast of North America (near 36◦ N, 120◦ W).
However, the plume did not extend to the CPO monitoring
site because the PAH concentration measured at this site was
not enhanced. This phenomenon has been clearly modeled
in this study (Fig. 6c).
Likewise, another low pressure system moved to the east
coast of China, forming a southwesterly flow over the western North Pacific (Fig. 6c), just ahead of the cold front associated with this low pressure system. This southwesterly flow
moved to the central North Pacific (about 180◦ E and 135◦ W
on 7 May), resulting in another cold-front-type distribution
of BaP, as shown in Fig. 6d. Because of the northward extension of a North Pacific high pressure system, this southwesterly flow was forced to turn west (Fig. 6e). Responding to
the interaction of these changing meteorological conditions,
BaP-laden air parcels were pushed eastward to the west coast
of Oregon (Fig. 6e and f). Meanwhile, these air parcels descanted as the decay of this low pressure system (Cooper et
al., 2004) resulting in the enhanced BaP concentrations measured at the CPO site. On 12 May, higher concentrations
were observed over the western coasts of Washington State
and British Columbia (circled in Fig. 6f), and a significant
peak of PAH concentrations was also observed at the CPO
site (Fig. 1f).
We also conducted a systematic study to further demonstrate the episodic nature of the transpacific transport. As
shown in the aforementioned case, the episodic transpacific
transport occurred over approximately one week. We calculated the eleven-day running mean of the BaP concentration in North America averaged over a box bounded by
32–44◦ N, 122–125◦ W and 0–8 km altitude between 1948
and 2007. The BaP concentration anomaly was calculated
Atmos. Chem. Phys., 11, 11993–12006, 2011
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by subtracting this running mean from the daily mean concentration to filter out the low frequency variations (a.k.a.
High-pass filter, e.g. Liang et al., 2005). Results reveal that
the frequencies of daily concentrations at factors of 0.5, 1.0,
1.5, and 2.0 higher than the 11 day running mean concentrations were 9.4 %, 0.72 %, 0.06 % and 0.01 %, respectively.
This suggests that although episodic transport can significantly enhance the concentration at a specific site or region
for a short time period, its contribution to the long-term mean
transpacific transport flux does not appear to be very significant.
3.6

Interannual variation of transport from East Asia

Owing to the significant contribution of trans-Pacific transport of East Asian BaP emissions to North American BaP
concentrations (97 %, Fig. 4a), the interannual variability of
such a transport merits further investigation. Figure 7a shows
the interannual variability of the mean BaP concentrations
averaged over North America (brown line) and corresponding total BaP emissions in East Asia (blue bar). As shown,
the average BaP concentration over North America has a
significant positive correlation with the East Asian emission
flux (r = 0.98). The North American mean concentration attributable to transpacific transport has increased rapidly since
the 1950s and slightly decreased during the last decade due
to the declining trend in East Asian emissions. We further
Atmos. Chem. Phys., 11, 11993–12006, 2011

defined a transpacific transport index (TPI), calculated by dividing the modeled mean concentration over North America
(the black box shown in Fig. 3c) by the Asian emission flux
for 1948–2007. Figure 7b illustrates the annual anomaly of
the TPI as departures from its mean averaged over 1948–
2007 (blue points). The decadal running mean of the TPI
was also calculated and shown in this figure (pink points).
Despite of the intense annual fluctuations, a decreasing trend
in both annual (p = 0.012) and average TPI (p = 8×10−17 )
was modeled, particularly since the 1970s (p = 6×10−13 for
annual TPI). Although no measurement extends long enough
to directly observe this trend, we hypothesis this TPI trend is
associated with changes in interannual or interdecadal atmospheric circulations related to transpacific transport.
Based on extensive studies on the outflow of pollutant tracers from East Asia to the western Pacific Ocean, the East
Asian winter monsoon is a key factor influencing the outflow potential and strength (Liu et al., 2003; Zhang et al.,
2011). The decreasing trend in TPI is partially caused by
the continuous weakening of the East Asian winter monsoon
since the late 1980s (Nakamura et al. 2002). Another important reason is the decadal weakening of the Pacific jet,
which lengthens the transport time of PAHs over the North
Pacific Ocean (Nakamura et al., 2002). Based on a recent
review on the effect of global climate change on atmospheric
transport potential, the future climate is expected to be more
stagnant, with a weaker global atmospheric circulation and
www.atmos-chem-phys.net/11/11993/2011/
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a decreasing frequency of mid-latitude cyclones (Jacob and
Winner, 2009). Therefore, the decreasing trend in TPI would
continue in the future. Although the energy consumption and
PAH emissions are projected to increase in the next several
decades (Zhang et al., 2008b), the decreasing TPI would mitigate this increase.
The Pacific North American index (PNA) and the Southern Oscillation Index (SOI) are indicators for the NorthSouth and East-West atmospheric pressure dipole patterns,
respectively, and used to link interannual climate variability with changes in transpacific transport in this study. Lang
et al. (2008) found a positive correlation between PNA and
transpacific transport for pyrene. Liang et al. (2005) also reported a similar result. In the present study we further examined the relationship between PNA and TPI, but no significant correlation between the two indices was observed
(Fig. 7c, Spearman correlation coefficient = 0.12). However, this correlation could be improved (Spearman correwww.atmos-chem-phys.net/11/11993/2011/

lation coefficient = 0.518, p = 0.009) if only the recent 14 yr
(same as the time period considered by Lang et al., 2008)
were taken into account. On the other hand, a significant
positive correlation exists between TPI and SOI (Fig. 7d,
Spearman correlation coefficient = 0.38, p = 0.004). This result contradicts our first intuition because negative (positive) phase SOI is associated with El Niño (La Niña), during which zonal circulation and thus transpacific transport
is stronger (weaker) (Wang 2002). However, according to
Zhang et al. (1997), positive (negative) SOI was also associated with higher (lower) frequency of cold episodes and
intense (weaker) boundary outflow behind fronts. This explains the positive correlation between TPI and SOI found in
this study. The positive correlation, instead of negative, between TPI and SOI also implies that the outflow flux of BaP
from Asia is a stronger controlling factor for the strength of
transpacific transport, compared with the later advection process over the North Pacific.
Atmos. Chem. Phys., 11, 11993–12006, 2011
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Conclusion

The present modeling study showed strong enhancements of
PAH over the region bounded by 70–80◦ E and 100–120◦ E,
and these PAH were transported eastward by the westerly
winds. When the air parcels approached the western coast
of North America, the general descending motion carried
the PAH-laden air parcels into the lower atmosphere. The
transpacific transport flux is ∼1.6 times higher in the winter than in the summer. The strength of East Asian emissions dominates the transpacific transport flux, which contributed 97 % of the modeled average BaP concentrations
over North America. The near ground concentration of BaP
in North America induced by Asian sources varied between
1–20 pg m−3 .
An episodic transport event measured at the CPO site near
the west coast of North America on 12 May 2002 reveals the
importance of BaP enhancement due to transpacific atmospheric transport, facilitated by the WCB and low pressure
systems. The frequencies of daily BaP fluxes from transpacific transport that were a factor of 0.5, 1.0, 1.5, and 2.0 larger
than the 11 day running mean were 9.4 %, 0.72 %, 0.06 %
and 0.01 %, respectively, implying a mild contribution of
episodic transport to the long-term mean transport flux. Significant interannual fluctuations of transpacific transport of
PAHs were found. A general decreasing trend was modeled during 1948–2007, especially after the 1970s. The
transpacific transport was found to be positively correlated to
the Southern Oscillation Index, likely due to the higher frequency of cold episodes and intense boundary outflow within
the positive phase of the SOI.
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Trimming: Fugitive Coal Dust

DERAILING POWDER RIVER BASIN
COAL EXPORTS: LEGAL
MECHANISMS TO REGULATE
FUGITIVE COAL DUST FROM RAIL
TRANSPORTATION

TOVAH R. TRIMMING*

I.

AN INTRODUCTION TO COAL DUST

Coal trains are known as “black snakes.” 1 The name aptly describes
the miles of uncovered rail cars 2 bearing the black cargo as they slither
along the tracks. During the journey from coal mines to their final
destinations, coal trains shed plumes of coal dust from the tops of the
train cars. As the dust spews from the rail cars, it fills the surrounding air

* Doctor of Jurisprudence Candidate 2014, Golden Gate University School of Law. The author
would like to thank the Golden Gate University Environmental Law Journal associate editors,
Timothy Sloane, Katherine Stockton, Marie Carpizo; her faculty advisor, Helen Kang; and the
dedicated Golden Gate University Environmental Law Journal editorial board.
1
NAT’L WILDLIFE FED’N, THE TRUE COST OF COAL: THE COAL INDUSTRY’S THREAT TO
FISH & COMMUNITIES IN THE PACIFIC NORTHWEST 4 (2012), available at
www.nwf.org/~/media/PDFs/Global-Warming/Reports/NWF_PacificCoal_FINAL.ashx.
2
Open-top cars are a railroad industry standard for shipping coal. Open-top rail cars are
cheaper and more easily loaded than covered cars. See, e.g., Nick Gier, Coal Problem: Coal Trains
Threaten Our Health and Our Environment, IDAHO STATE J., Dec. 2, 2012, available at 2012
WLNR 25595680 (reporting that closed cars increase the risk of spontaneous combustion and
shippers claim that ventilated tops are too expensive); see also Dustin Bleizeffer, Eye on Energy:
Coal Dust Could Increase Rail Costs, STAR TRIBUNE, Jan. 31, 2010, available at
trib.com/business/business/eye-on-energy-coal-dust-could-increase-rail-costs/article_24488f0738d0-557e-92ba-4aac83e23d17.html (noting that covers are a huge capital expense); Duane Bennett
& Anthony Sexton, Automation Trends in Train Loading, WORLD COAL, June 2012, available at
www.kanawhascales.com/images/PDF/World_coal_June_2010_Article.pdf (describing advances in
coal loading technology for open top train cars).
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with harmful substances like mercury, lead, cadmium, arsenic,
manganese, beryllium, and chromium. 3 When the dust settles, these
substances are deposited in soil 4 and water, 5 harming plant, animal, and
marine life. 6
Environmental consequences from coal dust are also rooted in
railroad safety concerns. Coal dust accumulation in the ballast can
destabilize the tracks and contribute to derailments. 7 Derailments impact
the environment because the overturned train can spill locomotive fuel
and dump thousands of pounds of coal and coal dust, resulting in soil and
water contamination. 8
Coal exports have heightened concerns about fugitive coal dust.
Despite the United States having the largest coal reserves in the world, 9
domestic consumption is falling. 10 This decline is a result of “low natural
gas prices, more stringent regulatory requirements, 11 warmer weather,
and low rates of economic growth.” 12 Another factor is environmental
groups’ successful efforts to curb the nation’s use of coal-fired energy. 13
3

See Paul R. Epstein et al., Full Cost Accounting for the Life Cycle of Coal, 1219 ANNALS
N.Y.
ACAD.
SCI.
73,
74-75
(2011),
available
at
solar.gwu.edu/index_files/Resources_files/epstein_full%20cost%20of%20coal.pdf;
see
also
ADEBOWALE ADENIJI, U.S. ENVTL. PROT. AGENCY, BIOREMEDIATION OF ARSENIC, CHROMIUM,
LEAD,
AND
MERCURY
14,
20,
26,
34,
(2004),
available
at
nepis.epa.gov/EPA/html/DLwait.htm?url=/Exe/ZyPDF.cgi?Dockey=900Z0C00.PDF.
4
See, e.g., ERIC DE PLACE, NORTHWEST COAL EXPORTS: SOME COMMON QUESTIONS
ABOUT ECONOMICS, HEALTH, AND POLLUTION 4 (2012), available at www.powerpastcoal.org/wpcontent/uploads/2011/11/coal-FAQ-April12.pdf.
5
See, e.g., Letter from Columbia Riverkeeper et al. to Steve Gagnon, U.S. Army Corp[s] of
Eng’rs
12-13
(May
3,
2012),
available
at
columbiariverkeeper.org/wpcontent/uploads/2011/09/2012-5-3-FINAL-Columbia-Riverkeeper-et-al-RHA-Comments-onMorrow-Pacific.pdf.
6
NAT’L WILDLIFE FED’N, supra note 1, at 10-11; see also Key Facts: Trains, COAL TRAIN
FACTS, www.coaltrainfacts.org/key-facts (last visited Mar. 21, 2013).
7
INFRASTRUCTURE SECURITY & ENERGY RESTORATION, OFFICE OF ELEC. DELIVERY &
ENERGY RELIABILITY, U.S. DEP’T OF ENERGY, DELIVERIES OF COAL FROM THE POWDER RIVER
BASIN: EVENTS & TRENDS 2005-2007 14 (2007), available at www.oe.netl.doe.gov/docs/FinalCoal-Study_101507.pdf.
8
See, e.g., Arthur Hirsch & Mary Gail Hare, Questions of Safety Large, BALT. SUN, Aug.
23, 2012, at 1A, available at 2012 WLNR 18065285.
9
Today in Energy: United States Leads World in Coal Reserves, U.S. ENERGY INFO.
ADMIN. (Sept. 2, 2012), www.eia.gov/todayinenergy/detail.cfm?id=2930.
10
ENERGY POLICY RESEARCH FOUND., INC., ECONOMIC VALUE OF AMERICAN COAL
EXPORTS 3 (Aug. 2012), available at www.eprinc.org/pdf/EPRINC-COALEXPORTS-2012.pdf.
11
See, e.g., Overview: The CAA Amendments of 1990, U.S. ENVTL. PROTECTION AGENCY,
epa.gov/oar/caa/caaa_overview.html (last updated Dec. 19, 2008) (the Amendments “promote[] the
use of clean low sulfur coal and natural gas, as well as innovative technologies to clean high sulfur
coal through the acid rain program”).
12
ENERGY POLICY RESEARCH FOUND., INC., supra note 10, at 3.
13
See Eric Lipton, Even in Coal Country, the Fight for an Industry, N.Y. TIMES, May 29,
2012, at A1, available at www.nytimes.com/2012/05/30/business/energy-environment/even-in-
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In response to the decline, coal companies are looking to overseas
markets to sell domestic coal. 14
The railroads are vital to coal exports because they are the most
heavily relied upon form of transportation in the coal industry. 15 In 2010,
railroads hauled seventy percent of all coal deliveries, constituting over
forty-five percent of total cargo. 16 Trains can transport coal efficiently
because rail infrastructure covers a wide geographic area and can move
large amounts of coal. 17 Railroads are important to coal export demand
because transportation costs factor greatly in the delivered price. 18 For
example, sixty percent of the delivered price of coal produced in the
Powder River Basin (PRB) is attributable to transportation costs. 19
The PRB region of northeast Wyoming and southeast Montana is an
area of interest because it houses the largest percentage of low-sulfur
coal in the United States, 20 which is in high demand throughout Asia. 21
China is of particular concern due to its rapidly growing economy 22 and
its heavy reliance on coal-fired energy. 23 The world’s largest privatesector coal company, Peabody Energy, recently told investors that United
States coal export capacity could more than double in five years to

kentucky-coal-industry-is-under-siege.html?pagewanted=all&_r=0 (noting that environmental
groups have targeted coal plants for years as the lead source of air pollution and are aiming for the
closure of about one third of coal plants by 2020); see also Coal Victories Across the Nation, SIERRA
CLUB, www.sierraclub.org/environmentallaw/coal/victories.aspx (last visited Oct. 15, 2012)
(providing links to stories about various abandoned or defeated proposals for coal-fired plants,
enforcement of Clean Air Act violations, and related matters).
14
See, e.g., W. ORG. OF RESOURCE COUNCILS, EXPORTING POWDER RIVER BASIN COAL:
RISKS AND COSTS 4 (2011), available at powerpastcoal.org/wp-content/uploads/2011/10/WORCExporting-PRB-Coal-Risks-and-CostsFINALFINAL9-111.pdf.
15
Gary L. Hunt & Hans Daniels, Coal: Inconvenient Truths, 146 PUB. UTIL. FORTNIGHTLY,
Feb. 1, 2008, at 10, available at www.fortnightly.com/fortnightly/2008/02/coal-inconvenienttruths?page=0%2C0.
16
ASS’N OF AM. R.R., GREAT EXPECTATIONS 2011: FREIGHT RAIL’S ROLE IN U.S.
ECONOMIC RECOVERY 8, 12 (2011), available at onerail.org/sites/onerail.org/files/documents/railstudy/aar-great-expectations-2011.pdf.
17
Hunt & Daniels, supra note 15, at 10.
18
Id.
19
Id.
20
COLUMBIA CTR. FOR CLIMATE CHANGE LAW, CARBON OFFSHORING: THE LEGAL AND
REGULATORY FRAMEWORK FOR U.S. COAL EXPORTS 3 (2011), available at powerpastcoal.org/wpcontent/uploads/2011/09/ColumbiaLawSchool_coalexportpolicy11.pdf. The PRB region is estimated
to contain eighty billion short tons out of a U.S. estimated total of 100 billion tons. Id.
21
Id.
22
THOMAS M. POWER, SIGHTLINE, THE GREENHOUSE GAS IMPACT OF EXPORTING COAL
FROM THE WEST COAST: AN ECONOMIC ANALYSIS 1 (2011), available at www.sightline.org/wpcontent/uploads/downloads/2012/02/Coal-Power-White-Paper.pdf.
23
Bryan Walsh, The Scariest Environmental Fact in the World, TIME SCI. & SPACE, Jan. 29,
2013, available at science.time.com/2013/01/29/the-scariest-environmental-fact-in-the-world/
(reporting that China burns almost as much coal as the rest of the world combined).
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accommodate estimated increases. 24 Union Pacific (UP) and Burlington
Northern Sante Fe (BNSF), the only railroad companies exporting coal
from the PRB, 25 are both investing in capacity expansion. 26 On average,
about five trains travel from the PRB to the West Coast every day, but
increasing exports to the scale proposed by industry would require about
forty trains every day. 27 More coal shipments will result in more fugitive
coal dust.
Increased coal shipments for export from the PRB have not gone
unnoticed by environmental groups and communities along the railways.
Communities along the train routes are voicing concerns about the
potential health impacts from coal dust exposure as more trains pass
through local cities 28 like Spokane and Seattle, Washington; Billings,
Montana; and Portland, Oregon. 29 PRB coal is extremely friable and
easily degrades to smaller particles regardless of how it is transported or
handled, thereby causing fugitive coal dust. 30 Furthermore, coal trains
traveling from the PRB also pass through environmentally sensitive areas
such as national parks, forests, historical areas, and parks. 31 The concerns
surrounding coal trains are becoming more acute, as industry plans to
expand railroad and export terminal infrastructure to accommodate even
more coal exports.
Although coal dust contains toxic elements that are regularly
spewed into ecosystems and communities along the railways, it is
currently unregulated. Setting limits on the amount of allowable fugitive
24

News Release, Peabody Energy, Peabody Energy Announces Results for the Quarter
Ended
March
31,
2012
(Apr.
19,
2012),
available
at
phx.corporateir.net/phoenix.zhtml?c=129849&p=irol-newsArticle_Print&ID=1684914&highlight.
25
W. ORG. OF RESOURCE COUNCILS, supra note 14, at 7.
26
Hunt & Daniels, supra note 15, at 10.
27
W. ORG. OF RESOURCE COUNCILS, supra note 14, at 6-7.
28
See, e.g., Keila Szpaller, Councilor Calls for Impact Study, MISSOULIAN, May 16, 2012, at
B1; Kari Lydersen, Fueling the Tiger: The US Coal Industry Wants To Boost Exports to Asia—
Native American Tribes Stand in the Way, 27 EARTH ISLAND J., Jan. 1, 2013, at 36, available at
www.earthisland.org/journal/index.php/eij/article/fueling_the_tiger/; Zach Hagadone, The Dirty
Dance: Export Plan Puts North Idaho in the Middle of a New Coal Rush, BOISE WEEKLY, Feb. 1,
2012, at 13, available at 2012 WLNR 4585807.
29
W. ORG. OF RESOURCE COUNCILS, HEAVY TRAFFIC AHEAD: RAIL IMPACTS OF POWDER
RIVER BASIN COAL TO ASIA BY WAY OF PACIFIC NORTHWEST TERMINALS 50 (2012), available at
www.greatfallstribune.com/assets/pdf/G1191896711.PDF.
30
RODERICK J. HOSSFELD & ROD HATT, PRB COAL DEGRADATION: CAUSES AND CURES 1,
available
at
www.researchgate.net/publication/228972594_PRB_COAL_DEGRADATIONCAUSES_AND_CU
RES.
31
W. ORG. OF RESOURCE COUNCILS, supra note 29, at 50; see BNSF’s Rail Network Can Get
You There—No Matter Where You’re Shipping Your Freight, BNSF RAILWAY, available at
www.bnsf.com/customers/where-can-i-ship/ (last visited Mar. 24, 2013) (showing BNSF existing
lines and route map for coal).
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coal dust losses may mitigate adverse impacts from the losses themselves
and also the derailments they can cause, which further aggravate the risks
to the environment. This Comment will discuss the trends that have made
exporting coal a viable option for the coal industry and how
accommodating the industry’s plans to expand exports will impact the
environment. Next, the Comment will explain the history of the
regulatory scheme governing the railroads and its preemptive nature.
This Comment will then examine two ways to address the issue of
fugitive coal dust: first, through the statutory and regulatory authority of
the Federal Railroad Administration, and second, through the Clean Air
Act. The Comment proposes that states regulate coal dust as particulate
matter in their State Implementation Plans. Finally, the Comment
explores private citizens’ ability to sue railroad companies under the
citizen suit provision.
II.

BACKGROUND ON UNITED STATES’ COAL EXPORTS

Coal is the world’s dirtiest fossil fuel, 32 containing numerous toxic
and carcinogenic substances. 33 Every stage of coal’s life cycle—
mining, 34 transport, processing and combustion—has adverse impacts on
public health and the environment. 35 Even overseas consumption has a
domestic impact. 36 Burning coal results in soot dispersion around the
world, contributing to the causes of global climate change. 37 38

32

Coal releases more harmful substances than any other fossil fuel. When burned, coal
releases carbon dioxide, sulfur dioxide, and nitrogen oxides at higher rates than natural gas or oil.
The average emission rates in the United States from coal-fired generation are 2,249 pounds per
megawatt hour (“lbs/MWh”) of carbon dioxide, thirteen lbs/MWh of sulfur dioxide, and six
lbs/MWh of nitrogen oxides. In contrast, natural gas-fired generation average emissions rates in the
United States are half as much carbon dioxide, one percent as much sulfur oxides, and less than a
third as much nitrogen oxides. Oil is almost as dirty as coal, but it still burns cleaner. Average
emissions rates for oil-fired generation are one fourth less carbon dioxide, eight percent less sulfur
dioxide, and one third fewer nitrogen oxides. See generally Clean Energy, U.S. ENVTL. PROTECTION
AGENCY, www.epa.gov/cleanenergy/energy-and-you/affect/air-emissions.html (last updated Oct. 17,
2012) (citing U.S. EPA, eGRID 2000) (reporting that natural gas-fired generation average emissions
rates in the U.S. are 1135 lbs/MWh of carbon dioxide, 0.1 lbs/MWh of sulfur dioxide, and 1.7
lbs/MWh of nitrogen oxides, and that oil-fired generation average emission rates in the U.S. are
1672 lbs/MWh of carbon dioxide, 12 lbs/MWh of sulfur dioxide, and 4 lbs/MWh of nitrogen
oxides).
33
Epstein et al., supra note 3, at 74-75.
34
Coal mining is detrimental to human health and the environment through air pollution,
water pollution and depletion, and land use impacting farm land. W. ORG. OF RESOURCE COUNCILS,
supra note 14, at 12.
35
Epstein et al., supra note 3, at 74-75.
36
See, e.g., Keith Bradsher & David Barboza, Pollution from Chinese Coal Casts a Global
Shadow, N.Y. TIMES, June 11, 2006, at A1.
37
Fossil Fuels, ENVTL. & ENERGY STUDY INST., www.eesi.org/fossil_fuels (last visited Mar.
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Despite these known consequences of coal mining and burning of
coal fuel, coal dust regulations are non-existent. At this time (2013),
there are no limits on the amount of coal dust that can be released into
the air during transportation. 39 The lack of regulation is particularly
important because industry plans to increase coal exports 40 from an
already unprecedented spike in coal exports. In 2011, United States’ coal
exports were up thirty-one percent from 2010 and the highest since
1991. 41
Currently, the only export terminal for PRB coal is in Canada. 42
While there are no terminals to enable coal exports from the West Coast
of the United States, 43 large coal companies like Alcoa, Ambre Energy,
Arch Coal, and Peabody Energy are proposing to open new terminals in
Washington and Oregon. 44 To these companies, terminals in these states
are ideal because transporting coal from the western coal fields through
the northwest is the fastest and cheapest route. 45 However, if
environmentalists and other coal opponents are able to successfully block
the construction of these terminals, coal companies may also consider the
Gulf Coast and the East Coast. 46
Meeting projected demand overseas for United States coal exports
will produce other environmental impacts than those resulting from coal
dust. Expanding coal exports will require additional rail and terminal
infrastructure, which pose their own environmental risks. Coal exports
from the PRB are restricted because key segments of track between the
PRB and West Coast ports are operating at or near capacity, a total of no
more than five unit trains per day. 47 In order to create more capacity for

21, 2013) (reporting that coal combustion is responsible for more than thirty-six percent of the
greenhouse gas emissions in the United States).
38
See, e.g., Bradsher & Barboza, supra note 36, at A1.
39
COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 10.
40
NAT’L WILDLIFE FED’N, supra note 1, at 4.
41
ENERGY POLICY RESEARCH FOUND., INC., supra note 10, at 5.
42
W. ORG. OF RESOURCE COUNCILS, supra note 14, at 7.
43
POWER, supra note 22, at 1.
44
See Earthfix, Coal Scorecard: Your Guide to Coal in the Northwest, OPB, June 28, 2012,
earthfix.opb.org/energy/article/coal-score-card/ (discussing five coal export terminal project
proposals, two in Washington and three in Oregon).
45
NAT’L WILDLIFE FED’N, supra note 1, at 2.
46
Larry S. Soward, As Pacific Northwest Fights Coal Export Terminals, Gulf Coast Should
Not
Be
a
Spectator,
AIR
ALLIANCE
HOUS.,
June
8,
2012,
airalliancehouston.org/commentary/detail/as_pacific_northwest_fights_coal_export_terminals_gulf_
coast_should_not_be_ (noting that currently six ports on the Gulf Coast and East Coast account for
the vast majority of the coal exports, at ninety-four percent in 2010).
47
W. ORG. OF RESOURCE COUNCILS, supra note 14, at 6-7, 9. Capacity is measured by the
number of trains a segment of track can handle in a one day period. Id at 8.
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coal exports, rail infrastructure needs to be expanded or upgraded. 48 Rail
expansion projects can cause sink holes, increased noise and vibration,
groundwater contamination in the event of a rail line accident, and higher
concentrations of hazardous air pollutants. 49 Additionally, due to the
heavy weight of coal, more exports will elevate diesel emissions, as each
125 to 150 car train requires four to five locomotives. 50
Existing export terminals also have limited capacity. 51 However,
coal producers are expected to undertake the necessary expansions to
accommodate new export volumes. 52 The Environmental Protection
Agency (EPA) has raised concerns about the construction of new export
terminals because of their impacts on species, critical habitats, and
aquatic resources. 53 The EPA is also concerned about these projects’
potential contribution to climate change and the drift of particulates,
mercury, and ozone from Asian countries to the United States. 54
A.

THE SHIFT WESTWARD TO THE POWDER RIVER BASIN

In 1971, under the authority of the Clean Air Act (CAA), the EPA
promulgated the first sulfur dioxide emission standards for coal power
plants. 55 In 1990, amendments to the Clean Air Act set even greater
restrictions for sulfur emissions. 56 Because sulfur dioxide is a byproduct
of coal combustion, one consequence of the stricter standards was a shift
from high-sulfur coal located in the eastern United States, to low-sulfur
coal located in the western United States. 57
In addition to low sulfur content, sub-bituminous coal is in high

48

Key Facts: Trains, supra note 6.
See Mid States Coal. for Progress v. Surface Transp. Bd., 345 F.3d 520, 550 (8th Cir.
2003) (discussing the adequacy of the Surface Transportation Board’s Environmental Impact
Statement as it pertained to environmental impacts of “‘the largest and most challenging rail
construction proposal ever to come before [it]’”).
50
Key Facts: Trains, supra note 6.
51
Soward, supra note 46.
52
Id.
53
Letter from Kate Kelly, Dir. of the Office of Ecosystems, Tribal & Pub. Affairs, U.S.
Envtl. Prot. Agency, to Steve Gagnon, Projects Manager, U.S. Army Corps of Eng’rs, Comments on
Public Notice for Permit Application under Section 10 of the Rivers and Harbor Act for a Coal
Transloading Facility, Port of Morrow, Or. (Apr. 5, 2012), available at
media.oregonlive.com/environment_impact/other/EPA%20letter%20about%20PEIS.PDF.
54
Id.
55
Eugene M. Trisko, Universal Scrubbing: Cleaning the Air, 84 W. VA. L. REV. 983, 985
(1982).
56
See 42 U.S.C.A. § 7651(b) (Westlaw 2013) (stating the goal to reduce annual emissions of
sulfur dioxide of ten million tons from 1980 emission levels).
57
Ari Peskoe, A Challenge for Federalism; Achieving National Goals in the Electricity
Industry, 18 MO. ENVTL. L. & POL’Y REV. 209, 266-67 (2011).
49
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demand due to its abundant supply and low cost. 58 Sub-bituminous coal
constitutes about forty-four percent of the coal mined in the United
States. 59 Large quantities are found in thick beds near the surface, which
are less expensive to mine and therefore produce cheaper coal. 60 Coal
production in the western United States has increased ten-fold since the
mid-1970s, and western resources have grown to more than half of all
U.S. production, from just over sixty million short tons (MMst) in 1973
to 549 MMst in 2003. 61
To satisfy both domestic and international coal demand, the PRB
has been particularly important because it contains nearly half the
nation’s coal supply, and it supplies the vast majority of relatively
cheap 62 low-sulfur coal. 63 While the majority of the coal extracted from
the PRB is shipped east for domestic use at coal-fired power plants, 64 it
is also important to coal exports because Asian markets have high energy
demands coupled with increasing clean-air concerns. 65 However, the
characteristics of PRB coal also makes it prone to causing coal dust. 66
B.

RAILROAD REGULATION

Regulation of the railroad industry changed dramatically in the
twentieth century from a highly regulated industry to a largely
unregulated industry. In 1887, Congress created the Interstate Commerce
Commission (ICC) to prevent railroad companies from abusing their vast
power over the shippers and communities they served. 67 By the 1970s
the railroad industry was near collapse as a result of the trucking,
pipeline, and barge industries. 68 To revive the industry, Congress began
implementing sweeping deregulations.
58

COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 2.
Id.
60
Today in Energy: Subbituminous and Bituminous Coal Dominate U.S. Coal Production,
U.S. ENERGY INFO. ADMIN., (Aug. 16, 2011), www.eia.gov/todayinenergy/detail.cfm?id=2670
[hereinafter Coal Dominates U.S. Coal Production].
61
RICHARD BONSKOWSKI ET AL., U.S. ENERGY INFO. ADMIN., COAL PRODUCTION IN THE
U.S.—AN
HISTORICAL
OVERVIEW
2
(2006),
available
at
www.eia.gov/FTPROOT/coal/coal_production_review.pdf.
62
See Jeff Nesbit, Coal Export Plan Goes Right Through Heart of Pacific Northwest, U.S.
NEWS & WORLD REP., Sept. 4, 2012, www.usnews.com/news/blogs/at-the-edge/2012/09/04/coalexport-plan-goes-right-through-heart-of-pacific-northwest.
63
See Today in Energy, supra note 60.
64
See Groups Decry Salazar’s Dirty Energy Giveaway, WILD EARTH GUARDIANS (Mar. 22,
2011), www.wildearthguardians.org/site/News2?page=NewsArticle&id=6678&news_iv_ctrl=1194.
65
See COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 3.
66
HOSSFELD & HATT, supra note 30, at 1.
67
H.R. REP. NO. 104-311, at 90 (1995), reprinted in 1995 U.S.C.C.A.N. 793, 802.
68
Id.
59
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In 1995, Congress passed the Interstate Commerce Commission
Termination Act (ICCTA). 69 The ICCTA was designed to “eliminat[e]
obsolete rail provisions” and “keep[] bureaucracy and regulatory costs at
the lowest possible level, consistent with affording remedies only where
they are necessary and appropriate.” 70 To uphold this goal, Congress
intended the ICCTA to entirely preempt state economic regulation of
railroads. 71 Congress implemented its goals and intent by replacing the
ICC with the Surface Transportation Board (STB) 72 and granting the
STB “exclusive” jurisdiction over a wide range of railroad matters. 73 The
broad language of the ICCTA grants the STB exclusive jurisdiction over
transportation by rail carriers and remedies with respect to rules,
practices, routes, services, and facilities of such carriers. 74 Additionally,
the STB has exclusive jurisdiction over the construction, acquisition,
operation, abandonment, and discontinuation of railroad operations or
facilities. 75 The STB also has exclusive licensing authority for the
construction and operation of rail lines. 76
The “exclusive” language of the ICCTA has resulted in federal
courts declaring that many state and local regulations affecting railroad
operations are preempted. 77 However, because the CAA mandates state
action through the SIP processes, courts will attempt to harmonize the
ICCTA and these state regulations rather than invoke preemption. 78
Railroads are also subject to federal safety regulations promulgated by
the Federal Railroad Administration.
III. THE FEDERAL RAILROAD ADMINISTRATION AND SAFETY
REGULATION
The Department of Transportation regulates the railroads through
two agencies: the STB, described above, and the Federal Railroad
Administration (FRA). The Federal Rail Safety Act (FRSA) 79 authorizes
69

I.C.C. Termination Act of 1995, Pub. L. No. 104-88, 109 Stat. 803 (1995).
See H.R. REP. NO. 104-311, at 93.
71
Id. at 95-96.
72
See 49 U.S.C.A. §§ 701, 702 (Westlaw 2013).
73
49 U.S.C.A. § 10501(b)(2) (Westlaw 2013).
74
Id. § 10501(b)(1).
75
Id. § 10501(b)(2).
76
49 U.S.C.A. § 10901 (Westlaw 2013).
77
COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 6.
78
Id at 10.
79
The FRSA, unlike the ICCTA, explicitly permits some state and local rail safety
regulations in areas not covered by the FRA. 49 U.S.C.A. § 20106(a)(2) (Westlaw 2013). This
allows states to avoid ICCTA preemption and retain power to pass some safety rules. See, e.g.,
Union Pac. R.R. v. Cal. Pub. Util. Comm’n, 346 F.3d 851 (9th Cir. 2003) (examining FRSA
70
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the FRA to regulate “every area of railroad safety.” 80 The authority
extends to everything from hazardous materials to employee training. 81
A.

COAL DUST POSES A RISK TO RAIL SAFETY AND
CONSEQUENTLY THREATENS HUMAN SAFETY AND THE
ENVIRONMENT

The FRA’s broad authority over railroad safety allows it to regulate
fugitive coal dust since coal dust can compromise track stability and
contribute to derailments. 82 Derailments can adversely impact soil and
water by spilling locomotive fuel, coal, and coal dust. 83 The FRA
reported 389 train derailments between January and April of 2012 and
almost 1500 derailments in 2011. 84 By June in 2012, six major coal train
derailments had already occurred, dumping carloads of coal and causing
fatalities. 85 The National Transportation Safety Board, an independent
federal agency charged with investigating significant accidents such as
train derailments, 86 typically considers coal dust on tracks as a potential
contributor to derailments. 87 Because there are no mandated and
enforceable limits on the amount of allowable coal dust losses, a safety
rule which minimized or eliminated allowable losses would guard
against coal dust buildup that contributes to derailments. This safeguard
would in turn further protect the environment and public safety from the
aftermath of derailments.
In May of 2005, two train derailments occurred on the main lines
heading out of the PRB. 88 Coal dust accumulation was among the factors
contributing to the derailments. 89 The derailments prompted the

preemption without triggering ICCTA preemption). This Comment will not discuss the nuances of
preemption between the FRSA and ICCTA in terms of a state or local safety regulation of coal dust.
However, this may be another way to address coal dust problems.
80
49 U.S.C.A. § 20103(a) (Westlaw 2013).
81
See Railroad Safety, FED. R.R. ADMIN., www.fra.dot.gov/Page/P0010 (last visited Oct. 8,
2012).
82
Coal Dust Frequently Asked Questions, BNSF RAILWAY, www.bnsf.com/customers/whatcan-i-ship/coal/coal-dust.html (last visited Oct. 29, 2012).
83
See, e.g., Hirsch & Hare, supra note 8, at 1A.
84
Manuel Quinones, Coal: Derailments Add Fuel to Export Battle, GREENWIRE, July 11,
2012, www.eenews.net/public/Greenwire/2012/07/11/2.
85
Eric de Place, Coal Goes off the Rails, SIGHTLINE DAILY, July 19, 2012,
daily.sightline.org/2012/07/19/coal-goes-off-the-rails/.
86
About the National Transportation Safety Board, NAT’L TRANSP. SAFETY BD.,
www.ntsb.gov/about/index.html (last visited Mar. 19, 2013).
87
Quinones, supra note 84.
88
Josh Voorhees, Railroads, Utilities Clash over Dust from Coal Trains, E & E PUBL’G, Jan.
25, 2010, www.eenews.net/public/Greenwire/2010/01/25/2.
89
See INFRASTRUCTURE SECURITY & ENERGY RESTORATION, supra note 7, at 14.
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Burlington Northern Sante Fe railroad (BNSF) and federal agencies to
investigate the effect of coal dust on railroad tracks from the PRB. BNSF
found that “coal dust poses a serious threat to the stability of the track
structure and thus to the operational integrity of [the] lines.” 90
Additionally, based on the FRA’s research, the STB has confirmed that
coal dust poses a serious problem for railroad safety and operations. 91
The STB acknowledged that “coal dust is a particularly harmful
contaminant of ballast . . . [and] interferes with track stability to a much
greater extent than other contaminants present in the PRB . . . [e]ven if
the amount of coal dust varies throughout the PRB.” 92
Increased coal exports would exacerbate the safety risks posed by
coal dust, because more shipments mean more coal dust losses and
buildup in the ballast. Most coal cars are uncovered. Transporting coal in
uncovered cars is standard industry practice in order to cut costs. 93 Opentopped rail cars are cheaper and more easily loaded than covered cars. 94
Covered cars are also a safety hazard because they increase the risk of
the coal spontaneously combusting. 95 In the PRB, the consequence of
using uncovered cars is the loss of approximately 500 pounds of coal
dust from each car. 96 Based on the average length of coal trains leaving
the PRB, 115-140 cars, 97 this means roughly 57,500 to 70,000 pounds of
coal dust are released into the environment during each trip. Currently,
about ten coal trains travel from the PRB to the West Coast every day,
but increasing exports to the scale proposed by industry would require at
least a 500 percent increase in train traffic, to sixty trains a day. 98 This
would also mean an increase in coal dust losses and heightened safety
risk.

90

Coal Dust Frequently Asked Questions, BNSF RAILWAY, www.bnsf.com/customers/whatcan-i-ship/coal/coal-dust.html (last visited Oct. 29, 2012).
91
See Ark. Elec. Coop. Corp., No. FD 35305 (Surface Transp. Bd. Mar. 2, 2011),
www.stb.dot.gov/decisions/readingroom.nsf/WebDecisionID/40436?OpenDocument, 2011 WL
742698, at *5.
92
Id.
93
Letter from Columbia Riverkeeper et al., supra note 5, at 14; See Scott Learn, Coal Clash:
Dust Up over How Much Blows Off on Trains Through Oregon, Washington, OREGONIAN, June 30,
2012,
www.oregonlive.com/environment/index.ssf/2012/06/coal_clash_dust_up_over_how_mu.html.
94
See, e.g., Gier supra note 2; Bleizeffer, supra note 2; Bennett & Sexton, supra note 2.
95
See, e.g., Gier, supra note 2, at 3.
96
Key Facts: Trains, supra note 6.
97
Energy:
Coal,
WYO.
STATE
GEOLOGICAL
SURV.,
www.wsgs.uwyo.edu/Research/Energy/Coal.aspx (last visited Apr. 8, 2013).
98
W. ORG. OF RESOURCE COUNCILS, supra note 14, at 8, 15.
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CONFLICT BETWEEN SHIPPERS AND OWNERS CAN STALL
ATTEMPTS TO MITIGATE COAL DUST LOSSES

Despite acknowledgements from private industry and multiple
government agencies that coal dust contributes to train derailments, no
enforceable safety regulations or mitigation measures are in place to
prevent coal dust losses, largely due to conflicts about who will bear the
financial burden of mitigation measures. 99 The struggle is between the
shippers, who own or lease the vast majority of the uncovered coal
cars, 100 and BNSF, which owns and operates the line from the PRB. 101
The shippers take the position that BNSF, which is responsible for track
maintenance under its contracts with the shippers, should be responsible
for cleaning the coal dust. 102 Shippers argue that if the railway could
charge shippers for track maintenance and measures to limit coal dust
emissions, it would be “double dipping.” 103
Controversy between the shippers and BNSF regarding coal dust
mitigation has been an ongoing battle for years. In 2009, BNSF issued a
tariff requiring shippers to take all necessary steps to keep coal dust
emissions below a standard set by the railroad. 104 In response, Arkansas
Electric Cooperative Corporation (AECC) filed a petition in 2009 with
the STB to declare the tariff an unreasonable rule or practice. 105 The STB
held that the tariff could not be enforced as written, but it did authorize
railroads to impose reasonable requirements upon coal shippers to
mitigate coal dust emissions. 106 Shortly after this decision, BNSF revised
the tariff, which became effective as of October 2011. 107 The current
99

See Voorhees, supra note 88.
Id.
101
Although the track is jointly owned by BNSF and Union Pacific, BNSF solely operates
and maintains the line. Ark. Elec. Coop. Corp., No. FD 35305 (Surface Transp. Bd. Mar. 2, 2011),
www.stb.dot.gov/decisions/readingroom.nsf/WebDecisionID/40436?OpenDocument, 2011 WL
742698, at *1.
102
Voorhees, supra note 88.
103
Id.
104
Ark. Elec. Coop. Corp., No. FD 35305 (Surface Transp. Bd., Oct. 28, 2009), 2009 WL
3474880, at *1.
105
Id.
106
Ark. Elec. Coop. Corp., No. FD 35305 (Surface Transp. Bd. Mar. 2, 2011),
www.stb.dot.gov/decisions/readingroom.nsf/WebDecisionID/40436?OpenDocument, 2011 WL
742698, at *8.
107
Memorandum from BNSF to BNSF Coal Customers on Coal Dust Mitigation
Requirements (July 14, 2011), available at domino.bnsf.com/website/updates.nsf/updatesmarketing-coal/711FF24E19133BFD862578CD0057F83B?Open.
100
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tariff requires shippers to reduce coal dust emission by at least eightyfive percent through a variety of suppression methods requiring approval
by BNSF. 108 However, a report released after the tariff became effective
reported that shippers are not complying. 109
The saga continues as shippers and owners bring their grievances to
the STB with a series of filings called the “Reasonableness of BNSF
Railway Company Coal Dust Mitigation Tariff Provisions.” 110 A recent
filing from October 1, 2012, by Western Coal Traffic League, cited the
lack of any enforcement provision in the tariff. 111 To avoid further
conflict between shippers and owners, and further delays in the
implementation of effective mitigation techniques, the FRA should
address the issue through its rulemaking authority.
C.

THE FRA SHOULD PROMULGATE A SAFETY RULE TO
REQUIRE COAL DUST MITIGATION MEASURES

The FRA should promulgate a safety rule regarding coal dust
mitigation based on its statutory authority and regulatory history. A
mandatory, enforceable mitigation rule would protect the environment
from coal dust losses during transit and coal and fuel spills from
derailments. 112 The FRA is given broad authority under the Federal Rail
Safety Act (FRSA) to issue rules and orders for “every area of railroad
safety.” 113 Specific responsibilities under this broad authority include
investigating, reporting, and developing safety strategies to combat the
causes of derailments. 114
One way the FRA combats derailments is through adoption of
comprehensive regulations prescribing minimum track safety
standards. 115 Most germane to the effects of coal dust are FRA
regulations governing ballast. The ballast provides drainage and

108

Id.
Sayeh Tavangar, Some Shippers Not Complying with BNSF Coal Dust Tariff, WUSA9
News, Nov. 3, 2011, www.wusa9.com/news/local/story.aspx?storyid=173329.
110
See David Gambrel, Coal Dust Control: Arkansas Electric Petition for Declaratory Order,
COAL AGE (Jan. 6, 2012), www.coalage.com/index.php/departments/transportation-tips/1594-coaldust-control-arkansas-electric-petition-for-declaratory-order.html.
111
Opening Evidence and Argument of W. Coal Traffic League, Financial Docket 35557, at
33-36
(Surface
Transp.
Bd.,
Oct.
1,
2012),
available
at
www.stb.dot.gov/filings/all.nsf/6084f194b67ca1c4852567d9005751dc/dbf283ade01f06db85257a8b
004d420f/$FILE/233093.PDF (addressing reasonableness of BNSF Railway Company coal dust
mitigation tariff provisions).
112
See Hirsch & Hare, supra note 8, at 1A.
113
49 U.S.C.A. § 20103(a) (Westlaw 2013).
114
49 C.F.R. § 1.88(c),(d) (Westlaw 2013).
115
49 C.F.R. § 213.1 et seq. (Westlaw 2013).
109
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structural support for the heavy loading applied by trains. 116 Coal dust is
a fouling agent, meaning that it can destabilize railroad track by filling in
voids in the unbound aggregate layer of the ballast. 117 Since the FRA
already requires that all tracks be sufficiently supported and stabilized by
adequate ballast material, 118 a safety regulation to limit the amount of
coal dust losses would complement and expand upon existing safety
regulations.
In addition to regulations for ballast safety, the FRA has already
created regulations for coal dust. These regulations require the FRA to
remove from service and repair plain bearing journal boxes containing
coal dust “that can reasonably be expected to damage the bearing; or
have a detrimental effect on the lubrication of the journal and
bearing.” 119 The operation of a train car with a damaged plain bearing
box from coal dust is also prohibited. 120 These rules demonstrate the
FRA’s awareness of safety issues caused by coal dust and the FRA’s
authority to regulate it.
The FRA can develop a more effective and environmentally sound
safety rule than the current BNSF coal dust mitigation rule. The BNSF
requires a shipper to load coal cars in a specific way to eliminate the
sharp angles and irregular surfaces that can promote the loss of coal dust
during transit and to use dust suppression topper agents 121 to reduce coal
dust losses by at least eighty-five percent. 122 However, this requirement
still allows up to fifteen percent of coal dust to be lost. Moreover, dust
suppression topper agents may have adverse environmental and health
impacts, including soil contamination and air pollution. 123 In order to

116

Erol Tutumluer et al., Laboratory Characterization of Coal Dust Fouling Ballast Behavior
3 (Sept. 21-24, 2008) (unpublished draft manuscript submitted for the AREMA 2008 Annual
Conference
&
Exposition),
available
at
www.arema.org/files/library/2008_Conference_Proceedings/Laboratory_Characterization_of_Coal_
Dust_Fouled_Ballast_Behavior_2008.pdf.
117
Id. at 2.
118
See 49 C.F.R. § 213.103 (Westlaw 2013); see also 49 C.F.R. § 213.334 (Westlaw 2013).
119
49 C.F.R. § 230.102(c) (Westlaw 2013).
120
49 C.F.R. § 215.107(c) (Westlaw 2013).
121
U.S. ENVTL. PROT. AGENCY, POTENTIAL ENVIRONMENTAL IMPACTS OF DUST
SUPPRESSANTS: “AVOID ANOTHER TIMES BEACH,” AN EXPERT PANEL SUMMARY, at v (Thomas
Piechota et al. eds., 2002), available at www.epa.gov/esd/cmb/pdf/dust.pdf (explaining that topper
agents are chemical sprays applied to dust causing substances, such as coal, to reduce the amount of
fugitive dust).
122
Coal Dust Frequently Asked Questions, BNSF RAILWAY, www.bnsf.com/customers/whatcan-i-ship/coal/coal-dust.html (last visited Oct. 29, 2012) (stating that shippers may request approval
to use any other suppression methods that reduce dust by eighty-five percent).
123
U.S. ENVTL. PROT. AGENCY, supra note 121, at 13 (“Potential environmental impacts
include: surface and groundwater quality deterioration; soil contamination; toxicity to soil and water
biota; toxicity to humans during and after application; air pollution; accumulation in soils; changes
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reduce coal dust emissions without the use, or with smaller amounts, of
topper agents, the FRA should promulgate a rule to require that cars be
filled with less coal 124 or to reduce speed limits. 125 Coal dust can also be
regulated under the Clean Air Act.
IV. STATES’ AUTHORITY TO REGULATE COAL DUST UNDER
THE CLEAN AIR ACT’S STATE IMPLEMENTATION PLANS
Although there are no federal limits on coal dust blowing off mobile
sources, states have the authority to regulate coal dust as part of their
State Implementation Plans (SIP) under the CAA. 126 Achieving and
maintaining federally established National Ambient Air Quality
Standards (NAAQS) is primarily the responsibility of the states. 127 Each
State develops and submits to the EPA for approval a SIP that outlines
how the State will achieve, maintain, and enforce each one of the
NAAQS. 128
In order to receive EPA approval the SIP must be quantifiable,
enforceable, replicable, and accountable. 129 Each State has “the
maximum administrative discretion possible” when implementing a
SIP 130 “so long as the SIP includes certain requirements for permits,
enforcement, emissions monitoring, and the like.” 131 A State can impose
stricter standards than the federal NAAQS 132 and expand regulations to
non-criteria pollutants 133 (defined as pollutants other than those with
federally established NAAQS). Once the EPA approves a SIP it is
in hydrologic characteristics of the soils; and impacts on native flora and fauna populations.”).
124
See Bleizeffer, supra note 2.
125
See CONNELL HATCH, FINAL REPORT: ENVIRONMENTAL EVALUATION OF FUGITIVE COAL
DUST EMISSIONS FROM COAL TRAINS, GOONYELLA, BLACKWATER & MOURA COAL RAIL SYSTEMS,
QUEENSLAND
RAIL
LIMITED
5
(2008),
available
at
www.aurizon.com.au/InfrastructureProjects/Rail%20Network/Coal_Loss_Management_Project_En
vironmental_Evaluation.pdf. The amount of coal dust lost depends on many factors, including coal
properties, train and wind speed, trains passing another train, train frequency, train vibration, profile
of coal load, transport distance, and precipitation. Id.
126
COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 10.
127
SECTION OF ENV’T, ENERGY, & RES., AM. BAR ASS’N, THE CLEAN AIR ACT HANDBOOK
43 (Julie R. Domike & Alec C. Zacaroli eds., 2011).
128
Id.
129
Id. at 48-49.
130
Exec. Order No. 13,132, 64 Fed. Reg. 43,255, 43,256 (Aug. 4, 1999).
131
Sierra Club v. Korleski, 681 F.3d 342, 343 (6th Cir. 2012) (citing 42 U.S.C. § 7410(a)(2)).
132
Wash. Envtl. Council v. Sturdevant, 834 F. Supp. 2d 1209, 1216 (W.D. Wash. 2011).
133
A State could also regulate coal dust as a non-criteria pollutant. See id. However, the State
would still face challenges regarding the debatable impacts of coal dust and ICCTA preemption
challenges. Due to the overlapping considerations, whether non-criteria pollutant or PM, and in light
of the additional step of amending a SIP to include a non-criteria pollutant, this Comment discusses
regulating coal dust only as PM.
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incorporated into federal law. 134 Coal dust could be regulated as
particulate matter. Additionally, coal dust problems can be litigated by
private citizens 135 under a narrative standard provision of a SIP.
A.

REGULATING COAL DUST AS PARTICULATE MATTER

States have the authority to regulate coal dust as “particulate matter”
(PM). 136 PM encompasses a broad range of liquid droplets or solid
particles made up of chemically and physically diverse substances, 137
including acids, organic chemicals, metals, and soil or dust particles. 138
Because PM can harm humans and the environment, the EPA established
NAAQS 139 for PM. 140 The EPA regulates PM that is smaller than ten
micrometers, because these particles can be inhaled into the lungs,
damaging the heart and lungs and causing serious health effects. 141 PM is
also harmful to the environment because it can be carried long distances
by wind and affect the acidity of water bodies, depleting nutrients and
damaging forests, farm crops, and ecosystem diversity. 142 Coal dust
qualifies as PM because its size ranges from over 100 micrometers to
less than two micrometers. 143

134

City of Ashtabula v. Norfolk S. Corp., 633 F. Supp. 2d 519, 527 n.2 (N.D. Ohio 2009); see
Safe Air for Everyone v. U.S. Envtl. Prot. Agency, 488 F.3d 1088, 1091 (9th Cir. 2007) (holding that
EPA approval of a SIP gives it the “force and effect of federal law”).
135
42 U.S.C.A. § 7604(a)(1) (Westlaw 2013).
136
COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 10.
137
U.S. ENVTL. PROT. AGENCY, INTEGRATED SCIENCE ASSESSMENT FOR PARTICULATE 1-4
(Dec. 2009), available at www.epa.gov/ncea/pdfs/partmatt/Dec2009/PM_ISA_full.pdf.
138
U.S. ENVTL. PROT. AGENCY, PARTICULATE MATTER (last updated June 28, 2012),
www.epa.gov/pm/index.html. The EPA regulates PM in two categories based on size because
particle size directly correlates to potential health problems. “Inhalable coarse particle,” known as
PM 10, are larger than 2.5 micrometers and smaller than 10 micrometers in diameter. “Fine
particles,” known as PM 2.5, are 2.5 micrometers in diameter and smaller. Id.
139
The CAA authorizes the Administrator of the Environmental Protection Agency to identify
and list air pollutants, from numerous mobile or stationary sources, that may reasonably be
anticipated to “cause or contribute to air pollution [and] . . . endanger public health or welfare.” 42
U.S.C.A. § 7408(a)(1)(A-B) (Westlaw 2013). The Administrator then proposes and promulgates
primary and secondary National Ambient Air Quality Standards for the listed pollutants. 42
U.S.C.A. § 7409(a) (Westlaw 2013). After the NAAQS are set, each State is required to “adopt and
submit . . . a plan which provides for implementation, maintenance, and enforcement of such . . .
standard[s].” 42 U.S.C.A. § 7410(a)(1) (Westlaw 2013).
140
U.S. ENVTL. PROT. AGENCY, supra note 137, at 1-4; see also 36 Fed. Reg. 8186 (Apr. 30,
1971).
141
Particulate
Matter,
U.S.
ENVTL.
PROT.
AGENCY,
www.epa.gov/air/particlepollution/health.html (last updated Mar. 18, 2013).
142
Id.
143
Christopher F. Blazek, Vice Pres. Mktg., Benetech Inc., Presentation at the American Coal
Council (June 25-26, 2003), available at www.powerpastcoal.org/wp-content/uploads/2011/08/TheRole-of-Chemicals-in-Controlling-Coal-Dust-Emissions.pdf.
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While not all fugitive coal dust particles are less than ten
micrometers, 144 this does not bar a State from regulating it. For example,
one study recommended assuming that half of the total coal dust losses
consist of PM 10, and one fifth of the losses are PM 2.5. 145 Therefore,
although not all the losses are regulated PM, a significant portion of the
losses are. As discussed above, the EPA has set NAAQS for PM, and the
states can set even stricter standards in their SIPs. Moreover, the EPA
recommends preventive measures to control fugitive dust, rather than
mitigative controls. 146 The EPA also notes that some individual sources
may contribute insignificant amounts of dust, but as a source category on
the whole, the contributions may be significant. 147
There are also gaps in the scientific literature regarding the health
effects of coal dust from rail transportation. 148 While some
environmental groups are claiming coal is harmful to human health,
proponents of the railroad industry criticize these claims because many
of the concerns involve health impacts due to heavy and long-term
occupational exposure to coal dust. 149 The conflict could be resolved by
conducting a new and detailed study specific to PRB coal and region, but
a recently proposed study to examine the impacts of coal dust losses
through cities to international ports failed in the U.S. House of
Representatives. 150 The proposal would have required the Department of

144

See, e.g., SECTION OF ENVTL. ANALYSIS, STB, FINAL ENVTL. IMPACT STATEMENT:
POWDER RIVER BASIN EXPANSION PROJECT App. C, at 36 (Nov. 2001), available at
pbadupws.nrc.gov/docs/ML1224/ML12243A381.pdf [hereinafter PRB EXPANSION PROJECT FEIS]
(concluding in the Final Environmental Impact Statement for the Powder River Basin Expansion
Project, that most fugitive coal dust particles are larger than 10 micrometers and are expected to fall
out in the air only for relatively short distances).
145
THE CANADIAN COUNCIL OF MINISTERS OF THE ENV’T, FUGITIVE COAL DUST EMISSIONS
IN
CANADA
at
47
(Nov.
2001),
available
at
www.powerpastcoal.org/wpcontent/uploads/2011/08/Fugitive-Coal-Dust-Emissions-in-Canada-2001.pdf.
146
U.S. ENVTL. PROT. AGENCY, FUGITIVE DUST BACKGROUND DOCUMENT AND TECHNICAL
INFORMATION DOCUMENT FOR BEST AVAILABLE CONTROL MEASURES 1-6 (1992), available at
nepis.epa.gov/EPA/html/DLwait.htm?url=/Exe/ZyPDF.cgi?Dockey=2000JCJE.PDF.
147
Id. at 1-7.
148
MULTNOMAH CNTY. HEALTH DEP’T, THE HEALTH EFFECTS OF RAIL TRANSPORT OF COAL
THROUGH
MULTNOMAH
COUNTY,
OREGON
9
(2013),
available
at
media.oregonlive.com/environment_impact/other/Coal%20Report%20.pdf.
149
See Northwest Wash. Cent. Labor Council, An Open Letter to the Whatcom County
Community
(Oct.
11,
2011),
available
at
library.constantcontact.com/download/get/file/1105671172285-18/NWWCLC+Doc+Letter0001.pdf;
see also PRB EXPANSION PROJECT FEIS, supra note 144, App. C, at 35 (determining that “coal dust
is relatively inert and not a hazard to human health or biological resources . . . .”). Id. at App. C, at
36 (concluding that most fugitive coal dust particles are larger than 10 micrometers).
150
Ricky Maranon, Congress Shoots Down Proposed CB Coal Train Study, KCBY News,
Sept. 26, 2012, www.kcby.com/home/related/Congress-shoots-down-proposed-CB-coal-train-study171435621.html.
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Transportation and the EPA to issue a report to Congress about the
environmental and public health impacts of fugitive coal dust within six
months of the bill’s passage. 151 Two reasons for rejecting the proposal
were that the EPA has already extensively studied the impacts of PM,
and that coal dust can be regulated as PM by the agency. 152 Despite
scientific uncertainty and conflicting views on the impacts of coal dust,
that inconclusiveness is not fatal to a State’s ability to regulate coal dust
as PM.
Under the CAA, uncertainty is not a prohibitive factor in regulating
air pollution. The EPA is not restricted to mere remedial regulation,
because it is authorized to regulate pollution that it determines “may
reasonably be anticipated to endanger public health or welfare.” 153
Indeed, “[t]his language requires a precautionary, forward-looking
scientific judgment about the risks of a particular air pollutant, consistent
with the CAA’s precautionary and preventive orientation.” 154 Although a
State can regulate coal dust as PM, the regulation will have to avoid
ICCTA preemption.
Regulating coal dust as PM has the advantage of avoiding ICCTA
preemption for several reasons. First, the regulation would have the
advantage of a favorable standard of review. ICCTA preemption is a
question of law that courts review de novo, and the presumption is
against preemption, placing the burden of persuasion on the party
arguing preemption. 155 Additionally, preemption is unlikely because the
regulation would carry the force and effect of a federal law, serve the
interest of public health and welfare, be generally applicable to all
sources of coal dust, and not unreasonably burden railroad operations or
interstate commerce.
The CAA’s SIP program is an example of a cooperative federalism
arrangement, 156 requiring state and federal governments to work together
to achieve NAAQS. 157 Courts will seek to harmonize the CAA and
151

H. Amdt. 1493, 112th Cong (2012). The proposal was raised by Congressman Peter
Defazio (D-Or.) as an amendment to the “Stop the War on Coal Act.” H.R. 3409, 112th Cong.
(2012).
152
Maranon, supra note 150.
153
Coal. for Responsible Regulation, Inc. v. Envtl. Prot. Agency, 684 F.3d 102, 122 (D.C.
Cir. 2012) (per curiam) (citing 42 U.S.C. § 7521(a)(1)).
154
Id. (internal quotation marks omitted).
155
See, e.g., Tex. Cent. Bus. Lines Corp. v. City of Midlothian, 669 F.3d 525, 529 (5th Cir.
2012).
156
COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 10-11.
157
“Cooperative federalism” is the “[d]istribution of power between the federal government
and the states in which each recognizes the powers of the other while jointly engaging in certain
governmental functions.” BLACK’S LAW DICTIONARY (9th ed. 2099); see, e.g., Hodel v. Va. Surface
Mining & Reclamation Ass’n, 452 U.S. 264, 289 (1981) (holding that the Surface Mining Act, like
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ICCTA, 158 because once approved by the EPA, state regulations
promulgated in a SIP become federal law. 159 Accordingly, the STB has
stated that the ICCTA does not generally preempt EPA-approved
statewide plans under federal environmental laws. 160 Coal dust
regulations in a SIP are not as likely to be preempted by the ICCTA as
regulations that are not a part of the SIP.
Multiple federal courts have held that the ICCTA “preempts all
‘state laws that may reasonably be said to have the effect of managing or
governing rail transportation, while permitting the continued application
of laws having a more remote or incidental effect on rail transportation.’
What matters is the degree to which the challenged regulation burdens
rail transportation.” 161 Unlike a narrow rule that “appl[ies] exclusively
and directly to railroad activity,” 162 a broad regulation on fugitive coal
dust emissions from all mobile sources would have the essential
“incidental effect” on railroads to avoid preemption.
Moreover, the EPA has already approved the regulation of PM from
mobile sources. For example, the Idaho SIP for particulate matter
requires, when practical, that open-bed trucks transporting dust-emitting
materials be covered. 163 Applying a similar rule to all mobile sources
transporting dust emitting materials (e.g., coal) would generally and nondiscriminatorily encompass rail transportation of coal.
the CAA, survives Tenth Amendment challenges because it “establishes a program of cooperative
federalism that allows the States, within limits established by federal minimum standards, to enact
and administer their own regulatory programs, structured to meet their own particular needs”).
158
See, e.g., Ass’n of Am. R.Rs. v. S. Coast Air Quality Mgmt. Dist., 622 F.3d 1094, 1097
(9th Cir. 2010) (“If an apparent conflict exists between ICCTA and a federal law, then the courts
must strive to harmonize the two laws, giving effect to both laws if possible. If an apparent conflict
exists between ICCTA and a state or local law, however, different rules apply.” (citations omitted)).
159
Safe Air for Everyone v. U.S. Envtl. Prot. Agency, 488 F.3d 1088, 1091 (9th Cir. 2007);
see also Ass’n of Am. R.Rs., 622 F.3d at 1094 (holding that a local California Air District could not
enforce a rule against idling trains unless it first submitted the rule for approval as part of the
California SIP and then the SIP was submitted to the EPA for approval). Id. at 1098 (until the rule is
approved by both the State and the EPA, it does not “have the force and effect of federal law”).
160
Ass’n of Am. R.Rs., 622 F.3d at 1098; see also Holland v. Delray Connecting R.R., 311 F.
Supp. 2d 744, 757 (N.D. Ind. 2004) (stating that there is a “clear indication that the STB itself sees
some difference in the preemptive scope of 49 U.S.C. § 10501(b) between state law of general
applicability and federal law of general applicability.”).
161
Ass’n of Am. R.Rs., 622 F.3d at 1097-98 (quoting N.Y. Susquehanna & W. Ry. Corp. v.
Jackson, 500 F.3d 238, 252 (3d Cir. 2007)); see also Franks Inv. Co. v. Union Pac. R.R., 593 F.3d
404, 410 (5th Cir. 2010) (en banc) (agreeing with that “persuasive” interpretation of the scope of
ICCTA preemption).
162
Ass’n of Am. R.Rs., 622 F.3d at 1098 (holding that the Air Quality District’s rules
regulating idling locomotive emissions—which were not part of the SIP—were preempted by the
ICCTA because “the rules apply exclusively and directly to railroad activity, requiring the railroads
to reduce emissions and to provide, under threat of penalties, specific reports on their emissions and
inventory.”).
163
IDAHO ADMIN. CODE r. 58.01.01.651 (Westlaw 2013).
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A regulation on coal dust will be preempted if it significantly
interferes with railroad operation or unreasonably burdens interstate
commerce. 164 The STB has clarified that the ICCTA does not interfere
with state and local agencies’ ability to implement federal environmental
statutes, such as the CAA, unless the “regulation is being applied in such
a manner as to unduly restrict the railroad from conducting its operations
or unreasonably burden interstate commerce.” 165 Regulating coal dust
would not “unduly restrict” railroad operations, because the STB has
already ruled that requiring coal dust suppression methods is not
unreasonable. 166 The STB recognizes that loading requirements for
various commodities are regularly established and that the rules can
“change . . . in response to changing circumstances, such as here, where
the problem of coal dust became apparent after years of increasingly
heavy traffic.” 167 The STB’s own precedent, allowing coal dust
mitigation measures, indicates that regulating coal dust emissions is not
an unreasonable burden on railroad operations.
Although coal dust mitigation measures (e.g., surfactants or covered
cars) would increase cost, it would not invalidate the regulation for
unreasonable interference with railroad operations. In New Orleans &
Gulf Coast Railway Co. v. Barrois, the U.S. Court of Appeals for the
Fifth Circuit stated that it is “doubt[ful] whether increased operating
costs are alone sufficient to establish unreasonable interference with
railroad operations.” 168 Indeed, reasoning that generally applicable laws
are preempted by the ICCTA simply because they have an economic
164

Interstate commerce is burdened when either the dormant Commerce Clause or the
Commerce Clause is violated. The “dormant” Commerce Clause is implied in the Commerce Clause,
U.S. CONST., art. I, § 8, cl. 3, and prohibits states from passing laws that discriminate against or
burden interstate commerce. Violations of the dormant Commerce Clause occur when a law
discriminates against interstate commerce by “differential treatment of in-state and out-of-state
economic interests that benefits the former and burdens the latter. Discriminatory laws that are
motivated by simple economic protectionism are subject to a virtually per se rule of invalidity, . . .
which can only be overcome by a showing that the State has no other means to advance a legitimate
local purpose.” United Haulers Ass’n v. Oneida-Herkimer Solid Waste Mgmt. Auth., 550 U.S. 330,
338-39 (2007) (internal quotation marks and citations omitted).
165
Humbolt Baykeeper v. Union Pac. R.R., No. C 06-02560 JSW, 2010 WL 2179900, at *3
(N.D. Cal. May 27, 2010) (citing Friends of the Aquifer, STB Financial Docket No. 33966 (Surface
Transp. Bd. Aug. 10, 2001), 2001 WL 928949, at *4.
166
Ark. Elec. Coop. Corp., No. FD 35305 (Surface Transp. Bd. Mar. 2, 2011),
www.stb.dot.gov/decisions/readingroom.nsf/WebDecisionID/40436?OpenDocument, 2011 WL
742698, at *7.
167
Id. at *8.
168
New Orleans & Gulf Coast Ry. Co. v. Barrois, 533 F.3d 321, 335-36 (5th Cir. 2008)
(internal quotation marks omitted) (citing Lehigh Valley R.R. v. Bd. of Pub. Util. Comm’rs, 278
U.S. 24, 33-34 (1928), which had held that a requirement that a railroad to bear an additional
$100,000 expense to construct an overheard crossing to preserve the straightness of a road for safety
reasons was near, but not beyond, the line of reasonableness).
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impact “could mean that railroads cannot be required to put postage on
their mail.” 169 In fact, although “any tariff provision must be reasonably
commensurate economically with the problem it addresses,” the STB
decided that no quantified cost-benefit analysis was warranted when
deciding the reasonableness of BNSF’s coal dust suppression
requirements. 170
Furthermore, the CAA already regulates aspects of the railroads at
the federal level. The EPA Administrator is required to set standards for
locomotive engines to “achieve the greatest degree of emission reduction
achievable through the application of technology.” 171 The EPA’s
authority to regulate locomotive engines emissions 172 demonstrates that
the ICCTA does not make railroads untouchable by the CAA. Although
states are explicitly preempted by the EPA from promulgating any rules
regulating locomotives or locomotive engines, 173 no such preemption
exists for states regulating coal dust.
Additionally, soon after the enactment of ICCTA, the STB ruled
that the preemption clause 174 “does not usurp the right of state and local
entities to impose appropriate public health and safety regulation on
interstate railroads,” so long as those regulations do not interfere with or
unreasonably burden railroading. 175 In Green Mountain Railroad v.
Vermont, the U.S. Court of Appeals for the Second Circuit followed this
169

Holland v. Delray Connecting R.R., 311 F. Supp. 2d 744, 757 (N.D. Ind. 2004).
Ark. Elec. Coop. Corp., No. FD 35305 (Surface Transp. Bd. Mar. 2, 2011),
www.stb.dot.gov/decisions/readingroom.nsf/WebDecisionID/40436?OpenDocument, 2011 WL
742698, at *4.
171
42 U.S.C.A. § 7547(a)(5) (Westlaw 2013).
172
Although EPA has set federal standards for locomotive engines, a federal district court in
New Jersey ruled that state enforcement of “idling” locomotives was preempted by the ICCTA.
Middlesex Cnty. Health Dep’t v. Consol. Rail Corp., Civil No. 08-4547 (AET), 2009 WL 62444
(D.N.J. Jan. 9, 2009). However, the law alleged to be in violation was a narrative standard that did
not directly regulate locomotive emissions, but rather stated, “Notwithstanding compliance with
other subchapters of this chapter, no person shall cause, suffer, allow or permit to be emitted into the
outdoor atmosphere substances in quantities which shall result in air pollution as defined herein.”
N.J. ADMIN. CODE § 7:27-5.2(a) (Westlaw 2013). Notably, while the court’s main discussion was of
preemption by the ICCTA, defendants also raised the defense of the state law being preempted by
the CAA and the court acknowledged that “rules and regulations of the EPA explain that state
attempts to regulate this sphere of environmental legislation are preempted.” Middlesex, 2009 WL
62444, at *2 (citing 63 Fed. Reg. 18,978, 18,979 (Apr. 16, 1998)). Therefore, it is difficult to
ascertain whether an EPA-approved SIP rule regulating idling locomotives (if it were allowed and
not preempted also by the CAA) would also be preempted by the ICCTA. See, e.g., Ass’n of Am.
R.Rs. v. S. Coast Air Quality Mgmt Dist., 622 F.3d 1094, 1098 (9th Cir. 2010).
173
42 U.S.C.A. § 7543(e)(1)(B) (Westlaw 2013); see also Emission Standards for
Locomotives and Locomotive Engines, 63 Fed. Reg. 18,978 (Apr. 16, 1998) (codified at 40 C.F.R.
pts. 85, 89, 92).
174
49 U.S.C.A. § 10501 (Westlaw 2013).
175
New York Susquehanna & W. Ry. Corp. v. Jackson, 500 F.3d 238, 252-53 (3d Cir. 2007)
(citing King County, 1 S.T.B 731 (Surface Transp. Bd. Sept. 25, 1996), 1996 WL 545598, at *3-4.
170
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approach by holding that states exercising traditional police powers
through “direct environmental regulations enacted for the protection of
the public health and safety, and other generally applicable, nondiscriminatory regulations and permit requirements would seem to
withstand preemption.” 176 As discussed above, regulating coal dust
would not unreasonably burden the railroads and can be done in a
general manner. An additional reason to find in favor of non-preemption
is that PM is regulated due to its correlation to potential health
problems, 177 and health and safety are traditional state police powers. 178
It follows that, because coal dust particles can be smaller than ten
micrometers and thus qualify as PM, a rule to regulate fugitive coal dust
would be an exercise of a State’s traditional police powers over public
health and safety, which favors non-preemption. Even if states are unable
to regulate coal dust, private lawsuits under the CAA may provide a
solution.
B.

CITIZEN SUITS UNDER NARRATIVE STANDARDS

If a State does not regulate coal dust as particulate matter, private
parties can bring a “citizen suit” under a SIP’s narrative emissions
standard. 179 The CAA authorizes citizens to bring a civil action against
any person alleged to be, or actually in violation of, an emission standard
or limitation. 180 Only Idaho 181 and Washington, 182 two of the states
through which coal shipments travel, have narrative standards in their
176

Green Mountain R.R. v. Vt., 404 F.3d 638, 643 (2d Cir. 2005).
Particulate Matter, U.S. ENVTL. PROT. AGENCY, www.epa.gov/pm/index.html (last
updated Mar. 18, 2013).
178
See, e.g., City of Columbus v. Ours Garage & Wrecker Serv., Inc., 536 U.S. 424, 438
(2002) (“Preemption analysis starts with the assumption that the historic police powers of the States
were not to be superseded by the Federal Act unless that was the clear and manifest purpose of
Congress.” (internal quotation marks and brackets omitted)).
179
While numeric standards set specific, quantitative limits and must be applied to specific
conditions and sets of circumstances, they leave little room for interpretation. Narrative standards are
general statements that establish quality goals and provide a mechanism for a qualitative framework
for monitoring, protecting, and maintaining air or water quality. Narrative standards are for the most
part guidelines, presented as general descriptions, and they encompass significant latitude for
interpretation. They are typically established in the absence of scientifically based numeric standards
or as a general framework within which numeric standards are defined. Pennaco Energy, Inc. v. U.
S. Envtl. Prot. Agency, 692 F. Supp. 2d 1297, at 1302 n.4 (D. Wyo. 2009).
180
42 U.S.C.A. § 7604(a)(1) (Westlaw 2013) (emphasis added).
181
IDAHO ADMIN. CODE r. § 58.01.01.776 (Westlaw 2013) (“No person shall allow, suffer,
cause or permit the emission of odorous gases, liquids or solids into the atmosphere in such
quantities as to cause air pollution.”).
182
WASH. ADMIN. CODE § 173-400-040 (Westlaw 2013) (“No person shall cause or allow the
emission of any air contaminant from any source if it is detrimental to the health, safety, or welfare
of any person, or causes damage to property or business.”).
177
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SIPs.
A narrative standard differs from a numeric standard in that no
quantified amount of the pollutant is stated in the SIP. For example, air
quality criteria can consist of numeric pollution limits (for example,
sulfur dioxide is not to exceed 0.030 parts per million/year 183 ) or
narrative standards (for example, “no person shall allow emissions if
detrimental to health, safety, or cause property damage”). The CAA
defines “emission standard” and “emission limitation” as a requirement
that “limits the quantity, rate, or concentration of emissions of air
pollutants on a continuous basis.” 184 However, as discussed below, the
ability to maintain a citizen suit depends on how a court interprets
“emission standard” or “emission limitation.”
Some courts require the SIP provision to include specific, quantified
standards, and some courts may interpret the narrative standard as
sufficient. In City of Ashtabula v. Norfolk Southern Corp., a railway
company was sued based on allegations that coal dust emissions from its
coal dock facility were a public nuisance in violation of Ohio’s SIP. 185
The SIP provision prohibits the emission from any source of dust or any
other substances as to endanger the health, safety or welfare of the
public, or cause unreasonable injury or damage to property. 186 The U.S.
District Court for the Northern District of Ohio held that this narrative
standard established an identifiable emission limitation as required to
bring a citizen suit, because the emission was “in such amounts” as to
damage plaintiff’s property and constitute a public nuisance. 187
Furthermore, the U.S. Supreme Court has reasoned that enforcing only
numerical criteria would impose a heavy regulatory burden on the states,
because they would be required to conduct detailed and individualized
studies. 188
On the other hand, in McEvoy v. IEI Barge Services, Inc., the U.S.
Court of Appeals for the Seventh Circuit held that the plaintiff could not
sue a barge service under the citizens’ suit provision of the CAA because
the complaint cited two laws that did not include numeric emission
limits. 189 The court noted that not all emissions are pollution, but rather,
that pollution is a subset of emissions covered by the CAA that must be
defined with some specificity in order to communicate what is
183

40 C.F.R. § 50.4 (Westlaw 2013).
42 U.S.C.A. § 7602(k) (Westlaw 2013) (emphasis added).
185
City of Ashtabula v. Norfolk S. Corp., 633 F. Supp. 2d 519, 527 (N.D. Ohio 2009).
186
Id. at 528.
187
Id. (citing 42 U.S.C. § 7602(k)).
188
Nw. Envtl. Advocates v. City of Portland, 56 F.3d 979, 989-90 (9th Cir. 1995) (citing PUD
No. 1 v. Wash. Dep’t of Ecology, 511 U.S. 700, 717 (1994)).
189
McEvoy v. IEI Barge Servs., Inc., 622 F.3d 671, 673, 680 (7th Cir. 2010).
184
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forbidden. 190 Therefore, the state law provision 191 prohibiting “emission
of any contaminant . . . so as . . . to cause or tend to cause air pollution in
Illinois, . . . or so as to prevent the attainment or maintenance of any
applicable ambient air quality standard” 192 did not define any “quantity,
rate, or concentration of emissions” 193 as required by the CAA.
Washington citizens affected by coal dust will probably not have
redress under the State’s narrative standard. In Washington
Environmental Council v. Sturdevant, a federal district court in
Washington agreed with the McEvoy court 194 in holding that a similarly
worded narrative standard was not enforceable through a citizen suit,
because “courts only enforce specific SIP strategies; they do not enforce
overall objectives or aspirational goals.” 195
It is unlikely that a citizen suit under the CAA will play a significant
role for states affected by PRB coal exports, because only Idaho and
Washington have such standards, and Washington courts have ruled that
a narrative emission standard is insufficient to support a citizen suit.
Although a citizen suit may be available in other states affected by PRB
coal exports, those states are beyond the scope of this Comment.
V.

CONCLUSION

The effects of burning coal are felt around the globe. 196 In the
United States, the combined factors of stricter regulations and cheaper
fuel alternatives have curbed the domestic appetite for coal-fired
energy. 197 However, foreign energy demands have created an overseas

190

Id. at 678.
The court also held invalid plaintiff’s alleged violation of an “emission of fugitive
particulate matter from any process . . . that is visible by an observer looking generally toward the
zenith at a point beyond the property line of the source.” Id. at 673 (citing ILL. ADMIN. CODE tit. 35,
§ 212.301 (Westlaw 2013)).
192
Id. (citing ILL. ADMIN. CODE tit. 35, § 201.141 (Westlaw 2013)).
193
42 U.S.C.A. § 7602(k) (Westlaw 2013).
194
The court also distinguished the McEvoy case because in McEvoy, the owner of a facility
was sued, not the State. It is well established that, because state “agencies have broad discretion
under the Narrative Standard, the provision is unenforceable as a citizen suit.” Wash. Envtl. Council
v. Sturdevant, 834 F. Supp. 2d 1209, 1214 (W.D. Wash. 2011); see, e.g., Sierra Club v. Korleski,
681 F.3d 342 (6th Cir. 2012); Citizens for a Better Env’t v. Deukmejian, 731 F. Supp. 1448, 1454
(N.D. Cal. 1990).
195
Sturdevant, 834 F. Supp. 2d at 1214.
196
See, e.g., Bradsher & Barboza, supra note 36, at A1.
197
See Overview: The CAA Amendments of 1990, supra note 11. The Amendments, e.g.,
“promote[] the use of clean low sulfur coal and natural gas, as well as innovative technologies to
clean high sulfur coal through the acid rain program.” Id.; see also Peskoe, supra note 57, at 262
(stating that in 2010, natural gas accounted for twenty-four percent of electricity generation in the
United States, up from only thirteen percent in 1996).
191
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market. 198 In light of these circumstances, the fight against coal has
expanded to curtailing coal exports. One way to protect the environment
and human health is to regulate fugitive coal dust.
Fugitive coal dust can be regulated by either a safety rule under the
authority of the FRA or by individual states pursuant to the authority
granted by the CAA’s SIP mechanism. Both of these approaches can
avoid ICCTA preemption. However, addressing the issue as a safety
regulation has the added advantage of conclusive studies and widespread
acceptance that coal dust presents a safety issue because it contributes to
derailments. Conversely, data gaps exist regarding the impact on human
health and the environmental caused by coal dust when viewed as PM
under the CAA.
Although a safety regulation is supported by more uncontested data
than regulation of coal dust as PM, it is important to remember that the
CAA is a precautionary statute. This means that absolute certainty of a
substance’s harmful effects is not a prerequisite to regulation. Therefore,
both regulatory approaches remain viable options for addressing fugitive
coal dust problems. The most significant difference will be jurisdictional.
Individual states can act alone and regulate coal dust as they deem
necessary to protect the health of their citizens and their environment, or
the FRA can set a federal standard that will apply uniformly throughout
the states.

198

See COLUMBIA CTR. FOR CLIMATE CHANGE LAW, supra note 20, at 3.
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FCCC/CP/2015/L.9/Rev.1
Distr.: Limited
12 December 2015
Original: English

Conference of the Parties
Twenty-first session
Paris, 30 November to 11 December 2015
Agenda item 4(b)
Durban Platform for Enhanced Action (decision 1/CP.17)
Adoption of a protocol, another legal instrument, or an
agreed outcome with legal force under the Convention
applicable to all Parties

ADOPTION OF THE PARIS AGREEMENT
Proposal by the President
Draft decision -/CP.21
The Conference of the Parties,
Recalling decision 1/CP.17 on the establishment of the Ad Hoc Working Group on
the Durban Platform for Enhanced Action,
Also recalling Articles 2, 3 and 4 of the Convention,
Further recalling relevant decisions of the Conference of the Parties, including
decisions 1/CP.16, 2/CP.18, 1/CP.19 and 1/CP.20,
Welcoming the adoption of United Nations General Assembly resolution
A/RES/70/1, “Transforming our world: the 2030 Agenda for Sustainable Development”, in
particular its goal 13, and the adoption of the Addis Ababa Action Agenda of the third
International Conference on Financing for Development and the adoption of the Sendai
Framework for Disaster Risk Reduction,
Recognizing that climate change represents an urgent and potentially irreversible
threat to human societies and the planet and thus requires the widest possible cooperation
by all countries, and their participation in an effective and appropriate international
response, with a view to accelerating the reduction of global greenhouse gas emissions,
Also recognizing that deep reductions in global emissions will be required in order
to achieve the ultimate objective of the Convention and emphasizing the need for urgency
in addressing climate change,
Acknowledging that climate change is a common concern of humankind, Parties
should, when taking action to address climate change, respect, promote and consider their
respective obligations on human rights, the right to health, the rights of indigenous peoples,
GE.15-21932(E)

*1521932*

FCCC/CP/2015/L.9/Rev.1

local communities, migrants, children, persons with disabilities and people in vulnerable
situations and the right to development, as well as gender equality, empowerment of
women and intergenerational equity,
Also acknowledging the specific needs and concerns of developing country Parties
arising from the impact of the implementation of response measures and, in this regard,
decisions 5/CP.7, 1/CP.10, 1/CP.16 and 8/CP.17,
Emphasizing with serious concern the urgent need to address the significant gap
between the aggregate effect of Parties’ mitigation pledges in terms of global annual
emissions of greenhouse gases by 2020 and aggregate emission pathways consistent with
holding the increase in the global average temperature to well below 2 °C above preindustrial levels and pursuing efforts to limit the temperature increase to 1.5 °C above preindustrial levels,
Also emphasizing that enhanced pre‐2020 ambition can lay a solid foundation for
enhanced post‐2020 ambition,
Stressing the urgency of accelerating the implementation of the Convention and its
Kyoto Protocol in order to enhance pre-2020 ambition,
Recognizing the urgent need to enhance the provision of finance, technology and
capacity-building support by developed country Parties, in a predictable manner, to enable
enhanced pre-2020 action by developing country Parties,
Emphasizing the enduring benefits of ambitious and early action, including major
reductions in the cost of future mitigation and adaptation efforts,
Acknowledging the need to promote universal access to sustainable energy in
developing countries, in particular in Africa, through the enhanced deployment of
renewable energy,
Agreeing to uphold and promote regional and international cooperation in order to
mobilize stronger and more ambitious climate action by all Parties and non-Party
stakeholders, including civil society, the private sector, financial institutions, cities and
other subnational authorities, local communities and indigenous peoples,

I.

ADOPTION
1.
Decides to adopt the Paris Agreement under the United Nations Framework
Convention on Climate Change (hereinafter referred to as “the Agreement”) as contained in
the annex;
2.
Requests the Secretary-General of the United Nations to be the Depositary of the
Agreement and to have it open for signature in New York, United States of America, from
22 April 2016 to 21 April 2017;
3.
Invites the Secretary-General to convene a high-level signature ceremony for the
Agreement on 22 April 2016;
4.
Also invites all Parties to the Convention to sign the Agreement at the ceremony to
be convened by the Secretary-General, or at their earliest opportunity, and to deposit their
respective instruments of ratification, acceptance, approval or accession, where appropriate,
as soon as possible;
5.
Recognizes that Parties to the Convention may provisionally apply all of the
provisions of the Agreement pending its entry into force, and requests Parties to provide
notification of any such provisional application to the Depositary;

2

FCCC/CP/2015/L.9/Rev.1

6.
Notes that the work of the Ad Hoc Working Group on the Durban Platform for
Enhanced Action, in accordance with decision 1/CP.17, paragraph 4, has been completed;
7.
Decides to establish the Ad Hoc Working Group on the Paris Agreement under the
same arrangement, mutatis mutandis, as those concerning the election of officers to the
Bureau of the Ad Hoc Working Group on the Durban Platform for Enhanced Action;1
8.
Also decides that the Ad Hoc Working Group on the Paris Agreement shall prepare
for the entry into force of the Agreement and for the convening of the first session of the
Conference of the Parties serving as the meeting of the Parties to the Paris Agreement;
9.
Further decides to oversee the implementation of the work programme resulting
from the relevant requests contained in this decision;
10.
Requests the Ad Hoc Working Group on the Paris Agreement to report regularly to
the Conference of the Parties on the progress of its work and to complete its work by the
first session of the Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement;
11.
Decides that the Ad Hoc Working Group on the Paris Agreement shall hold its
sessions starting in 2016 in conjunction with the sessions of the Convention subsidiary
bodies and shall prepare draft decisions to be recommended through the Conference of the
Parties to the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement for consideration and adoption at its first session;

II. INTENDED NATIONALLY DETERMINED CONTRIBUTIONS
12.
Welcomes the intended nationally determined contributions that have been
communicated by Parties in accordance with decision 1/CP.19, paragraph 2(b);
13.
Reiterates its invitation to all Parties that have not yet done so to communicate to the
secretariat their intended nationally determined contributions towards achieving the
objective of the Convention as set out in its Article 2 as soon as possible and well in
advance of the twenty-second session of the Conference of the Parties (November 2016)
and in a manner that facilitates the clarity, transparency and understanding of the intended
nationally determined contributions;
14.
Requests the secretariat to continue to publish the intended nationally determined
contributions communicated by Parties on the UNFCCC website;
15.
Reiterates its call to developed country Parties, the operating entities of the
Financial Mechanism and any other organizations in a position to do so to provide support
for the preparation and communication of the intended nationally determined contributions
of Parties that may need such support;
16.
Takes note of the synthesis report on the aggregate effect of intended nationally
determined contributions communicated by Parties by 1 October 2015, contained in
document FCCC/CP/2015/7;
17.
Notes with concern that the estimated aggregate greenhouse gas emission levels in
2025 and 2030 resulting from the intended nationally determined contributions do not fall
within least-cost 2 ˚C scenarios but rather lead to a projected level of 55 gigatonnes in
2030, and also notes that much greater emission reduction efforts will be required than
those associated with the intended nationally determined contributions in order to hold the
increase in the global average temperature to below 2 ˚C above pre-industrial levels by
1

Endorsed by decision 2/CP.18, paragraph 2.
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reducing emissions to 40 gigatonnes or to 1.5 ˚C above pre-industrial levels by reducing to
a level to be identified in the special report referred to in paragraph 21 below;
18.
Also notes, in this context, the adaptation needs expressed by many developing
country Parties in their intended nationally determined contributions;
19.
Requests the secretariat to update the synthesis report referred to in paragraph 16
above so as to cover all the information in the intended nationally determined contributions
communicated by Parties pursuant to decision 1/CP.20 by 4 April 2016 and to make it
available by 2 May 2016;
20.
Decides to convene a facilitative dialogue among Parties in 2018 to take stock of the
collective efforts of Parties in relation to progress towards the long-term goal referred to in
Article 4, paragraph 1, of the Agreement and to inform the preparation of nationally
determined contributions pursuant to Article 4, paragraph 8, of the Agreement;
21.
Invites the Intergovernmental Panel on Climate Change to provide a special report in
2018 on the impacts of global warming of 1.5 °C above pre-industrial levels and related
global greenhouse gas emission pathways;

III. DECISIONS TO GIVE EFFECT TO THE AGREEMENT
MITIGATION
22.
Invites Parties to communicate their first nationally determined contribution no later
than when the Party submits its respective instrument of ratification, accession, or approval
of the Paris Agreement. If a Party has communicated an intended nationally determined
contribution prior to joining the Agreement, that Party shall be considered to have satisfied
this provision unless that Party decides otherwise;
23.
Urges those Parties whose intended nationally determined contribution pursuant to
decision 1/CP.20 contains a time frame up to 2025 to communicate by 2020 a new
nationally determined contribution and to do so every five years thereafter pursuant to
Article 4, paragraph 9, of the Agreement;
24.
Requests those Parties whose intended nationally determined contribution pursuant
to decision 1/CP.20 contains a time frame up to 2030 to communicate or update by 2020
these contributions and to do so every five years thereafter pursuant to Article 4, paragraph
9, of the Agreement;
25.
Decides that Parties shall submit to the secretariat their nationally determined
contributions referred to in Article 4 of the Agreement at least 9 to 12 months in advance of
the relevant meeting of the Conference of the Parties serving as the meeting of the Parties
to the Paris Agreement with a view to facilitating the clarity, transparency and
understanding of these contributions, including through a synthesis report prepared by the
secretariat;
26.
Requests the Ad Hoc Working Group on the Paris Agreement to develop further
guidance on features of the nationally determined contributions for consideration and
adoption by the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement at its first session;
27.
Agrees that the information to be provided by Parties communicating their
nationally determined contributions, in order to facilitate clarity, transparency and
understanding, may include, as appropriate, inter alia, quantifiable information on the
reference point (including, as appropriate, a base year), time frames and/or periods for
implementation, scope and coverage, planning processes, assumptions and methodological
approaches including those for estimating and accounting for anthropogenic greenhouse gas
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emissions and, as appropriate, removals, and how the Party considers that its nationally
determined contribution is fair and ambitious, in the light of its national circumstances, and
how it contributes towards achieving the objective of the Convention as set out in its
Article 2;
28.
Requests the Ad Hoc Working Group on the Paris Agreement to develop further
guidance for the information to be provided by Parties in order to facilitate clarity,
transparency and understanding of nationally determined contributions for consideration
and adoption by the Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement at its first session;
29.
Also requests the Subsidiary Body for Implementation to develop modalities and
procedures for the operation and use of the public registry referred to in Article 4,
paragraph 12, of the Agreement, for consideration and adoption by the Conference of the
Parties serving as the meeting of the Parties to the Paris Agreement at its first session;
30.
Further requests the secretariat to make available an interim public registry in the
first half of 2016 for the recording of nationally determined contributions submitted in
accordance with Article 4 of the Agreement, pending the adoption by the Conference of the
Parties serving as the meeting of the Parties to the Paris Agreement of the modalities and
procedures referred to in paragraph 29 above;
31.
Requests the Ad Hoc Working Group on the Paris Agreement to elaborate, drawing
from approaches established under the Convention and its related legal instruments as
appropriate, guidance for accounting for Parties’ nationally determined contributions, as
referred to in Article 4, paragraph 13, of the Agreement, for consideration and adoption by
the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement at
its first session, which ensures that:
(a)
Parties account for anthropogenic emissions and removals in accordance with
methodologies and common metrics assessed by the Intergovernmental Panel on Climate
Change and adopted by the Conference of the Parties serving as the meeting of the Parties
to the Paris Agreement;
(b)
Parties ensure methodological consistency, including on baselines, between
the communication and implementation of nationally determined contributions;
(c)
Parties strive to include all categories of anthropogenic emissions or
removals in their nationally determined contributions and, once a source, sink or activity is
included, continue to include it;
(d)
Parties shall provide an explanation of why any categories of anthropogenic
emissions or removals are excluded;
32.
Decides that Parties shall apply the guidance mentioned in paragraph 31 above to
the second and subsequent nationally determined contributions and that Parties may elect to
apply such guidance to their first nationally determined contribution;
33.
Also decides that the Forum on the Impact of the Implementation of response
measures, under the subsidiary bodies, shall continue, and shall serve the Agreement;
34.
Further decides that the Subsidiary Body for Scientific and Technological Advice
and the Subsidiary Body for Implementation shall recommend, for consideration and
adoption by the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement at its first session, the modalities, work programme and functions of the Forum
on the Impact of the Implementation of response measures to address the effects of the
implementation of response measures under the Agreement by enhancing cooperation
amongst Parties on understanding the impacts of mitigation actions under the Agreement
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and the exchange of information, experiences, and best practices amongst Parties to raise
their resilience to these impacts;*
36.
Invites Parties to communicate, by 2020, to the secretariat mid-century, long-term
low greenhouse gas emission development strategies in accordance with Article 4,
paragraph 19, of the Agreement, and requests the secretariat to publish on the UNFCCC
website Parties’ low greenhouse gas emission development strategies as communicated;
37.
Requests the Subsidiary Body for Scientific and Technological Advice to develop
and recommend the guidance referred to under Article 6, paragraph 2, of the Agreement for
adoption by the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement at its first session, including guidance to ensure that double counting is avoided
on the basis of a corresponding adjustment by Parties for both anthropogenic emissions by
sources and removals by sinks covered by their nationally determined contributions under
the Agreement;
38.
Recommends that the Conference of the Parties serving as the meeting of the Parties
to the Paris Agreement adopt rules, modalities and procedures for the mechanism
established by Article 6, paragraph 4, of the Agreement on the basis of:
(a)
(b)
change;

Voluntary participation authorized by each Party involved;
Real, measurable, and long-term benefits related to the mitigation of climate

(c)

Specific scopes of activities;

(d)

Reductions in emissions that are additional to any that would otherwise

occur;
(e)
Verification and certification of emission reductions resulting from
mitigation activities by designated operational entities;
(f)
Experience gained with and lessons learned from existing mechanisms and
approaches adopted under the Convention and its related legal instruments;
39.
Requests the Subsidiary Body for Scientific and Technological Advice to develop
and recommend rules, modalities and procedures for the mechanism referred to in
paragraph 38 above for consideration and adoption by the Conference of the Parties serving
as the meeting of the Parties to the Paris Agreement at its first session;
40.
Also requests the Subsidiary Body for Scientific and Technological Advice to
undertake a work programme under the framework for non-market approaches to
sustainable development referred to in Article 6, paragraph 8, of the Agreement, with the
objective of considering how to enhance linkages and create synergy between, inter alia,
mitigation, adaptation, finance, technology transfer and capacity-building, and how to
facilitate the implementation and coordination of non-market approaches;
41.
Further requests the Subsidiary Body for Scientific and Technological Advice to
recommend a draft decision on the work programme referred to in paragraph 40 above,
taking into account the views of Parties, for consideration and adoption by the Conference
of the Parties serving as the meeting of the Parties to the Paris Agreement at its first
session;
ADAPTATION

* Paragraph 35 has been deleted, and subsequent paragraph numbering and cross references to other
paragraphs within the document will be amended at a later stage.
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42.
Requests the Adaptation Committee and the Least Developed Countries Expert
Group to jointly develop modalities to recognize the adaptation efforts of developing
country Parties, as referred to in Article 7, paragraph 3, of the Agreement, and make
recommendations for consideration and adoption by the Conference of the Parties serving
as the meeting of the Parties to the Paris Agreement at its first session;
43.
Also requests the Adaptation Committee, taking into account its mandate and its
second three-year workplan, and with a view to preparing recommendations for
consideration and adoption by the Conference of the Parties serving as the meeting of the
Parties to the Paris Agreement at its first session:
(a)
To review, in 2017, the work of adaptation-related institutional arrangements
under the Convention, with a view to identifying ways to enhance the coherence of their
work, as appropriate, in order to respond adequately to the needs of Parties;
(b)
To consider methodologies for assessing adaptation needs with a view to
assisting developing countries, without placing an undue burden on them;
44.
Invites all relevant United Nations agencies and international, regional and national
financial institutions to provide information to Parties through the secretariat on how their
development assistance and climate finance programmes incorporate climate-proofing and
climate resilience measures;
45.
Requests Parties to strengthen regional cooperation on adaptation where appropriate
and, where necessary, establish regional centres and networks, in particular in developing
countries, taking into account decision 1/CP.16, paragraph 13;
46.
Also requests the Adaptation Committee and the Least Developed Countries Expert
Group, in collaboration with the Standing Committee on Finance and other relevant
institutions, to develop methodologies, and make recommendations for consideration and
adoption by the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement at its first session on:
(a)
Taking the necessary steps to facilitate the mobilization of support for
adaptation in developing countries in the context of the limit to global average temperature
increase referred to in Article 2 of the Agreement;
(b)
Reviewing the adequacy and effectiveness of adaptation and support referred
to in Article 7, paragraph 14(c), of the Agreement;
47.
Further requests the Green Climate Fund to expedite support for the least developed
countries and other developing country Parties for the formulation of national adaptation
plans, consistent with decisions 1/CP.16 and 5/CP.17, and for the subsequent
implementation of policies, projects and programmes identified by them;
LOSS AND DAMAGE
48.
Decides on the continuation of the Warsaw International Mechanism for Loss and
Damage associated with Climate Change Impacts, following the review in 2016;
49.
Requests the Executive Committee of the Warsaw International Mechanism to
establish a clearinghouse for risk transfer that serves as a repository for information on
insurance and risk transfer, in order to facilitate the efforts of Parties to develop and
implement comprehensive risk management strategies;
50.
Also requests the Executive Committee of the Warsaw International Mechanism to
establish, according to its procedures and mandate, a task force to complement, draw upon
the work of and involve, as appropriate, existing bodies and expert groups under the
Convention including the Adaptation Committee and the Least Developed Countries Expert
Group, as well as relevant organizations and expert bodies outside the Convention, to
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develop recommendations for integrated approaches to avert, minimize and address
displacement related to the adverse impacts of climate change;
51.
Further requests the Executive Committee of the Warsaw International Mechanism
to initiate its work, at its next meeting, to operationalize the provisions referred to in
paragraphs 49 and 50 above, and to report on progress thereon in its annual report;
52.
Agrees that Article 8 of the Agreement does not involve or provide a basis for any
liability or compensation;
FINANCE
53.
Decides that, in the implementation of the Agreement, financial resources provided
to developing countries should enhance the implementation of their policies, strategies,
regulations and action plans and their climate change actions with respect to both
mitigation and adaptation to contribute to the achievement of the purpose of the Agreement
as defined in Article 2;
54.
Also decides that, in accordance with Article 9, paragraph 3, of the Agreement,
developed countries intend to continue their existing collective mobilization goal through
2025 in the context of meaningful mitigation actions and transparency on implementation;
prior to 2025 the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement shall set a new collective quantified goal from a floor of USD 100 billion per
year, taking into account the needs and priorities of developing countries;
55.
Recognizes the importance of adequate and predictable financial resources,
including for results-based payments, as appropriate, for the implementation of policy
approaches and positive incentives for reducing emissions from deforestation and forest
degradation, and the role of conservation, sustainable management of forests and
enhancement of forest carbon stocks; as well as alternative policy approaches, such as joint
mitigation and adaptation approaches for the integral and sustainable management of
forests; while reaffirming the importance of non-carbon benefits associated with such
approaches; encouraging the coordination of support from, inter alia, public and private,
bilateral and multilateral sources, such as the Green Climate Fund, and alternative sources
in accordance with relevant decisions by the Conference of the Parties;
56.
Decides to initiate, at its twenty-second session, a process to identify the information
to be provided by Parties, in accordance with Article 9, paragraph 5, of the Agreement with
the view to providing a recommendation for consideration and adoption by the Conference
of the Parties serving as the meeting of the Parties to the Paris Agreement at its first
session;
57.
Also decides to ensure that the provision of information in accordance with Article
9, paragraph 7 of the Agreement shall be undertaken in accordance with modalities,
procedures and guidelines referred to in paragraph 96 below;
58.
Requests Subsidiary Body for Scientific and Technological Advice to develop
modalities for the accounting of financial resources provided and mobilized through public
interventions in accordance with Article 9, paragraph 7, of the Agreement for consideration
by the Conference of the Parties at its twenty-fourth session (November 2018), with the
view to making a recommendation for consideration and adoption by the Conference of the
Parties serving as the meeting of the Parties to the Paris Agreement at its first session;
59.
Decides that the Green Climate Fund and the Global Environment Facility, the
entities entrusted with the operation of the Financial Mechanism of the Convention, as well
as the Least Developed Countries Fund and the Special Climate Change Fund, administered
by the Global Environment Facility, shall serve the Agreement;
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60.
Recognizes that the Adaptation Fund may serve the Agreement, subject to relevant
decisions by the Conference of the Parties serving as the meeting of the Parties to the Kyoto
Protocol and the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement;
61.
Invites the Conference of the Parties serving as the meeting of the Parties to the
Kyoto Protocol to consider the issue referred to in paragraph 60 above and make a
recommendation to the Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement at its first session;
62.
Recommends that the Conference of the Parties serving as the meeting of the Parties
to the Paris Agreement shall provide guidance to the entities entrusted with the operation of
the Financial Mechanism of the Convention on the policies, programme priorities and
eligibility criteria related to the Agreement for transmission by the Conference of the
Parties;
63.
Decides that the guidance to the entities entrusted with the operations of the
Financial Mechanism of the Convention in relevant decisions of the Conference of the
Parties, including those agreed before adoption of the Agreement, shall apply mutatis
mutandis;
64.
Also decides that the Standing Committee on Finance shall serve the Agreement in
line with its functions and responsibilities established under the Conference of the Parties;
65.
Urges the institutions serving the Agreement to enhance the coordination and
delivery of resources to support country-driven strategies through simplified and efficient
application and approval procedures, and through continued readiness support to
developing country Parties, including the least developed countries and small island
developing States, as appropriate;
TECHNOLOGY DEVELOPMENT AND TRANSFER
66.
Takes note of the interim report of the Technology Executive Committee on
guidance on enhanced implementation of the results of technology needs assessments as
referred to in document FCCC/SB/2015/INF.3;
67.
Decides to strengthen the Technology Mechanism and requests the Technology
Executive Committee and the Climate Technology Centre and Network, in supporting the
implementation of the Agreement, to undertake further work relating to, inter alia:
(a)

Technology research, development and demonstration;

(b)
The development and enhancement of endogenous capacities and
technologies;
68.
Requests the Subsidiary Body for Scientific and Technological Advice to initiate, at
its forty-fourth session (May 2016), the elaboration of the technology framework
established under Article 10, paragraph 4, of the Agreement and to report on its findings to
the Conference of the Parties, with a view to the Conference of the Parties making a
recommendation on the framework to the Conference of the Parties serving as the meeting
of the Parties to the Paris Agreement for consideration and adoption at its first session,
taking into consideration that the framework should facilitate, inter alia:
(a)
The undertaking and updating of technology needs assessments, as well as
the enhanced implementation of their results, particularly technology action plans and
project ideas, through the preparation of bankable projects;
(b)
The provision of enhanced financial and technical support for the
implementation of the results of the technology needs assessments;
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(c)

The assessment of technologies that are ready for transfer;

(d)
The enhancement of enabling environments for and the addressing of barriers
to the development and transfer of socially and environmentally sound technologies;
69.
Decides that the Technology Executive Committee and the Climate Technology
Centre and Network shall report to the Conference of the Parties serving as the meeting of
the Parties to the Paris Agreement, through the subsidiary bodies, on their activities to
support the implementation of the Agreement;
70.
Also decides to undertake a periodic assessment of the effectiveness of and the
adequacy of the support provided to the Technology Mechanism in supporting the
implementation of the Agreement on matters relating to technology development and
transfer;
71.
Requests the Subsidiary Body for Implementation to initiate, at its forty-fourth
session , the elaboration of the scope of and modalities for the periodic assessment referred
to in paragraph 70 above, taking into account the review of the Climate Technology Centre
and Network as referred to in decision 2/CP.17, annex VII, paragraph 20 and the modalities
for the global stocktake referred to in Article 14 of the Agreement, for consideration and
adoption by the Conference of the Parties at its twenty-fifth session (November 2019);
CAPACITY-BUILDING
72.
Decides to establish the Paris Committee on Capacity-building whose aim will be to
address gaps and needs, both current and emerging, in implementing capacity-building in
developing country Parties and further enhancing capacity-building efforts, including with
regard to coherence and coordination in capacity-building activities under the Convention;
73.
Also decides that the Paris Committee on Capacity-building will manage and
oversee the work plan mentioned in paragraph 74 below;
74.
Further decides to launch a work plan for the period 2016–2020 with the following
activities:
(a)
Assessing how to increase synergies through cooperation and avoid
duplication among existing bodies established under the Convention that implement
capacity-building activities, including through collaborating with institutions under and
outside the Convention;
(b)

Identifying capacity gaps and needs and recommending ways to address

them;
(c)
Promoting the development and dissemination of tools and methodologies for
the implementation of capacity-building;
(d)

Fostering global, regional, national and subnational cooperation;

(e)
Identifying and collecting good practices, challenges, experiences, and
lessons learned from work on capacity-building by bodies established under the
Convention;
(f)
Exploring how developing country Parties can take ownership of building
and maintaining capacity over time and space;
(g)
Identifying opportunities to strengthen capacity at the national, regional, and
subnational level;
(h)
Fostering dialogue, coordination, collaboration and coherence among
relevant processes and initiatives under the Convention, including through exchanging
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information on capacity-building activities and strategies of bodies established under the
Convention;
(i)
Providing guidance to the secretariat on the maintenance and further
development of the web-based capacity-building portal;
75.
Decides that the Paris Committee on Capacity-building will annually focus on an
area or theme related to enhanced technical exchange on capacity-building, with the
purpose of maintaining up-to-date knowledge on the successes and challenges in building
capacity effectively in a particular area;
76.
Requests the Subsidiary Body for Implementation to organize annual in-session
meetings of the Paris Committee on Capacity-building;
77.
Also requests the Subsidiary Body for Implementation to develop the terms of
reference for the Paris Committee on Capacity-building, in the context of the third
comprehensive review of the implementation of the capacity-building framework, also
taking into account paragraphs 75, 76, 77 and 78 above and paragraphs 82 and 83 below,
with a view to recommending a draft decision on this matter for consideration and adoption
by the Conference of the Parties at its twenty-second session;
78.
Invites Parties to submit their views on the membership of the Paris Committee on
Capacity-building by 9 March 2016;2
79.
Requests the secretariat to compile the submissions referred to in paragraph 78
above into a miscellaneous document for consideration by the Subsidiary Body for
Implementation at its forty-fourth session;
80.
Decides that the inputs to the Paris Committee on Capacity-building will include,
inter alia, submissions, the outcome of the third comprehensive review of the
implementation of the capacity-building framework, the secretariat’s annual synthesis
report on the implementation of the framework for capacity-building in developing
countries, the secretariat’s compilation and synthesis report on capacity-building work of
bodies established under the Convention and its Kyoto Protocol, and reports on the Durban
Forum and the capacity-building portal;
81.
Requests the Paris Committee on Capacity-building to prepare annual technical
progress reports on its work, and to make these reports available at the sessions of the
Subsidiary Body for Implementation coinciding with the sessions of the Conference of the
Parties;
82.
Also requests the Conference of the Parties at its twenty-fifth session (November
2019), to review the progress, need for extension, the effectiveness and enhancement of the
Paris Committee on Capacity-building and to take any action it considers appropriate, with
a view to making recommendations to the Conference of the Parties serving as the meeting
of the Parties to the Paris Agreement at its first session on enhancing institutional
arrangements for capacity-building consistent with Article 11, paragraph 5, of the
Agreement;
83.
Calls upon all Parties to ensure that education, training and public awareness, as
reflected in Article 6 of the Convention and in Article 12 of the Agreement are adequately
considered in their contribution to capacity-building;
84.
Invites the Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement at its first session to explore ways of enhancing the implementation of

2

Parties should submit their views via the submissions portal at <http://www.unfccc.int/5900>.
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training, public awareness, public participation and public access to information so as to
enhance actions under the Agreement;

TRANSPARENCY OF ACTION AND SUPPORT
85.
Decides to establish a Capacity-building Initiative for Transparency in order to build
institutional and technical capacity, both pre- and post-2020. This initiative will support
developing country Parties, upon request, in meeting enhanced transparency requirements
as defined in Article 13 of the Agreement in a timely manner;
86.

Also decides that the Capacity-building Initiative for Transparency will aim:

(a)
To strengthen national institutions for transparency-related activities in line
with national priorities;
(b)
To provide relevant tools, training and assistance for meeting the provisions
stipulated in Article 13 of the Agreement;
(c)

To assist in the improvement of transparency over time;

87.
Urges and requests the Global Environment Facility to make arrangements to
support the establishment and operation of the Capacity-building Initiative for
Transparency as a priority reporting-related need, including through voluntary contributions
to support developing countries in the sixth replenishment of the Global Environment
Facility and future replenishment cycles, to complement existing support under the Global
Environment Facility;
88.
Decides to assess the implementation of the Capacity-building Initiative for
Transparency in the context of the seventh review of the financial mechanism;
89.
Requests that the Global Environment Facility, as an operating entity of the financial
mechanism include in its annual report to the Conference of the Parties the progress of
work in the design, development and implementation of the Capacity-building Initiative for
Transparency referred to in paragraph 85 above starting in 2016;
90.
Decides that, in accordance with Article 13, paragraph 2, of the Agreement,
developing countries shall be provided flexibility in the implementation of the provisions of
that Article, including in the scope, frequency and level of detail of reporting, and in the
scope of review, and that the scope of review could provide for in-country reviews to be
optional, while such flexibilities shall be reflected in the development of modalities,
procedures and guidelines referred to in paragraph 92 below;
91.
Also decides that all Parties, except for the least developed country Parties and small
island developing States, shall submit the information referred to in Article 13, paragraphs
7, 8, 9 and 10, as appropriate, no less frequently than on a biennial basis, and that the least
developed country Parties and small island developing States may submit this information
at their discretion;
92.
Requests the Ad Hoc Working Group on the Paris Agreement to develop
recommendations for modalities, procedures and guidelines in accordance with Article 13,
paragraph 13, of the Agreement, and to define the year of their first and subsequent review
and update, as appropriate, at regular intervals, for consideration by the Conference of the
Parties, at its twenty-fourth session, with a view to forwarding them to the Conference of
the Parties serving as the meeting of the Parties to the Paris Agreement for adoption at its
first session;
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93.
Also requests the Ad Hoc Working Group on the Paris Agreement in developing the
recommendations for the modalities, procedures and guidelines referred to in paragraph 92
above to take into account, inter alia:
(a)

The importance of facilitating improved reporting and transparency over

time;
(b)
The need to provide flexibility to those developing country Parties that need
it in the light of their capacities;
(c)
The need to promote transparency, accuracy, completeness, consistency, and
comparability;
(d)
secretariat;

The need to avoid duplication as well as undue burden on Parties and the

(e)
The need to ensure that Parties maintain at least the frequency and quality of
reporting in accordance with their respective obligations under the Convention;
(f)

The need to ensure that double counting is avoided;

(g)

The need to ensure environmental integrity;

94.
Further requests the Ad Hoc Working Group on the Paris Agreement, when
developing the modalities, procedures and guidelines referred to in paragraph 92 above, to
draw on the experiences from and take into account other on-going relevant processes
under the Convention;
95.
Requests the Ad Hoc Working Group on the Paris Agreement, when developing
modalities, procedures and guidelines referred to in paragraph 92 above, to consider, inter
alia:
(a)
The types of flexibility available to those developing countries that need it on
the basis of their capacities;
(b)
The consistency between the methodology communicated in the nationally
determined contribution and the methodology for reporting on progress made towards
achieving individual Parties’ respective nationally determined contribution;
(c)
That Parties report information on adaptation action and planning including,
if appropriate, their national adaptation plans, with a view to collectively exchanging
information and sharing lessons learned;
(d)
Support provided, enhancing delivery of support for both adaptation and
mitigation through, inter alia, the common tabular formats for reporting support, and taking
into account issues considered by the Subsidiary Body for Scientific and Technological
Advice on methodologies for reporting on financial information, and enhancing the
reporting by developing countries on support received, including the use, impact and
estimated results thereof;
(e)
Information in the biennial assessments and other reports of the Standing
Committee on Finance and other relevant bodies under the Convention;
(f)

Information on the social and economic impact of response measures;

96.
Also requests the Ad Hoc Working Group on the Paris Agreement, when developing
recommendations for modalities, procedures and guidelines referred to in paragraph 92
above, to enhance the transparency of support provided in accordance with Article 9 of the
Agreement;
97.
Further requests the Ad Hoc Working Group on the Paris Agreement to report on
the progress of work on the modalities, procedures and guidelines referred to in paragraph
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92 above to future sessions of the Conference of the Parties, and that this work be
concluded no later than 2018;
98.
Decides that the modalities, procedures and guidelines developed under paragraph
92 above, shall be applied upon the entry into force of the Paris Agreement;
99.
Also decides that the modalities, procedures and guidelines of this transparency
framework shall build upon and eventually supersede the measurement, reporting and
verification system established by decision 1/CP.16, paragraphs 40 to 47 and 60 to 64, and
decision 2/CP.17, paragraphs 12 to 62, immediately following the submission of the final
biennial reports and biennial update reports;
GLOBAL STOCKTAKE
100. Requests the Ad Hoc Working Group on the Paris Agreement to identify the sources
of input for the global stocktake referred to in Article 14 of the Agreement and to report to
the Conference of the Parties, with a view to the Conference of the Parties making a
recommendation to the Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement for consideration and adoption at its first session, including, but not
limited to:
(a)

Information on:

(i)
The overall effect of the nationally determined contributions communicated
by Parties;
(ii)
The state of adaptation efforts, support, experiences and priorities from the
communications referred to in Article 7, paragraphs 10 and 11, of the Agreement,
and reports referred to in Article 13, paragraph 7, of the Agreement;
(iii)

The mobilization and provision of support;

(b)

The latest reports of the Intergovernmental Panel on Climate Change;

(c)

Reports of the subsidiary bodies;

101. Also requests the Subsidiary Body for Scientific and Technological Advice to
provide advice on how the assessments of the Intergovernmental Panel on Climate Change
can inform the global stocktake of the implementation of the Agreement pursuant to its
Article 14 of the Agreement and to report on this matter to the Ad Hoc Working Group on
the Paris Agreement at its second session;
102. Further requests the Ad Hoc Working Group on the Paris Agreement to develop
modalities for the global stocktake referred to in Article 14 of the Agreement and to report
to the Conference of the Parties, with a view to making a recommendation to the
Conference of the Parties serving as the meeting of the Parties to the Paris Agreement for
consideration and adoption at its first session;
FACILITATING IMPLEMENTATION AND COMPLIANCE
103. Decides that the committee referred to in Article 15, paragraph 2, of the Agreement
shall consist of 12 members with recognized competence in relevant scientific, technical,
socio-economic or legal fields, to be elected by the Conference of the Parties serving as the
meeting of the Parties to the Paris Agreement on the basis of equitable geographical
representation, with two members each from the five regional groups of the United Nations
and one member each from the small island developing States and the least developed
countries, while taking into account the goal of gender balance;
104. Requests the Ad Hoc Working Group on the Paris Agreement to develop the
modalities and procedures for the effective operation of the committee referred to in Article
15, paragraph 2, of the Agreement, with a view to the Ad Hoc Working Group on the Paris
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Agreement completing its work on such modalities and procedures for consideration and
adoption by the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement at its first session;
FINAL CLAUSES
105. Also requests the secretariat, solely for the purposes of Article 21 of the Agreement,
to make available on its website on the date of adoption of the Agreement as well as in the
report of the Conference of the Parties at its twenty-first session, information on the most
up-to-date total and per cent of greenhouse gas emissions communicated by Parties to the
Convention in their national communications, greenhouse gas inventory reports, biennial
reports or biennial update reports;
IV.

ENHANCED ACTION PRIOR TO 2020
106. Resolves to ensure the highest possible mitigation efforts in the pre-2020 period,
including by:
(a)
Urging all Parties to the Kyoto Protocol that have not already done so to
ratify and implement the Doha Amendment to the Kyoto Protocol;
(b)
Urging all Parties that have not already done so to make and implement a
mitigation pledge under the Cancun Agreements;
(c)
Reiterating its resolve, as set out in decision 1/CP.19, paragraphs 3 and 4, to
accelerate the full implementation of the decisions constituting the agreed outcome
pursuant to decision 1/CP.13 and enhance ambition in the pre-2020 period in order to
ensure the highest possible mitigation efforts under the Convention by all Parties;
(d)
Inviting developing country Parties that have not submitted their first biennial
update reports to do so as soon as possible;
(e)
Urging all Parties to participate in the existing measurement, reporting and
verification processes under the Cancun Agreements, in a timely manner, with a view to
demonstrating progress made in the implementation of their mitigation pledges;
107. Encourages Parties to promote the voluntary cancellation by Party and non-Party
stakeholders, without double counting of units issued under the Kyoto Protocol, including
certified emission reductions that are valid for the second commitment period;
108. Urges host and purchasing Parties to report transparently on internationally
transferred mitigation outcomes, including outcomes used to meet international pledges,
and emission units issued under the Kyoto Protocol with a view to promoting
environmental integrity and avoiding double counting;
109. Recognizes the social, economic and environmental value of voluntary mitigation
actions and their co-benefits for adaptation, health and sustainable development;
110. Resolves to strengthen, in the period 2016–2020, the existing technical examination
process on mitigation as defined in decision 1/CP.19, paragraph 5(a), and decision 1/CP.20,
paragraph 19, taking into account the latest scientific knowledge, including by:
(a)
Encouraging Parties, Convention bodies and international organizations to
engage in this process, including, as appropriate, in cooperation with relevant non-Party
stakeholders, to share their experiences and suggestions, including from regional events,
and to cooperate in facilitating the implementation of policies, practices and actions
identified during this process in accordance with national sustainable development
priorities;
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(b)
Striving to improve, in consultation with Parties, access to and participation
in this process by developing country Party and non-Party experts;
(c)
Requesting the Technology Executive Committee and the Climate
Technology Centre and Network in accordance with their respective mandates:
(i)
To engage in the technical expert meetings and enhance their efforts
to facilitate and support Parties in scaling up the implementation of policies,
practices and actions identified during this process;
(ii)
To provide regular updates during the technical expert meetings on the
progress made in facilitating the implementation of policies, practices and
actions previously identified during this process;
(iii) To include information on their activities under this process in their
joint annual report to the Conference of the Parties;
(d)
Encouraging Parties to make effective use of the Climate Technology Centre
and Network to obtain assistance to develop economically, environmentally and socially
viable project proposals in the high mitigation potential areas identified in this process;
111. Encourages the operating entities of the Financial Mechanism of the Convention to
engage in the technical expert meetings and to inform participants of their contribution to
facilitating progress in the implementation of policies, practices and actions identified
during the technical examination process;
112. Requests the secretariat to organize the process referred to in paragraph 110 above
and disseminate its results, including by:
(a)
Organizing, in consultation with the Technology Executive Committee and
relevant expert organizations, regular technical expert meetings focusing on specific
policies, practices and actions representing best practices and with the potential to be
scalable and replicable;
(b)
Updating, on an annual basis, following the meetings referred to in paragraph
112(a) above and in time to serve as input to the summary for policymakers referred to in
paragraph 112(c) below, a technical paper on the mitigation benefits and co-benefits of
policies, practices and actions for enhancing mitigation ambition, as well as on options for
supporting their implementation, information on which should be made available in a userfriendly online format;
(c)
Preparing, in consultation with the champions referred to in paragraph 122
below, a summary for policymakers, with information on specific policies, practices and
actions representing best practices and with the potential to be scalable and replicable, and
on options to support their implementation, as well as on relevant collaborative initiatives,
and publishing the summary at least two months in advance of each session of the
Conference of the Parties as input for the high-level event referred to in paragraph 121
below;
113. Decides that the process referred to in paragraph 110 above should be organized
jointly by the Subsidiary Body for Implementation and the Subsidiary Body for Scientific
and Technological Advice and should take place on an ongoing basis until 2020;
114. Also decides to conduct in 2017 an assessment of the process referred to in
paragraph 110 above so as to improve its effectiveness;
115. Resolves to enhance the provision of urgent and adequate finance, technology and
capacity-building support by developed country Parties in order to enhance the level of
ambition of pre-2020 action by Parties, and in this regard strongly urges developed country
Parties to scale up their level of financial support, with a concrete roadmap to achieve the
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goal of jointly providing USD 100 billion annually by 2020 for mitigation and adaptation
while significantly increasing adaptation finance from current levels and to further provide
appropriate technology and capacity-building support;
116. Decides to conduct a facilitative dialogue in conjunction with the twenty-second
session of the Conference of the Parties to assess the progress in implementing decision
1/CP.19, paragraphs 3 and 4, and identify relevant opportunities to enhance the provision of
financial resources, including for technology development and transfer and capacitybuilding support, with a view to identifying ways to enhance the ambition of mitigation
efforts by all Parties, including identifying relevant opportunities to enhance the provision
and mobilization of support and enabling environments;
117. Acknowledges with appreciation the results of the Lima-Paris Action Agenda, which
build on the climate summit convened on 23 September 2014 by the Secretary-General of
the United Nations;
118. Welcomes the efforts of non-Party stakeholders to scale up their climate actions, and
encourages the registration of those actions in the Non-State Actor Zone for Climate
Action platform;3
119. Encourages Parties to work closely with non-Party stakeholders to catalyse efforts
to strengthen mitigation and adaptation action;
120. Also encourages non-Party stakeholders to increase their engagement in the
processes referred to in paragraph 110 above and paragraph 125 below;
121. Agrees to convene, pursuant to decision 1/CP.20, paragraph 21, building on the
Lima-Paris Action Agenda and in conjunction with each session of the Conference of the
Parties during the period 2016–2020, a high-level event that:
(a)
Further strengthens high-level engagement on the implementation of policy
options and actions arising from the processes referred to in paragraph 110 above and
paragraph 125 below, drawing on the summary for policymakers referred to in paragraph
112(c) above;
(b)
Provides an opportunity for announcing new or strengthened voluntary
efforts, initiatives and coalitions, including the implementation of policies, practices and
actions arising from the processes referred to in paragraph 110 above and paragraph 125
below and presented in the summary for policymakers referred to in paragraph 112(c)
above;
(c)
Takes stock of related progress and recognizes new or strengthened voluntary
efforts, initiatives and coalitions;
(d)
Provides meaningful and regular opportunities for the effective high-level
engagement of dignitaries of Parties, international organizations, international cooperative
initiatives and non-Party stakeholders;
122. Decides that two high-level champions shall be appointed to act on behalf of the
President of the Conference of the Parties to facilitate through strengthened high-level
engagement in the period 2016–2020 the successful execution of existing efforts and the
scaling-up and introduction of new or strengthened voluntary efforts, initiatives and
coalitions, including by:

3
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(a)
Working with the Executive Secretary and the current and incoming
Presidents of the Conference of the Parties to coordinate the annual high-level event
referred to in paragraph 121 above;
(b)
Engaging with interested Parties and non-Party stakeholders, including to
further the voluntary initiatives of the Lima-Paris Action Agenda;
(c)
Providing guidance to the secretariat on the organization of technical expert
meetings referred to in paragraph 112(a) above and paragraph 130(a) below;
123. Also decides that the high-level champions referred to in paragraph 122 above
should normally serve for a term of two years, with their terms overlapping for a full year
to ensure continuity, such that:
(a)
The President of the Conference of the Parties of the twenty-first session
should appoint one champion, who should serve for one year from the date of the
appointment until the last day of the Conference of the Parties at its twenty-second session;
(b)
The President of the Conference of the Parties of the twenty-second session
should appoint one champion who should serve for two years from the date of the
appointment until the last day of the Conference of the Parties at its twenty-third session
(November 2017);
(c)
Thereafter, each subsequent President of the Conference of the Parties should
appoint one champion who should serve for two years and succeed the previously
appointed champion whose term has ended;
124. Invites all interested Parties and relevant organizations to provide support for the
work of the champions referred to in paragraph 122 above;
125. Decides to launch, in the period 20162020, a technical examination process on
adaptation;
126. Also decides that the technical examination process on adaptation referred to in
paragraph 125 above will endeavour to identify concrete opportunities for strengthening
resilience, reducing vulnerabilities and increasing the understanding and implementation of
adaptation actions;
127. Further decides that the technical examination process referred to in paragraph 125
above should be organized jointly by the Subsidiary Body for Implementation and the
Subsidiary Body for Scientific and Technological Advice, and conducted by the Adaptation
Committee;
128.

Decides that the process referred to in paragraph 125 above will be pursued by:
(a)

Facilitating the sharing of good practices, experiences and lessons learned;

(b)
Identifying actions that could significantly enhance the implementation of
adaptation actions, including actions that could enhance economic diversification and have
mitigation co-benefits;
(c)

Promoting cooperative action on adaptation;

(d)
Identifying opportunities to strengthen enabling environments and enhance
the provision of support for adaptation in the context of specific policies, practices and
actions;
129. Also decides that the technical examination process on adaptation referred to in
paragraph 125 above will take into account the process, modalities, outputs, outcomes and
lessons learned from the technical examination process on mitigation referred to in
paragraph 110 above;
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130. Requests the secretariat to support the technical examination process referred to in
paragraph 125 above by:
(a)
Organizing regular technical expert meetings focusing on specific policies,
strategies and actions;
(b)
Preparing annually, on the basis of the meetings referred to in paragraph
130(a) above and in time to serve as an input to the summary for policymakers referred to
in paragraph 112(c) above, a technical paper on opportunities to enhance adaptation action,
as well as options to support their implementation, information on which should be made
available in a user-friendly online format;
131. Decides that in conducting the process referred to in paragraph 125 above, the
Adaptation Committee will engage with and explore ways to take into account, synergize
with and build on the existing arrangements for adaptation-related work programmes,
bodies and institutions under the Convention so as to ensure coherence and maximum
value;
132. Also decides to conduct, in conjunction with the assessment referred to in paragraph
120 above, an assessment of the process referred to in paragraph 125 above, so as to
improve its effectiveness;
133. Invites Parties and observer organizations to submit information on the opportunities
referred to in paragraph 126 above by 3 February 2016;
V.

NON-PARTY STAKEHOLDERS
134. Welcomes the efforts of all non-Party stakeholders to address and respond to climate
change, including those of civil society, the private sector, financial institutions, cities and
other subnational authorities;
135. Invites the non-Party stakeholders referred to in paragraph 134 above to scale up
their efforts and support actions to reduce emissions and/or to build resilience and decrease
vulnerability to the adverse effects of climate change and demonstrate these efforts via the
Non-State Actor Zone for Climate Action platform4 referred to in paragraph 118 above;
136. Recognizes the need to strengthen knowledge, technologies, practices and efforts of
local communities and indigenous peoples related to addressing and responding to climate
change, and establishes a platform for the exchange of experiences and sharing of best
practices on mitigation and adaptation in a holistic and integrated manner;
137. Also recognizes the important role of providing incentives for emission reduction
activities, including tools such as domestic policies and carbon pricing;

VI.

ADMINISTRATIVE AND BUDGETARY MATTERS
138. Takes note of the estimated budgetary implications of the activities to be undertaken
by the secretariat referred to in this decision and requests that the actions of the secretariat
called for in this decision be undertaken subject to the availability of financial resources;
139. Emphasizes the urgency of making additional resources available for the
implementation of the relevant actions, including actions referred to in this decision, and
the implementation of the work programme referred to in paragraph 9 above;

4
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140. Urges Parties to make voluntary contributions for the timely implementation of this
decision.
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Annex
PARIS AGREEMENT

The Parties to this Agreement,
Being Parties to the United Nations Framework Convention on Climate Change, hereinafter referred to as “the
Convention”,
Pursuant to the Durban Platform for Enhanced Action established by decision 1/CP.17 of the Conference of the
Parties to the Convention at its seventeenth session,
In pursuit of the objective of the Convention, and being guided by its principles, including the principle of
equity and common but differentiated responsibilities and respective capabilities, in the light of different
national circumstances,
Recognizing the need for an effective and progressive response to the urgent threat of climate change on
the basis of the best available scientific knowledge,
Also recognizing the specific needs and special circumstances of developing country Parties, especially those
that are particularly vulnerable to the adverse effects of climate change, as provided for in the Convention,
Taking full account of the specific needs and special situations of the least developed countries with regard to
funding and transfer of technology,
Recognizing that Parties may be affected not only by climate change, but also by the impacts of the measures
taken in response to it,
Emphasizing the intrinsic relationship that climate change actions, responses and impacts have with equitable
access to sustainable development and eradication of poverty,
Recognizing the fundamental priority of safeguarding food security and ending hunger, and the particular
vulnerabilities of food production systems to the adverse impacts of climate change,
Taking into account the imperatives of a just transition of the workforce and the creation of decent work and
quality jobs in accordance with nationally defined development priorities,
Acknowledging that climate change is a common concern of humankind, Parties should, when taking action to
address climate change, respect, promote and consider their respective obligations on human rights, the right to
health, the rights of indigenous peoples, local communities, migrants, children, persons with disabilities and
people in vulnerable situations and the right to development, as well as gender equality, empowerment of women
and intergenerational equity,
Recognizing the importance of the conservation and enhancement, as appropriate, of sinks and reservoirs of the
greenhouse gases referred to in the Convention,
Noting the importance of ensuring the integrity of all ecosystems, including oceans, and the protection of
biodiversity, recognized by some cultures as Mother Earth, and noting the importance for some of the concept of
“climate justice”, when taking action to address climate change,
Affirming the importance of education, training, public awareness, public participation, public access to
information and cooperation at all levels on the matters addressed in this Agreement,
Recognizing the importance of the engagements of all levels of government and various actors, in accordance
with respective national legislations of Parties, in addressing climate change,
Also recognizing that sustainable lifestyles and sustainable patterns of consumption and production, with
developed country Parties taking the lead, play an important role in addressing climate change,

Have agreed as follows:
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Article 1

1.
2.
3.

For the purpose of this Agreement, the definitions contained in Article 1 of the Convention shall apply. In
addition:
“Convention” means the United Nations Framework Convention on Climate Change, adopted in New York on 9
May 1992.
“Conference of the Parties” means the Conference of the Parties to the Convention.
“Party” means a Party to this Agreement.

Article 2
1.

2.

This Agreement, in enhancing the implementation of the Convention, including its objective, aims to strengthen
the global response to the threat of climate change, in the context of sustainable development and efforts to
eradicate poverty, including by:
(a)
Holding the increase in the global average temperature to well below 2 °C above pre-industrial levels and
to pursue efforts to limit the temperature increase to 1.5 °C above pre-industrial levels, recognizing that
this would significantly reduce the risks and impacts of climate change;
(b)
Increasing the ability to adapt to the adverse impacts of climate change and foster climate resilience and
low greenhouse gas emissions development, in a manner that does not threaten food production;
(c)
Making finance flows consistent with a pathway towards low greenhouse gas emissions and climateresilient development.
This Agreement will be implemented to reflect equity and the principle of common but differentiated
responsibilities and respective capabilities, in the light of different national circumstances.

Article 3
As nationally determined contributions to the global response to climate change, all Parties are to undertake and
communicate ambitious efforts as defined in Articles 4, 7, 9, 10, 11 and 13 with the view to achieving the
purpose of this Agreement as set out in Article 2. The efforts of all Parties will represent a progression over time,
while recognizing the need to support developing country Parties for the effective implementation of this
Agreement.

Article 4
1.

2.

3.

4.

5.
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In order to achieve the long-term temperature goal set out in Article 2, Parties aim to reach global peaking of
greenhouse gas emissions as soon as possible, recognizing that peaking will take longer for developing country
Parties, and to undertake rapid reductions thereafter in accordance with best available science, so as to achieve a
balance between anthropogenic emissions by sources and removals by sinks of greenhouse gases in the second
half of this century, on the basis of equity, and in the context of sustainable development and efforts to eradicate
poverty.
Each Party shall prepare, communicate and maintain successive nationally determined contributions that it
intends to achieve. Parties shall pursue domestic mitigation measures, with the aim of achieving the objectives of
such contributions.
Each Party’s successive nationally determined contribution will represent a progression beyond the Party’s then
current nationally determined contribution and reflect its highest possible ambition, reflecting its common but
differentiated responsibilities and respective capabilities, in the light of different national circumstances.
Developed country Parties should continue taking the lead by undertaking economy-wide absolute emission
reduction targets. Developing country Parties should continue enhancing their mitigation efforts, and are
encouraged to move over time towards economy-wide emission reduction or limitation targets in the light of
different national circumstances.
Support shall be provided to developing country Parties for the implementation of this Article, in accordance
with Articles 9, 10 and 11, recognizing that enhanced support for developing country Parties will allow for
higher ambition in their actions.
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6.
7.
8.

9.

10.
11.

12.
13.

14.

15.
16.

17.
18.

19.

The least developed countries and small island developing States may prepare and communicate strategies, plans
and actions for low greenhouse gas emissions development reflecting their special circumstances.
Mitigation co-benefits resulting from Parties’ adaptation actions and/or economic diversification plans can
contribute to mitigation outcomes under this Article.
In communicating their nationally determined contributions, all Parties shall provide the information necessary
for clarity, transparency and understanding in accordance with decision 1/CP.21 and any relevant decisions of
the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement.
Each Party shall communicate a nationally determined contribution every five years in accordance with decision
1/CP.21 and any relevant decisions of the Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement and be informed by the outcomes of the global stocktake referred to in Article 14.
The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement shall consider
common time frames for nationally determined contributions at its first session.
A Party may at any time adjust its existing nationally determined contribution with a view to enhancing its level
of ambition, in accordance with guidance adopted by the Conference of the Parties serving as the meeting of the
Parties to the Paris Agreement.
Nationally determined contributions communicated by Parties shall be recorded in a public registry maintained
by the secretariat.
Parties shall account for their nationally determined contributions. In accounting for anthropogenic emissions
and removals corresponding to their nationally determined contributions, Parties shall promote environmental
integrity, transparency, accuracy, completeness, comparability and consistency, and ensure the avoidance of
double counting, in accordance with guidance adopted by the Conference of the Parties serving as the meeting of
the Parties to the Paris Agreement.
In the context of their nationally determined contributions, when recognizing and implementing mitigation
actions with respect to anthropogenic emissions and removals, Parties should take into account, as appropriate,
existing methods and guidance under the Convention, in the light of the provisions of paragraph 13 of this
Article.
Parties shall take into consideration in the implementation of this Agreement the concerns of Parties with
economies most affected by the impacts of response measures, particularly developing country Parties.
Parties, including regional economic integration organizations and their member States, that have reached an
agreement to act jointly under paragraph 2 of this Article shall notify the secretariat of the terms of that
agreement, including the emission level allocated to each Party within the relevant time period, when they
communicate their nationally determined contributions. The secretariat shall in turn inform the Parties and
signatories to the Convention of the terms of that agreement.
Each party to such an agreement shall be responsible for its emission level as set out in the agreement referred to
in paragraph 16 above in accordance with paragraphs 13 and 14 of this Article and Articles 13 and 15.
If Parties acting jointly do so in the framework of, and together with, a regional economic integration
organization which is itself a Party to this Agreement, each member State of that regional economic integration
organization individually, and together with the regional economic integration organization, shall be responsible
for its emission level as set out in the agreement communicated under paragraph 16 of this Article in accordance
with paragraphs 13 and 14 of this Article and Articles 13 and 15.
All Parties should strive to formulate and communicate long-term low greenhouse gas emission development
strategies, mindful of Article 2 taking into account their common but differentiated responsibilities and
respective capabilities, in the light of different national circumstances.

Article 5
1.
2.

Parties should take action to conserve and enhance, as appropriate, sinks and reservoirs of greenhouse gases as
referred to in Article 4, paragraph 1(d), of the Convention, including forests.
Parties are encouraged to take action to implement and support, including through results-based payments, the
existing framework as set out in related guidance and decisions already agreed under the Convention for: policy
approaches and positive incentives for activities relating to reducing emissions from deforestation and forest
degradation, and the role of conservation, sustainable management of forests and enhancement of forest carbon
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stocks in developing countries; and alternative policy approaches, such as joint mitigation and adaptation
approaches for the integral and sustainable management of forests, while reaffirming the importance of
incentivizing, as appropriate, non-carbon benefits associated with such approaches.

Article 6
1.

2.

3.
4.

5.

6.

7.
8.

9.
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Parties recognize that some Parties choose to pursue voluntary cooperation in the implementation of their
nationally determined contributions to allow for higher ambition in their mitigation and adaptation actions and to
promote sustainable development and environmental integrity.
Parties shall, where engaging on a voluntary basis in cooperative approaches that involve the use of
internationally transferred mitigation outcomes towards nationally determined contributions, promote sustainable
development and ensure environmental integrity and transparency, including in governance, and shall apply
robust accounting to ensure, inter alia, the avoidance of double counting, consistent with guidance adopted by
the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement.
The use of internationally transferred mitigation outcomes to achieve nationally determined contributions under
this Agreement shall be voluntary and authorized by participating Parties.
A mechanism to contribute to the mitigation of greenhouse gas emissions and support sustainable development is
hereby established under the authority and guidance of the Conference of the Parties serving as the meeting of
the Parties to the Paris Agreement for use by Parties on a voluntary basis. It shall be supervised by a body
designated by the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement, and
shall aim:
(a)
To promote the mitigation of greenhouse gas emissions while fostering sustainable development;
(b)
To incentivize and facilitate participation in the mitigation of greenhouse gas emissions by public and
private entities authorized by a Party;
(c)
To contribute to the reduction of emission levels in the host Party, which will benefit from mitigation
activities resulting in emission reductions that can also be used by another Party to fulfil its nationally
determined contribution; and
(d)
To deliver an overall mitigation in global emissions.
Emission reductions resulting from the mechanism referred to in paragraph 4 of this Article shall not be used to
demonstrate achievement of the host Party’s nationally determined contribution if used by another Party to
demonstrate achievement of its nationally determined contribution.
The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement shall ensure that a
share of the proceeds from activities under the mechanism referred to in paragraph 4 of this Article is used to
cover administrative expenses as well as to assist developing country Parties that are particularly vulnerable to
the adverse effects of climate change to meet the costs of adaptation.
The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement shall adopt rules,
modalities and procedures for the mechanism referred to in paragraph 4 of this Article at its first session.
Parties recognize the importance of integrated, holistic and balanced non-market approaches being available to
Parties to assist in the implementation of their nationally determined contributions, in the context of sustainable
development and poverty eradication, in a coordinated and effective manner, including through, inter alia,
mitigation, adaptation, finance, technology transfer and capacity-building, as appropriate. These approaches shall
aim to:
(a)
Promote mitigation and adaptation ambition;
(b)
Enhance public and private sector participation in the implementation of nationally determined
contributions; and
(c)
Enable opportunities for coordination across instruments and relevant institutional arrangements.
A framework for non-market approaches to sustainable development is hereby defined to promote the nonmarket approaches referred to in paragraph 8 of this Article.
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Article 7
1.

2.

3.

4.

5.

6.

7.

8.

9.

Parties hereby establish the global goal on adaptation of enhancing adaptive capacity, strengthening resilience
and reducing vulnerability to climate change, with a view to contributing to sustainable development and
ensuring an adequate adaptation response in the context of the temperature goal referred to in Article 2.
Parties recognize that adaptation is a global challenge faced by all with local, subnational, national, regional and
international dimensions, and that it is a key component of and makes a contribution to the long-term global
response to climate change to protect people, livelihoods and ecosystems, taking into account the urgent and
immediate needs of those developing country Parties that are particularly vulnerable to the adverse effects of
climate change.
The adaptation efforts of developing country Parties shall be recognized, in accordance with the modalities to be
adopted by the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement at its first
session.
Parties recognize that the current need for adaptation is significant and that greater levels of mitigation can
reduce the need for additional adaptation efforts, and that greater adaptation needs can involve greater adaptation
costs.
Parties acknowledge that adaptation action should follow a country-driven, gender-responsive, participatory and
fully transparent approach, taking into consideration vulnerable groups, communities and ecosystems, and
should be based on and guided by the best available science and, as appropriate, traditional knowledge,
knowledge of indigenous peoples and local knowledge systems, with a view to integrating adaptation into
relevant socioeconomic and environmental policies and actions, where appropriate.
Parties recognize the importance of support for and international cooperation on adaptation efforts and the
importance of taking into account the needs of developing country Parties, especially those that are particularly
vulnerable to the adverse effects of climate change.
Parties should strengthen their cooperation on enhancing action on adaptation, taking into account the Cancun
Adaptation Framework, including with regard to:
(a)
Sharing information, good practices, experiences and lessons learned, including, as appropriate, as these
relate to science, planning, policies and implementation in relation to adaptation actions;
(b)
Strengthening institutional arrangements, including those under the Convention that serve this
Agreement, to support the synthesis of relevant information and knowledge, and the provision of
technical support and guidance to Parties;
(c)
Strengthening scientific knowledge on climate, including research, systematic observation of the climate
system and early warning systems, in a manner that informs climate services and supports decisionmaking;
(d)
Assisting developing country Parties in identifying effective adaptation practices, adaptation needs,
priorities, support provided and received for adaptation actions and efforts, and challenges and gaps, in a
manner consistent with encouraging good practices;
(e)
Improving the effectiveness and durability of adaptation actions.
United Nations specialized organizations and agencies are encouraged to support the efforts of Parties to
implement the actions referred to in paragraph 7 of this Article, taking into account the provisions of paragraph 5
of this Article.
Each Party shall, as appropriate, engage in adaptation planning processes and the implementation of actions,
including the development or enhancement of relevant plans, policies and/or contributions, which may include:
(a)
The implementation of adaptation actions, undertakings and/or efforts;
(b)
The process to formulate and implement national adaptation plans;
(c)
The assessment of climate change impacts and vulnerability, with a view to formulating nationally
determined prioritized actions, taking into account vulnerable people, places and ecosystems;
(d)
Monitoring and evaluating and learning from adaptation plans, policies, programmes and actions; and
(e)
Building the resilience of socioeconomic and ecological systems, including through economic
diversification and sustainable management of natural resources.
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10.

11.

12.
13.

14.

Each Party should, as appropriate, submit and update periodically an adaptation communication, which may
include its priorities, implementation and support needs, plans and actions, without creating any additional
burden for developing country Parties.
The adaptation communication referred to in paragraph 10 of this Article shall be, as appropriate, submitted and
updated periodically, as a component of or in conjunction with other communications or documents, including a
national adaptation plan, a nationally determined contribution as referred to in Article 4, paragraph 2, and/or a
national communication.
The adaptation communications referred to in paragraph 10 of this Article shall be recorded in a public registry
maintained by the secretariat.
Continuous and enhanced international support shall be provided to developing country Parties for the
implementation of paragraphs 7, 9, 10 and 11 of this Article, in accordance with the provisions of Articles 9, 10
and 11.
The global stocktake referred to in Article 14 shall, inter alia:
(a)
Recognize adaptation efforts of developing country Parties;
(b)
Enhance the implementation of adaptation action taking into account the adaptation communication
referred to in paragraph 10 of this Article;
(c)
Review the adequacy and effectiveness of adaptation and support provided for adaptation; and
(d)
Review the overall progress made in achieving the global goal on adaptation referred to in paragraph 1 of
this Article.

Article 8
1.

2.

3.

4.

5.

Parties recognize the importance of averting, minimizing and addressing loss and damage associated with the
adverse effects of climate change, including extreme weather events and slow onset events, and the role of
sustainable development in reducing the risk of loss and damage.
The Warsaw International Mechanism for Loss and Damage associated with Climate Change Impacts shall be
subject to the authority and guidance of the Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement and may be enhanced and strengthened, as determined by the Conference of the Parties serving
as the meeting of the Parties to the Paris Agreement.
Parties should enhance understanding, action and support, including through the Warsaw International
Mechanism, as appropriate, on a cooperative and facilitative basis with respect to loss and damage associated
with the adverse effects of climate change.
Accordingly, areas of cooperation and facilitation to enhance understanding, action and support may include:
(a)
Early warning systems;
(b)
Emergency preparedness;
(c)
Slow onset events;
(d)
Events that may involve irreversible and permanent loss and damage;
(e)
Comprehensive risk assessment and management;
(f)
Risk insurance facilities, climate risk pooling and other insurance solutions;
(g)
Non-economic losses;
(h)
Resilience of communities, livelihoods and ecosystems.
The Warsaw International Mechanism shall collaborate with existing bodies and expert groups under the
Agreement, as well as relevant organizations and expert bodies outside the Agreement.

Article 9
1.
2.
3.
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Developed country Parties shall provide financial resources to assist developing country Parties with respect to
both mitigation and adaptation in continuation of their existing obligations under the Convention.
Other Parties are encouraged to provide or continue to provide such support voluntarily.
As part of a global effort, developed country Parties should continue to take the lead in mobilizing climate
finance from a wide variety of sources, instruments and channels, noting the significant role of public funds,

FCCC/CP/2015/L.9

4.

5.

6.
7.

8.
9.

through a variety of actions, including supporting country-driven strategies, and taking into account the needs
and priorities of developing country Parties. Such mobilization of climate finance should represent a progression
beyond previous efforts.
The provision of scaled-up financial resources should aim to achieve a balance between adaptation and
mitigation, taking into account country-driven strategies, and the priorities and needs of developing country
Parties, especially those that are particularly vulnerable to the adverse effects of climate change and have
significant capacity constraints, such as the least developed countries and small island developing States,
considering the need for public and grant-based resources for adaptation.
Developed country Parties shall biennially communicate indicative quantitative and qualitative information
related to paragraphs 1 and 3 of this Article, as applicable, including, as available, projected levels of public
financial resources to be provided to developing country Parties. Other Parties providing resources are
encouraged to communicate biennially such information on a voluntary basis.
The global stocktake referred to in Article 14 shall take into account the relevant information provided by
developed country Parties and/or Agreement bodies on efforts related to climate finance.
Developed country Parties shall provide transparent and consistent information on support for developing
country Parties provided and mobilized through public interventions biennially in accordance with the
modalities, procedures and guidelines to be adopted by the Conference of the Parties serving as the meeting of
the Parties to the Paris Agreement, at its first session, as stipulated in Article 13, paragraph 13. Other Parties are
encouraged to do so.
The Financial Mechanism of the Convention, including its operating entities, shall serve as the financial
mechanism of this Agreement.
The institutions serving this Agreement, including the operating entities of the Financial Mechanism of the
Convention, shall aim to ensure efficient access to financial resources through simplified approval procedures
and enhanced readiness support for developing country Parties, in particular for the least developed countries
and small island developing States, in the context of their national climate strategies and plans.

Article 10
1.
2.

3.
4.

5.

6.

Parties share a long-term vision on the importance of fully realizing technology development and transfer in
order to improve resilience to climate change and to reduce greenhouse gas emissions.
Parties, noting the importance of technology for the implementation of mitigation and adaptation actions under
this Agreement and recognizing existing technology deployment and dissemination efforts, shall strengthen
cooperative action on technology development and transfer.
The Technology Mechanism established under the Convention shall serve this Agreement.
A technology framework is hereby established to provide overarching guidance to the work of the Technology
Mechanism in promoting and facilitating enhanced action on technology development and transfer in order to
support the implementation of this Agreement, in pursuit of the long-term vision referred to in paragraph 1 of
this Article.
Accelerating, encouraging and enabling innovation is critical for an effective, long-term global response to
climate change and promoting economic growth and sustainable development. Such effort shall be, as
appropriate, supported, including by the Technology Mechanism and, through financial means, by the Financial
Mechanism of the Convention, for collaborative approaches to research and development, and facilitating access
to technology, in particular for early stages of the technology cycle, to developing country Parties.
Support, including financial support, shall be provided to developing country Parties for the implementation of
this Article, including for strengthening cooperative action on technology development and transfer at different
stages of the technology cycle, with a view to achieving a balance between support for mitigation and adaptation.
The global stocktake referred to in Article 14 shall take into account available information on efforts related to
support on technology development and transfer for developing country Parties.

Article 11
1.

Capacity-building under this Agreement should enhance the capacity and ability of developing country Parties,
in particular countries with the least capacity, such as the least developed countries, and those that are
particularly vulnerable to the adverse effects of climate change, such as small island developing States, to take
27
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2.

3.
4.

5.

effective climate change action, including, inter alia, to implement adaptation and mitigation actions, and should
facilitate technology development, dissemination and deployment, access to climate finance, relevant aspects of
education, training and public awareness, and the transparent, timely and accurate communication of
information.
Capacity-building should be country-driven, based on and responsive to national needs, and foster country
ownership of Parties, in particular, for developing country Parties, including at the national, subnational and
local levels. Capacity-building should be guided by lessons learned, including those from capacity-building
activities under the Convention, and should be an effective, iterative process that is participatory, cross-cutting
and gender-responsive.
All Parties should cooperate to enhance the capacity of developing country Parties to implement this Agreement.
Developed country Parties should enhance support for capacity-building actions in developing country Parties.
All Parties enhancing the capacity of developing country Parties to implement this Agreement, including through
regional, bilateral and multilateral approaches, shall regularly communicate on these actions or measures on
capacity-building. Developing country Parties should regularly communicate progress made on implementing
capacity-building plans, policies, actions or measures to implement this Agreement.
Capacity-building activities shall be enhanced through appropriate institutional arrangements to support the
implementation of this Agreement, including the appropriate institutional arrangements established under the
Convention that serve this Agreement. The Conference of the Parties serving as the meeting of the Parties to the
Paris Agreement shall, at its first session, consider and adopt a decision on the initial institutional arrangements
for capacity-building.

Article 12
Parties shall cooperate in taking measures, as appropriate, to enhance climate change education, training, public
awareness, public participation and public access to information, recognizing the importance of these steps with
respect to enhancing actions under this Agreement.

Article 13
1.

2.

3.

4.

5.

6.

7.

28

In order to build mutual trust and confidence and to promote effective implementation, an enhanced transparency
framework for action and support, with built-in flexibility which takes into account Parties’ different capacities
and builds upon collective experience is hereby established.
The transparency framework shall provide flexibility in the implementation of the provisions of this Article to
those developing country Parties that need it in the light of their capacities. The modalities, procedures and
guidelines referred to in paragraph 13 of this Article shall reflect such flexibility.
The transparency framework shall build on and enhance the transparency arrangements under the Convention,
recognizing the special circumstances of the least developed countries and small island developing States, and be
implemented in a facilitative, non-intrusive, non-punitive manner, respectful of national sovereignty, and avoid
placing undue burden on Parties.
The transparency arrangements under the Convention, including national communications, biennial reports and
biennial update reports, international assessment and review and international consultation and analysis, shall
form part of the experience drawn upon for the development of the modalities, procedures and guidelines under
paragraph 13 of this Article.
The purpose of the framework for transparency of action is to provide a clear understanding of climate change
action in the light of the objective of the Convention as set out in its Article 2, including clarity and tracking of
progress towards achieving Parties’ individual nationally determined contributions under Article 4, and Parties’
adaptation actions under Article 7, including good practices, priorities, needs and gaps, to inform the global
stocktake under Article 14.
The purpose of the framework for transparency of support is to provide clarity on support provided and received
by relevant individual Parties in the context of climate change actions under Articles 4, 7, 9, 10 and 11, and, to
the extent possible, to provide a full overview of aggregate financial support provided, to inform the global
stocktake under Article 14.
Each Party shall regularly provide the following information:
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(a)

8.
9.

10.
11.

12.

13.

14.
15.

A national inventory report of anthropogenic emissions by sources and removals by sinks of greenhouse
gases, prepared using good practice methodologies accepted by the Intergovernmental Panel on Climate
Change and agreed upon by the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement;
(b)
Information necessary to track progress made in implementing and achieving its nationally determined
contribution under Article 4.
Each Party should also provide information related to climate change impacts and adaptation under Article 7, as
appropriate.
Developed country Parties shall, and other Parties that provide support should, provide information on financial,
technology transfer and capacity-building support provided to developing country Parties under Article 9, 10 and
11.
Developing country Parties should provide information on financial, technology transfer and capacity-building
support needed and received under Articles 9, 10 and 11.
Information submitted by each Party under paragraphs 7 and 9 of this Article shall undergo a technical expert
review, in accordance with decision 1/CP.21. For those developing country Parties that need it in the light of
their capacities, the review process shall include assistance in identifying capacity-building needs. In addition,
each Party shall participate in a facilitative, multilateral consideration of progress with respect to efforts under
Article 9, and its respective implementation and achievement of its nationally determined contribution.
The technical expert review under this paragraph shall consist of a consideration of the Party’s support provided,
as relevant, and its implementation and achievement of its nationally determined contribution. The review shall
also identify areas of improvement for the Party, and include a review of the consistency of the information with
the modalities, procedures and guidelines referred to in paragraph 13 of this Article, taking into account the
flexibility accorded to the Party under paragraph 2 of this Article. The review shall pay particular attention to the
respective national capabilities and circumstances of developing country Parties.
The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement shall, at its first
session, building on experience from the arrangements related to transparency under the Convention, and
elaborating on the provisions in this Article, adopt common modalities, procedures and guidelines, as
appropriate, for the transparency of action and support.
Support shall be provided to developing countries for the implementation of this Article.
Support shall also be provided for the building of transparency-related capacity of developing country Parties on
a continuous basis.

Article 14
1.

2.

3.

The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement shall periodically take
stock of the implementation of this Agreement to assess the collective progress towards achieving the purpose of
this Agreement and its long-term goals (referred to as the “global stocktake”). It shall do so in a comprehensive
and facilitative manner, considering mitigation, adaptation and the means of implementation and support, and in
the light of equity and the best available science.
The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement shall undertake its
first global stocktake in 2023 and every five years thereafter unless otherwise decided by the Conference of the
Parties serving as the meeting of the Parties to the Paris Agreement.
The outcome of the global stocktake shall inform Parties in updating and enhancing, in a nationally determined
manner, their actions and support in accordance with the relevant provisions of this Agreement, as well as in
enhancing international cooperation for climate action.

Article 15
1.
2.

A mechanism to facilitate implementation of and promote compliance with the provisions of this Agreement is
hereby established.
The mechanism referred to in paragraph 1 of this Article shall consist of a committee that shall be expert-based
and facilitative in nature and function in a manner that is transparent, non-adversarial and non-punitive. The
committee shall pay particular attention to the respective national capabilities and circumstances of Parties.
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3.

The committee shall operate under the modalities and procedures adopted by the Conference of the Parties
serving as the meeting of the Parties to the Paris Agreement at its first session and report annually to the
Conference of the Parties serving as the meeting of the Parties to the Paris Agreement.

Article 16
1.
2.

3.

4.

5.

6.

7.

8.

The Conference of the Parties, the supreme body of the Convention, shall serve as the meeting of the Parties to
this Agreement.
Parties to the Convention that are not Parties to this Agreement may participate as observers in the proceedings
of any session of the Conference of the Parties serving as the meeting of the Parties to this Agreement. When the
Conference of the Parties serves as the meeting of the Parties to this Agreement, decisions under this Agreement
shall be taken only by those that are Parties to this Agreement.
When the Conference of the Parties serves as the meeting of the Parties to this Agreement, any member of the
Bureau of the Conference of the Parties representing a Party to the Convention but, at that time, not a Party to
this Agreement, shall be replaced by an additional member to be elected by and from amongst the Parties to this
Agreement.
The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement shall keep under
regular review the implementation of this Agreement and shall make, within its mandate, the decisions necessary
to promote its effective implementation. It shall perform the functions assigned to it by this Agreement and shall:
(a)
Establish such subsidiary bodies as deemed necessary for the implementation of this Agreement; and
(b)
Exercise such other functions as may be required for the implementation of this Agreement.
The rules of procedure of the Conference of the Parties and the financial procedures applied under the
Convention shall be applied mutatis mutandis under this Agreement, except as may be otherwise decided by
consensus by the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement.
The first session of the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement
shall be convened by the secretariat in conjunction with the first session of the Conference of the Parties that is
scheduled after the date of entry into force of this Agreement. Subsequent ordinary sessions of the Conference of
the Parties serving as the meeting of the Parties to the Paris Agreement shall be held in conjunction with ordinary
sessions of the Conference of the Parties, unless otherwise decided by the Conference of the Parties serving as
the meeting of the Parties to the Paris Agreement.
Extraordinary sessions of the Conference of the Parties serving as the meeting of the Parties to the Paris
Agreement shall be held at such other times as may be deemed necessary by the Conference of the Parties
serving as the meeting of the Parties to the Paris Agreement or at the written request of any Party, provided that,
within six months of the request being communicated to the Parties by the secretariat, it is supported by at least
one third of the Parties.
The United Nations and its specialized agencies and the International Atomic Energy Agency, as well as any
State member thereof or observers thereto not party to the Convention, may be represented at sessions of the
Conference of the Parties serving as the meeting of the Parties to the Paris Agreement as observers. Any body or
agency, whether national or international, governmental or non-governmental, which is qualified in matters
covered by this Agreement and which has informed the secretariat of its wish to be represented at a session of
the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement as an observer, may be
so admitted unless at least one third of the Parties present object. The admission and participation of observers
shall be subject to the rules of procedure referred to in paragraph 5 of this Article.

Article 17
1.
2.

30

The secretariat established by Article 8 of the Convention shall serve as the secretariat of this Agreement.
Article 8, paragraph 2, of the Convention on the functions of the secretariat, and Article 8, paragraph 3, of the
Convention, on the arrangements made for the functioning of the secretariat, shall apply mutatis mutandis to this
Agreement. The secretariat shall, in addition, exercise the functions assigned to it under this Agreement and by
the Conference of the Parties serving as the meeting of the Parties to the Paris Agreement.
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Article 18
1.

2.

3.

The Subsidiary Body for Scientific and Technological Advice and the Subsidiary Body for Implementation
established by Articles 9 and 10 of the Convention shall serve, respectively, as the Subsidiary Body for Scientific
and Technological Advice and the Subsidiary Body for Implementation of this Agreement. The provisions of the
Convention relating to the functioning of these two bodies shall apply mutatis mutandis to this Agreement.
Sessions of the meetings of the Subsidiary Body for Scientific and Technological Advice and the Subsidiary
Body for Implementation of this Agreement shall be held in conjunction with the meetings of, respectively, the
Subsidiary Body for Scientific and Technological Advice and the Subsidiary Body for Implementation of the
Convention.
Parties to the Convention that are not Parties to this Agreement may participate as observers in the proceedings
of any session of the subsidiary bodies. When the subsidiary bodies serve as the subsidiary bodies of this
Agreement, decisions under this Agreement shall be taken only by those that are Parties to this Agreement.
When the subsidiary bodies established by Articles 9 and 10 of the Convention exercise their functions with
regard to matters concerning this Agreement, any member of the bureaux of those subsidiary bodies representing
a Party to the Convention but, at that time, not a Party to this Agreement, shall be replaced by an additional
member to be elected by and from amongst the Parties to this Agreement.

Article 19
1.

2.

Subsidiary bodies or other institutional arrangements established by or under the Convention, other than those
referred to in this Agreement, shall serve this Agreement upon a decision of the Conference of the Parties
serving as the meeting of the Parties to the Paris Agreement. The Conference of the Parties serving as the
meeting of the Parties to the Paris Agreement shall specify the functions to be exercised by such subsidiary
bodies or arrangements.
The Conference of the Parties serving as the meeting of the Parties to the Paris Agreement may provide further
guidance to such subsidiary bodies and institutional arrangements.

Article 20
1.

2.

3.

This Agreement shall be open for signature and subject to ratification, acceptance or approval by States and
regional economic integration organizations that are Parties to the Convention. It shall be open for signature at
the United Nations Headquarters in New York from 22 April 2016 to 21 April 2017. Thereafter, this Agreement
shall be open for accession from the day following the date on which it is closed for signature. Instruments of
ratification, acceptance, approval or accession shall be deposited with the Depositary.
Any regional economic integration organization that becomes a Party to this Agreement without any of its
member States being a Party shall be bound by all the obligations under this Agreement. In the case of regional
economic integration organizations with one or more member States that are Parties to this Agreement, the
organization and its member States shall decide on their respective responsibilities for the performance of their
obligations under this Agreement. In such cases, the organization and the member States shall not be entitled to
exercise rights under this Agreement concurrently.
In their instruments of ratification, acceptance, approval or accession, regional economic integration
organizations shall declare the extent of their competence with respect to the matters governed by this
Agreement. These organizations shall also inform the Depositary, who shall in turn inform the Parties, of any
substantial modification in the extent of their competence.

Article 21
1.

2.

3.

This Agreement shall enter into force on the thirtieth day after the date on which at least 55 Parties to the
Convention accounting in total for at least an estimated 55 percent of the total global greenhouse gas emissions
have deposited their instruments of ratification, acceptance, approval or accession.
Solely for the limited purpose of paragraph 1 of this Article, “total global greenhouse gas emissions” means the
most up-to-date amount communicated on or before the date of adoption of this Agreement by the Parties to the
Convention.
For each State or regional economic integration organization that ratifies, accepts or approves this Agreement or
accedes thereto after the conditions set out in paragraph 1 of this Article for entry into force have been fulfilled,
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4.

this Agreement shall enter into force on the thirtieth day after the date of deposit by such State or regional
economic integration organization of its instrument of ratification, acceptance, approval or accession.
For the purposes of paragraph 1 of this Article, any instrument deposited by a regional economic integration
organization shall not be counted as additional to those deposited by its member States.

Article 22
The provisions of Article 15 of the Convention on the adoption of amendments to the Convention shall apply
mutatis mutandis to this Agreement.

Article 23
1.
2.

The provisions of Article 16 of the Convention on the adoption and amendment of annexes to the Convention
shall apply mutatis mutandis to this Agreement.
Annexes to this Agreement shall form an integral part thereof and, unless otherwise expressly provided for, a
reference to this Agreement constitutes at the same time a reference to any annexes thereto. Such annexes shall
be restricted to lists, forms and any other material of a descriptive nature that is of a scientific, technical,
procedural or administrative character.

Article 24
The provisions of Article 14 of the Convention on settlement of disputes shall apply mutatis mutandis to this
Agreement.

Article 25
1.
2.

Each Party shall have one vote, except as provided for paragraph 2 of this Article.
Regional economic integration organizations, in matters within their competence, shall exercise their right to
vote with a number of votes equal to the number of their member States that are Parties to this Agreement. Such
an organization shall not exercise its right to vote if any of its member States exercises its right, and vice versa.

Article 26
The Secretary-General of the United Nations shall be the Depositary of this Agreement.

Article 27
No reservations may be made to this Agreement.
Article 28
1.
2.
3.

At any time after three years from the date on which this Agreement has entered into force for a Party, that Party
may withdraw from this Agreement by giving written notification to the Depositary.
Any such withdrawal shall take effect upon expiry of one year from the date of receipt by the Depositary of the
notification of withdrawal, or on such later date as may be specified in the notification of withdrawal.
Any Party that withdraws from the Convention shall be considered as also having withdrawn from this
Agreement.
Article 29
The original of this Agreement, of which the Arabic, Chinese, English, French, Russian and Spanish texts are
equally authentic, shall be deposited with the Secretary-General of the United Nations.

DONE at Paris this twelfth day of December two thousand and fifteen.
IN WITNESS WHEREOF, the undersigned, being duly authorized to that effect, have signed this Agreement.
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Item: 11
REVISIONS/CANCELLATIONS

REVISIONS/CANCELLATIONS
Unless otherwise provided, as this Pricing Document (or items contained herein) is revised, current
letter suffixes cancel prior suffixes. Letter suffixes will be used in alphabetical sequence starting with
A. Example: Pricing Document 3000-A cancels 3000, 3000-B cancels 3000-A; item 100-A cancels
Item 100, Item 100-B cancels Item 100-A.
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Item: 100
APPLICATION

Application
The rules contained in this Circular apply on Coal Trains loading at UP-served Origins in Colorado and
Utah when such Coal Trains move i) under Tariff or Circular unless such Tariff or Circular has more
specific provisions, or ii) under a Contract or Letter Quote that adopts the rules in this Circular by
general or specific reference. These rules also apply on Coal Trains loaded at Utah Origins not served
by UP or Coal Trains originated by another railroad and interchanged with UP if the Coal Trains move i)
under Tariff or Circular unless such Tariff or Circular has more specific provisions, or ii) under a
Contract or Letter Quote that adopts the rules in this Circular by general or specific reference. This
Circular does not apply to service provided by other rail carriers.
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Item: 125-A
OTHER RULES

Other Rules
This Circular adopts by reference the following publications:
Bureau of Explosives
Directory of Hazardous Materials Shipping Description
Official Railroad Station List
Standard Transportation Commodity Code
Uniform Freight Classification
Union Pacific Railroad Company Accessorial Tariff
Union Pacific Railroad Company Governing Rule Tariff

BOE 6000-series
(Issued by RAILINC)
OPSL 6000-series
STCC 6001-series
UFC 6000-series
UP 6004-series
UP 6007-series

[c] Application of Official Railway Equipment Register is hereby cancelled. Please refer
to http://www.uprr.com/customers/equip-resources/index.shtml.
In the event of any conflict between the terms of this Circular and the publications referenced above,
the provisions of this Circular shall govern.
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Item: 150-A
ESCALATION OF RATES AND CHARGES

All rates and charges published in Items 1 - 689 of this Circular will be increased by 5% on January 1 of each year. - (See Note
1).
Note 1: No increase will be taken on January 1, 2016
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Item: 200
GENERAL DEFINITIONS

General Definitions
For purposes of applying provisions of this Circular, the following terms are defined and will govern:
A. Coal shall mean coal mined at or near an Origin bearing a Standard Transportation Commodity
Code (STCC) which begins with the first two digits 11 as set forth in Tariff 6001-Series.
B. Destination(s) shall have the meaning specified in the Price Document
C. Final Crew Change Point shall mean that station on the Railroad where Train crews are regularly
changed immediately prior to Train departing to the mine or other Loading Facilities for loading.
D. Loading Facility(ies) shall mean the structures and equipment necessary to load Coal Trains at
Origin(s) and the following support facilities vital to the loading of Coal: rail trackage; raw Coal
hopper; crusher, processing and/or preparation plants; Coal storage facilities; and conveyor
systems from raw Coal hopper through all intermediate phases to the loading chute(s).
E. Loading Operator shall mean the Shipper, or the company acting on behalf of Shipper, for loading
of Coal at Origin(s) for transportation under the Price Document.
F. Minimum Lading Weight per Railcar shall have the meaning specified in the Price Document.
G. Minimum Train Lading Weight shall have the meaning specified in the Price Document.
H. Origin(s) shall mean the rail station location, as designated in the Open and Prepay Station List
OPSL 6000-Series, of the Loading Facility specified in the Price Document.
I.

Price Document shall mean a transportation service agreement, letter quote, tariff, circular or
other document that establishes the rate and specific service terms applicable to a movement.

J.

Railroad shall mean Union Pacific Railroad Company (UP) and any other Railroad(s) named in the
Price Document.

K. Shipper shall mean the customer who is paying the freight charges under the Price Document.
L. Shipper Railcar shall mean a railcar furnished by Shipper and placed in service under the Price
Document.
M. Train shall mean a set of open-top railcars operated as a single unit intact from Origin to
Destination or to or from a connecting railroad at a designated interchange point.
N. Unloading Free Time shall have the meaning specified in Item 390 or the Price Document.
O. Unloading Detention Charge shall have the meaning specified in Item 390 or the Price Document.
P. Unloading Disability shall have the meaning specified in Item 390 or the Price Document.
Q. Unloading Time hall have the meaning specified in Item 390 or the Price Document.
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Continued on next page

R.

$ shall mean United States Dollars.
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Item: 225-C
MAINTENANCE RECOMMENDATIONS

This General Rule Item shall apply only to contracts, transportation agreements, and UPCQs issued
and effective on or prior to October 31, 2006, or when specific reference is made hereto.
Maintenance Recommendations for Railcars used in Unit Coal Train Service
A mechanical inspection of subject equipment is recommended every twelve months. Subject
inspection and subsequent repair of identified defects are outlined in Union Pacific Car Maintenance
Instruction CMI 950302. CMI 950302 requires inspection and cause for attention as outlined in the Field
Manual of the AAR Interchange Rules and also recommends the following additional inspection and
repair items:
1. Inspect sides at top chord for bulging side sheets and broken/missing rivets that may indicate
impending top chord failure, UPRR CMI 350301.
2. Check wayside detector history for any trucks with a hunting index over 0.20 two or more times
during the previous 12 months. Inspect and repair the truck per AAR Rule 46.
3. Wheels on all 286,000 GRL cars with rim thickness less than 21/16 inch that have a bearing mount
date prior to January 1, 2002 are to have the wheel ultrasonically tested, when in the shop, weather
permitting, per AAR specifications unless already stenciled "UT". Replace defective wheels.
4. Any rubbing of axles by car components is to be corrected and axle replaced; i.e. brake rods, carrier
bolts.
5. Wheel sets having bearings with two or more occurrences of acoustic detector alarms of 4 or greater
shall be replaced when in the shop. Verify correctness of AEI tag location. Perform hand roll on the
bearing in question and remove if it fails hand roll.
6. Replace any wheels with impacts over 80 kips when in the shop.
7. For all 286,000 GRL cars, all replacement wheel sets are to be in accordance with Union Pacific
Railroad Wheel Set Performance Specification, Paragraph 2.2, Class B wheel Sets.
8. Piston travel, if within 1/2 inch of maximum allowed for initial terminal brake inspection, shall be
returned to initial set-up dimension. Cars are to be equipped with automatic slack adjusters.
9. Perform Single Car Air Brake Test if not performed in the previous 12 months, when in the shop,
Automated Test Device preferred.
10. NDT the coupler knuckle pulling face surface in the knuckle pivot pin hole area if the car is
uncoupled when in the shop. Replace if found cracked.
11. Coupler pin carriers and draft gear carrier straps that are cracked, broken, bent, loose, missing or
incorrectly located are to be repaired. Inspect for loose or missing fasteners; tack weld all threaded
fasteners when in the shop.
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Item: 226-B
MAINTENANCE REQUIREMENTS

This General Rule Item 226 will apply except when the provisions of General Rule Item 225 apply.
Maintenance Requirements for Railcars used in Unit Coal Train Service
A mechanical inspection of subject equipment is required every twelve months. Subject inspection and
subsequent repair of identified defects are outlined in Union Pacific Car Maintenance Instruction CMI
950302. CMI 950302 requires inspection and cause for attention as outlined in the Field Manual of the AAR
Interchange Rules and also requires the following additional inspection and repair items:
1. Inspect sides at top chord for bulging side sheets and broken/missing rivets that may indicate impending
top chord failure, UPRR CMI 350301.
2. Check wayside detector history for any trucks with a hunting index over 0.20 two or more times during the
previous 12 months. Inspect and repair the truck per AAR Rule 46.
3. Wheels on all 286,000 GRL cars with rim thickness less than 21/16 inch that have a bearing mount date
prior to January 1, 2002 are to have the wheel ultrasonically tested, when in the shop, weather permitting,
per AAR specifications unless already stenciled "UT". Replace defective wheels.
4. Any rubbing of axles by car components is to be corrected and axle replaced; i.e. brake rods, carrier
bolts.
5. Wheel sets having bearings with two or more occurrences of acoustic detector alarms of 4 or greater
shall be replaced when in the shop. Verify correctness of AEI tag location. Perform hand roll on the bearing
in question and remove if it fails hand roll. [c]
6. Replace any wheels with impacts over 80 kips when in the shop.
7. For all 286,000 GRL cars, all replacement wheel sets are to be in accordance with Union Pacific Railroad
Wheel Set Performance Specification, Paragraph 2.2, Class B wheel Sets.
8. Piston travel, if within 1/2 inch of maximum allowed for initial terminal brake inspection, shall be returned
to initial set-up dimension. Cars are to be equipped with automatic slack adjusters.
9. Perform Single Car Air Brake Test if not performed in the previous 12 months, when in the shop,
Automated Test Device preferred.
10. NDT the coupler knuckle pulling face surface in the knuckle pivot pin hole area if the car is uncoupled
when in the shop. Replace if found cracked.
11. Coupler pin carriers and draft gear carrier straps that are cracked, broken, bent, loose, missing or
incorrectly located are to be repaired. Inspect for loose or missing fasteners; tack weld all threaded
fasteners when in the shop.
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Item: 250-B
MONTHLY COAL TONNAGE FORECAST

Monthly Coal Tonnage Forecast

For shipment scheduling purposes, the receiver of coal and the producer(s) who will load that coal for
shipment via UP shall electronically submit monthly tonnage forecasts using the forecasting tool on UP's
secured website. The receiver must enter the monthly coal tonnage forecasts no later than the second to
last business day of the month preceding the shipment month. The producer must enter the monthly coal
tonnage forecasts no later than the last business day of the month preceding the shipment month. In case
of discrepancies between the two forecast numbers, the receiver and producer must reach agreement on
the forecast number by the last business day of the month preceding the shipment month. If a discrepancy
still exists, UP will use the producer's forecast number for shipment scheduling purposes.
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Item: 310
LOADING & LOADING FACILITIES

Loading and Loading Facilities
1. Shipper or Shipper's Loading Operator shall be responsible for the loading of railcars, including,
but not limited to, improper loading, underloading, or overloading, and for providing Loading
Facilities.
2. Shipper's Loading Operator shall visually inspect railcars prior to loading in order to identify railcars
that contain debris or other materials, are not suitable for Coal loading, or are of such type that can
not be unloaded at Destination. Shipper's Loading Operator shall record such railcar(s) initial and
number and request the Train conductor to remove the railcar(s) at the next Railroad terminal.
Shipper's Loading Operator shall also telephone the Railroad and request such railcars be
removed from the Train. Shipper's Loading Operator shall also alert the receiver of the Coal that
such railcar(s) should not be unloaded at Destination.
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Item: 320-G
ADVANCE NOTICE

Advance Notice
1.

Railroad shall provide to Shipper or Shipper's Loading Operator at Origin not less than three hours
advance notice by radio, telephone, or electronic means of communication of the arrival of empty
Trains at a Loading Facility.

2.

A charge of [i] $1,666.00 shall be assessed for failure of the Loading Operator to provide Railroad
a minimum of 36 hours advance cancellation notice of a scheduled Train loading.
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Item: 330
MOVEMENT OF TRAINS THROUGH LOADING FACILITIES

Movement of Trains through Loading Facilities
At Origins, Railroad shall provide locomotives and Train crews to transport Trains through Loading
Facilities.
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Item: 340-G
LOADING TIME

Loading Time
1.

A Train's loading time shall commence when the Train has arrived at Shipper's Loading Operator's
designated notification point on its trackage and the Train crew has requested loading instructions
from Shipper's Loading Operator, or when the Train is constructively placed as defined in Item 350,
and shall end when loading of the Train is completed and Shipper or Shipper's Loading Operator
gives Transportation Instructions (as defined in Item 370) to Railroad ("Loading Time").

2.

Shipper shall pay no additional charge if loading of the Train is completed and Shipper or Shipper's
Loading Operator gives Transportation Instructions to Railroad within the first three hours of
Loading Time ("Loading Free Time"). For each hour or fraction thereof that a Train's Loading Time
exceeds its Loading Free Time, Shipper shall pay Railroad an Origin Detention Charge of [i]
$638.00; PROVIDED, HOWEVER, that when a Loading Disability under Item 360 occurs during a
Train's Loading Free Time, Shipper's Loading Free Time shall be extended for the duration of
Loading Disability Time as defined in Item 360; and, PROVIDED, FURTHER, that when a Loading
Disability occurs after a Train's Loading Free Time expires, Shipper shall be required to pay an
Origin Detention Charge for the duration of Loading Disability Time.

3. Additional Train Crews furnished by Railroad. If loading at Origin requires utilization of
more than one Railroad-furnished crew per Train for any reason, including a Loading Disability,
Shipper shall pay an Additional Crew Charge of [i] $3,161.00 for each additional train crew
required.
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Item: 350
CONSTRUCTIVE PLACEMENT

Constructive Placement
1. If, after a Train crew has been called for duty at the Final Crew Change Point, the Train cannot be
positioned on Shipper's Loading Operator's track at an Origin due to any cause attributable to
Shipper or Shipper's Loading Operator, in whole or in part, that Train shall be considered
constructively placed for purposes of Item 340.
2. A constructively placed Train shall be held at the nearest available hold point as determined by
Railroad. Immediately upon arrival of the Train at the hold point, Railroad shall notify Shipper or
Shipper's Loading Operator by radio or telephone, such notice to be confirmed in writing, or by
electronic means of communication, of the date, hour and minute that hold time begins.
Immediately upon departure of the Train from the hold point, Railroad shall notify Shipper or
Shipper's Loading Operator by radio or telephone, such notice to be confirmed in writing, or by
electronic means of communication, of the date, hour and minute that hold time ends.
3. For purposes of computing the Loading Time of a constructively placed Train under Item 340:
A. the time elapsed while transporting a constructively placed Train from the hold point to a
Loading Facility shall be excluded from Loading Time; and
B. if the Train must reverse direction to reach an available hold point, the time elapsed from the
Railroads' receipt of the hold notice to the return of the Train to the point of reverse direction
shall be included in Loading Time.
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Item: 360
LOADING DISABILITY

Loading Disability
"Loading Disability" means any of the following events which are beyond the control of Shipper and/or
Shipper's Loading Operator and directly results in the inability to load Coal into a Train at an Origin: an
Act of God; a strike, lockout or other labor disturbance; a riot or other civil disturbance; snow and/or ice
accumulation sufficient to immobilize Train operations and prevent loading of such Train; governmental
acts or regulations; or mechanical or electrical breakdown, explosion or fire in a Loading Facility then
being utilized by Shipper. "Loading Disability Time" means the period of time for which Shipper or
Shipper's Loading Operator is prevented from loading a Train at an Origin due to a Loading Disability.
Shipper or Shipper's Loading Operator shall notify Railroad immediately by telephone (i) as to the
nature and time of commencement of the Loading Disability and (ii) as to the time of termination of the
Loading Disability. Shipper shall confirm such telephone notification in writing to Railroad within ten
days after the Loading Disability is terminated.
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Item: 370
TRANSPORTATION INSTRUCTIONS

Transportation Instructions
Shipper or Shipper's Loading Operator shall provide to Railroad the following information
("Transportation Instructions") for each Train in a form acceptable to both Shipper and Railroad:
individual railcar weight (if available) and Train weight (both net and gross), any special instructions,
identification of the applicable Price Document, Origin, Destination, when Loading Time terminates,
route, all railcar initials and numbers.

Issued:
Effective:

February 28, 2006
March 1, 2006

UP 6602-C

Page: 1 of 1
Item: 370
Concluded on this page

UP 6602-C

Item: 380-G
FROZEN COAL; RESIDUAL COAL

Frozen Coal; Residual Coal
1.

In order to reduce the possibility of unloading delays due to frozen coal, during the period from
November 15th of each year through March 15th of each succeeding year, Shipper or Shipper's
Loading Operator shall uniformly treat all coal loaded into railcars with an industry-approved freeze
conditioning agent in the quantity and in accordance with the process recommended by the
manufacturer of the freeze conditioning agent used.

2.

Railroad will be held harmless for failure to meet service commitments or contractual obligations to
Shipper under the Price Document to the extent of the duration of delays caused by difficulty in
unloading frozen coal if the Shipper or Shipper's Loading Operator fail to comply with the
requirements described in paragraph 1 of this Item 380.

3.

Coal must be completely removed from each railcar during unloading. If Coal is found remaining in
a railcar, Railroad at its sole discretion may charge Shipper [i] $128.00 per railcar for delay and
removal of the coal in order to (but not limited to) insure the safe movement of railcars, optimize
loading capacity of railcar for subsequent loading, or provide completely empty railcars for
subsequent loading.
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Item: 390-G
UNLOADING

CHANGE KEY: A-Add; C-Change; D-Decrease; I-Increase; and X-Expire
For billing purposes use the following rate authority: UP 6602-C-390-G
STCC/GROUP

STCC

DESCRIPTION

01-48

Farm Products / Waste Hazardous Materials Or Waste Hazardous
Substances

ALL STCCS

GENERAL RULE ITEM 390
Unloading
1.

This item applies on Coal Trains unloading at UP-served destinations when such Coal Trains move:
A. under Tariff or Circular unless such Tariff or Circular has more specific provisions, or
B. under a Price Document that adopts the rules in this Circular by general or specific reference
unless such Price Document has more specific provisions.

2.

Railroad shall furnish Shipper at Destination not less than four (4) hours notice of the arrival of
loaded Trains at Destination. Shipper or Shipper's Unloading Operator at Destination shall be
responsible:
A. for providing an unloading facility,
B. for providing sufficient trackage to enable delivery of railcars by Railroad,
C. for unloading of railcars,
D. insuring that the unloaded railcars are free from any residual Coal and
E. for closing and locking any railcar doors.
A Train's unloading time shall commence when the Train is placed on Shipper's trackage at
Destination ("Actual Placement"), or when Constructively Placed, and shall end when Shipper
releases unloaded Train to Railroad ("Unloading Time"). Shipper shall pay no additional
charge if the unloaded Train is released within the first six (6) hours of Unloading Time at
Destination ("Unloading Free Time"). For each hour or fraction thereof that a Train's Unloading
Time exceeds its Unloading Free Time, Shipper shall pay Railroad a Destination Detention
Charge of [i] $541.00.

3.

Unloading Free Time shall be six (6) hours at all Destinations, unless otherwise specified in the
Price Document.

4.

When an Unloading Disability occurs during a Train's Unloading Free Time, Shipper's Unloading
Free Time shall be extended for the period of the Unloading Disability. "Unloading Disability"
means any of the following events which directly results in the inability to unload Coal from a Train
at Destination:
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A. an Act of God,
B. a strike, lockout or other labor disturbance,
C. a riot or other civil disturbance,
D. unusual snow and/or ice accumulation sufficient to immobilize Train operations and prevent
unloading of suchTrain,
E. an act or regulation of local, state or federal governmental authorities,
F. mechanical or electrical breakdown, explosion or fire affecting the unloading Facility, or
G. any delay caused by Railroad.
Shipper shall notify Railroad immediately by telephone as to the nature and time of
commencement and, subsequently, as to the time of termination of the Unloading Disability.
Shipper shall confirm such telephone notification in writing to the Railroad within seven days
after Unloading Disability has terminated. When an Unloading Disability occurs after a Train's
Unloading Free Time expires, Shipper shall be required to pay a Destination Detention Charge
for the duration of the Unloading Disability time.
5.

Constructive Placement: If Actual Placement of the Train cannot be made at Destination due to any
cause attributable to Shipper or Shipper's Unloading Operator, the Train shall be considered
"Constructively Placed". A Constructively Placed Train shall be held at an available hold point as
determined by Railroad. Immediately upon arrival at the hold point, Railroad shall notify Shipper of
Railroad's inability to deliver Train at Destination, and of the date, hour and minute thatConstructive
Placement begins. Shipper shall immediately notify Railroad of the date, hour and minute that
Actual Placementof the Train becomes possible at Destination. Such notice by Shipper shall end
Constructive Placement. For purposes of computing the Unloading Time of a Constructively
Placed Train:
A. If the Train must reverse direction to reach an available hold point, the time elapsed from
notice that a Train cannot be placed at Destination until the time the Train returns to the point
of reverse direction shall be included in Unloading Time; and
B. the time elapsed for transportation of the Train from the hold point, or the point of reverse
direction if reverse direction is required, to the Unloading Facility shall be excluded from the
Unloading Time.

6.

Additional Train Crews furnished by Railroad: If unloading at Destination requires utilization of
more than one Railroad-furnished crew per Train for any reason, including an Unloading Disability,
Shipper shall pay an Additional Crew Charge of [i] $3,161.00 for each additional train crew
required.
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APPLICATION AND DESTINATION DETENTION CHARGE CHARGES
COLUMN
1.

DESTINATION DETENTION CHARGE APPLICATION RULES

DESTINATION DETENTION CHARGE charges are in U.S. dollars Per Hour and apply under these
conditions:
Free time to unload will be 6 hour(s).
Col 1
Amount

Route Code/Group

STCC Group: ALL STCCS GROUP
From: ALL LOCATIONS GROUP
To: ALL LOCATIONS GROUP

I

541.00

ALL ROUTES

APPLICATION AND ADDITIONAL CREW CHARGE CHARGES
COLUMN
1.

ADDITIONAL CREW CHARGE APPLICATION RULES

ADDITIONAL CREW CHARGE charges are in U.S. dollars Per Occurrence and apply under these
conditions:
Col 1
Amount

Route Code/Group

STCC Group: ALL STCCS GROUP
From: ALL LOCATIONS GROUP
To: ALL LOCATIONS GROUP

ROUTE CODE
JCT CONN 1
JCT CONN 2
UP UP 0

I

ROUTE GROUP
ALL ROUTES
ALL ROUTES
ALL ROUTES

3161.00

ALL ROUTES

ROUTE/(JCT CODE)
UP -Any Junction-CONN
CONN-Any Junction-UP
UP

*CONN: Any foreign carrier with which Railroad interchanges at designated junction.
*Any Junction: Any junction at which Railroad interchanges with connections.
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APPENDIX A
ORIGIN AND DESTINATION GROUPS
GROUP NAME
LOCATIONS
ALL LOCATIONS GROUP
ALBERTA
AGUASCALIENTES *
ALASKA *
ALABAMA *
ARKANSAS *
ARIZONA *
BRITISH COLUMBIA *
BAJA CALIFORNIA *
CALIFORNIA *
CHIAPAS *
CHIHUAHUA *
COLIMA *
COLORADO *
CONNECTICUT *
COAHUILA *
DISTRICT OF COLUMBIA *
DELAWARE *
DISTRITO FEDERAL *
DURANGO *
ESTADO DE MEXICO *
FLORIDA *
GEORGIA *
GUANAJUATO *
GUERRERO *
HIDALGO *
HAWAII *
IOWA *
IDAHO *
ILLINOIS *
INDIANA *
JALISCO *
KANSAS *
KENTUCKY *
LOUISIANA *
MASSACHUSETS *
MANITOBA *
MARYLAND *
MAINE *
MICHOACAN *
MICHIGAN *
MINNESOTA *
MISSOURI *
MORELOS *
MISSISSIPPI *
MONTANA *
NAYARIT *
NEW BRUNSWICK *
NORTH CAROLINA *
NORTH DAKOTA *
NEBRASKA *
NEWFOUNDLAND *
NEW HAMPSHIRE *
NEW JERSEY *
NUEVO LEON *
NEW MEXICO *
NOVA SCOTIA *
NORTHWEST TERRITORIES *
NEVADA *
NEW YORK *
OAXACA *
OHIO *
OKLAHOMA *
ONTARIO *
OREGON *
PENNSYLVANIA *
PRINCE EDWARD ISLAND *
QUEBEC *
PUERTO RICO *
PUEBLA *
QUERETARO *
QUINTANA ROO *
RHODE ISLAND *
SOUTH CAROLINA *

SOUTH DAKOTA *
SINALOA *
SASKATCHEWAN *
SAN LUIS POTOSI *
SONORA *
TLAXCALA *
TAMAULIPAS *
TENNESSEE *
TEXAS *
UTAH *
VIRGINIA *
VERACRUZ *
VERMONT *
WASHINGTON *
WISCONSIN *
WEST VIRGINIA *
WYOMING *
ZACATECAS *

* Applies only on traffic billed to or from the noted locations and does not apply to other stations within the switching limits
of those locations.
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Item: 400-D
WEIGHING & DETERMINATION OF WEIGHTS

Weighing and Determination of Weights
1. Except as provided in Paragraph 2 of this Item, Shipper or Shipper's Loading Operator shall be
responsible for the weighing of loaded railcars at Origins at no charge to Railroad. Weighing shall be
performed on scales inspected in accordance with the then current Association of American Railroads
specifications for such scales, and subject to verification by Railroad and Shipper.
2. If any Train or portion thereof cannot be weighed or was not weighed, the lading weight per railcar of
such Train or portion thereof shall be determined by averaging the lading weight per railcar of the prior ten
Trains under the Price Document loaded at that Origin. If fewer than ten Trains under the Price Document
were loaded at the same Origin and going to the same Destination, the weight per railcar shall be
determined by averaging the weight per railcar of the Train(s) containing like railcars under the Price
Document loaded at the same Origin and going to the same Destination. If no previous Trains under the
Price Document were loaded at the same Origin and going to the same Destination, the weight per railcar
shall be the Minimum Lading Weight per Railcar under the Price Document.
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Item: 450-B
WEIGHT LIMIT - EXCESS COAL & CHARGES

Weight Limit - Excess Coal and Charges
1. Weight Limit. Allowance for exceeding the Gross Rail Load (GRL) of any car type is to be
determined by the following:
A. Cars with allowable GRL of Greater than 263,000 pounds are allowed to be loaded and run at
2,000 pounds over the GRL. Example: 286,000 pounds GRL will be allowed to go to 288,000
pounds GRL. Cars exceeding the 2,000 pounds above GRL will be Bad Ordered and the load
must be reduced to below the GRL plus 2000 pound limit. Note: Trains going over Cajon Pass
and Cima Hill, utilizing 286,000 pounds GRL equipment, are limited to a maximum of 143 Tons
per operative brake.
B. Cars with allowable GRL of 263,000 pounds are allowed to be loaded and run at 268,000
pounds. Cars exceeding the 268,000 pounds will be Bad Ordered and the load must be
reduced to below the 268,000 pound limit.
C. Cars exceeding the 263,000 pounds GRL must comply with the Union Pacific Policy for
Greater Than 263,000 pounds GRL. This requires the approval of the Union Pacific
Mechanical Department, Clearance Bureau and Risk Management.
2. Overloading or Improper Loading Discovered Prior to Departure. Upon advice to the Train crew
from Shipper's Loading Operator or other discovery by the Train crew prior to departure from an
Origin that any railcar is overloaded or improperly loaded, Railroad will allow Shipper's Loading
Operator to remove excess Coal. Railroad shall, at Shipper's or Shipper's Loading Operator's
request, set out such railcar prior to departure if trackage is available. Shipper or Shipper's
Loading Operator shall be responsible for performing and bearing all costs for removal of excess
Coal, and Railroad shall move such railcar to Destination in such a manner and time as is
practicable after Railroad has received notice from Shipper or Shipper's Loading Operator that
excess Coal has been removed. The time elapsed to remove excess Coal and/or to set out such
railcar(s) prior to departure from an Origin shall be included for purposes of computing Loading
Time for the Train under Item 340.
3. Overloading or Improper Loading Discovered After Departure.
After departure from Origin, when a car is identified by Railroad to be overloaded or improperly
loaded, Railroad may set out such railcar(s) at a location to be determined by Railroad.
Overloaded railcars set out enroute shall be subject to the rules and charges contained in Item
8000-series of Tariff UP 6004-series, except that the Weight Limit as published in Section 1.
above shall apply for cars containing coal.
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Item: 500-G
HOLD CHARGE

Hold Charge
If Railroad must hold, in a manner, time or place inconsistent with existing Railroad operating
procedures for purposes of the Price Document, locomotives and/or a Train crew that has been called
for or that is on duty due to (1) any cause attributable to Shipper or Shipper's Loading Operator
(including Shipper's or Shipper's Loading Operator's request); (2) Shipper Force Majeure under the
Price Document; or (3) a Loading Disability or Unloading Disability with respect to another Train of
Shipper, Shipper shall pay to Railroad a Hold Charge of [i] $638.00 for each hour or fraction thereof
that each Train is held; PROVIDED, HOWEVER, that such Hold Charge shall not apply to a Train
whose crew and/or locomotives are being held during Shipper's Loading Time or Unloading Time,
whether during Loading Free Time, Unloading Free Time or time for which an Origin Detention Charge
or Unloading Detention Charge is applicable; and, PROVIDED, FURTHER, that a Hold Charge shall
cease if and when a Train crew and/or locomotives are released in accordance with Item 550 and
Shipper pays a Locomotive Release Charge. Railroad shall notify Shipper immediately by telephone,
confirmed in writing, that a Train is being held and the hold location.
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Item: 550-H
LOCOMOTIVE RELEASE CHARGE

Locomotive Release Charge
1.

If, in lieu of paying or continuing to pay a Hold Charge, Origin Detention Charge or Unloading
Detention Charge, Shipper notifies Railroad by telephone, confirmed in writing, that Shipper elects
to release locomotives and/or a Train crew that has been called for or that is on duty, Railroad shall
release such Train crew and/or locomotives, Shipper shall cease to incur a Hold Charge or Origin
Detention Charge or Unloading Detention Charge from the time of such release, and Shipper shall
pay to Railroad a Locomotive Release Charge of [i] $3,161.00 per occurrence per Train.
Payment of a Locomotive Release Charge will not be permitted in lieu of payment of Destination
Detention Charges on Railroad-furnished railcars.

2.

In addition to the circumstance described in Paragraph 1 of this Item, if Railroad must release, in a
manner, time or place inconsistent with existing Railroad operating procedures for purposes of the
Price Document, a Train crew that has been called for or that is on duty and/or locomotives due to
any cause attributable to Shipper or Shipper's Loading Operator except a Loading Disability or
Unloading Disability that occurs during such Train's Loading Free Time or Unloading Free Time,
Shipper shall pay to Railroad a Locomotive Release Charge in accordance with Paragraph 1 of this
Item.

3.

If there is a release under Paragraph 1 or Paragraph 2 of this Item, Railroad shall not call another
Train crew and/or locomotives back to the Train until notified to do so by telephone, confirmed in
writing, by Shipper, unless the Train is stored on available Railroad trackage and storage thereon is
or becomes impracticable, in which case Railroad may call another Train crew and/or locomotives
at its option. If, after the Train crew and/or locomotives have been released, the Train is stored on
Railroad trackage, as directed by Shipper, Shipper shall pay a Railcar Storage Charge in
accordance with Item 640.
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Item: 600-H
REMOVAL, ROTATION AND/OR ADDITION OF CARS

Removal, Rotation, and/or Addition of Railcars
Shipper may verbally request, subject to agreement by Railroad and to be confirmed in writing,
that Railroad remove, rotate, and/or add railcar(s) to, and Railroad may in the case of an overloaded
railcar(s) remove railcar(s) from, a Train moving between Origin and Destination. For such activities,
Railroad shall assess a charge of [i] $638.00 per hour or fraction thereof per occurrence. For the
purposes of assessing this charge, time shall commence when the Train stops for removal, rotation,
and/or addition of railcar(s) and end when the Train has been reassembled and again is ready to be
transported. Railroad shall not be obligated to remove, rotate, and/or add railcars unless sufficient
trackage is available.

Issued:
Effective:

December 2, 2014
January 1, 2015

UP 6602-C

Page: 1 of 1
Item: 600-H
Concluded on this page

UP 6602-C

Item: 610-G
DIVERSION OF LOADED TRAINS

Diversion of Loaded Coal Trains
Requests from Shipper for diversion of loaded coal trains will be permitted only if authorized in the Price
Document and UP accepts diversion, and if the new destination is covered by a UP Price Document,
Tariff or Circular. UP will not accept any diversion which causes UP to incur additional handling costs
or out-of-route movement.
A charge of [i] $1,824.00 will apply to the diversion of a loaded coal train performed by UP at
Shipper's request.
No diversion charge will apply if diversion is requested by UP and agreed to by Shipper for carrier
convenience, and UP may waive the diversion charge in cases where the diversion is of mutual benefit
to both UP and Shipper.
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Item: 620-H
OUT OF ROUTE MOVEMENT

Out-of-Route Movement

Exception to Item 50 Paragraph (b) of UP 6004-series
An "Out-of-Route Movement" shall be any Shipper-requested movement of an empty Train, or any part
thereof, that differs from the normal route of empty movement of Trains under the Price Document. If,
at Shipper's verbal request, confirmed in writing, Railroad provides an Out-of-Route Movement to any
rail station, interchange point or trackage located at a point that is not directly intermediate between
Origin and Destination, and such rail station, interchange point or trackage is served by Railroad,
Shipper shall pay Railroad the following Out-of-Route Charge:
Out-of-Route Charge per mile per railcar
for Out-of-Route-Movement *
[i] $2.01
[i] $1.83
[i] $1.64

Number of Railcars per Out-of-Route
Movement
25 or fewer
26 to 75
76 or more

* Prices are subject to Fuel Surcharges.
The Out-of-Route Charge shall be calculated based upon the actual miles, subject to a minimum
distance of 75 miles, for each empty movement. The charges for the Out-of-Route Movement
will be in a Price Document to be issued by Railroad.
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Item: 640-F
RAILCAR STORAGE CHARGE

Railcar Storage Charge
If, at Shipper's verbal request, confirmed in writing, or after a release of a Train crew in accordance with
Item 550, Railroad stores a Shipper Railcar used in service under the Price Document on available
Railroad trackage, Shipper shall pay to Railroad a Railcar Storage Charge of [i] $14.00 per each 24
hour period or fraction thereof of storage time for each Shipper Railcar and [i] $67.00 per each 24
hour period or fraction thereof of storage time for each stored Railroad owned railcar. For purposes of
assessing the Railcar Storage Charge, storage time shall commence when the railcar is placed for
storage and end when Railroad receives Shipper's request that the railcar be released from storage.
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Item: 660
SWITCHING CHARGE

Switching Charge
If, at Shipper's verbal request, confirmed in writing, Railroad provides an Out-of-Route Movement to
any rail station or to rail trackage not served by Railroad, thus necessitating a switch movement or
other service by a connecting railroad (other than Railroad), Shipper shall be responsible for payment
of the connecting railroad's switching and/or transportation charges that are otherwise applicable under
tariff or separate agreement in addition to the charges payable by Shipper to Railroad under Item 620.
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Item: 680-G
CLOSING HOPPER RAILCAR DOORS

Closing Hopper Railcar Doors.
Shipper shall be responsible for the proper unloading of each railcar. It shall be the sole responsibility
of the Shipper to close, latch and lock all doors on each hopper railcar before releasing the empty
railcars to the Railroad. In the event Shipper is unable to close, latch, and lock all doors due to wear or
damage to the doors Shipper shall, prior to release of the empty railcars, notify Railroad of the involved
railcar (s) by initial and number and shall provide a description of the problem with the doors. If railcars
are released empty to the Railroad and the doors are not closed, latched and locked, or if Shipper has
not provided timely notice of its inability to close, latch or lock the door and a description of the problem,
Shipper shall pay Railroad [i] $159.00 per railcar for failing to close and secure the doors.
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Item: 690-A
FUEL SURCHARGE

FUEL SURCHARGE
In the event the average price of Retail On-Highway Diesel Fuel (as set forth below, the Average Price
calculated monthly based on prices reported on the U.S. Department of Energy Website (eia.doe.gov)
equals or exceeds $1.35 per gallon, UP will apply a fuel surcharge to linehaul freight charges
referencing or subject to this authority. The fuel surcharge shall be applied to the linehaul freight
charge for each shipment having a bill of lading dated on or after the 1stday of the second calendar
month following the calendar month of a given HDF Average Price (e.g., a fuel surcharge applied
beginning July 1 would be based on May's HDF Average Price).
[c] The HDF Average Price for a given calendar month will be determined by adding the weekly Retail
On-Highway Diesel Fuel prices reported on the U.S. Department of Energy Website (eia.doe.gov), and
dividing the result by the number of weeks so reported. The result will be rounded to the nearest tenth
of a cent. If the Department of Energy ceases reporting of the price of Retail On-Highway Diesel Fuel,
UP will employ a suitable substitute source of price or measure. The following schedule reflects the
applicable fuel surcharges within the HDF Average Price ranges noted below:
HDF Average Price
(Per Gallon)
$0.00 to $1.349
$1.35 to $1.399
$1.40 to $1.449
$1.45 to $1.499
$1.50 to $1.549
$1.55 to $1.599
$1.60 to $1.649
$1.65 to $1.699
$1.70 to $1.749
$1.75 to $1.799
$1.80 to $1.849
$1.85 to $1.899
$1.90 to $1.949
$1.95 to $1.999
$2.00 to $2.049
Each $0.05 per
gallon increase
thereafter

Fuel Surcharge
(Percentage)
0.00%
1.50%
2.00%
2.50%
3.00%
3.50%
4.25%
5.00%
5.75%
6.50%
7.25%
8.00%
8.75%
9.50%
10.25%
Additional 0.75%

In no case will freight charge(s) be reduced below the Base Freight Charge(s) as a result of the
application of this Item, nor will application or removal of the fuel surcharge be retroactive.
The surcharge in this item applies to those agreements that indicate they are subject to this circular by
reference unless that same agreement contains either a fuel surcharge or a specific rate adjustment
mechanism that is tied to the RCAFU or other index that contains a fuel component.
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Item: 691-B
FUEL SURCHARGE ROUNDING INSTRUCTIONS

FUEL SURCHARGE ROUNDING INSTRUCTIONS
[c]This item does NOTapply to the application of a fuel surcharge that contains a fixed mileage
component.

Fractions of dollars resulting from the application of a fuel surcharge will be dropped if less than fifty
(50) cents and increased to the next whole dollar if fifty (50) cents or more.
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Item: 695-B
FUEL SURCHARGE MILEAGE BASED

MILEAGE HDF
FUEL SURCHARGE TABLE
In the event the average price of Retail On-Highway Diesel Fuel (as set forth below, the "HDF Average Price"),
calculated monthly based on prices reported on the U.S. Department of Energy Website (eia.doe.gov) equals or
exceeds $2.30 per gallon, UP will add a mileage-based fuel surcharge to freight charges referencing or subject to this
authority. The fuel surcharge shall be applied to each shipment having a waybill dated on or after the 1st day of the
second calendar month following the calendar month of a given HDF Average Price (e.g., a fuel surcharge applied
beginning July 1 would be based on May's HDF Average Price).
The HDF Average Price for a given calendar month will be determined by adding the weekly Retail On-Highway
Diesel Fuel prices reported on the U.S. Department of Energy Website (eia.doe.gov), and dividing the result by the
number of weeks so reported. The result will be rounded to the nearest tenth of a cent. If the Department of Energy
ceases reporting of the price of Retail On-Highway Diesel Fuel, UP will employ a suitable substitute source of price
or measure. Schedule reflects the applicable fuel surcharges within the HDF Average Price ranges noted below:
HDF Average Price (Per Gallon)
Fuel Surcharge (Cents Per Mile Per Car)
$0.00 to $2.299
$0.00
$2.30 to $2.349
$0.05
$2.35 to $2.399
$0.06
$2.40 to $2.449
$0.07
$2.45 to $2.499
$0.08
$2.50 to $2.549
$0.09
$2.55 to $2.599
$0.10
$2.60 to $2.649
$0.11
$2.65 to $2.699
$0.12
$2.70 to $2.749
$0.13
$2.75 to $2.799
$0.14
$2.80 to $2.849
$0.15
$2.85 to $2.899
$0.16
$2.90 to $2.949
$0.17
$2.95 to $2.999
$0.18
$3.00 to $3.049
$0.19
$3.05 to $3.099
$0.20
$3.10 to $3.149
$0.21
$3.15 to $3.199
$0.22
$3.20 to $3.249
$0.23
$3.25 to $3.299
$0.24
$3.30 to $3.349
$0.25
Each $0.05 per gallon increase thereafter
Additional 1 cent per mile
ALK Technologies' PC*Miler Rail Fuel Surcharge (FNII), as amended from time-to-time, will be used to calculate
total miles. If interline price routing is involved, mileages will be calculated via the revenue route junction(s) of the
price used to rate the shipment.
In no case will freight charge(s) be reduced below the Base Freight Charge(s) as a result of the application of this
item, nor will applicationor removal ofthe fuel surcharge be retroactive.
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