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Abstract. We provide a regional characterization of coarse lar seasonal, weekly, and diurnal pattern; the temporal allo-
particulate matter (PM_25) spanning the western United cations in the modeling system need improvement. CMAQ
States based on the analysis of measurements from 50 siteloes not include organic materials in P> s; however,
reported in the US EPA Air Quality System (AQS) and speciation measurements show that organics constitute a sig-
two state agencies. We found that the observed Pk nificant component. The results improve our understanding
concentrations show significant spatial variability and dis- of sources and behavior of Rl » 5 and suggest avenues for
tinct spatial patterns, associated with the distributions of landfuture improvements to models that simulate 13M s emis-
use/land cover and soil moisture. The highest concentrationsions, transport and fate.

were observed in the southwestern US, where sparse vege-
tation, shrublands or barren lands dominate with lower soil
moistures, whereas the lowest concentrations were observed

in areas dominated by grasslands, forest, or croplands witd Introduction

higher surface soil moistures. The observediRMs con-

centrations also show variable seasonal, weekly, and diurconcentrations of atmospheric particulate matter (PM) are
nal patterns, indicating a variety of sources and their relativecurrently regulated by the US Environmental Protection
importance at different locations. The observed results werd‘gency (EPA) with National Ambient Air Quality Standards
compared to modeled Pid. 25 concentrations from an an- (NAAQS) for both PMs (fine particles; particulate mat-
nual simulation using the Community Multiscale Air Quality ter with a diameter less than 2.5um) and BMparticu-
modeling system (CMAQ) that has been designed for regulate matter with a diameter less than 10 urjtd://www.
latory or policy assessments of a variety of pollutants includ-€pa.gov/air/criteria.htipl In the United States, there is an
ing PMyo, which consists of PNy_25 and fine particulate annual average standard and a 24-h average standard for
matter (PM.s). The model under-predicts P25 obser- ~ PMzs. The 3-yr average of the annual mean f3Vcon-
vations at 49 of 50 sites, among which 14 sites have annugfentrations must not exceed 15.0 uginand the 3-yr av-
observation means that are at least five times greater tha@fage of the 98th percentile of 24-h concentrations at each
model means. Model results also fail to reproduce their SIOapopulation-oriented monitor within an area must not exceed
tial patterns. Important sources (e.g. pollen, bacteria, fungaB5 Mg NT>. The 24-h average P concentration standard of
spores, and geogenic dust) were not included in the emis}50 Hg nT2 must not be exceeded more than once per year on
sion inventory used and/or the applied emissions were greatlfiverage over 3yr. The European Community also regulates
under-estimated. Unlike the observed patterns that are mor@tmospheric particulate matter with legal limit values (e.g.

complex, modeled PM_» 5 concentrations show the simi- daily limit value of 50 ugm?® for PMio) under Directive
2008/50/EC of the European Parliament and of the Council
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of 21 May 2008 on ambient air quality and cleaner air for Eu- of PM1g_25 in a few US cities including Los Angeles, CA
rope fttp://ec.europa.eu/environment/air/quality/legislation/ (Pakbin et al., 2010), Detroit, Ml (Thornburg et al., 2009),
existingleg.htn). Rochester, NY (Lagudu et al., 2011), and Denver and Gree-
Airborne PMg consists of both fine particles (M) and ley, CO (Clements et al., 2012). However, little research has
coarse particles (PM_25; particulate matter with a diam- investigated the spatial and temporal variability of B\ 5
eter between 2.5 and 10 um). Therefore, to meet thggPM concentrations at a regional scale, or the relationships be-
standards, not only Pp% but PMyg_» 5 concentrations need tween concentrations and land use/land cover and soil mois-
to be controlled. Moreover, recent epidemiological and tox-ture dependent on geographical location.
icological studies show that Pjgl o5 concentrations have Accurate PMg_25 modeling tools are needed by both
been linked to mortality (e.g. Malig and Ostro, 2009; Perezthe scientific community and regulatory agencies for miti-
et al., 2008; Zanobetti and Schwartz, 2009) as well as resgation strategy development and health effect assessments.
piratory and cardiovascular morbidity (Branis et al., 2010; PMjo_25 is simulated as part of the US EPAs Commu-
Brunekreef and Forsberg, 2005; Host et al., 2008; Sandstromity Multiscale Air Quality (CMAQ) modeling system (Byun
and Forsberg, 2008; Zhang et al., 2002). and Schere, 2006). However, the model performance for
In addition to health impacts and legal regulations, atmo-PMig_25 has not been explicitly assessed because over the
spheric particles can considerably affect climate directly bypast decade both PM model and measurement studies have
influencing incoming and outgoing radiation, and indirectly primarily focused on PMs. CMAQ and other chemical
by serving as cloud condensation nuclei (CCN) and ice nutransport models have been primarily assessed for their per-
clei (IN), influencing the formation and lifetimes of clouds formance for PM s or PM;g (Baldasano etal., 2011; Chuang
and precipitation as well as atmospheric chemistry (DeMottet al., 2011; Foley et al., 2010; Konovalov et al., 2011; Lonati
et al., 2003; Koehler et al., 2009; Krueger et al., 2004; Ku-et al., 2010; Sokhi et al., 2008; Wang et al., 2008). Yet, since
mar et al., 2009, 2011; Solomon et al., 2007; Wang et al.fine and coarse particles have different sources as well as
2007; Wurzler et al., 2000). Aerosols can also affect biogeo-different chemical composition and potential health effects,
chemical cycles, which can alter carbon fluxes and furtherthey should be considered as separate classes of pollutants as
interact with climate, by influencing physical environment suggested by Wilson and Suh (1997) and assessed individu-
(e.g. diffuse radiation, precipitation and temperature) and byally.
depositing nutrients (e.g. nitrogen, phosphorous, and iron) or Given the importance of coarse particles for air quality, cli-
toxins (e.g. copper) to ecosystems (Mahowald, 2011; Paymate, and human health risk assessments, improvements to
tan et al., 2009). The indirect effects of aerosols on climateour knowledge of the sources and characteristics of Pivk
are very uncertain (Mahowald, 2011; Solomon et al., 2007).are essential. In this paper, we investigate the temporal and
PMi0-25 components (e.g. sea salt and soil dust) contributespatial patterns of measured Mo 5 concentrations in the
considerably to global aerosol mass, optical thickness, anavestern United States. The results of this analysis provide in-
surface particle concentrations (Birmili et al., 2008; Textor et sights to the sources and fate of Fj\ 5 and motivate more
al., 2006). Therefore, to better quantify the effects of atmo-accurate models that describe RM 5 emissions, transport,
spheric particles, the characteristics of not only fine particlesand atmospheric concentrations.
but coarse particles need to be understood.
While PMp 5 is primarily emitted from combustion pro-
cesses or formed in the atmosphere through chemical re3 Methods
actions and gas-to-particle conversion processes,oPM
predominantly originates from abrasive mechanical pro-This study was carried out using both observations and model
cesses, with sources such as geogenic dust, sea salt, dsinulations for an entire year (2005) over a domain that cov-
from construction activities, tire wear, brake wear, and or-ers the western United States (see Fig. 1).
ganic bioaerosols such as bacteria, pollen and fungal spores
(Edgerton et al., 2009; Harrison et al., 2001; Kelly et al., 2.1 Measurement data
2010; Malm et al., 2007; Sesartic and Dallafior, 2011; Zhu
et al., 2009). Controlling variables on these sources includéVhile abundant ambient PM and PM mass concentra-
land use, land cover, and environmental conditions (e.g. temtion data are available, direct measurements of;Rks
perature, soil moisture, snow/ice cover, wind speed). Someénass concentrations are very limited. Therefore, our study
of these sources are a result of natural processes (e.g. win@btained co-located measurements ofignd PM 5. We
blown dust in a desert), while others are more closely tied toobtained all available observed hourly-averaged;f&hd
human activities (e.g. construction). Additionally, P> s PM2 5 concentration data in the western United States (see
has a higher deposition velocity, i.e., shorter atmospheric resFigs. 1 and 2) for 2005 from the Air Quality System
idence time, than Plk. These combined facts mean that (AQS) datamart Ittp://www.epa.gov/ttn/airs/agsdatamprt/
PMio-25 will have different spatial and temporal variabil- and from two state agencies. From the AQS, we obtained
ity than PM 5. Recent studies investigated the characteristicshourly co-located Py and PM s concentration data for
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Fig. 1. Map of monitoring locations and land use/land cover in the study domain (sites having hourly data are represented with black plus

symbols, and black circles represent sites having daily data).
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Fig. 2. Measured annual mean RW » 5 concentrations at mea-

surement sites in the western United States.
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agdcd/aqdcddld.htinand Denver, CO (AQS Site Number:
080310002) from Colorado Department of Public Health and
Environment (B. L. Rink, personal communication, 2011).
These 25 sites are shown as plus symbols in Fig. 1 (also de-
scribed in Table 1). To fill spatial gaps of hourly data, we
obtained daily measurements (24-h filter samples) from the
AQS for an additional 25 sites in the domain, shown as cir-
cles in Fig. 1 (also described in Table 1). The 24-h measure-
ments were taken every three days at two sites (Riverside site,
CA, AQS Site Number of 060830011 and Salt Lake City,
Utah, AQS Site Number of 490353006), and every 6 days
at the other sites. Details of all measurement sites, including
associated environmental conditions output from the Penn-
sylvania State University/National Center for Atmospheric
Research Mesoscale Meteorology Model (MM5) (i.e. hourly
average temperature, wind speed, and surface soil moisture),
are presented in Table 1. The concentrations ofiMs
were calculated as the difference between co-locategyPM
and PM s concentrations at all hourly and daily sites.

2.2 Model simulations

23 sites. Co-located hourly measurements from two addi-

tional sites were obtained from state agencies: Santa Barfo obtain insights for regional PM-25 modeling, model
bara, CA (AQS Site Number: 060830011) from the Cal- simulations were carried out for the western United States.
ifornia Air Resources Boardhtp://www.arb.ca.gov/aqd/ The Community Multiscale Air Quality (CMAQ) modeling
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Table 1. Details of measurement sites.

Hourly Hourly Wind Speed Hourly Soil Moisture
TemperatureC) (ms™1 (top Lcm) (M m~3)

Site Name AQS Site ID  Latitude Longitude Mean 5th  95th Mean 5th  95th Mean 5th  95th
Mexicali, CA 60250005 32.676 —115.483  23.1 89 412 287 057 696 007 003 0.15
NW Phoenix, AZ 40130019 33.484 —112.143 221 78 387 197 031 427 008 002 0.35
N Phoenix, AZ 40139997 33.504 —112.096 22.1 78 387 197 031 427 008 002 0.35
E Scottsdale, AZ 40137020 33.488 —111.856  21.5 83 367 281 066 59 011 0.04 040
Bakersfield, CA 60290014 35.356 —119.040 19.4 83 360 207 038 463 008 002 0.29
Las Vegas, NV 320030561 36.164 —115.114  18.8 53 353 322 049 728 010 0.03 0.26
Visalia, CA 61072002 36.332 —119.290 18.5 73 36.7 219 057 460 0.09 0.02 0.36
Fresno, CA 60190008 36.781 —119.772 18.4 69 365 229 040 476 0.09 001 0.34
Riverside, CA 60658001 34.000 —117.416 18.1 87 315 286 049 7.23 0.12 0.03 0.27
El Paso East, TX 481410055 31.747 —-106.403  18.1 44 328 340 085 7.32 0.09 0.03 0.30
N Chico, CA 60070002 39.758 —121.842 17.8 63 361 297 059 664 013 002 043
El Paso North (Anthony), NM 350130016 32.004 —106.599 17.8 49 315 314 075 696 011 0.03 0.24
El Pasol, TX 481410037 31.768 —106.501 17.7 44 317 344 087 727 010 0.03 0.30
El Paso West, NM 350130017 31.796 —106.558 17.7 44 317 344 087 71.27 0.10 0.03 0.30
Los Angeles, CA 60371103 34.067 —118.227 17.7 98 307 169 024 371 011 0.02 0.32
East San Diego, CA 60730003 32.791 -116.942 17.6 98 297 215 033 463 011 0.04 0.36
Anaheim, CA 60590007 33.831 —117.938 174 98 299 166 025 372 012 0.02 0.27
Nogales, AZ 40230004 31.337 —110.937 17.1 36 321 343 097 7.07 0.08 0.03 0.34
North San Diego, CA 60731002 33.128 —117.075 17.1 93 294 222 031 522 0.09 0.02 0.32
North Riverside, CA 60712002 34.100 —117.492 17.0 79 294 344 044 998 0.12 0.03 0.27
Modesto, CA 60990005 37.642 —-120.994 16.9 6.0 340 313 069 663 010 0.02 0.29
East Sacramento, CA 60670006 38.614—-121.367 16.5 52 346 227 048 466 012 0.02 044
East Sacramento, CA 60670006 38.614—-121.367 16.5 52 346 228 048 467 012 0.02 044
Santa Barbara, CA 60830011 34.428—119.690 16.4 81 278 262 037 564 011 004 0.36
South Sacramento, CA 60670010 38.558—121.492 16.4 49 342 255 051 527 011 0.02 043
East Simi Valley, CA 61112002 34.278 —118.685  16.3 77 299 418 070 1133 013 0.04 041
San Jose, CA 60850005 37.349 -121.895  15.0 57 296 221 041 458 013 0.04 041
Albuquerque South, NM 350010029 35.017 —106.657 14.1 03 299 286 052 6.66 0.15 0.03 0.26
Albuquerque East, NM 350010019 35.107-106.564 139 -0.2 301 252 057 541 0.09 0.02 0.25
Albuquerque North, NM 350011013 35.193 -106.614 132 -11 296 272 061 631 013 0.04 0.38
Denver, CO 80310002 39.751 —-104.988 114 -55 306 273 0.63 6.07 018 0.07 0.46
N Portland, OR 410510246 45.561 —122.679 11.3 11 239 279 057 594 024 0.05 047
Sandoval, NM 350439004 35.615 -106.724 113 -3.0 278 399 109 831 018 0.05 042
South Seattle, WA 530332004 47.386 —122.232 10.9 0.7 229 222 051 447 021 004 0.38
Seattle, WA 530330057 47.563 —122.341 10.9 02 229 221 044 453 020 0.05 045
S Salt Lake City, UT 490494001 40.341 —111.714 108 -06 226 418 112 7.72 100 100 1.00
Badlands, SD 460710001 43.746 —101.941 105 —-125 298 415 122 841 016 0.06 0.46
N Salt Lake City, UT 490110004 40.903 —111.884 99 -53 285 319 082 557 0.21 0.04 0.49
Rapid City, SD 461030020 44.087 —103.274 98 -118 284 444 115 9.80 0.16 0.06 0.45
Salt Lake City, UT 490353006 40.736 —111.872 97 —-64 286 300 077 549 020 0.04 045
Spokane, WA 530630016 47.661 —117.358 92 -82 270 255 050 550 017 0.04 0.49
Wind Cave National Park, SD 460330132 43.558-103.484 91 -93 268 360 075 741 016 0.05 045
Reno, NV 320310016 39.525 —119.808 90 -33 267 310 079 647 015 0.02 044
Coeur D'Alene, ID 160550006 47.682 —116.766 83 —-81 252 284 080 582 026 006 049
NW Pocatello, ID 160770011 42.913 —112.536 76 -99 267 336 080 649 023 003 045
Pinehurst, ID 160790017 47.536 —116.237 69 -95 234 282 084 540 029 0.08 049
Overlook, ND 380530002 47.581 —103.300 6.6 —18.0 257 444 159 839 0.21 0.06 045
Fargo, ND 380171004 46.934 —96.855 5.7 —227 268 417 123 847 026 0.06 0.48
Crop&River, ND 380130002 48.990 —102.782 48 —-19.1 245 437 153 8.14 0.24 0.05 048
Thompson Lake, ND 380130004 48.642 —102.402 47 -193 236 490 175 8.87 0.25 0.06 0.45

system v4.7.1 (Byun and Schere, 2006; Foley et al., 2010Carbon-Bond 05 (CBO05) gas phase chemistry mechanism
was used to simulate the transport and chemistry of atmo{Sarwar et al., 2008; Whitten et al., 2010), aqueous phase
spheric gases and particles. The model configuration inchemistry for sulfur and organic oxidation (Carlton et al.,
cluded the AEROS aerosol module having secondary organi008), and sea salt treatment (Kelly et al., 2010). The CMAQ
aerosol treatment for fine particles (Carlton et al., 2010),aerosol module represents PM in three lognormal modes: the
ISORROPIA inorganic chemistry (Nenes et al., 1999), theAitken (“I” mode) with diameters up to about 0.1 um, the
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Table 2. Summary of statistical analyses of measured and modele@ PM concentrations.

Site Name Number of Measured Ryl o 5 Modeled PMg_2 5 Ratio of Measured to
Samples (g m3) (Mg m3) Modeled PMg_2 5
Mean 5th 95th CV Mean 5th 95th CV Mean 95th CV
South Seattle, WA 8675 90 00 253 10 19 04 42 07 4.8 6.1 1.5
El Pasol, TX 8664  25.2 1.3 806 15 78 13 240 1.0 3.2 34 16
El Paso North (Anthony), NM 8642 348 44 962 15 184 3.0 49.0 0.8 1.9 20 18
Seattle, WA 8622 148 03 380 1.0 22 05 47 06 6.8 80 16
Fargo, ND 8606 121 26 346 1.0 6.1 09 16.8 0.9 20 21 1.2
Thompson Lake, ND 8605 6.7 1.7 177 1.0 1.8 03 49 09 36 36 11
Crop&River, ND 8508 8.1 12 220 1.0 33 04 89 09 24 25 11
Coeur D’Alene, ID 8478 86 00 260 15 53 11 140 038 1.6 19 18
Albuquerque East, NM 8471 100 00 277 1.2 81 15 201 0.8 1.2 14 16
El Paso West, NM 8455 348 24 1188 1.9 78 13 240 1.0 4.5 50 2.0
Albuquerque South, NM 8447 218 00 688 1.6 119 19 301 0.8 1.8 23 20
Wind Cave National Park, SD 8432 28 0.0 89 14 06 01 16 09 4.7 55 1.6
Albuquerque North, NM 8375 177 00 573 14 108 18 263 0.7 1.6 22 19
Spokane, WA 8286 159 00 526 16 41 06 11.0 0.9 39 48 19
Rapid City, SD 8268 284 04 1095 15 44 09 125 0.9 65 88 17
Badlands, SD 8259 49 0.0 145 15 08 01 21 038 6.4 70 18
Sandoval, NM 8099 314 00 1184 15 47 08 127 0.8 6.7 9.3 1.8
Denver, CO 8036 120 00 331 1.0 6.2 12 168 0.8 1.9 20 1.2
Overlook, ND 7996 6.1 1.0 155 0.9 1.0 02 26 09 6.3 59 1.0
NW Pocatello, ID 7928 14.3 0.0 51.7 2.0 36 0.7 111 1.1 4.0 4.7 1.9
Santa Barbara, CA 7533 175 20 370 07 46 0.7 125 0.8 3.8 3.0 08
El Paso East, TX 7390 28.4 18 850 1.8 49 07 148 1.0 5.8 57 1.9
Pinehurst, ID 7162 85 00 265 16 12 02 34 09 6.9 79 18
East Sacramento, CA 6384 114 00 26.7 0.8 47 11 119 0.8 24 22 11
Nogales, AZ 6135 494 35 1819 15 1.8 04 39 06 277 470 24
Riverside, CA 120 31.0 4.6 50.5 N/A 81 28 134 N/A 3.8 4.4 N/A
Salt Lake City, UT 111 11.1 14 254 N/A 42 15 105 N/A 2.6 2.4 N/A
S Salt Lake City, UT 61 127 0.0 28.6 N/A 35 1.0 64 NA 36 45 N/A
Los Angeles, CA 61 9.8 0.0 18.6 N/A 79 29 125 N/A 1.2 15 NA
Anaheim, CA 60 114 16 219 NA 95 44 157 N/A 1.2 14 N/A
East Sacramento, CA 59 82 00 216 N/A 47 19 91 NA 1.7 2.4 N/A
North Riverside, CA 58 25.6 4.7 51.0 N/A 50 11 93 N/A 51 55 N/A
Fresno, CA 57 14.5 1.8 357 N/A 26 09 53 NA 5.6 6.7 N/A
San Jose, CA 57 92 0.0 17.2 N/A 95 43 178 N/A 1.0 1.0 N/A
N Portland, OR 57 6.7 0.0 134 N/A 48 18 11.0 N/A 1.4 1.2 N/A
Reno, NV 56 145 36 263 NA 51 1.7 103 N/A 2.8 2.6 N/A
NW Phoenix, AZ 55 304 58 60.6 N/A 100 49 16.3 N/A 3.0 37 NA
N Phoenix, AZ 55 19.4 1.9 38.8 N/A 100 49 16.3 N/A 1.9 24 N/A
Las Vegas, NV 53 208 21 375 NA 121 50 252 N/A 1.7 15 N/A
East San Diego, CA 53 147 58 240 N/A 79 21 133 N/A 1.9 1.8 N/A
N Salt Lake City, UT 50 128 05 33.0 NA 52 19 125 N/A 2.4 26 N/A
Mexicali, CA 49 347 130 66.8 N/A 6.0 27 104 N/A 5.8 6.4 N/A
Modesto, CA 49 131 03 339 NA 44 17 82 N/A 30 41 N/A
East Simi Valley, CA 48 11.7 18 241 N/A 26 07 54 N/A 45 45 N/A
N Chico, CA 47 11.3 14 241 N/A 1.7 07 32 N/A 6.6 7.6 N/A
South Sacramento, CA 47 8.8 0.0 23.0 N/A 52 18 124 N/A 1.7 1.9 N/A
E Scottsdale, AZ 46 399 96 740 N/A 87 39 146 NA 4.6 51 N/A
Bakersfield, CA 46 234 37 499 N/A 39 22 63 NA 6.0 7.9 N/A
North San Diego, CA 45 11.2 21  20.7 N/A 6.6 1.1 109 N/A 1.7 1.9 N/A
Visalia, CA 43 21.0 14 490 N/A 24 11 44 N/A 8.8 111 N/A
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accumulation (“J” mode) with diameters between 0.1 and3 Measurement analyses
2.5um, and coarse particles (“K” mode) having diameters . o
between 2.5 and 10 pm. Model estimates of speciated PM i8-1  Spatial variability

the coarse mode are summed for comparison to the obser- o
vation data. CMAQ was run for a domain that covers the Table 2 presents a summary of statistical analyses of mea-

western United States with a resolution of 12km (Figs. 1Sured and modeled P 5 concentration data at all sites
and 6). A larger domain with 36 km square grid cells cov- having either hourly or daily data, including mean, 5th per-

ering the continental United States, southern Canada, an_aentile, 95th percentile and coefficient of variation (CV). CV

northern Mexico was used to supply hourly boundary con-IS défined as the following:
ditions to the 12km square grid cell domain. Horizontally
and vertically varying initial conditions for the 36 km do- CV =
main were extracted from a 2005 global simulation of the
GEOS-CHEM model, which also provided spatially varying The measured PM_» 5 concentrations have a distinct spa-
boundary conditions to the 36 km CMAQ model simulation tial pattern in the western United States as seen in Fig. 2,
on a 3-hourly basis. which shows observed annual mean M 5 concentra-
Gridded meteorological data for CMAQ and SMOKE (the tions at all measurement sites. The highest concentrations
Sparse Matrix Operator Kernel Emissions modeling system)were observed at sites in the southwestern US, where shrub-
(Houyoux et al., 2000) were generated using MM5 versionlands and barren/sparse vegetation dominate (Fig. 1) with
3.7.4 pttp://wvww.mmm.ucar.edu/mm5vith the Pleim-Xiu  generally lower surface soil moistures and higher temper-
boundary layer and land surface model (Pleim and Xiu, 2003atures (Table 1). The lowest concentrations were found at
Xiu and Pleim, 2001), Kain-Fritsh 2 cumulus parameteriza-sites dominated by grasslands, forest, or croplands with gen-
tion (Kain, 2004), RRTM longwave (Mlawer et al., 1997), erally higher surface soil moistures and lower temperatures
Dudhia shortwave (Dudhia, 1989), and Reisner 2 mixed(Fig. 1; Table 1). Given the dominance of shrublands and
phase moisture schemes (Reisner et al., 1998). Three dimelarren/sparse vegetation along with very dry soils in the
sional analysis nudging was applied only above the boundargouthwestern US, the higher concentrations in this region
layer for moisture and temperature and over the entire vertiare likely caused by fugitive dust emissions, which include
cal atmosphere for winds. The MM5 simulations resolve thegeogenic dust. Table 2 shows that all sites having annual
vertical atmosphere up to 100 mb with 34 layers, which weremean concentrations that are higher than 17.7 g are
reduced to 14 layers by MCIP (Meteorology-Chemistry In- located to the south of 36° N, except for the Rapid City
terface Processor) (Otte and Pleim, 2010) for emissions andite, which has high winds (Table 1) and is significantly in-
photochemical models with the thinnest layers near the surfluenced by fugitive dust from several industrial facilities
face to best resolve the diurnal boundary layer cycles. Theprimarily limestone quarrying and processing and cement
height of the first model layer is approximately 38 m. manufacturing and processing facilitiestp://denr.sd.gov/
Simulations were performed for the year 2005 with 3 daysdocuments/neap.pdf
of spin-up at the end of 2004 that were not included in the Measured PNp_25 concentrations show strong spatial
analysis. Anthropogenic emissions used to drive the modelvariations across the western US; the annual mean of mea-
ing system were based on the 2005 National Emission Invensured PMg_2 5 concentrations is more than 17 times higher
tory (NEI) (http://www.epa.gov/ttnchiel/net/2005inventory. at the Nogales site in Arizona than at the Wind Cave
html). Biogenic emissions were estimated with the BEIS National Park site in South Dakota. Even sites in close
model using hourly temperature and solar radiation as infproximity showed significant variability. For example, al-
put (Pierce et al., 1998). Emissions were processed to hourlyhough the N. Phoenix (040139997) and the N. W. Phoenix
gridded input to CMAQ with the SMOKE model version 2.5 (040130019) sites are located very close to each other
(Houyoux et al., 2000). Over the modeling domain, annual(~ 5km), the annual mean of measured concentrations dif-
PM1o_»5 emissions were dominated by the non-point areafered substantially, from 19.4 to 30.4 ugf respectively.
sector (86 %), and their primary sources include fugitive dustin Albuquerque, NM, the annual mean measured concen-
from paved roads, unpaved roads, road construction, residertration is more than two times higher at the Albuquerque
tial construction, non-residential construction, and agricul-South site (21.8 ug ) than at the Albuquerque East site
tural tilling. The inventory did not include emission estimates (10.0 ug n73), although they are located within the same
of wind-blown (geogenic) dust. Sea salt emissions were sim<ity (~ 13 km apart). The differences in Ryl 5 concen-
ulated online within CMAQ following Kelly et al. (2010). trations between the sites can be even greater at finer tempo-
ral resolutions. The daily average concentration on 8 April
2005 (during a PNp_25 episode) was 3.75 times higher at
the Albuquerque South site (130 ug than at the Albu-
querque East site (34.7 pg; the maximum hourly con-
centration on this day was about 6 times higher at the former

Standard deviation of time series
Mean of time series

)
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site (571 pgm?3) than at the latter site (95.4 ugm). Ob- pendent on location. At some sites (e.g. Fargo and Fresno,
served annual average Rdl2 5 concentrations at the Rapid two inland or valley sites influenced by agricultural sources,
City site (28.4 pg m®) were more than 10 times higher than shown in Fig. 3c and f), the measured concentrations show a
those at the Wind Cave National Park site (2.8 pgfimeven  seasonal pattern with lower values in winter months. At those
though these two sites are only 61 km apart. sites in the southwestern US and on the west coast (e.g. El
The spatial variability of measured RWl2 s at both ur- Paso West, Seattle, and Riverside shown in Fig. 3a—b, d), the
ban and regional scales was assessed with the correlatiameasured Pl _» 5 concentrations seem to be more uniform
coefficients for measured hourly concentrations, calculatedver the year, with some episodic increased concentrations.
between all sites having hourly measurements. Moderate to
strong correlations were observed between some sites 168.2.3 Weekly patterns
cated in close proximity to one another, including the four
sites in El Paso, TX = 0.24-0.58), two sites in Albu- The red lines in Fig. 4 show one-year average weekly pat-
querque, NM £2 = 0.28), three sites in the northeastern part terns of measured P)g_» 5 concentrations at selected hourly
of the domain (Crop&River, Thompson Lake, and Overlook sites. There are primarily three different average weekly pat-
in North Dakota;-? = 0.21-0.36), three sites in the north- terns of observed PM_» 5 concentrations at the hourly sites.
west (Spokane, Pinehurst, and Coeur D’Alene=0.23—  The first pattern shows that the measuredMs concen-
0.37) and two sites in Seattle’(= 0.2). The p-values for trations are~50% lower for weekends than for weekdays
these correlations are all less than 0.0001, so they were cor{e.g. the Seattle site shown in Fig. 4a), reflecting significant
sidered significant. No correlation was observed between aninfluences of weekday versus weekend human activities on
other combinations of the site pairs. Very little correlation PM1g_25 concentrations at these sites. The second weekly
was seen even over relatively small distances between somgattern, on the contrary, shows that there is little difference
sites, such as two sites in New Mexico (Sandoval and Al-in the observed concentrations between weekdays and week-
buquerque East? = 0.05) and three sites in South Dakota ends (e.g. the El Paso West site shown in Fig. 4c). The week-
(Rapid City, Badlands, and Wind Cave National Park= day versus weekend human activities have a negligible im-
0.00-0.03), suggesting that these sites are impacted by difpact on observed P{_» 5 concentrations at these sites. The
ferent sources or have a different proximity to sources. Thesehird pattern, which lies in between the previous two pat-
poor correlations along with high spatial variability also sug- terns, suggests that human activities have a moderate influ-
gest that PMp_» 5 concentrations are often influenced by lo- ence on the observed RM » 5 concentrations, with one-year

cal factors. average levels being about 20 % lower during weekends than
weekdays (e.g. the Santa Barbara site in Fig. 4b). The pat-
3.2 Temporal patterns terns are apparently dependent on the relative importance of
the weekday versus weekend human activities on Pk
3.2.1 Variability concentrations compared to other sources.

Figure 3 presents the time series of measured daily aver3.2.4 Diurnal patterns

age PMgp-25 concentrations (red lines or squares) at se-

lected representative sites having hourly (Fig. 3a—c) or 24-HThe red lines in Fig. 5a—d show one-year average diurnal pat-
(Fig. 3d—f) measurements. The green lines in Fig. 3 repreterns of measured PM_» 5 concentrations at selected hourly
sent simulated daily average concentrations from the modsites. The measured concentrations exhibit different diurnal
eling study, which will be discussed subsequently. Figure 3patterns varying with location. Observed M s concen-
demonstrates that measured daily averaged®Ppt concen-  trations at some sites (e.g. see Fig. 5a for the Denver site)
trations have strong temporal variations at each site withshow a typical diurnal pattern associated with on-road traf-
episodic high levels. The CV of measured R\ 5 concen-  fic. There is a rush-hour peak in the morning, followed by a
trations is not less than 1.0 at 22 of 25 sites, ranging from 0.7ecrease corresponding to a reduced volume of traffic and an
to 2.0 (see Table 2). Figure 3a shows that measurethPM increased mixing layer height in the middle of the day. Then
concentrations exceeded the level of theJgMAAQS (24-  there is a late afternoon rush-hour peak and another reduction
h average of 150 ugn#) for many days in 2005 in El Paso. afterwards. However, the measured patterns at other sites are
This result highlights the necessity to understand the behavmore complicated with some having significantly bigger af-
ior of coarse particles in order to develop mitigation strate-ternoon peaks (e.g. Fig. 5b for El Paso West) but with others

gies to keep the PM concentrations at safe levels. having significantly bigger morning peaks (e.g. Fig. 5c for
Seattle). The diurnal pattern at the Rapid City site, which
3.2.2 Seasonal patterns is significantly influenced by industrial facilities (Sect. 3.1),

is completely different: the concentrations at night are rel-
Figure 3 also reveals seasonal patterns. The measuratively small (15pgm?), and increase steadily, reaching a
PM10_» 5 concentrations show different seasonal patterns demaximum value of about 42 ugm in the middle of the
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Fig. 3. Measured (red lines or symbols) and modeled (green lines) daily-averags P¥iconcentrations at representative hoydyc)and
24-h (d—f) sites. Note that the 24-h measurements were taken every 3 days at the Rivergidletsiteevery 6 days at the San Jds¢and
Fresno(f) sites. Note the differences in scale.

day, then decrease gradually to 19 pgfmin the evening. model failed to reproduce the seasonal pattern at this site
These different patterns reflect a range of different contribut-(see Sect. 4.3.2). The mean ratio of measured to modeled
ing sources at different locations. annual PMg_2 5 concentrations, averaged across all sites, is
more than 4, with the maximum ratio of 27 at the Nogales
site in the southern Arizona. While CMAQ generally under-
4 Comparison of observations with model simulations ~ €Stimated PMo_> 5 concentrations at almost all sites, there
are variations in model performance at different locations.
4.1 Model performance for the magnitude of PMg_ps  While the modeled and measured annual mean concentra-
concentrations tions agree within a factor of two at 16 sites, 20 sites have
measured annual mean concentrations that are more than four
In addition to the measured concentrations, Table 2 alsdimes higher than modeled values (Table 2). Among these 20
shows statistical analyses of CMAQ-predicted M s sites, 14 sites have observed annual mean concentrations be-
concentrations. Table 2 reveals that the CMAQ model un-iNg more than five times higher than simulated levels. The
derestimated annual Pl » 5 concentrations at all sites ex- lower modeled concentrations are likely due to the omission
cept for San Jose, CA, where the agreement between mod¥' significant underestimation (or a combination of both) of
eled and measured annual average concentrations is the bé&tPortant emission sources in the inventory. Further discus-
among all sites. However, the good agreement at the Safiions on the causes for the lower modeled concentrations are
Jose site is only for the annual mean concentration; then Sect. 5.
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Model performance metrics were calculated using mod-
eled Cm) and observedd,) concentrations as well as the
number of available concentration pair¥)(at a location
(Boylan and Russell, 2006):

CMAQ PM10-2.5

. . ug/m3
Mean fractional bias: W o.00-050
N Wos1-4.00
1 Cm—C M401-750
MFEFB=— M (2) 7.51-10.00
N~ (Co+Cm/2) 10.01- 15.00
15.01 - 20.00
Mean fractional error: 2001-25.00
25.01-30.00
N M 30.01-40.00
MFE= 1 |Cm_C0| (3) [l 40.01 - 50.00

N % (Co+Cm/2)

Normalized mean bias:

ZNl (Cm—Co) Fig. 6. Modeled annual mean P)d_, 5 concentrations in pg .

NMB=4=E2 (4)

earlier (also shown in Table 2) means that there are dif-

Z}\i |Con—Co ferences in spatial patterns of measured and modeled con-
NME===L M ~0 (5) centrations. Figure 6 presents the modeled one-year average
> i=1Co PMj0-2.5 concentrations for the study domain. Comparison
Mean bias: of Fig. 6 to Fig. 2 confirms that the CMAQ model under-

predicts the magnitude of Pid.2 5 concentrations at almost
1N all sites across the domain. This comparison and Table 2,
MB:ﬁ Z (Cm—Co) (6)  however, reveal that the CMAQ model captured some char-
i=1 acteristics of spatial distribution of Pjgl 2 5 concentrations.
For example, the model accurately predicted the ranking of
the three sites from most to least polluted within an urban
1 area: the modeled annual mean concentration is higher at
ME=— > 1Cm—Col (7)  the Albuquerque South site than at the Albuquerque North
i=1 site, with the level at the Albuquerque East site being low-

These metrics were recommended by the US EPA for modefst: The ratio of modeled annual mean concentrations at the
performance of ozone and PM predictions. Since research Rapid City site (4.4 um m?) versus the Wind Cave National

on PMio_2 5 has been very limited and the present study, to Park site (0.6 um me) is about 7.3, similar to 10, the ratio of
our knowledge, represents the first regional modeling study"€asured concentrations (28.4 umiwersus 2.8 um ),

of PMig_25, Table 3 provides the first calculated perfor- although the model significantly underestimated the concen-
mance metrics for PM_o5. trations at these sites.

Except for sea salt and point source emissions, the applied 1€ model also failed to reproduce many characteris-
PM1o_» 5 emissions from other sources were provided as anlics of the observed spatial patt_erns. For example, the mea-
nual totals at the county level in the inventory; in the sim- Sured annual mean concentration at the Nogales site, Ari-
ulations these emissions were spatially allocated into user?on@ (49.4umm®), where shrublands dominate (Fig. 1)
specified grids using surrogate data, and temporally allocateith Very low soil moistures (Table 1), is the highest and
into hourly values using monthly, weekly, and diurnal emis- MUch hlgger than that at the Thompson Lake site, ND
sion profiles. In the following sections we compare the mod-(6-7 WmnT*), where croplands dominate (Fig. 1) with much
eled and observed spatial and temporal patterns abPM higher soil moistures ('I_'able 1). However, the modeled annual
concentrations to provide insights for the spatial and tempoM€ans at these two sites are the same (1.8 Ay rAlso,

Mean error:

ral allocation in the model. the observed concentrations at the El Paso North and El Paso
West sites are the same (34.8 um¥ but the modeled an-
4.2 Spatial allocation nual mean is much higher at the former site (18.4 unim

than the latter site (7.8 pmm). The model also reversed the
Strong variability of ratio of measured to modeled R\ 5 annual mean concentration ranking of many other sites. The
concentrations across the western United States mentionesbserved annual mean concentration at the E Scottsdale site
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Table 3. Performance Metrics.

Site Name AQS Site ID  Latitude Longitude Mean Bias Mean Error Mean Mean Normalized Normalized
(g nT3) (MgnT3)  Fractional Fractional Mean Bias  Mean Error
Bias (%)  Error (%) (%) (%)
Nogales, AZ 40230004 31.337 —110.937 —48 48 —-82 89 —96 97
East Sacramento, CA 60670006 38.614—121.367 -7 9 —18 76 —60 82
Santa Barbara, CA 60830011 34.428-119.690 —13 14 -50 67 —73 78
Denver, CO 80310002 39.751 —104.988 —6 9 —4 69 —49 73
Coeur D'Alene, ID 160550006 47.682 —116.766 -3 7 10 69 —38 82
NW Pocatello, ID 160770011 42.913 —112.536 —-11 13 14 97 —74 92
Pinehurst, ID 160790017 47.536 —116.237 -7 8 —26 93 —86 91
Albuquerque East, NM 350010019 35.107 —106.564 -2 8 17 68 -19 81
Albuquerque South, NM 350010029 35.017 —106.657 -10 16 2 62 —46 75
Albuquerque North, NM 350011013 35.193 —106.614 -7 13 7 63 -39 74
El Paso North (Anthony), NM 350130016 32.004 —106.599 —16 23 —18 49 —47 66
El Paso West, NM 350130017 31.796 —106.558 27 29 —41 63 77 82
Sandoval, NM 350439004 35.615 —106.724 —-27 29 0 102 -85 93
Crop&River, ND 380130002 48.990 —102.782 -5 6 -27 61 —58 79
Thompson Lake, ND 380130004 48.642 —102.402 -5 5 —46 62 —72 81
Fargo, ND 380171004 46.934 —96.855 -6 9 -23 57 —49 77
Overlook, ND 380530002 47.581 —103.300 -5 5 —59 75 —-83 86
Wind Cave National Park, SD 460330132 43.558-103.484 -2 2 15 108 —-77 92
Badlands, SD 460710001 43.746 —101.941 —4 4 -16 95 —83 91
Rapid City, SD 461030020 44.087 —103.274 —24 25 -36 71 -84 90
El Pasol, TX 481410037 31.768 —106.501 -17 20 -32 62 —69 79
El Paso East, TX 481410055 31.747 —106.403 —24 25 —54 72 —83 86
Seattle, WA 530330057 47.563 —122.341 -13 13 —56 79 -85 87
South Seattle, WA 530332004 47.386 —122.232 -7 8 -35 79 —-79 84
Spokane, WA 530630016 47.661 —117.358 —12 14 -17 86 -75 88
Average of 25 stations -12 15 -23 75 —67 83

(39.9 um n3) is much higher than that at the N Phoenix site explanations. First, the modeling system, as mentioned, al-
(19.4 um m3); however, the modeled value is lower at the locates annual emissions into hourly values using monthly,
former site (8.7 umm?3) than the latter site (10.0 pmTA). weekly and diurnal profiles. This approach does not have
These sites are located within 22 km of one another. Simi-the representation for the strong episodic nature of s

larly, the observed annual mean concentration is more than 2missions such as fugitive dust from construction and agri-
times higher at the North Riverside site, CA (25.6 urmin  cultural tilling that can be affected by several factors includ-
than at the Anaheim site, CA (11.4punT#), which are  ing human operation and wind speed. Second, the measured
51km apart, but the modeled value is almost two timesconcentrations were obtained at a specific location on the sur-
higher at the latter site (9.5 pmm) than at the former site  face, whereas the modeled concentrations were values aver-
(5.0 um n13). Although the observed annual mean concen-aged over a box over a 2212 km grid cell with a height of
tration is more than three times higher at the Sandoval siteapproximately 38 m in the first model layer. This spatially,
NM (31.4pumn13) than at the Albuquerque East site, NM especially vertically averaging might have lead to smoother
(10.0 pm nt3), the modeled value is much lower at the for- variability of modeled PMo_» 5 concentrations compared to
mer site (4.7ummd) than at the latter site (8.1 pumm). the observations. Figure 3a shows that the modeling sys-
These results may be caused by variable emission underestem did not capture very high concentrations in M s
mations in the inventory across the domain; another possibilepisodes, in which the measured R\b 5 concentrations

ity is the inaccurate spatial allocation in the emission model-alone exceeded the level of the PAVNAAQS in El Paso.

ing system. Since this modeling system is used for air quality manage-
ment and forecasts, this inability to accurately simulate the
4.3 Temporal allocation high episodic concentrations can cause serious problems in
such important issues as air quality advisory issuances and
4.3.1 Temporal variability health risk assessments.

Figure 3 and Table 2 show that the modeled daily averaget.3.2 Seasonal allocation

PM310_2 5 concentrations are less variable than measurements

at almost all sites with average ratio of measurement CV oveiVhile the measured concentrations show different seasonal
model CV being more than 1.5. We suggest two plausiblepatterns dependent on location as mentioned in Sect. 3.2.2,
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100 5 Discussion

90

804 The CMAQ model not only under-predicted the magnitude
70 and variability of PMg_25 concentrations, but also failed

6o B Unspecified to duplicate the spatial as well as seasonal, weekly and di-

U Suifate urnal patterns. The causes for the underestimated concen-

] o Ao trations in the model may differ based on different major
407 H Soil contributing sources. For example, our results show that the
30 W Sea Sal measured concentrations are very high at sites in the south-
20 western US, such as El Paso West (Figs. 3a, 4c, and 5b).
10+ Since the area is dominated by shrublands, barren or sparse
0 : : vegetation land cover with very dry soils (Fig. 1) — ideal

Concentration Fraction (%)

Santa Barbara South Seatfle  Seattle Denver conditions for high wind-blown dust — the high concentra-
Fig. 7. Modeled concentration fractions of RM > 5 chemical t|0h§ may be domlnantly'contrlbuted by geogenic and .Other
components at selected sites. fugitive dust sources. This suggests that the underestimated

concentrations in this area are caused in part by the omis-
sion of wind-blown dust in the inventory, which may also
the green lines in Fig. 3 show that the modeled:BMs contribute to the incorrect seasonality of modeled concentra-

concentrations exhibit the same seasonal pattern at all sitd®ns- Still, we cannot rule out the possibility of significant
with somewhat higher concentrations in winter months. EvenUnder-estimation of sources such as unpaved road dust and
at the San Jose site, CA, where the best agreement wakonstruction, which will also be important in regions with
found between the modeled and measured annual averad®y SOils. Some sites (e.g. Seattle) have very strong anthro-
concentrations, the seasonal patterns are clearly different; theogenic influence indicated by large weekday-weekend dif-
model significantly under-predicted RM.» 5 concentrations ~ ference in observed PM-25 concentrations (Sect. 3.2.3);

in warm months, whereas it overestimated concentrations isherefore, the inclusion of natural emission sources such as
winter months. The comparisons between modeled and meayy?nd-blown dust alone could not lead to model reconc_iliation
sured daily concentration time series suggest that the modelith measurements. Thus, efforts should be made to improve
ing system needs to be improved to better simulate seasongmissions associated with human activities at these sites.

patterns. The three costal sites with hourly observations (i.e. Santa
Babara, South Seattle, and Seattle) are expected to have a sig-
4.3.3 Weekly allocation nificant marine influence. Sea salt contributes considerably

to the modeled concentrations at the Santa BabaG0(©6),
While there are three distinct weekly patterns of measuredSouth Seattlex 20 %), and Seattlex 21 %) sites, as shown
concentrations (red lines in Fig. 4), we found that the mod-in Fig. 7, which shows modeled concentration fractions of
eled weekly patterns for all sites are similar; there is little coarse particle components (i.e. sea salt, soil dust, nitrate,
difference between modeled Weekday and weekend Concerammonium, Sulfate, and unspecified particles) at these three
trations as shown by green lines in Fig. 4a—c. Figure 4a—&0astal sites and the Denver site. Since modeled concentra-
further confirms that CMAQ significantly underestimates tions at these three coastal sites were much lower than mea-
PM10_» 5 concentrations at these sites. The comparisons besurements, itis possible that the sea salt concentrations might
tween modeled and measured weekly patterns suggest thatill have been underestimated by the CMAQ model. The
the-day-of-week allocation needs to be improved to reflectarge weekday-weekend difference in Rp 5 concentra-
variable influences of weekday versus weekend human adions in Seattle, mentioned earlier, suggests that some an-

tivities at different locations. thropogenic sources such as construction and on-road traffic
might also have been under-estimated. Modeled sea salt only
4.3.4 Diurnal allocation affects a narrow coastal zone and over the ocean (not shown).

The inland sites were dominated by soil dust (e.g. as shown
Figure 5a—d show that CMAQ not only under-predicts the by Fig. 7 for the Denver site).
magnitude of PMp_» 5 concentrations, but fails to duplicate ~ Recent studies show that coarse particles contain signifi-
the diurnal patterns at many locations. While the measureatant organics (Cheung et al., 2011; Edgerton et al., 2009);
concentrations exhibit distinct diurnal patterns varying with however, Fig. 7 shows that the CMAQ model does not ex-
location, modeled concentrations show the same diurnal patplicitly simulate organic materials in coarse particles. There-
tern with two similar peaks (one in the morning and the otherfore the omission of organic sources, such as primary bi-
in the afternoon) at all sites. This means that the diurnal al-ological particles and humic-like substances from soils, is
location in the modeling system is too idealized to reflectanother possible cause for lower modeled concentrations
complex patterns at different locations. compared to measurements. The organic components of

Atmos. Chem. Phys., 13, 13111327, 2013 www.atmos-chem-phys.net/13/1311/2013/



R. Li et al.: Characterization of coarse particulate matter in the western United States 1323

Table 4. Correlations between P)\d_> 5 concentrations and wind speed, boundary layer height, and surface moisture.

Site Name AQS Site ID  Correlation coefficient of R » 5 with following variables
Wind speed Boundary layer height Soil moisture
Nogales, AZ 40230004 -0.13 —0.30 —0.10
East Sacramento, CA 60670006 0.18 0.10 —-0.38
Santa Barbara, CA 60830011 0.01 0.16 —0.28
Denver, CO 80310002 0.02 —0.06 -0.17
Coeur D'Alene, ID 160550006 0.06 0.12 —0.16
NW Pocatello, ID 160770011 0.10 —-0.03 -0.21
Pinehurst, ID 160790017 0.00 0.01 -0.17
Albuquerque East, NM 350010019 0.13 0.07 —0.08
Albuquerue South 350010029 0.12 0.03 —0.10
Albuquergue North, NM 350011013 —0.02 —0.05 —0.20
El Paso North (Anthony), NM 350130016 0.16 -0.01 —0.09
El Paso West, NM 350130017 0.12 —0.04 —0.07
Sandoval, NM 350439004 —0.02 —0.02 -0.22
Crop&River, ND 380130002 0.07 0.14 -0.32
Thompson Lake, ND 380130004 0.14 0.22 -0.37
Fargo, ND 380171004 0.08 0.08 —0.36
Overlook, ND 380530002 0.24 0.16 -0.31
Wind Cave National Park, SD 460330132 —0.02 0.03 -0.12
Badlands, SD 460710001 0.15 0.07 —0.06
Rapid City, SD 461030020 0.22 0.13 —0.10
El Pasol, TX 481410037 0.14 -0.01 —0.09
El Paso East, TX 481410055 0.14 —0.02 —0.09
Seattle, WA 530330057 0.04 —0.04 -0.12
South Seattle, WA 530332004 —0.03 0.03 -0.21
Spokane, WA 530630016 0.00 —0.05 -0.15

coarse particles have implications for health risk assessments Correlations between P}_» s concentrations and wind
and atmospheric chemistry, thus improvements should bepeed, boundary layer height, and surface moisture output
made to include organics in coarse particles in the future. from MM5 were calculated for all hourly sites (Table 4).
Significant concentration differences and small cor- PMjg_25 concentrations are positively correlated with wind
relations were observed between some proximate sitespeed at most sites (18 of 25 sites), with the greatest corre-
(Sect. 3.1), suggesting that Rpl>s can be largely in- lations occur at the Overlook site £ 0.24), ND, and the
fluenced by local factors. Therefore, the exact spatial in-Rapid City site £ = 0.22), SD. However, zero or negative
formation of emission sources becomes more importantorrelations were found at a few other sites (Table 4), with
for PM1g_25. The current PMp_25 emissions from such r = —0.13 at the Nogales site, AZ. This result suggests that
sources as construction, road, and agricultural tiling are proPMjg_25 concentrations are affected by factors other than
vided at the county-level that are ultimately spatially allo- wind speed. Although in a region where dust is expected to
cated into user-defined grids during simulations using surroinfluence the coarse PM concentrations, the Nogales site in
gate data. It may be necessary to further specify the detailedrizona is unique in that it is located near a roadway and a
spatial information of coarse PM sources in future emissionbusy border crossing between the US and Mexico. We ex-
inventories and model developments. pect that the traffic and anthropogenic activity near this site
While modeled PMg_25 concentrations show the same to control PMg_»25 emissions and concentrations. The cor-
seasonal, weekly, and diurnal pattern regardless of locatiorrelation between PM_25 concentrations and the bound-
the observed patterns are more complex; no consistent paary layer height is—0.30 at the Nogales site, AZ, imply-
terns were observed at all sites, indicative of a variety ofing higher concentrations may be partly caused by lower
contributing sources and their relative importance. Thereforeboundary height (Table 4). P)_> 5 concentrations are neg-
the current temporal allocation approach in the model frame-atively correlated with boundary layer height at only 11 of
work needs to be improved since it is too simplified to track 25 sites. At the other 14 sites, positive correlations were
the real patterns at different locations. found between the PM_» 5 concentrations and the bound-
ary layer height. This result reflects the complex influences
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on PMyg_2 5 concentrations by the boundary layer heightand6 Summary and conclusion
other possible factors as well as their interactions s M5
concentrations are negatively correlated with soil moisture alVe investigated the characteristics of observed coarse PM
all investigated sites (Table 4), indicating that high M s in the western US, and compared CMAQ predictions to the
concentrations are correlated to lower soil moisture. Sinceobservations. The observed concentrations showed a spatial
less dust can be emitted into the atmosphere in wet condipattern that could be explained in part with the distributions
tions and airborne particles can be washed out at precipitaof land use and soil moistures. The highest concentrations
tion events, higher concentrations of dust are expected undevere found in the southwestern US, where sparse vegeta-
drier conditions. tion, open shrublands or barren lands dominate with lower
Chemical and biological analyses of measured,PMls soil moistures, whereas the lowest concentrations occurred
can be employed to quantify percentage contributions fromin areas dominated by grasslands, forest, or croplands with
different sources at the ambient measurement sites; howhigher soil moistures. Observed concentrations show differ-
ever, little chemical or biological speciation data exists for ent seasonal, weekly, and diurnal patterns at different loca-
PMio_25. By taking an approach that combines both masstions across the western United States, reflecting different
concentration observations and model simulations, this studgontributing sources and their relative importance dependent
has improved our understanding of the sources and behavidgin locations. CMAQ significantly under-predicted iV 5
of PM1g_2 5 concentrations at a regional scale in the westernconcentrations. The under-prediction was likely due to omis-
United States, and has provided insights into future developsion of sources such as pollen, bacteria, fungal spores, and
ments of models that simulate atmosphericigM s emis- especially, geogenic dust, as well as under-estimation of
sions, transport, and fate. other significant source types. CMAQ also failed to repro-
Measurement of all of criteria air pollutants is required duce their spatial as well as seasonal, weekly, and diurnal pat-
by law. To help meet this requirement, a Federal Referencéerns. Unlike observations, the modeled concentrations show
Method (FRM) and Federal Equivalency Methods (FEM) for similar seasonal, weekly, and diurnal pattern across the en-
each have been established and are documented in the Cotige domain. CMAQ does not include organics in Rjvh s,
of Federal Regulations (CFR). The FRM and FEM require-which recent measurements show to be a significant com-
ments are stringent with lengthy quality control and quality ponent. In this study we identified some important gaps for
assurance protocols for each pollutant. The end result is higffuture developments of coarse PM models and emission in-
quality measurement data for each pollutant being reportegentories.
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