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We examined the emissions of diesel particulate matter (DPM) and coal dust from trains in the Columbia
River Gorge (CRG) in Washington State by measuring PM1, PM2.5, CO2, and black carbon (BC) during the
summer of 2014. We also used video cameras to identify the train type and speed.

During the two-month period, we identified 293 freight trains and 74 coal trains that gave a PM2.5

enhancement of more than 3.0 mg/m3. We found an average PM2.5 enhancements of 8.8 and 16.7 mg/m3,
respectively, for freight and coal trains. For most freight trains (52%), and a smaller fraction of coal trains
(11%), we found a good correlation between PM2.5 and CO2. Using this correlation, we calculated a mean
DPM emission factor (EF) of 1.2 gm/kg fuel consumed, with an uncertainty of 20%.

For four coal trains, the videos revealed large plumes of coal dust emanating from the uncovered coal
cars. These trains also had the highest peak PM2.5 concentrations recorded during our study (53e232 mg/
m3). Trains with visible coal dust were observed for 5.4% of all coal trains, but 10.3% when the effective
wind speed was greater than 90 km/h. We also found that nearly all coal trains emit coal dust based on
(1) statistically higher PM2.5 enhancements from coal trains compared to freight trains; (2) the fact that
most coal trains showed a weak correlation between PM2.5 and CO2, whereas most freight trains showed
a strong relationship; (3) a statistically lower BC/PM2.5 enhancement ratio for coal trains compared to
freight trains; and (4) a statistically lower PM1/PM2.5 enhancement ratio for coal trains compared to
freight trains. Our results demonstrate that, on average, passage of a diesel powered open-top coal train
result in nearly twice as much respirable PM2.5 compared to passage of a diesel-powered freight train.
Copyright © 2015 Turkish National Committee for Air Pollution Research and Control. Production and

hosting by Elsevier B.V. All rights reserved.
1. Introduction

Rail locomotives powered by diesel fuel travel through the
Columbia River Gorge National Scenic Area as well as many urban
areas in Washington State. Evaluating the air quality impacts from
rail traffic for people living near rail lines is hampered by a lack of
n Bothell, School of STEM,
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data. Several plans that would expand coal shipments by rail
through Washington and Oregon to coastal ports for export to Asia
have been proposed. New export facilities have been proposed for
Longview and Bellingham, Washington. One proposed port near
Bellinghamwould have the capacity to ship up to 54 million metric
tons of coal annually (WA DOE, 2013).

The U.S. Department of Health and Human Services states that
diesel particulate matter (DPM) is “reasonably anticipated to be a
human carcinogen” (U.S. DHHS, 2014). The World Health Organi-
zation also categorizes DPM as “carcinogenic to humans” (WHO,
2012). In urban areas, including Seattle, the most significant “air
toxic” is DPM, contributing over 80% of the cancer risk for air toxics
d Control. Production and hosting by Elsevier B.V. All rights reserved.

mailto:djaffe@uw.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apr.2015.04.004&domain=pdf
www.sciencedirect.com/science/journal/13091042
http://www.journals.elsevier.com/locate/apr
http://dx.doi.org/10.1016/j.apr.2015.04.004
http://dx.doi.org/10.1016/j.apr.2015.04.004
http://dx.doi.org/10.1016/j.apr.2015.04.004


D. Jaffe et al. / Atmospheric Pollution Research 6 (2015) 946e952 947
(Keill and Maykut, 2003; PSCAA, 2005). DPM sources consist of rail
locomotives, ships and diesel trucks, both on road and off road.
Average DPM concentrations for the Seattle area are 1.4e1.9 mg/m3,
based on monitoring and a chemical mass balance model (Keill and
Maykut, 2003; Maykut et al., 2003). These DPM concentrations
make up 15e20% of the mass of total particulate matter with di-
ameters less than 2.5 mm (PM2.5).

Emission standards for new and remanufactured locomotives,
developed by the U.S. Environmental Protection Agency (EPA) (40
CFR part 1033) have decreased steadily over the past several de-
cades. For diesel locomotives various standards apply based on the
date of manufacture: Tier 0, 1973e2001; Tier 1, 2002e2004; Tier 2,
2005e2010; Tier 3, 2011e2014; and Tier 4, after 2015 (U.S. EPA,
2013). Tier 4 locomotives must comply with a PM10 standard of
0.03 g/bhp-h, which is about 0.19 g of PM10 per kg of fuel consumed
(U.S. EPA, 2009).

Previous studies looked at rail yards as air pollutant sources. They
determined that the primary source of PM2.5 at these siteswas diesel
fuel combustion. One study investigated the impact of DPM emis-
sions on PM2.5 concentrations at an Atlanta area rail yard (Galvis
et al., 2013). Using measurements collected upwind and down-
wind of the rail yard, they found the average “neighborhood”
contribution to PM2.5 was 1.7 mg/m3. The emission factors (EFs) per
kgof diesel fuel burnedwere calculated tobe 0.4e2.3 gDPM. TheEFs
were not determined from individual train measurements but were
calculated using three different methods, each based on differing
assumptions. Two studies of a Roseville, California, rail yard also
found significant enhancements in PM2.5 from the yard. Using
measurements from upwind and downwind, Cahill et al. (2011)
found an average PM2.5 enhancement of 4.6 mg/m3, and Campbell
and Fujita (2006) found even larger contributions (7.2e12.2 mg/
m3). Cahill et al. (2011) also demonstrated that particles with di-
ameters below1 mmare themajor contributor to PM2.5 aerosolmass
from diesel exhaust. Abbasi et al. (2013) studied concentrations in
the interior of trains and close to rail lines and found significantly
elevated PM2.5 and PM10 concentrations, particularly in stations that
were underground. Gehrig et al. (2007) looked at electric trains in
Switzerland and examined the influence of dust from these trains on
PM10 concentrations. Several studies investigated the EFs of on-road
diesel trucks andbuses (Jamriska et al., 2004; Zhuet al., 2005; Cheng
et al., 2006; Park et al., 2011; Dallmann et al., 2012), but we have
found no similar studies on diesel rail.

Trains that carry coal in uncovered rail cars may also release coal
dust, in addition to DPM, into the atmosphere. The BNSF railway
requires that a surfactant be applied over the top of coal being
transported by rail (see BNSF Railway, 2013). However, we are
unaware of any studies reported in the scientific literature that
evaluate the efficacy of this or the impact of coal dust on air quality.
By examining the PM by train type, we can examine whether there
is respirable coal dust (PM2.5) as part of the emissions from coal
trains. We will also examine the particle size distribution because
combustion-related particles and coal dust, which is mechanically
generated, are associated with particles of different sizes (Seinfeld,
1986).

A substantial amount (44e60%) of the diesel engine PM2.5 mass
is black carbon (BC) (Bond et al., 2004; Kirchstetter and Novakov,
2007; Ramanathan and Carmichael, 2008). Because radiative forc-
ing due to BC is the major light-absorbing species in atmospheric
aerosol, it is significant both globally and regionally (Jacobson,
2001; Ramanathan and Carmichael, 2008). In addition, because of
BC's surface properties, it is possible for polyaromatic hydrocarbons
(PAHs) and other semi-volatile compounds to be adsorbed and
transported by BC (Dachs and Eisenreich, 2000). Health organiza-
tions are also taking a hard look at BC because of its contribution to
the harmful effects caused by PM2.5, including cardiopulmonary
and respiratory disease (Jansen et al., 2005; Janssen et al., 2011; U.S.
EPA, 2012).

Because of the lack of information on PM2.5 concentrations and
the exposure to humans from diesel trains, the debate over coal
dust and the scarcity of information on diesel train EFs, we sought
to measure these air quality effects by answering the following
questions:

1. What are the DPM emission factors for locomotives in Wash-
ington State and how do these compare with published values?

2. Do open-top coal-carrying trains emit respirable coal dust
(PM2.5) into the air? If so, can we quantify the emissions?

To address these questions we measured PM1, PM2.5, CO2,
black carbon and meteorology at a location in the Columbia River
Gorge next to the rail line. Because we wanted to quantify DPM
and coal dust exposure and quantify the EFs from each train, we
collected measurements every 10 s in order to identify the air
quality impacts of individual trains. In a previous study, we
measured a similar suite of parameters in 2013 at a site in Seattle,
Washington, and (very briefly) at a site in the Columbia River
Gorge (Jaffe et al., 2014). In the previous study, we quantified
DPM emission factors from diesel trains, evaluated the neigh-
borhood scale exposure to PM2.5 from trains and found evidence
that suggested emissions of coal dust, based on particle size. In
the present analysis, we report new data taken in 2014 that more
clearly identifies and quantifies the emissions of DPM and coal
dust from coal-carrying trains.

2. Experimental

Measurements were made at a site between the towns of Lyle
and Dallesport, Washington, in the Columbia River Gorge
(approximately 45.7oN, 121.2oW) between June 7eAugust 10, 2014.
The instruments were housed in aweather-proof enclosure, located
about 10 m above and 20 m northeast of the rail line. Two video
cameras were used; one took video of the trains at a 90� angle to
the rail line, and one viewed the trains arriving/departing to the
northwest. The rail line travels along the north side of the Columbia
River. There were no roads between our site and the river. Our
measurement site was approximately 200 m southwest of Wash-
ington Route 14, a state highway with light traffic. The measure-
ment location used in 2014 was in the same general location, but
about 300 m away, from the site we used for our 2013 measure-
ments (Jaffe et al., 2014). At this site the rail line is almost
completely flat; there is a maximum grade of 1 m per km in the
next few km in either direction.

We used a DustTrak DRX Aerosol Monitor (Model #8533, TSI,
Inc., Shoreview, MN) to measure size-segregated PM. The DustTrak
reports 4 size fractions of PM mass concentrations: PM1, PM2.5,
PM10 and TSP. The instrument uses aerosol scattering to calculate
its measurements. Therefore, its measurements are not the same as
mass-based measurements (Wang et al., 2009). The DustTrak is
calibrated against Arizona road dust (ISO 12103-1) by the manu-
facturer and so will not correctly reflect the mass concentration for
other types of aerosol. This is specifically the case for diesel PM
because of the particle size (Park et al., 2011). Obtaining accurate
measurements with the DustTrak requires comparing its mea-
surements with a mass-based measurement (Moosmuller et al.,
2001). The DustTrak has been used to quickly measure several
PM size fractions and determine EFs of individual vehicles in
several previous studies (e.g., Park et al., 2011; Dallmann et al.,
2012), but usually after using a mass-based method to calibrate
the response factor (Jamriska et al., 2004; Zhu et al., 2005; Cheng
et al., 2006; Jaffe et al 2014). In our study, the DustTrak was
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calibrated against two mass-based measurementsda Tapered
Element Oscillating Microbalance (TEOM) and the EPA Federal
Reference Method at a routine air quality monitoring station in
Seattle, Washington (details below).

The DustTrak inlet was stainless steel tubing (4.8 mm i.d.) facing
downward from a height of approximately 2 m above ground level.
The flow rate through the inlet was 3.0 L per minute. With these
conditions, the flow was laminar. To estimate the particle sampling
efficiency, we used the methodology and program provided by von
der Weiden et al. (2009). The wind speeds during train sampling in
the CRG varied between 1 and 11 m per second (mps), with an
average of 4.5 mps during the sampling period. For particles less
than 2.5 mm aerodynamic diameter, we calculated greater than 90%
particle transmissions at all wind speeds up to 15 mps. For particles
between 3 and 10 mm aerodynamic diameter, the inlet sampling
efficiency would be much less than 1.0 and vary with wind speed
(von der Weiden et al., 2009). For this reason, we used only the
PM2.5 and PM1 data in this analysis.

We measured CO2 using a Licor-820 (Licor, Inc., Lincoln, NE)
with a small vacuum pump for sampling. The inlet was a 4.8mm i.d.
stainless steel tube (38 mm long) connected to PFA tubing. We
zeroed the instrument using CO2-free air and calibrated it with a
395 ppmv standard from Airgas, Inc. We calibrated the instrument
both before and after the deployment; the instrument response
varied by less than 1 ppmv between these calibrations. We used
DAQFactory on a PC to record data from the DustTrak, the Licor-820
(CO2, cell temperature and pressure) and the meteorological sta-
tion. We recorded 10-s averages for PM and CO2 data.

To identify trains and quantify their speeds, we used two Night
Owl cameras (Model CAM-MZ420-425M) that were equipped with
infrared (IR) night vision. The cameras were motion activated and
operated with iSpy open source camera security software. How-
ever, evenwith the IR capability of the cameras, we were unable to
identify the type of trains at night. We considered using an auxil-
iary light to view the trains at night; however, this was rejected as
the Columbia River Gorge is classified as a National Scenic Area,
which limits lighting options. Only trains that could positively be
identified as freight or coal were used in this analysis, so this
excluded all trains passing our site in full darkness.

BC was measured using an aethalometer (Magee Scientific
model AE22). BC data were collected at one-minute time resolution
at 370 nm and 880 nm. BC loading was determined using infrared
attenuation data at 880 nm alone, because at 370 nm, other organic
compounds may contribute interference (Wang et al., 2011). The
aethalometer determines raw BC concentration (BC0, ng/m3) from
measured attenuation values (ATN, m�1) via

BC0 ¼ 109 � ATN=s (1)

where s is the calibrated cross-section (16.6 m2/g at 880 nm). As in
our previous study (Jaffe et al., 2014), we applied a correction to the
BC0 concentrations to account for diminishing transmission as a
function of BC loading. Transmission (Tr) is calculated from each
attenuation value:

Tr ¼ e�ATN=100 (2)

Following Kirchstetter and Novakov (2007), we calculated the
corrected BC mass loading (BCcorr, ng/m3) as:

BCcorr ¼ BC0=ð0:88� Trþ 0:12Þ (3)

The DPM EFs are calculated for each passing train in units of
DPM emitted per kg of diesel fuel burned using:
EF ðPM2:5Þ ¼
DPM2:5

DCO2
� CF�Wc (4)

where the DPM2.5/DCO2 or “enhancement ratio” is calculated from
the Reduced Major Axis (RMA) regression slopes of the 10-s CO2
and PM2.5 data for each passing train, in units of mg/m3 per ppmv. CF
is a conversion factor to convert CO2 concentrations in ppm to mg C/
m3 units using the ideal gas law at 1 atm and 25 �C (1 ppmv
CO2 ¼ 490.7 ugC/m3). WC is the mass fraction of carbon in diesel
fuel (870 g C/kg fuel) (Lloyd's Register, 1995; Cooper, 2003), which
yields overall units on the EF of g PM2.5/kg fuel consumed. Yanowitz
et al. (2000) showed that over 95% of diesel fuel carbon is released
as CO2.

Enhancement ratios (DPM2.5/DCO2 and DPM1/DPM2.5) were
calculated from the 10-s data using the RMA regression method,
which considers errors in both the x and y variables (Ayers, 2001;
Cantrell, 2008). Absolute enhancements were calculated by sub-
tracting out the PM, BC and CO2 maximums during train passage
from the background concentration measured prior to each trains
passage. The RMA regression parameters were calculated for each
train passage using a program written in Java utilizing Apache
Commons Mathematics Library 3.3. The program first looked for a
PM2.5 enhancement of at least 3 mg/m3 over the median value from
the past 17 min (100, 10-s data points). The accuracy of the Java
program to calculate PM and CO2 enhancements and the RMA
regression parameters were manually verified for approximately
20% of the peaks. All times in this manuscript are given in Pacific
Daylight Time (PDT).
3. Results

3.1. Calibration of the DustTrak

We compared the DustTrak PM2.5 concentrations with a TEOM
and the filter-based Federal Reference Method (FRM) at a routine
air quality monitoring site in Seattle, Washington (Beacon Hill),
operated by the Puget Sound Clean Air Agency (PSCAA). Compari-
son data were obtained between April 30eMay 20, 2014. TEOM
data were continuous and reported on an hourly basis, the filter-
based FRM measurements were for 24 h and conducted every
third day only. At this site, the TEOM is a Thermo Fisher Scientific
Model 1400AB with 8500C Filter Dynamic Measurement System
(FDMS) with the Very Sharp Cut Cyclone (VSCC™) modification
(U.S. EPA, 2014). This configuration is designated by the EPA as a
Federally Equivalent Method (FEM) for PM2.5. The inlet and flow
configuration used for the DustTrak at the Beacon Hill site were
identical to the configuration used in the Columbia River Gorge.

We found a very good correlations between the TEOM PM2.5, the
FRM and the DustTrak's reported PM2.5. Table 1 shows the regres-
sion parameters.

The 95% confidence interval in the slope for the DustTrak-TEOM
comparison is ±4.5%, whereas it is ±32% for the DustTrak-FRM
comparison due to the very small sample size. In both cases, the
intercepts are insignificantly different from zero (95% confidence
interval overlaps zero). Because of this, we corrected all of the
DustTrak PM data using the TEOM slope of 0.5577. This slope is 22%
greater than the one reported by Jamriska et al. (2004), who re-
ported a slope of 0.458. It also is approximately 14% greater than
our earlier DustTrak comparison at a different site, where we re-
ported a slope of 0.491 (Jaffe et al., 2014). These differences may be
attributable to different aerosol types at these sites. Given these
differences, we estimated the uncertainty in the corrected DustTrak
PM1 and PM2.5 values to be ±20%.



Table 1
Regression parameters for the comparisons between the DustTrak data, the TEOM
data and the FRM method at the PSCAA site at Beacon Hill, Seattle, Washington.

Comparison equation (using reduced
major axis regression)

R2 N

TEOM PM2.5 (mg/m3) ¼ DustTrak � 0.5577 e 0.6977 0.74 485 (h averages)
FRM PM2.5 ¼ DustTrak � 0.5524 e 0.8433 0.92 7 (24-h samples)
FRM PM2.5 ¼ TEOM � 1.05 e 0.4326 0.96 7 (24-h samples)

Fig. 1. PM2.5 and CO2 during passage of a freight train on 7/10/2014 at 12:29 PDT. The
two values show a good correlation with an R2 of 0.98 and a slope of 0.61 mg/m3 per
ppmv.
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3.2. Overview of observations on train emissions in the Columbia
River Gorge

As each train passed our observation site, we may detect a peak
in PM and CO2, but this depended on the wind direction and wind
speed. If the winds were from the north to northeast directions, our
sensors recorded minor peaks only, or no peaks at all, in PM and
CO2. We found that small PM events had a lower correlation be-
tween the various parameters. For this reason, we screened out
small peaks where the maximum DPM2.5 (enhancement above
background) was <3 mg/m3. If a peak larger than this value was
detected and the video confirmed a simultaneous train passage,
thenwe included this peak in our analysis. We included only freight
and coal-carrying trains, since these were the dominant types that
we observed in the Columbia River Gorge. Trains that carriedmixed
loads (e.g., freight plus coal), sand or other unidentifiable or un-
covered cargo were not included in this analysis. We also observed
very few passenger trains during the daytime hours, in contrast to
our previous study in Seattle (Jaffe et al., 2014).

During this study, we observed 367 events with DPM2.5 >3 mg/
m3 that were identified by the video cameras as either freight or
coal. We refer to each train passage with a detectable PM peak and
verified by the video as a “train event.” Table 2 shows a summary of
the 367 train events, including number and average peak PM1 and
PM2.5 enhancement values (over background). The peak PM1 and
PM2.5 enhancements (10-s) from coal trains are about double the
enhancements seen from freight trains. In addition, there are three
extreme events with PM2.5 enhancements greater than 75 mg/m3

that were seen only for the coal trains. The differences between the
peak PM enhancements for coal and freight trains are statistically
significant (P < .001). The statistically significant difference remains
even if these extreme events are excluded from the analysis. For all
train events, there is an excellent relationship between the PM1 and
PM2.5 data, although the fraction of PM1/PM2.5 varies by train type.
This is discussed in Section 3.5 below.

However, only some train events showed a good correlation
between PM2.5 and CO2. Fig. 1 shows an example of a freight train
that passed our site on July 10, 2014. In this case, the PM2.5

enhancement is 24 mg/m3, the CO2 enhancement is 39 ppmv and
the two are very well correlated, indicating that the dominant
source of PM is diesel exhaust. Fig. 2 shows an example of a coal-
carrying train that passed by on July 18, 2014. For this example,
the peak PM2.5 concentration is more than 6 times the peak shown
Table 2
PM and CO2 data for freight and coal trains. Slopes for DPM2.5/DCO2 relationship is repo

Frei

Number 293
Average peak DPM1 (mg/m3) 11.0
Average peak DPM2.5 (mg/m3) 10.7
Maximum DPM2.5 (mg/m3) 57.2
Number with PM2.5 e CO2 R2 > 0.5 and DCO2 > 2 ppm 152
Mean/median DPM2.5/DCO2 slope (mg/m3/ppmv) 0.70
Max/Min slope 3.88

a In addition to the criteria given in the text above, we excluded one additional case w
previously for the freight train, while the CO2 enhancement is much
smaller. In addition, the CO2 peaks occurred at the start and end of
the train passage due to locomotives at the beginning and end of
this train, which is typical of the very long coal trains. The height of
the CO2 peak shows no obvious relationship with train type and
likely varies mainly with meteorology, which influences the degree
to which the combustion exhaust gases reach the measurement
site. For the coal train (Fig. 2), the dominant source of PM is not
diesel exhaust but coal dust. This was confirmed by the video
(discussed below). It should be noted that DPM was probably
present but is not apparent in the data due to the much larger coal
dust peak. In this case, because the PM concentrations were not
correlated to CO2, we were not able to calculate a DPM emission
factor. For this reason, we did not include train events in the DPM
EF calculation if the PM2.5eCO2 R2 is less than 0.5. We also excluded
train events that had very small CO2 enhancements (DCO2 <2
ppmv), as these had erratic behavior.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.apr.2015.04.004
3.3. DPM emission factors

The DPM2.5/DCO2 was used to derive the DPM emission factors.
The average DPM2.5/DCO2 slope for all train events was found to be
6.56 mg/m3 per ppmv, but this included many trains with a very
poor correlation between PM2.5 and CO2. For the DPM emission
factor calculation, we restricted our analysis to only those cases
with an R2 for the PM2.5 e CO2 relationship of 0.5 or greater and a
CO2 enhancement of at least 2 ppmv. Table 2 shows the number of
each train type that was used for the DPM analysis and statistics on
the PM2.5 e CO2 slope.
rted only for those train events with R2 >0.5 and DCO2 >2 ppmv.a

ght Coal All trains

74 367
19.7 12.5
20.9 13.0
232.3 232.3

(52%) 11 (15%) 163 (44%)
/0.56 0.71/0.56 0.70/.56
/0.10 1.64/0.20 3.88/0.10

ith visible coal dust and an extremely high PM2.5eCO2 slope (12.0).

http://dx.doi.org/10.1016/j.apr.2015.04.004


Table 3
BC/PM2.5 and PM1/PM2.5 enhancement ratios for freight and coal trains.

Freight Coal All trains

N (for BC/PM2.5 analysis) 233 61 294
Mean/median BC/PM2.5 (unitless) 0.47/0.40 0.29/0.20 0.43/0.35/0.27
Standard deviation on BC/PM2.5 0.27 0.23 0.27
N (for PM1/PM2.5 analysis) 293 74 367
Mean/median PM1/PM2.5 (unitless) 0.93/0.93 0.96/0.96 0.96/0.96
Standard deviation on PM1/PM2.5 0.03 0.03 0.03

Table 4
The four train events with the highest peak PM2.5 concentrations. In each case, a coal
train with a visible coal dust plume was confirmed in the video recording.

Date/time (PDT) Peak PM2.5 conc. mg/m3 Peak BC mg/m3 BC/PM2.5 ratio

8/7/14 17:28 232.3 53.5 0.23
7/18/14 4:57 188.8 88.9 0.47
7/20/14 14:07 77.6 8.86 0.11
7/27/14 21:16 53.1 9.13 0.17

Fig. 2. PM2.5 and CO2 during passage of a coal train on 7/18/2014 at 4:56 PDT. The two
parameters show no correlation during this time period. The train was observed to
have locomotives in the front and rear, giving rise to the CO2 peaks at the beginning
and end of this time period.
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The data in Table 2 show that while most freight trains were
included in this analysis, the majority of coal trains were not
included. This is due to the fact that most of the coal train events
show a poor correlation between PM2.5 and CO2 (see Fig. 2). One
coal train that would otherwise have been included in the DPM
calculation had a PM2.5 e CO2 slope of 12.0, more than 10� the
mean value, and had visible coal dust in the video. Thus the large
amount of PM2.5 in this case cannot be attributed solely to DPM.
This train event was not included in the DPM analysis. With this
exclusion, the mean and median slopes for freight and coal trains
are rather similar. Using equation (4), we find that the mean and
median DPM EFs from our study are 1.2 and 0.99 g/kg fuel
consumed, with an overall uncertainty of 20%. Our previous ob-
servations in the Pacific Northwest (Jaffe et al., 2014) found an
average EF for diesel locomotives of 0.94 g/kg.

Diesel EFs for locomotives have been previously reported from
several measurement campaigns. Kean et al. (2000) reported
locomotive emission factors of between 1.8 and 2.1 g/kg using the
EPA “NONROAD” model. A 2009 report (U.S. EPA, 2009) estimated
that average locomotives EFs are declining about 5% per year, with a
2014 value of 0.98 g/kg. A study by Sierra Research in 2004 (Sierra
Research, 2004) forecast amuch slower decrease in the EFs of diesel
locomotives, compared to U.S. EPA (2009), and for 2014 projected
1.4 g/kg. Our average measured EF is consistent with those cited in
the above literature for the 2014 time frame, within the respective
uncertainties.

3.4. Black carbon

We obtained simultaneous BC and PM2.5 data on 294 of the
trains. Table 3 reports the observed BC/PM2.5 and PM1/PM2.5
enhancement ratios (discussed in Section 3.5).

These data show that, on average, 43% of the PM2.5 was BC for all
trains. In our previous study using similar data from 2013 (Jaffe
et al., 2014), we found that the BC/PM1 fraction was 52%, with
most of those observations on freight trains. Our new data in 2014
indicates a significant difference (P < .001) in the average BC/PM2.5
fraction for freight (0.47) and coal trains (0.29). Previous studies
have found values that are similar to our freight train values for the
BC/PM fraction. A study by Hildemann et al. (1991) found that 55%
of diesel emissions were BC, andWatson et al. (1994) reported 45%.
An Atlanta study (Galvis et al., 2013) found that diesel trains had BC
to PM2.5 ratios of 47e52%. The significant difference in the BC/PM2.5
between coal and freight trains, shown in Table 3, indicates a sig-
nificant coal dust component in the PM from the coal trains.

We assume that the coal dust has the same composition as the
coal being shipped. This coal, from the Powder River Basin of
Wyoming and Montana, has a relatively low carbon content
compared to other coal types (ca 50% C), with the remainder of the
mass made up of moisture and minerals, such as silicates, iron
oxides and calcium oxide (NETL, 2012). While the low carbon
content is partly responsible for the low BC/PM2.5 fraction, shown
in Table 3, our data suggest that other factors may also be involved.
This could include a change in themass absorption cross section for
coal dust, as compared to diesel exhaust, which might reflect the
impact of the coal mineral content, the organic matter composition
or the size distribution of the particles.

3.5. PM1/PM2.5 fraction

The DustTrak calculates concentrations of PM in four size
ranges, but due to the inlet sampling efficiency (discussed in Sec-
tion 2) we considered only data for PM1 and PM2.5. Table 3 gives the
statistical parameters on the PM1/PM2.5 enhancement ratio. Coal
trains showed a larger mass fraction of particles above 1 mm
aerodynamic diameter, and this difference is statistically signifi-
cant. This reflects the significant contribution of coal dust to the
PM2.5 concentrations during the passage of the coal trains.

3.6. Influence of coal dust on PM2.5 concentrations

In four cases, the videos revealed visible coal dust from the
open-top coal trains. These visible coal dust plumes were seen in
the four train events with the highest peak PM2.5 concentrations
(Table 4). We call these four train events with the highest PM2.5 and
visible coal dust “super-dusters.” Two of the “super-duster” videos
have been archived as part of the supplemental materials for this
paper (8/7/2014 and 7/27/2014). Fig. 3 shows still images obtained
from the video before and after train passage for the “super duster”
on 8/7/2014, along with the measured PM2.5 concentrations. We
found that 4 out of 74 coal trains, or 5.4%, were classified as “super
dusters” during our study.

A number of factors could be important in explaining the coal
dust emissions of PM2.5 from coal trains. These include quality of
the surfactant application or factors that may disturb the coal/sur-
factant surface, such as high train speeds, exposure to highwinds or
rough handling during transport. While we have no information on



Fig. 3. Images captured from the video camera before and after coal train passage on 8/7/2014 at 17:28 PDT. The full video of this train passage is archived as part of the sup-
plemental materials for this paper. The camera looks to the west, downriver in the Columbia River Gorge. The coal train is visible in the right image and was moving from left to
right.
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upstream conditions, our data do allow us to examine the influence
that train and local wind speed may have played on dust emissions.
To do this, we calculated train speeds for each coal train from the
videos.We also calculated the vector component of thewinds in the
direction opposite to the trains' travel. The sum of train speed plus
vector wind speed represents the true wind speed across the open-
top coal trains. We refer to this as the effective wind speed. During
our study, the average train speed was 71.3 km/h and the average
vector wind speed was 14.9 km/h.

Fig. 4 shows the effective wind speed versus peak PM2.5 for each
coal train event. The four “super dusters” are shown as large red
squares. While no simple relationship emerges from this analysis,
the data do suggest that “super dusters” are more likely to occur
when the effective wind speed is greater than 80e90 km/h. Above
90 km/h, the fraction of “super dusters” is 10.3% (3 out of 29 trains),
compared to 5.4% at all wind speeds. Thus we can view wind speed
as one factor that increases the risk of high-level coal dust expo-
sure. However, the fact that many coal trains with effective wind
speeds greater than 90 km/h are not “super dusters” indicates that
other factors, such as quality of the surfactant applied to the coal
surface, must also be important.
Fig. 4. Peak PM2.5 enhancement for each coal train passage versus effective wind
speed over the top of the train. The effective wind speed is calculated as the train speed
plus the vector component of the wind at 180O to the train's movement. The four
“super dusters” are shown as large red squares.
4. Conclusions

We measured PM1, PM2.5, BC and CO2 during 367 train passages
(train events) in the Columbia River Gorge. From the data, we
calculated a DPM EF average of 1.2 g/kg fuel consumed (±20%) on
163 of those train events that show a good correlation between
PM2.5 and CO2 (mostly freight trains). Our data indicate that nearly
all open-top coal trains release coal dust, which contributes to
enhanced PM2.5 in the Columbia River Gorge. In four train events,
that we call “super-dusters,” the coal dust emissions led to visible
dust plumes and the highest PM2.5 concentrations observed in our
study. But nearly all coal trains generate some degree of coal dust
(PM2.5) based on the following evidence:

1. Statistically higher peak PM2.5 concentrations during passage of
coal trains compared to freight trains. The peak PM2.5 en-
hancements during a coal train passage are nearly double, on
average, compared to the value during a freight train passage
(Table 2);

2. The fact that most freight trains (52%) show a good correlation
between PM2.5 and CO2, whereas very few coal trains (15%)
show this relationship (Table 2);

3. The BC/PM2.5 enhancement ratio is statistically higher for freight
trains compared to coal trains (Table 3);

4. The PM1/PM2.5 enhancement ratio is statistically higher during
passage of freight trains compared to coal trains (Table 3).

These four results demonstrate statistically significant differ-
ences between freight and coal trains, even if the four super-
dusters are excluded from the statistical analysis.

Because our focus was on air quality, we measured the respi-
rable size fractions of PM. Thus it is not possible to relate our ob-
servations to any data on bulk loss of coal during transport, since
most of this loss will occur as much larger size particles. Because
most coal train events show a poor correlation between PM2.5 and
CO2, it is not possible to rigorously derive a fuel-based emission
factor for the coal dust. Nonetheless, our data provide some guid-
ance to anyone wishing to calculate total PM2.5 emissions from the
railway sector. Since the peak PM2.5 values for coal trains are nearly
double those for freight trains, it is reasonable to conclude that the
total PM2.5 emissions from coal trains are approximately double
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those of freight trains. This would imply that the coal train PM2.5
emissions consist of approximately half DPM and half coal dust.

Though all coal trains appear to generate some degree of dust,
the “super-dusters” generate visible plumes and the highest con-
centrations of PM2.5. “Super-dusters” represent 5.4% of all coal
trains but 10.3% when the effective wind speed is greater than
90 km/h. This indicates that wind is one factor contributing to the
coal dust emissions, but it is not the only explanatory factor.
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