
ARTICLE IN PRESS
1352-2310/$ - se

doi:10.1016/j.at

�Correspond
E-mail addr
Atmospheric Environment 40 (2006) 639–650

www.elsevier.com/locate/atmosenv
Agricultural burning smoke in eastern Washington—part I:
Atmospheric characterization

Jorge Jimeneza,�, Chang-Fu Wub, Candis Claiborna, Tim Gouldd,
Christopher D. Simpsonc, Tim Larsond, L.-J. Sally Liuc,e

aDepartment of Civil and Environmental Engineering, Washington State University, Pullman, WA 99164, USA
bDepartment of Public Health, National Taiwan University, Taipei 100, Taiwan

cDepartment of Environmental and Occupational Health Sciences, University of Washington, Seattle, WA 98195, USA
dDepartment of Civil and Environmental Engineering, University of Washington, Seattle, WA 98195, USA

eInstitute of Social and Preventive Medicine, University of Basel, Switzerland

Received 1 April 2005; accepted 14 September 2005
Abstract

Agricultural burning has been subject to intense debate in Eastern Washington. Rural communities are concerned about

health impacts related to smoke exposure from field burning. However, the short-duration excursions of smoke often do

not violate air quality standards at locations where air quality monitors are situated. The purpose of this study was to

characterize the air quality in Pullman, WA during the fall 2002 prescribed field burning season, as part of a larger study

conducted to examine community exposure to agricultural burning smoke and the related short-term health effects. Data

collected included continuous PM2.5, PM10, CO2, nitrogen oxides, and 12-h integrated PM2.5, OC, EC, and levoglucosan

(a biomass burning marker). Four episodes were defined when three consecutive 30-min PM2.5 averages exceeded

40mgm�3. Two source-receptor models; the chemical mass balance model (CMB) and positive matrix factorization (PMF)

were used to estimate smoke intrusion from regional agricultural burning. During this study, the average PM2.5, OC, and

EC were similar during the daytime and nighttime, while LG was twice as high during the night. The CMB results showed

major contributions of PM2.5 from soil (38%), vegetative burning (35%), and sulfate aerosol (20%), and much less from

vehicles (2%) and cooking (1%). The 3-source profiles generated by PMF were consistent with those selected for CMB

modeling. The PM2.5 estimates from these two models were highly correlated for individual sources. The LG, NOx, CO2,

OC, and apportioned PM2.5 from vegetative burning and soil were higher during the episodes than during non-episode

days, while EC and PM2.5 from secondary sulfate, vehicles, and cooking sources were similar throughout the study. We

characterized the episodes of agricultural field burning with elevated LG, OC, and biomass burning contribution to PM2.5.
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1. Introduction

In the past decade, agricultural burning has been
subject to intense discussion and public debate in
the semi-arid Eastern Washington (Jimenez, 2002).
.
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Neighboring communities from rural areas have
noticed an impact on air quality from farmers’
burning practices, and citizens have voiced health
concerns related to smoke exposure, as well as
potentially negative impacts on tourism and eco-
nomic activities (Roberts and Corkill, 1998). Smoke
from biomass burning contains numerous chemical
compounds including, but not limited to, carbon
monoxide (CO), NO2, volatile organic compounds
(Jenkins et al., 1996), and particulate matter with an
aerodynamic diameter less than 2.5 mm (PM2.5). In
Eastern Washington, other than agricultural field
burning, there are several important sources of
PM2.5 including regional forest fires and fugitive
dust from roads and occasional wind blown dust
(Claiborn et al., 2000; Kim et al., 2003). Fugitive
dust in this region contains significant portion
of geological material, and overlaps the PM2.5

at aerodynamic diameters between 1 and 3 mm
(Claiborn et al., 2000).

PM2.5 in biomass burning smoke can have a
potentially detrimental impact on human health
from both acute and chronic exposures (US EPA,
2004). Chronic exposure to biomass smoke
could reduce lung function, depress the immune
system and increase the risk of respiratory diseases
(Sutherland, 2004; Sutherland and Martin, 2003).
There is evidence that short-term excursions in
PM2.5 result in acute health effects on susceptible
people including COPD, cardiovascular patients,
and asthmatic children (Romieu et al., 1996;
Pekkanen et al., 1997; Peters et al., 1997; Vedal
et al., 1998; Roemer et al., 2000; Yu et al., 2000;
Ostro et al., 2001; Delfino et al., 2002, 2003). The
health effects include cough, wheezing, chest tight-
ness, and shortness of breath. Long et al. (1998)
reported from their questionnaire-based survey in
Winnipeg, Canada that individuals with asthma or
chronic bronchitis were more likely to be affected by
straw burning. Tirigoe et al. (2000) also found a
relationship between PM10 and children with
asthma attacks, with the rise of PM10 most likely
from rice straw burning in Niigata, Japan. How-
ever, short-term PM2.5 excursions are not currently
regulated.

Agricultural burning in eastern Washington
occurs primarily in the spring and fall, involving
burning of mainly residues of cereal grain including
wheat and barley. Approximately 2000 agricultural
fires are set each year in Washington State (WDOE,
2004) over an area of �15,000 km2, with a total
population of �160,000 (WDOE, 2004). However,
only six monitoring sites report real-time PM2.5

concentrations in this area. This small number of
monitoring sites likely result in an inadequate
monitoring of smoke episodes under varying
meteorological conditions. Evidence was provided
by the disagreement between the PM2.5 measure-
ments and the amount of land burned or the
number of smoke related complaints (Jimenez,
2002). Since the NAAQS for PM10 and PM2.5 are
based on 24-h or annual average concentrations,
these smoke episodes do not necessarily violate the
NAAQS due to their relatively short duration and
the scarcity of the monitors in Eastern Washington.
Thus few studies have been conducted to character-
ize air quality during Ag burning episodes and even
less about the associated health effects.

The purpose of this study was to characterize air
quality during a period of prescribed agricultural
field burning in an eastern Washington town, as
part of a larger study examining community
exposure to agricultural burning smoke and the
related health effects. As part of this work, two
source-receptor models were used to estimate the
impacts of smoke intrusion from regional agricul-
tural field burning on the observed PM2.5 mass
concentrations in Pullman.

2. Methods

2.1. Monitoring period and site selection

This study was conducted in the 2002 fall Ag
burning season (September–November) based on
the historical evidence for greater amounts of acres
burned per day and more smoke episodes reported
by citizens in the fall burning season (Jimenez,
2002). The air quality measurements analyzed in
this paper were collected primarily at one central
monitoring site located on the roof of a building at
Washington State University (WSU) in Pullman,
WA (elevation ¼ 770m, approximately 12m above
street level). Measurements from this site were used
to represent the ambient exposure of subjects on the
WSU campus (average elevation ¼ 768m) and in
the general Pullman area (average elevation ¼
774m). In addition, we used this data, along with
measurements collected inside the study subjects’
residences and time-location-activity information to
estimate personal exposures to PM2.5 from outdoor
sources and from agriculture burning smoke using a
random component superposition model, a recur-
sive mass balance model, and a total exposure



ARTICLE IN PRESS

Table 1

Historical PM2.5 hourly nephelometer measurements at the near

downtown Pullman monitoring site operated by the Washington

State Department of Ecology

Range of PM2.5 September–October

Year 2000 Year 2001 Year 2002

Frequency Frequency Frequency

0oPM2.5o10mgm�3 1113 992 753

10oPM2.5o40mgm�3 332 117 635

PM2.5440 mgm�3 13 4 4
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model. This analysis is reported elsewhere
(Wu et al., 2005). The distance from the monitoring
site to the burning fields depended on the location of
the field relative to the monitoring site, which
ranged from a few to 200 km.

2.2. Air quality sampling

PM measurements were taken from a continuous
PM10 and PM2.5 tapered element oscillating micro-
balance (TEOM) monitors (30-min averages. Series
1400a, Thermo Electron Co), a light scattering
nephelometer (10-min averages. M903, Radiance
Research, Seattle, WA), and a DataRAM with a
PM2.5 size-selective inlet (10-min averages, Thermo-
Andersen, Smyrna, GA). In addition, 12-h inte-
grated PM2.5 samples (operated from 0800 to 2000
and from 2000 to 0800, PST) were taken from
collocated and triplicate single-stage 10-LPM Har-
vard Impactors (HI2.5) (Air Diagnostics Inc., Na-
ples, ME). Two HI2.5 sampled PM2.5 onto 37-mm
Teflon filters, and the third sampled onto a quartz
filter. The nephelometer was calibrated against the
HI2.5 measurements (intercept ¼ 0.134� 10�5m�1,
slope ¼ 0.243� 10�5m2 mg�1, R2 ¼ 0:83, N ¼ 99).
Other air constituents included continuous carbon
dioxide (10-min average, Telaire 1050 Engelhard,
Goleta, CA), nitrogen oxides (10-min average,
model 42 Thermal Environmental Instruments,
Inc.), and carbon monoxide (10-min average, Model
9830 Monitor Labs, Inc.). Meteorological para-
meters including temperature, humidity, wind speed
and wind direction were also recorded using a small
weather station (30-min average, WeatherLink,
Davis Instruments Corp. Hayward, CA 94545).

The PM collected on the Teflon media was
analyzed gravimetrically using a Mettler-Toledo
UMT2 microbalance at the University of Washing-
ton laboratory, at constant temperature (22.2
71.8 1C) and relative humidity (34.872.5%) for
at least 24 h prior to weighing (Allen et al., 2001).
Filters were then analyzed for 55 inorganic elements
using X-ray fluorescence (XRF) at Chester LabNet,
Tigard, Oregon. One set of the duplicate Teflon
filters was extracted by ultrasonication in ethylace-
tate/triethylamine for LG analysis using gas
chromatography–mass spectrometry (GC–MS)
(Simpson et al., 2004). Sections of the quartz filters
(1 cm2) were analyzed for OC and EC via Thermal
Optical Transmittance (Sunset Laboratory, Inc.
Tigard, OR) using a modified version of the NIOSH
5040 method (Pang et al., 2002).
2.3. Episode definition

An episode was declared when three or more 30-
min average PM2.5 concentrations exceeded
40 mgm�3 during any 24-h period according to the
central site PM2.5 TEOM and/or DataRAM mea-
surements. This threshold value was selected based
on the frequency of historical (2000 and 2001)
hourly nephelometer PM2.5 readings exceeding this
magnitude at the downtown Pullman air quality
monitoring site operated by the Washington State
Department of Ecology (WDOE) (see Table 1). Our
previous study (Jimenez, 2002) also found a link
between these exceedances and vegetative burning
smoke episodes in Pullman. Episode declamation
was aided by visual observations of agricultural
burning smoke plumes that were not upwind of the
central site monitors; current and predicted meteor-
ological conditions that may favor the occurrence of
an episode; and the WDOE’s daily morning burn
calls for neighboring regions. This study also
included a single-sided blind sham episode (not a
smoke episode) declared during a period of rela-
tively low PM2.5 in order to compare the subject
health effect responses with true episode periods. A
declared episode triggered three consecutive days of
intensive health effect monitoring (for more details
on the exposure and health assessments, see Wu
et al., 2005; Sullivan et al., 2005).

2.4. Quality control

Field blanks and duplicates were deployed so that
they comprised at least 10% of the total HI2.5
sample size. The precision (1.2 mgm�3) and accuracy
(3%) of the HI2.5 have been reported in a previous
paper (Liu et al., 2003). Filters were analyzed for
LG in batches of approximately 20 filters. In each
batch, two laboratory blanks and four spiked



ARTICLE IN PRESS
J. Jimenez et al. / Atmospheric Environment 40 (2006) 639–650642
samples (with d7-levoglucosan in the extracts) were
analyzed. The overall recovery based on the spiked
samples was 75711%. The analytical precision
based on 10–15% of samples analyzed in duplicate
was 24%. Among the 104 samples analyzed for LG,
nine samples were below the limit of detection
(LOD�1.4 ngm�3) and two samples had fatal
analytical errors (unacceptably low recoveries, fail-
ure to derivatize, or chromatographic interferences).

2.5. Data analysis

The collected data for PM, gaseous pollutants,
and particulate carbonaceous species at the central
site were tested for normality and non-normally
distributed data were conformed using the Box–Cox
conformation (Box and Cox, 1964). Statistical
differences between episode and non-episode peri-
ods in pollution levels were tested using a one-tailed
two-sample t-test. Source apportioned PM2.5 mass
concentrations (described below) were also com-
pared between the episode and non-episode periods.
Data used for source apportionment analysis were
subjected to several constraints and consistency
checks. HI2.5 measurements were compared to those
from the TEOM2.5 and to the reconstructed fine
mass (RCFM), which is defined as the sum of the
individual components of fine PM fractions from
each chemical analysis; i.e. OC, EC and inorganic
elements (Malm et al., 1994)

RCFM ¼ 1:6½OC� þ ½EC� þ ½sulfate� þ ½nitrate�

þ ½soil� þ ½others�, ð1Þ

where the brackets denote mass concentrations
(mgm�3) of each component. ‘‘Soil’’ corresponds
to the sum of elements predominately associated
with soil (Fe, Al, Si, Ca, and Ti), plus oxygen for the
oxidized state of these elements (AL2O3, SiO, CaO,
FeO, Fe2O3, TiO2).

Soil ¼ 2:20½Al� þ 2:49½Si� þ 1:63½Ca� þ 2:42½Fe�

þ 1:94½Ti�. ð2Þ

‘‘Others’’ represents all other elements that were
analyzed. RCFM was calculated for all 12-h
samples based on the XRF and EC/OC results
and compared to the observed HI2.5 mass concen-
tration.

For source apportionment, we used the US EPA’s
Chemical Mass Balance receptor model Version 8
(CMB) (Watson et al., 2001). The inputs to the
CMB model were the PM2.5 chemical composition
data, the mass fraction of the chemical species in the
source profiles, and the uncertainties of individual
species. Chemical species with large uncertainties
have less influence in the solution because in the
fitting procedure they are not weighed as much as
those more precisely measured species or unique
tracers. The sources of PM2.5 selected in the CMB
model included airborne dust (soil), vegetative
burning smoke, secondary sulfate aerosol, vehicular
traffic, and cooking fumes. The soil and sulfate
aerosol profiles were derived from the Spokane dust
profile (Core, 1982) and a previous source appor-
tionment study in Spokane (Kim et al., 2003). The
vegetative burning smoke profile was derived from a
previous source apportionment study in Spokane
(Hoffman, 2002) and other documented studies of
emission factors for wood smoke reporting LG
(Oros and Simoneit, 2001a; Oros and Simoneit,
2001b). We also included profiles documented in the
receptor model source composition library (US
EPA-450/4-85-002) for vehicular traffic (Cass and
McRae, 1981) and cooking fumes (Hildemann et al.,
1991). The chemical tracers considered for modeling
were Al, Br, Ca, Cl, Cu, OC, EC, Fe, K, Mn, S, Si,
SO4, Ti, Zn and LG. We excluded other elements
with more than 70% samples below detection limit.

In addition to the CMB model, we also applied
the positive matrix factorization model (PMF)
for source apportionment. The PMF model is a
statistical model that adopts a weighted least-
squares approach to solve the factor analysis
problem and does not require prior knowledge of
the source profiles (Paatero, 1997). We followed the
procedure of Polissar et al. (2001) and Maykut et al.
(2003) to generate the PMF model inputs and assign
uncertainties to each measurement. We examined
both a three-source (3S) and a four-source (4S)
model, and tested various FPEAK parameters,
ranging from �0.8 to 0.8 with increments of 0.1
(Paatero, 1997; Maykut et al., 2003). The ‘Q values’
indicated that FPEAK values between �0.4 and 0.1
provided the optimum solutions for both models.
After the source contribution factors were deter-
mined by PMF, they were re-scaled by regressing
them against the corresponding PM2.5 mass con-
centrations to obtain both the source-specific PM2.5

mass contributions and mass fraction based source
profiles. The 4-source PMF model identified one
more source, ‘‘others,’’ in addition to the three
identified by the 3-source PMF model. However,
the use of PMF in this study is limited by the small
sample size (N ¼ 123). When we forced the PMF to
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produce four sources, we artificially introduced
errors. The 3-source PMF model results provided
results that were more consistent with the CMB
results than the 4-source PMF model, so the 4-
source model was not analyzed further.

3. Results and discussion

3.1. Air quality measurements

The TEOM2.5, TEOM10, and nephelometer data
(September 2002–October 2002) are shown in
Fig. 1. During several episodes, TEOM2.5 measure-
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Table 3

Summary of statistics for the 12-h integrated PM samples at the central site during the 2-month study period

Species Day Night

Mean Median Min Max N Mean Median Min Max N

1HI2.5
++ 10.0 9.6 2.9 21.9 58 13.0 11.3 2.1 31.0 59

1OC 3.8 3.6 1.1 7.1 56 3.9 3.77 1.0 7.8 57
1EC 0.4 0.2 0.0 3.3 56 0.5 0.4 0.0 1.9 57
2LG++ 50 31 2 327 45 96 76 3 318 50
2Si++ 413 361 20 2088 60 996 967 13 2721 63
2Al++ 137 121 0 692 60 363 313 0 958 63
2S++ 252 252 68 675 60 206 177 62 416 63
2Ca++ 77 71 4 333 60 210 148 0 533 63
2K++ 83 71 19 254 60 121 118 13 287 63
2Na 46 30 0 315 60 52 20 0 272 63
2Mg++ 12 3 0 87 60 38 19 0 186 63
2Ba 6 0 0 44 60 8 0 0 64 63
2Zn+ 6 4 0 28 60 8 6 0 31 63
2Cl 6 2 0 72 60 7 4 0 45 63

1Units of mass concentration in mgm�3.
2Units of mass concentration in ngm�3.
+po0:05; ++po0:01.

Table 2

Summary of statistics for PM and gaseous pollutant observations at the central site during the 2-month study period

Parameter TEOM10

(mgm�3)
TEOM2.5

(mgm�3)
Neph PM2.5

(mgm�3)
CO (ppm) NOx (ppb) CO2 (ppm)

Mean 40.5 13.6 11.3 0.51 34.9 465

Standard deviation 38.8 9.4 8.0 0.56 38.1 29

25 Percentile 16.2 6.8 4.9 0.09 9.8 438

Median 28.6 11.4 9.3 0.32 20.1 464

75 percentile 51.9 17.8 15.9 0.71 45.5 483

Observations (N) 2684 1872 2788 784 2857 2841

Frequency PM2.5440mgm�3 — 38 9 — — —

30-min average integration time.
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respectively, with TEOM2.5 exceeding 40 mgm�3 for
38 30-min periods, while the nephelometer recorded
9 30-min periods exceeding 40 mgm�3. The discre-
pancy in peak values between TEOM2.5 and
nephelometer is discussed later. Note that there
were only four exceedances recorded by the
nephelometer located near downtown Pullman
(Table 1). The difference in the number of
exceedances between the downtown and WSU sites
could be due partially to the spatial variation. The
DOE site was located in a residential area (�1 km
away from the WSU site) with less vehicular traffic
and facing a different direction relative to our
central site. The DOE site was also slightly higher
than the WSU site, which may result in lower
concentrations (Wu et al., 2004).

Table 3 summarizes the 12-h integrated PM2.5,
OC, EC, LG, and trace element concentrations. The
mean nighttime values were higher than the daytime
values for PM2.5 (po0:01), LG (po0:01) and for Si,
Al, S, Ca, K and Mg (po0:01). These differences
could be due to the effect of nighttime inversions
with limited vertical mixing and/or nighttime
residential wood burning. However, based on
the 2000 census data, there were only 30 (0.3%)
homes in Pullman using wood as heating source.
The regression analysis between RCFM and
HI2.5 (intercept ¼ 0.31, slope ¼ 0.93, R2 ¼ 0:89,
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N ¼ 123) showed a good consistency between the
reconstructed PM2.5 and the actual gravimetric
PM2.5 mass concentrations. Our LG measurements
(mean ¼ 74 ngm�3, range 2–327 ngm�3) were com-
parable to measurements obtained in Israel, mean
�73 ngm�3 (Graham et al., 2004) and higher than
those observed in Brazil during rice and sugar cane
crop burning, 1.65–7.45 ngm�3 (Santos et al., 2004)
and 0.15–28.42 ngm�3 (Santos et al., 2002), and
Nigeria, 0.04–3.3 ngm�3 (Stanley and Simoneit,
1990; Simoneit et al., 1988). However, our observa-
tions were lower than those detected in US
urban areas, 280–4860 ngm�3 and 200–1200 ngm�3

(Simoneit et al., 1993, 1999; Nolte et al., 2002;
Fraser and Lakshmanan, 2000), and far below those
observed during severe episodes of biomass smoke
pollution from agricultural slash and burning in
Southeast Asia, 1400–40,240 ngm�3 (Radzi Bin
Abas et al., 2004). To date, there have not been
specifically reported LG levels from wheat stubble
burning. Thus, the differences between our observed
LG levels and others could also be due to the type of
wood/crops burned.

The correlations between air pollutants are
summarized in Table 4. The Pearson’s correlation
coefficients, which were consistent with the Spear-
man’s coefficients were high for the TEOM10 and
TEOM2.5 (r ¼ 0:84), TEOM2.5 and HI2.5 (r ¼ 0:82),
and Neph and HI2.5 (r ¼ 0:81). The lower Pearson’s
correlation between the 30-min average Neph and
TEOM2.5 (r ¼ 0:71) was due to the observed low
concentrations, shorter averaging time, and the fact
that the aerosol characteristics and the particle
scattering efficiency could differ during these
episodes (Liu et al., 2002). The differences found
between the TEOM2.5 and HI2.5 mass concentration
could be due to the higher uncertainties at low
PM2.5 concentrations and a possible overestimation
on TEOM2.5 equipped with a URG cyclone (Moore
and McFarland, 1993). During a performance study
under different loading conditions, it was reported
that the URG type cyclone had a very shallow
particle size selection curve and was likely to
overestimate PM2.5 concentrations when sampling
coarse aerosols (Kenny, 1998). With a significant
contribution of dust aerosols in our study area, this
inlet artifact may partially account for the difference
found between the TEOM2.5 and the HI2.5.

NOx, OC and LG were also correlated with HI2.5
(r40:47, po0:01), suggesting that some of the
PM2.5 was related to vegetative combustion sources.
Concentrations of EC and CO2 during episodes
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were not different from those during non-episode
periods and also showed the least correlations
with other parameters. We did not find a strong
correlation (r ¼ 0:27, po0:05) between humidity
and PM, nor for wind speed and apportioned
airborne dust (r ¼ �0:37, po0:05). We had ex-
pected contribution of airborne dust from adjacent
fields and from roads (vehicular traffic) at low
relative humidity and high wind speed under the
right wind direction. This negative correlation
between wind speed and airborne dust showed that
not necessarily all observed dust was suspended in
the air due to the effect of wind.
Fig. 2. Source profiles selected for CMB and predicted by 3 s PMF ana

the 2 months study.

Table 5

Summary of average source contributions to fine particle mass concen

Average source contribution in Spokanea Kim et al. (2003) Average

Mass contribution PMF Mass con

(mgm�3) %

Vegetative burning 5.2870.14 44 Vegetativ

Airborne soil 1.0170.04 8 Airborne

Sulfate aerosol 2.3070.04 19 Sulfate a

Motor vehicle 1.2970.04 11 Motor ve

Nitrate aerosol 1.0470.05 9 Cooking

Chlorine-rich 0.6870.03 6 Unexplai

Metal processing 0.2970.01 3

aThe Spokane study was conducted from 1995 through 1997, and P
bPMF estimates and standard deviation, (N ¼ 123).
3.2. Source apportionment

3.2.1. CMB model

Fig. 2 shows the chemical profiles for the five
sources used in the CMB model. LG was used as a
unique tracer for vegetative burning smoke to allow
for a better separation from other combustion
sources. The average PM2.5 contribution from air-
borne soil was 4.6mgm�3 (38%); from vegetative
burning 4.0mgm�3 (35%); from sulfate aerosol
2.2mgm�3 (20%); from vehicular traffic 0.2mgm�3

(2%); from cooking 0.1mgm�3 (1%); and 0.4mgm�3

(4%) from unexplained sources. Table 5 summarizes
lysis for the samples collected at the central site in Pullman during

tration found in Spokane and Pullman

source contribution in Pullman

tribution CMB bPMF

(mgm�3) % (mgm�3) %

e burning 3.9670.13 35 1.8171.57 17

soil 4.5570.03 38 6.2075.22 57

erosol 2.2270.06 20 2.8272.14 26

hicle 0.1970.01 2 — —

0.1270.04 1 — —

ned 0.4270.24 4 — —

MF was used for source apportionment.



ARTICLE IN PRESS

Sulfate aerosol
slope=1.69, intercept= −0.87

r = 0.88 

0

5

10

15

0 10 15

CMB (µg/m3)

PM
F 

3S
 (

µg
/m

3 )

Airborne soil
slope=1.43, intercept= −0.15

r = 1.00 

0

5

10

15

20

0 10

CMB (µg/m3)

PM
F 

3S
 (

µg
/m

3 )

Vegetative burning
slope=0.46, intercept= −0.06

r = 0.70 

0

5

10

15

0 10 15

CMB (µg/m3)

PM
F 

3S
 (

µg
/m

3 )

5

20

5

Fig. 3. Correlation between CMB and PMF 3S apportionment

for the major sources of fine PM in Pullman.
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the average source contributions to fine aerosol mass
concentrations in this study and compares our
results with those from a source apportionment
study in Spokane (Kim et al., 2003), which is a larger
city approximately 120km north of Pullman. The
average CMB vegetative burning PM2.5 was slightly
higher in Spokane than Pullman. However, the
average airborne soil PM2.5 observed in Pullman was
four times larger than that in Spokane. This is
probably due to the numerous unpaved roads
surrounding Pullman. In addition, the contribution
of PM2.5 from vehicles was greater in Spokane than
in Pullman, which is consistent with the greater
amount of vehicular traffic in Spokane. The average
contribution of sulfate aerosol to PM2.5 was similar
in both cites, suggesting a regional source of sulfate
aerosol. During the study we found a significant
inverse correlation (r ¼ �0:6, po0:01) between LG
and ambient temperature, which could be due to
limited atmospheric mixing or more frequent re-
sidential wood burning at lower temperatures. Note
that we could not distinguish LG emitted from
residential wood burning from that emitted by
agricultural burning.

3.2.2. PMF modeling results

The 3-source PMF model identified vegetative
burning, windblown dust, and secondary sulfate
sources, with similar source profiles (shown as grey
bars in Fig. 2) to those used in the CMB analysis.
This suggests that the CMB source profiles, which
were compiled from studies in nearby cities, were
suitable for the Pullman airshed. Note that LG was
a significant component in only one profile (vege-
tative burning) in the PMF modeling results,
supporting the use of LG as a unique tracer for
vegetative burning. The source-specific PM2.5 mass
concentrations estimated from the two models
(PMF and CMB) were highly correlated (po0:01),
with a Pearson’s correlation coefficient of 0.70, 1.00
and 0.88 for vegetative burning, windblown
dust, and secondary sulfate contributions respec-
tively (Fig. 3). However, when compared to CMB
estimates, the PMF apportioned PM2.5 mass con-
centrations were consistently lower (�46% lower)
for vegetative burning and higher for airborne soil
(�40% higher) and sulfate aerosol (�70% higher).
This discrepancy could be explained by the slight
differences in the relative proportion of tracers in
source profiles resulting from literature values
(CMB) and statistics (PMF). For further analysis,
we chose the CMB estimates over the 3-source PMF
results due to the sample size constraints for
PMF (relatively small size N ¼ 123) (Henry,
2002). Ultimately, the PMF results served as an
independent method to further confirm the CMB
results through the similarity of source profiles,
identification of LG as a unique tracer for biomass
burning, and high correlations of source estimates
between the two methods.

3.3. Episode calls

Table 6 compares pollutant concentrations dur-
ing episodes (16.878.6 mgm�3) vs. non-episode
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Table 6

Summary of results comparing (t-test*) air pollution measurements and estimates between real episode (regardless of declaration) and non-

episode (including sham) days

Variable All episodes **Mean7SD (N) Non episodes**Mean7SD (N)

Neph PM2.5 (mgm
�3) 16.7678.63 (1442) 10.3078.79 (7119)

LG (ngm�3) 1067115 (19) 59770 (86)

NOx (ppb) 42.33743.31 (461) 33.94737.01 (2370)

CO2 (ppm) 470736 (483) 463730 (2362)

OC (mgm�3) 4.7571.94++ (24) 3.1471.48 (94)

EC (mgm�3) 0.5970.53++ (24) 0.4170.53 (94)

Vegetative burning (mgm�3) 5.2272.96++ (19) 2.9771.80 (78)

Airborne soil (mgm�3) 6.9273.86 (19) 2.8372.73 (78)

Sulfate (mgm�3) 2.4170.75++ (19) 2.2171.13 (78)

Vehicles (mgm�3) 0.2270.19++ (19) 0.1570.17 (78)

Cooking (mgm�3) 0.0970.19 (19) 0.1170.29 (78)

*t-Test applied to normal or log-normal distributed data.**Original data.+po0:05; ++po0:01.
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days (10.578.5 mgm�3), including the sham episode
(4.974.0 mgm�3). By definition, the continuous PM
observations from the nephelometer were higher
during all episodes than those during non-episode
days. LG, NOx, CO2 and OC were also higher
during episode than non-episode days, with or
without controlling for temperature using ANOVA.
The CMB-estimated source contributions for epi-
sode vs. non-episode days are also shown in Table 6.
PM from vegetative burning was significantly higher
during episode days (5.2 mgm�3) than non-episode
days (3.0 mgm�3). However, we found a larger
contribution of PM2.5 from soil during episode
(6.9 mgm�3) than non-episode days (2.8 mgm�3). As
expected, PM from other sources (secondary
sulfate, vehicle, and cooking) did not differ between
episodes and non-episode days.

This study was conducted during the fall dry
season, which also experienced enhanced dust
intrusion from nearby roads and adjacent fields
upwind of Pullman. Thus, it was likely that the real-
time PM2.5 measurements were enhanced by both
the presence of airborne soil dust and vegetative
burning smoke. Although if an episode declaration
was based solely on the criterion of exceeding a
threshold PM2.5 value of 40 mgm�3, the mass
measurements alone could not distinguish the soil
from the biomass burning contribution. We also
analyzed the effects of burn calls and total acreage
burned during episode vs. non-episode days. These
attempts failed because of the difficulties in collect-
ing burn calls in the region across two states and
inaccurate records of acreages burned. We also
conducted back trajectory analyses to track move-
ment of the air mass during episodes but encoun-
tered similar difficulties in locating the exact field
burn sites on any specific day.

4. Conclusions

This study characterized the air quality in Pull-
man, WA during the 2002 fall burning season. We
found that the average PM2.5, OC and EC
concentrations in Pullman were very similar during
the daytime and nighttime, while LG was signifi-
cantly higher during the nighttime due to trapping
inversions and/or possibly residential wood burn-
ing. Good correlations between PM2.5 and NOx as
well as with OC, LG and HI2.5 suggested that some
of the observed PM2.5 originated from combustion
sources upwind of the monitoring site.

Vegetative burning was found to be the second
largest source of PM2.5 (35%), after airborne soil
(38%). Our CMB results were consistent with those
found previously in Spokane, WA. In addition, the
a priori CMB source profiles were similar to those
identified by the PMF algorithm. Furthermore, the
source-specific PM2.5 mass concentrations estimated
by CMB were highly correlated with the contribu-
tions from the subset of sources identified by PMF.
The PMF results confirmed that the CMB source
profiles compiled from studies in other nearby cities
were applicable to the Pullman airshed.

In this study, four smoke episodes were identified.
LG, NOx, CO2, OC, and apportioned biomass
burning PM2.5 were higher during episode com-
pared to non-episode days. EC was not considerably
elevated during the episode periods. On the other
hand, airborne dust also showed elevated levels
during the defined field burning episodes. PM2.5
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measurements alone could not be used to distin-
guish biomass combustion contribution from soil
contribution during these episodes because the
study was conducted in the dry season with soil
enhancement.
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