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Abstract. The US Environmental Protection Agency’s (EPA) show that the inclusion of crustal species reduces the concen-

Community Multiscale Air Quality (CMAQ) modeling sys- tration of PM with aerodynamic diameter of 2.5 um (P

tem version 4.7 is further developed to enhance its capabilover polluted areas. The heterogeneous chemistry occurring

ity in simulating the photochemical cycles in the presenceon dust particles acts as a sink for some species (e.g., as a

of dust particles. The new model treatments implementedower limit estimate, reducing £by up to 3.8 ppb £ 9 %)

in CMAQ v4.7 in this work include two online dust emis- and SQ by up to 0.3 ppb+{ 27 %)) and as a source for some

sion schemes (i.e., the Zender and Westphal schemes), nirahers (e.g., increasing fine-mode?be up to 1.1 pug m3

dust-related heterogeneous reactions, an updated aerosol ifi~ 12 %) and PMs by up to 1.4 ugm?3 (~ 3 %)) over the

organic thermodynamic module ISORROPIA I with an ex- domain. The long-range transport of Asian pollutants can en-

plicit treatment of crustal species, and the interface betweemance the surface concentrations of gases by up to 3% and

ISORROPIA Il and the new dust treatments. The result-aerosol species by up to 20 % in the Western US.

ing improved CMAQ (referred to as CMAQ-Dust), offline-

coupled with the Weather Research and Forecast model

(WRF), is applied to the April 2001 dust storm episode

over the trans-Pacific domain to examine the impact of newl Introduction

model treatments and understand associated uncertainties.

WRF/CMAQ-Dust produces reasonable spatial distributionNatural and anthropogenic aerosols are known to play a sig-

of dust emissions and captures the dust outbreak events, withificant role in human health, climate change, atmospheric

the total dust emissions ef 111 and 223 Tg when using the visibility, stratospheric ozone depletion, acid deposition, and

Zender scheme with an erodible fraction of 0.5 and 1.0, rephotochemical smog. The role of natural aerosols on air qual-

spectively. The model system can reproduce well observedty and climate is as significant as that of anthropogenic

meteorological and chemical concentrations, with significantaerosols, not only because of their very high global mass

improvements for suspended particulate matter (PM), PMloading (probably 4 to 5 times larger than that of anthro-

with aerodynamic diameter of 10 um, and aerosol opticalpogenic aerosols on a global scale according to Satheesh and

depth than the default CMAQ v4.7. The sensitivity studies Moorthy, 2005), but also because of their contribution to the
long-range transport as carriers and to atmospheric chemistry
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10210 K. Wang et al.: Dust emission and chemistry — the CMAQ modeling system

as reaction sites. Among aerosols, mineral dust or soil dusét al. (2008a) also found that heterogeneous chemistry sig-
is one of the major tropospheric aerosol components (IPCChpificantly reduced the distributions of a number of key gases
2007). The uncertainties in direct and indirect atmosphericsuch as @by 18 to 23 % over the trans-Pacific region and ni-
radiative forcing by mineral dust are considered to be one oftric acid (HNG;) by 15 % globally. Li et al. (2006) showed in
the largest ones in climate and chemistry transport modelstheir laboratory study that atmospheric sulfur dioxide £§50
Therefore, an accurate modeling of mineral dust emissionsloss via the heterogeneous reaction on dust is comparable
transport, and chemistry would enhance the understanding db loss via the gas-phase oxidation under high dust condi-
dust storm episodes and their impacts on air quality and clitions (i.e., when the number concentrations of dustagao
mate. 56 cnm3).

Dust storms have been simulated in numerous studies in The US Environmental Protection Agency’s (EPA) Com-
the past decade. Although these studies were able to ranunity Multiscale Air Quality (CMAQ) modeling system
produce many observations and demonstrate characteristiersion 4.4 has been previously applied by Wang et al. (2009)
transport patterns of dust storms (e.g., Westphal et al., 1987%ver the trans-Pacific domain to study the long-range trans-
Tegen and Fung, 1994; Marticorena and Bergametti, 1995port of Asian air pollutants and its impact on regional air
Mahowald et al., 1999; Ginoux et al., 2001; Nickovic et al., quality over North America. CMAQ reasonably reproduces
2001; Shao, 2001; Uno et al., 2003; Zender et al., 2003; Darobserved mass concentrations of most air pollutants and cap-
menova et al., 2009; Shao et al., 2010; Spyrou et al., 2010tures their transport mechanisms. It, however, is incapable
Kang et al., 2011; Solomos et al., 2011; Knippertz and Todd,of reproducing observed mass concentrations of particulate
2012), there remain large uncertainties and discrepancies fanatter with aerodynamic diameter less than or equal to 10 um
various dust emission and transport models. The uncertainfPM;p) and aerosol optical depths (AODSs), due to the lack of
ties are mainly from different model parameterizations of mineral dust treatments in CMAQ (Wang et al., 2009; Wang
dust emission processes, estimated amounts of dust reachirgnd Zhang, 2010). In this study, this limitation is addressed
remote areas during dust storm events, and variations in thby implementing an online dust emission and heterogeneous
size distribution during long-range transport. The discrep-chemistry module into CMAQ version 4.7 in order to inves-
ancies are mainly due to different treatments in dust emisiigate the role of dust in affecting chemical predictions of
sion schemes, different atmospheric transport models and reair pollutants. In addition, the default inorganic thermody-
sultant meteorological predictions (e.g., wind velocity), and namic equilibrium module ISORROPIA 1.7 (Nenes et al.,
land surface conditions (e.g., soil textures, soil wetness, and998, 1999) in CMAQ v4.7 is updated to ISORROPIA 1
land use data). (Fountoukis and Nenes, 2007; Fountoukis et al., 2009) to ac-

In recent years, increasing research attention has beecount for the thermodynamic interactions of dust with other
given to chemical composition and processes associated witbhemical species. The version of CMAQ with the above new
dust particles. Numerous experimental (e.g., Goodman et altreatments (referred to hereafter as CMAQ-Dust) is then ap-
2000; Underwood et al., 2001; Li et al., 2006; Song et al.,plied to the April 2001 Intercontinental transport and Cli-
2007; Ndoru et al., 2008, 2009; Wagner et al., 2008; Mc-matic effects of Air Pollutants (ICAP) episode to investigate
Naughton et al., 2009; Crowley et al., 2010; Li et al., 2010; dust transport, the role of dust in affecting chemical predic-
Tang et al., 2010) and modeling studies (Zhang et al., 1994tions of air pollutants, and the impact of the associated crustal
Dentener et al., 1996; Zhang and Carmichael, 1999; Unspecies (e.g., calcium (Ca), potassium (K), and magnesium
derwood et al., 2001; Bian and Zender, 2003; Bauer et al.(Mg)) on the inorganic gas/particle partitioning through the
2004; Liao and Seinfeld, 2005; Tie et al., 2005; Pozzoli etaerosol thermodynamic equilibrium. The objective of study
al., 2008a, b; Astitha et al., 2010; Manktelow et al., 2010; is to enhance the capability of CMAQ to simulate PM and its
Zhu et al., 2010; Karydis et al., 2011) have demonstratednteractions with photochemical cycles, as well as long-range
the significance of heterogeneous chemistry on the surfac&ansport of air pollutants associated with dust storms.
of mineral dust particles in altering the concentration of at- In the next section, a detailed description of the new dust
mospheric gaseous and aerosol compositions. For examplemission and chemistry treatments in CMAQ-Dust is pre-
using a box model, Zhang et al. (1994) reported that the hetsented. Section 3 presents model configurations and simula-
erogeneous reaction on the surface of mineral dust can retion setup. Section 4 describes the model performance eval-
duce nitrogen oxides (NQ levels by up to 50 %, hydroper- uation of meteorological and chemical variables. Section 5
oxyl radical (HQ) concentrations by 20 to 80 %, and ozone examines the impacts of dust treatments on model predic-
(O3) production rates by up to 25 % with the dust level of 0 tions. Major findings, limitations, and future improvements
to 500 pg nT3. Using a global model, Dentener et al. (1996) are summarized in Sect. 6.
found that the interactions of dinitrogen pentoxideQ\),

O3, and HQ radicals with dust can affect the photochemical
oxidants cycle and causes@ecreases by up to 10 % near
the dust source regions where dust mass concentrations are
more than 300 g fT?. Using another global model, Pozzoli
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2 The development of CMAQ-Dust is that the Zender scheme splits the dust flux into two compo-
nents, horizontally saltating mass flux of large partici@s)(
2.1 Online dust emission module and vertical mass flux of duskg), whereas the Westphal cal-

culates vertical fluxes directly. Even if the Zender scheme is

Dust emissions are favored by strong ground-level winds asmore physically based than the Westphal scheme, incorporat-
sociated with large-scale disturbances or convective activitying both approaches in CMAQ-Dust permits an assessment
Dust mobilization is often inhibited by surface-covering ele- of the sensitivity of dust emissions and impacts on differ-
ments such as vegetation, snow cover, and rocks. It is alsent dust flux parameterizations. A detailed description about
constrained by soil conditions such as high soil moisturethese two schemes is given below.
and high salinity. With these factors, active mineral dust- The Westphal scheme is based on the assumption that the
producing surfaces are normally confined to “bare ground”vertical mass fluxes of dust particles with radius less than
or “sparsely vegetated ground” in arid and semiarid regionsl0 um can be expressed as a function of surface friction ve-
with strong winds (Tanaka, 2007; Yue et al., 2009). Param-ocity (u.); data to constrain the parameterization are based
eterizations of dust fluxes often take into consideration theon measurements from Sahara, the Southwestern US, and Is-
aforementioned factors, though the formulation varies con+aeli deserts. The associated formulas for the dust vertical
siderably among mathematical expressions. flux, Fq (gm~2s1), are expressed as

Various dust mobilization/flux schemes used in 3-D atmo- 3
spheric models have been reviewed in several studies (e.gfd = Erx (1= Re) x C xuy x H (1)
Zender et al., 2003; Shao and Dong, 2006; Chervenkov anevhereH is the Heaviside function that dependsion— u ..
Jakobs, 2011). They can be grouped based on the complexity, is the surface friction velocity, ang, is the threshold sur-
of schemes. For example, Zender et al. (2003) classified dugace friction velocity. H = 1 whenu,, — u. > 0, indicating
schemes in three “complexity” groups. In the “simple” treat- that dust particles can only be emitted from the surface under
ments, the emission of dust is parameterized in terms of thesuch conditionsH = 0 whenu, —u4t <0, indicating no dust
third or fourth power of the wind speed or friction speed and emissionscC is 10-13 and 1014, for predominantly sandy
the emitted dust is then redistributed empirically based on arand silt/clay soil, respectivelyRg is a reduction factor over
assumption of size distribution (Westphal et al., 1987; Tegerdifferent land types based on the 24 US Geophysical Sur-
and Fung, 1994; Mahowald et al., 1999). Under this assumpvey (USGS) land use categories; in this study, we consider
tion, different sizes of particles have the same emission ratethree land use category types (Choi and Fernando, 2008):
and very detail microphysical information (e.g., the soil par- shrubland g = 0.7), mixed shrub/grassland®f = 0.75),
ticle size distribution over different source regions) is not and barren/sparsely vegetated laig & 0.1). EF is an ad-
necessary. In “complex” dust emission schemes, a completgustable parameter that represents the fraction of erodible
microphysical parameterization is used to predict the sizelands capable of emitting dust. Althoudtr may vary with
resolved saltation mass flux and resulting sandblasted dugdbcations due to heterogeneity of the erodibility of the lands,
emissions (Marticorena and Bergametti, 1995; Shao, 2001t.iu and Westphal (2001) suggested a constant value of 0.13,
Shao et al., 2010). In this case, different sizes of dust particlesvhich was based on the land surface conditions in 1950s
have different emission rates. Although these schemes praClements et al., 1957). More recent studies (Liu et al., 2003;
vide the most physically based approach for estimating dusiang et al., 2005) suggested higher values should be used for
emissions, many input parameters/information are not availcurrent conditions over arid areas, indicating that this fac-
able to constrain them, especially for large-scale simulationstor should be adjusted based on current land conditions and
Nevertheless, this class of schemes has shown some promistay vary with locations and episodes. Three values, 0.3, 0.5,
ing results in regional simulations (Marticorena and Berga-and 1.0, are therefore selected, to test its sensitivity to dust
metti, 1995; Darmenova et al., 2009; Kang et al., 2011). “In-emissions. The results withg = 0.5 and 1.0 are shown in
termediate” complexity schemes use microphysical paramethe following sections. In the original scheme of Westphal
terizations wherever possible, but invoke simplified assump-et al. (1987), they assumed a constant value.gfwhich is
tions to allow their application in large-scale/global simula- subject to high uncertainties for larger-scale simulation. Re-
tions (Ginoux et al., 2001; Zender et al., 2003). All the abovecently, Choi and Fernando (2008) improved the scheme by
schemes have been favorably evaluated against lab and/@onsidering the effects of soil texture (i.e., soil percentage of
field experiments. Table 1 summarizes the main charactersand, silt, and clay) and soil moisture ng, which makes
istics of several major dust flux schemes mentioned above. the scheme more suitable for larger-scale study. In addition

In this study, two established and commonly used dust fluxto the soil texture and moisture, there are several other fac-
schemes are adapted and incorporated into CMAQ v4.7: théors that may affect the values of, such as the particle
Westphal et al. (1987) scheme with modifications by Choisize distribution of soils and the drag partitioning between
and Fernando (2008) (hereafter called “Westphal scheme”jhe traditional aerodynamic roughness length and “smooth”
and the Zender et al. (2003) scheme (hereafter called “Zenroughness length (Marticorena and Bergametti, 1995). The
der scheme”). A major difference between the two schemeserodynamic roughness length of the bare ground includes
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Table 1. Similarities and differences of several major dust flux schemes.

Complexity Simple Intermediate Advanced
Example Westphal et al. Choi and Fernando Ginoux et al. Zender et al. (2003) Marticorena and
references (1987); Liu and (2008) (2001) Bergametti (1995)
Westphal (2001)
Flux calculatio? Vertical flux; uf Vertical flux; uﬁ or Horizontal flux; Horizontal flux and Horizontal flux and
andu? ud u3yanduy vertical flux;u3 and  vertical flux;«3 and
Ut Uxt
Factors affecting Constant Soil texture Soil particle size, Soil particle size, Soil particle size,
Ut and moisture density, and density, density,
moisture moisture, and moisture, and

surface roughness surface roughness

Dependency on the No No Yes, different size  Yes, but assume a Yes, continuous for
particle sizes bins constant any size
Topographic No No Yes Yes No

consideration

Erodible flux Yes; based on land VYes; based onland Yes; based on soil Yes; based on Yes; based on
fraction types types texture roughness length  roughness length
consideration

Host 3-D Model8 COAMPS CMAQ GOCART GEOS-Chem N/A

2y, the surface friction velocityy.+: the threshold surface friction velocity; o: the mean 10 m velocityit: the threshold 10 m velocity.

b coAMPS: the Navy'’s operational Coupled Ocean/Atmosphere Mesoscale Prediction System model; CMAQ: the Community Multiscale Air Quality Model; GOCART: the
Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport model; GEOS-Chem: the global 3-D model of atmospheric composition driven by the Goddard
Earth Observing System (GEOS).

the nonerodible elements such as pebbles, rocks, and vegeta-

tion, and the “smooth” roughness length only represents poq) = 14Mglay+ 17Mclay (6)
tentially erodible particles without any nonerodible elements.

The latter is typically less than the former, and the resultingwhere ¢ is the volumetric soil moisture (fn m—3)
drag partitioning will increase the values mf;. In the cur-  from the National Centers for Environmental Prediction
rent version of emission scheme, only the soil moisture andNCEP)/National Center for Atmospheric Research (NCAR)
texture are considered due to the lack of other informationreanalysis datap, = 1000 kg nt?3 is the density of water,
In applying the parameterization, an initial valuegf, u.u,  p, = 2600 kg2 is the mean soil particle densityp 4 is

is first determined by the Marticorena et al. (1997) expres-the bulk density of dry soilgs is volumetric saturation soil
sion, being 0.43, 0.43, and 0.30 misfor shrubland, mixed  moisture (M m3), and Msangand Mqjay are the mass frac-
shrub/grassland, and barren/sparsely vegetated land, respafsns of sand and clay, respectively, in the soil.

tively. An updated value ofi, is then calculated using the  The dust emission parameterization of Zender et al. (2003)

following empirical formula (Fecan et al., 1999): has been extensively used in global modeling studies (e.g.,
0.6810-5 Liao and Seinfeld, 2005; Fairlie et al., 2007, 2010; Nowot-
Ust = Ut [1+ 121(maxw—uw’, 0))" ] (2)  tnick et al., 2010). In this schem&s (gm~1s1) is ex-

pressed as a function af, andu,; according to the theory

wherew is the gravimetric soil moisture (kg kd) andw’is  of Kawamura (1964) and White (1979). The formulas are as
the threshold gravimetric soil moisture and determined by theg|lows:

following empirical formulations (Fecan et al., 1999; Zender

tal., 2 . s 2 *
w = 60pw/Pp,d (3) 8 * Us

wherecs is an empirical constant with a value of 2.6ijs
Pp.d = pp(1.0—06s) (4) the atmospheric density, agds acceleration of gravity. Dif-
ferent from the Westphal schemey, is determined by the

6 = 0.489— 0.126Msang 5) semi-empirical relationship of Iversen and White (1982):
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cell of the simulation domain. Nickovic et al. (2001) have
classified the particle sizes of mineral dust into four cate-

wa (D) = [ 0.166668)pg D < 6 x 10‘7>]1/2p_1/2 gories based on the contents of clay, small silt, large silt, and
1.928Re%09%2 1 ppg D5 sand. Only the first two types, clay and small silt, are con-
when Q03 < Re, < 10 (8) sidered as Php. In this way, the dust flux generated from
Egs. (1) and (11) is further multiplied by a fraction, which is
0,067 Rew—10) based on the STATSGO soil texture data to approximate the
s (D) = [0~0144PpgD (1— 0.085& N ) fluxes of dust PMo in a given grid cell (Choi and Fernando,
6% 10-7\ 12 2008). According to Midwest Research Institute (2005), the
(1+ _25” 0 Y2 when Rey>10 (9) PM2 5/PMjg ratio for typical fugitive dust sources is 0.1, so
ppg D= the fluxes of dust PMs can be obtained by multiplying the

wherep, is the mean soil particle density,is the average di- ~ fluxes of dust PMo by 0.1.
ameter of saltation particles and is assumed to be the optim
particle size Do ~ 75 pm, under typical conditions on Earth
(Zender et al., 2003Re, is the threshold friction Reynolds
number and is estimated using an empirical expression intro
duced by Marticorena and Bergametti (1995):

aZl.Z Heterogeneous chemistry on the surface of dust
particles

Table 2 presents the nine heterogeneous reactions assumed
to occur on the surfaces of dust. Absorption and heteroge-
Rey = 133101564 0,38 (10) Neous reactions of gases on the surfaces of dust are assumed

to be irreversible (Zhang and Carmichael, 1999). Following
Following Zender et al. (2003Re is assumed to be a fixed the method of Schwartz (1986), the uptake of gases onto the
value due to a constant value bf(i.e., 75 um) in this study. mineral dust particles is defined by a pseudo-first-order het-
An updated spatially varied value of; is calculated based erogeneous rate constakit (s1) for species as follows:
onu,y from Eqgs. (8)—(9) and Egs. (2)—(6) accounting for the

effects of soil moisture. The horizontal saltation mass flux d 4 \-1
Qs is then converted to a vertical dust mass flgx(the final K; = <—p —) Sp (13)
dust flux in the Zender scheme and in units of ra™ 1) by 2Di  viyi

whered, is the dust particle diameter (m); is the gas-
phase molecular diffusion coefficient for specigsn?s—1),
v; is the mean molecular velocity of speciegms™1), Sp

where T is a global tuning factor and is set to tie— IS the surface area density of dust particles fm?) and
7.0 1074, following Zender et al. (2003)5 is the “source IS def[e_rmmed from_CMAQ simulation, ar_w_l is the uptake
erodibility” factor with values from 0 to 1 from the database COe€fficient for species. The uptake coefficients are largely

provided by Ginoux et al. (2001) and confines dust emissiond@5€d on the work of Bian and Zender (2003) and summa-
to topographic depressions in desert and semi-desert areas Bf€d in Table 2. The uncertaintiesynare very large and can

the world.« is the sandblasting mass efficiency in the unit °€ more than three orders of magnitude for certain species
of m~1 that converts horizontal mass flux to vertical dust (Zhang and Carmichael, 1999; Bian and Zender, 2003). For

xample, some studies have reported the values i@ng-

Fg=T xS xax Qs (11)

flux and empirically parameterized based on Marticorena and®

Bergametti (1995): ing from 2.0 x 10° to 2.5 x 10°2 for Oz and from 2.0 x 10°
to 1.6 x 102 for HNO3 (Goodman et al., 2000; Underwood
o = 100l (134xmin(Mciay.0.2)~6.0) xIn 10] (12)  etal, 2001; Michel et al., 2002). Two sets pfvalues rep-

resenting the lower and upper limit values, respectively, as
where My is the mass fraction of clay particles in parent shown in Table 2 are therefore tested in this study based on
soil. published values (Zhang and Carmichael, 1999; Bian and
The soil texture data used for both schemes are takeZender, 2003; Zhu et al., 2010). A recent work by Crowly
from the US State Soil Geographic (STATSGO)/Food andet al. (2010) also recommended several uptake coefficients
Agriculture Organization of the United Nations (FAO) soil of species on dust particles treated in this study, most of
database with a 1-km grid resolutian. directly comes from  which are smaller than the lower limit (e.g.g(NO2, NOgs,
a meteorological model. The land use data used in this studand SQ) or between the lower and upper limits (e.gs®4
are the dominant land use category in each grid cell. Thisand NOs) that are tested in this work. Consequently, the
information is taken from the USGS dataset at a 1-km griduptake coefficients recommended by Crowly et al. (2010)
resolution and is gridded to the domain in this study usingwould lead to much less surface uptake and loss for most
the WRF Preprocessing System (WPS) utility. The simulatedyaseous species and thus less production (ﬁf&(ﬂd NG,
snow cover and precipitation data are used for determiningas compared to the upper limit values used in this work.
whether the dust emissions will be generated over each gridlost previous studies considering the uptake of HN@to

www.atmos-chem-phys.net/12/10209/2012/ Atmos. Chem. Phys., 12, 1020237 2012
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Table 2.Reactions and uptake coefficients considered in this study (modified from Bian and Zender, 2003).

Species Reactions Uptake coefficients, Uptake coefficients,y  References
(lower limit) (upper limit)
H,Op  HyO,+ Dust— Prod- 1.0x10°4 2x10°3 Dentener et al. (1996)
ucts
HNO3 HNOs3+ Dust— 1.1x10°3 0.2 Dentener et al. (1996);
0.5NG; + 0.5NG, DeMore et al. (1997);
Underwood et
al. (2001)
HO» HO>+ Fe(ll) — Fe(lll) 0.1 0.2 Dentener et al. (1996);
+ Hy0» Zhang and Carmichael
(1999)
N2Og N2Os+ Dust— 2NO; 1.0 1073 0.1 Dentener et al. (1996);
DeMore et al. (1997)
NO, NO,+ Dust— NO3 4.4x107° 2x1074 Underwood et
al. (2001)
NO3 NOs+ Dust— NO3 0.1 0.23 Seinfeld and Pandis

(2006); Zhang and
Carmichael (1999)

O3 O3+ Dust— Products 5.0 x 10° 1x10°4 Dentener et al. (1996);
Zhang and Carmichael
(1999)

OH OH+ Dust— Products 0.1 1 Zhang and Carmichael
(1999)

SO, SO+ Dust— SC3~ 1.0x104 2.6x1074 Zhang and Carmichael
(1999)

dust assumed it to be an irreversible process. However, excalculated tables of binary activity coefficients and water ac-
perimental evidence (Knipping and Dabdub, 2002; Rivera-tivities of pure salt solutions, which speeds up calculations
Figueroa et al., 2003; Ndor et al., 2009) suggests that theignificantly. ISORROPIA implemented in CMAQ also of-
reaction of gaseous nitric oxide with HN®@n surfaces may fers the ability to solve for the “reverse problem” and makes
release photochemically active NOrhis so-called “renoxi-  a metastable assumption, which assumes that only aqueous-
fication” process is also considered in this study. phase particles are formed.
Following the incorporation of the online dust emis-
2.3 Incorporation of ISORROPIA Il and crustal species  sion module and dust-related heterogeneous chemistry, three
treatment into CMAQ new crustal species (i.e., Ca, K, and Mg) are added into
CMAQ and the default thermodynamic module (i.e., ISOR-
It has been shown that the consideration of crustal materigop|a v1.7) in CMAQVA4.7 is replaced by ISORROPIA
als in predicting the partitioning of NDand NH;, espe- | 1o study the impact of those crustal species on the in-
cially in areas where mineral dust comprises a significantyrganic gas/particle partitioning through aerosol thermody-
portion of aerosols, is very important and can potentially namic equilibrium. This implementation of crustal species
improve model predictions (Jacobson, 1999; Moya et al. treatment is expected to provide a more complete picture of
2002; Fountoukis et al., 2009). The ISORROPIA Il thermo- the physical and chemical processes associated with mineral
dynamic equilibrium module (Fountoukis and Nenes, 2007;qst.
http://nenes.eas.gatech.edu/ISORROAEIudes the ther- The emissions of crustal species are based on the online-
modynamics of crustal materials of Ca, K, and Mg basedca|culated dust emissions. Since CMAQ v4.7 simulates the
on the preexisting suite of components of the ISORROPIAgas/particle partitioning in all three PM size modes (i.e.,
model. The model determines the subsystem set of equipjken, accumulation, and coarse modes), the emissions of

librium equations and solves for the equilibrium state us-crystal species are specified for both fine- and coarse-mode
ing the chemical potential method. ISORROPIA 1l uses pre-
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dust. Ten percent of the emitted crustal species are assumdide NCEP/NCAR Final Analysis (FNL) dataset. We have
to be in accumulation mode and 90% are in coarse modalso conducted some sensitivity WRF simulations with other
(Midwest Research Institute, 2005). In the model, crustalphysical options or IBC (e.g., Community Climate System
species are also treated spatially uniformed, which mean$lodel (CCSM) dataset). The above options and the FNL
all emissions of the crustal species are proportional to thoselataset with nudging give the best overall model performance
of dust because of the lack of information on the chemi-and thus are used in the final simulations as described in
cal composition and mineralogy of dust particles. The emis-Table 3. The WRF hourly outputs are converted to CMAQ
sion ratio between crustal species and dust is assumed to lmmpatible meteorological inputs with the Meteorology-
1.022x10°3, 1.701x10°3, and 7.08 x 10* for K, Ca, and  Chemistry Interface Processor (MCIP) version 3.5.
Mg, respectively, based on Van Pelt and Zobeck (2007). The emissions for anthropogenic sources are obtained
from Wang et al. (2009). The emission data for the US
are based on the National Emissions Inventory (NEI) 1999
3 Model configurations and evaluation protocols version 1. The emission inventory for Mexico is prepared
from the Big Bend Regional Aerosol and Visibility Obser-
CMAQ-Dust is applied to the April 2001 dust episode dur- vational Study (BRAVO) 1999 database. For Canada, the
ing which frequent intercontinental transport and severe dusi995 area and mobile (on-road and non-road) source inven-
storms occurred (Jaffe et al.,, 2003; Wang et al., 2009)tory is used. The emission inventory in Asia is generated
CMAQ v4.7 reflects a number of major updates to improve from the Transport and Chemical Evolution over the Pacific
the underlying science from older versions (e.g., CMAQ v4.4(TRACE-P) and the Aerosol Characterization Experiment-
used by the previous ICAP study conducted by Wang etAsia (ACE-Asia) datasets (Streets et al., 2003). The bio-
al., 2009). These enhancements include inclusion of coarsegenic emissions are prepared using the Biogenic Emissions
mode aerosol chemistry (Pilinis et al., 2000; Capaldo et al.Inventory System (BEIS) version 3.9 with Biogenic Emis-
2000); addition of the new gas-chemistry mechanism, i.e.sions Land cover Database version 3 (BELD3) data (ICAP,
the Carbon Bond Mechanism version 2005 (CB05) and as2005). Emissions from continuously emitting volcanoes are
sociated Euler backward iterative (EBI) solver; incorporation also included based on the Global Emissions Inventory Ac-
of online sea salt emission module; update on aerosol dry detivity (GEIA). The sea salt and dust emissions are generated
position algorithm; enhancement of SOA module by consid-online using the method from Zhang et al. (2005) and the one
ering SOA products from isoprene, sesquiterpene, etc.; moddeveloped by this study, respectively. The IBC for chemical
ification of the calculation of heterogeneousQ4 reaction  species are taken from GEOS-Chem (Park et al., 2004).
probability to be a function of temperature, relative humid-  To investigate the impacts of dust, a total of ten 1-month
ity, and aerosol compositions. (April 2001) simulations are conducted, as listed in Ta-
The modeling domain is the same as the ICAP domainble 3 (note that the Zender scheme is used for all sim-
which includes Eastern Asia, North America, Northern Pa-ulations except for the simulation DUSW). These sim-
cific Ocean, and Western Atlantic Ocean with several ac-ulations are designed to examine the differences between
tive dust source regions (Western India, Northwest/Centratwo dust schemes (i.e., DUST vs. DUSY), and to un-
China, and the Western US). The horizontal grid resolutionderstand the individual impacts of crustal species treatment
is 108 km, and vertical resolution includes 16 layers fromin ISORROPIA Il in the absence and presence of heteroge-
the surface to approximately 100 hPa (a6 km) with a  neous chemistry (i.e., the simulation CRUSNLY vs. the
finer spacing within the planetary boundary layer (PBL) andsimulation DUSTEMIS_ONLY; DUST vs. DUSTISO1.7),
~ 40 m for the first model layer height. The meteorological heterogeneous chemistry on the surface of dust (i.e., the
field is generated by Weather Research & Forecasting Modesimulation DUST vs. the simulation CRUSDNLY), and
(WRF) version 3.2 with the analysis four-dimensional datatheir combined impacts (the simulation DUST vs. the sim-
assimilation (FDDA). The physical/chemical options used ulation BASELINENO_DUST); the uncertainties in ma-
for the WRF/CMAQ-Dust simulation include Yonsei Uni- jor parameters (e.g., the impact of the fraction of erodi-
versity (YSU) PBL scheme (Hong et al., 2006), thermal dif- ble lands for dust emissions by comparing DUBTGH_EF
fusion land surface parameterization scheme (Dubia, 1996)s. DUST,; the impact of uptake coefficients by compar-
Grell 3-D ensemble cumulus cloud scheme (Grell and De-ing DUST HIGH_UPTAKE vs. DUST); the impact of Asian
venyi, 2002), WRF Single Moment (WSM) 6-class grau- anthropogenic emissions on the US air quality (DUST
pel microphysics parameterization scheme (Hong and Limys. DUSTNO_ASIA_EMIS); and the impact of improved
2006), the Goddard shortwave radiation scheme (Chou anderosol treatments on the model performance (e.g., DUST
Suarez, 1994), the Rapid Radiative Transfer Model (RRTM)vs. DEFAULT CMAQ v4.7).
longwave radiation scheme (Mlawer et al., 1997), CB0O5 gas- The model evaluation for meteorological and chemical
phase chemistry mechanism (Yarwood et al., 2005), and/ariables is conducted using the same protocols as intro-
AEROS5 aerosol mechanism (Roselle et al., 2008). The ini-duced in Wang et al. (2009). The statistical measures used
tial/boundary conditions (IBC) for WRF simulation are from here include the mean bias (MB), correlation coefficietjt (
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Table 3. Simulation design and purposes.

Run Index Model Configuration Purpose

DEFAULT CMAQ v4.7 WRF v3.2 and default CMAQ v4.7 Performance comparison with MM5/CMAQ v4.4 of
(uses ISORROPIA 1.7) but without any Wang et al. (2009)
dust treatments

BASELINE_.NO_DUST Same as DEFAULT CMAQ v4.7 but  Serves as a baseline run for the run DUST
with ISORROPIA I

DUST_EMIS_ONLY Same as BASELINENO_DUST but Serves as a baseline run for the run CRUSNILY
with dust emissions only

CRUST.ONLY Same as BASELINENO_DUST but Differences between CRUSDONLY and
with dust emission and crustal specieDUST_EMIS_ONLY indicate the effect of crustal
treatment species treatment only (see Figs. 4 and 5); serves as a

baseline for DUSTHIGH_UPTAKE

DUST Same as BASELINENO_DUST but Performance comparison with BASELINEO_DUST;
with all dust treatments (emissions,differences between DUST and CRUSINLY repre-
crustal species treatment, and heterosent a lower bound of the effect of dust heterogeneous
geneous chemistry using lower limit chemistry (see Fig. 7); differences between DUST and
values) BASELINE_NO_DUST represent a lower bound of dust
effect with all dust treatments (see Figs. 8-10)

DUSTW Same as DUST but with the WestphalPerformance comparison with DUST (see Table 4 and
dust scheme Fig. 3)

DUSTHIGH_.UPTAKE Same as DUST but using upper linpit Differences between DUSHIGH_UPTAKE and
values CRUST.ONLY represent an upper bound of the effect
of dust heterogeneous chemistry (see Fig. 7)

DUST.ISO1.7 Same as DUST but with ISORROPIADiIfferences between DUST and DUS30L1.7 indicate
1.7 the effect of crustal species treatment when dust hetero-
geneous chemistry is treated (see Fig. 6 )
DUSTHIGH_EF Same as DUST but witBg = 1.0 Differences between DUSHIGH_EF and BASE-

LINE_NO_DUST represent an upper bound of dust ef-
fect with higher dust emissions and all dust treatments
(see Figs. 8-10)

DUST_NO_ASIA_EMIS Same as DUST but without Asian Differences between DUST and
anthropogenic emissions DUST_NO_ASIA_EMIS indicate the impact of
Asian anthropogenic emissions on the US air quality
(see Fig. 11)

the normalized mean bias (NMB), the normalized mean er-able ground- and satellite-based measurements. Surface ob-
ror (NME), and the root-mean-square error (RMSE) (Zhangservational data include those from the CASTNET, the Inter-
et al.,, 2006). The WRF v3.2 simulation results are eval-agency Monitoring of Protected Visual Environments (IM-
uated against the observational data from the Clean AiIPROVE), STN, the Aerometric Information Retrieval Sys-
Status and Trends Network (CASTNET), the Speciationtem (AIRS)-Air Quality System (AQS), the Southeastern
Trends Network (STN), and the National Acid Deposition Aerosol Research and Characterization study (SEARCH)
Program (NADP) over the US and the National Climate over the US; those from the National Environmental Mon-
Data Center (NCDC) of NOAA over China. Dust emis- itoring Centre of China (NEMCC) over China, and chemi-
sion schemes are evaluated against measurements of dusdl data from the National Institute for Environmental Stud-
concentrations from ten surface sites of Asia compiled byies (NIES) over Japan. Satellite column data include tropo-
Cheng et al. (2008) and also measurements of AOD at fouspheric carbon monoxide (CO) columns from the Measure-
sites from the NASA's ground-based Aerosol Robotic Net- ments of Pollution in the Troposphere (MOPITT) (Deeter
work (AERONET; http://aeronet.gsfc.nasa.ghvChemical et al., 2003), tropospheric nitrogen dioxide (NQolumn
predictions of CMAQ-Dust are evaluated against the avail-from the Global Ozone Monitoring Experiment (GOME)
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Table 4. The comparison of monthly mean surface dust concentration (r_r?g fretween observations and simulations for April 2001. The
observational data were compiled by Cheng et al. (2008). The simulations DUST, B J8id DUSTHIGH_EF are defined in Table 3.

Site Location Latitude Longitude Obs. DUST DUSV DUSTHIGHEF
Lanzhou — China 36.05 103.88 0.305 0.163 0.154 0.313
Shapotou — China 37.50 105.00 0.370 0.220 0.215 0.429
Changwu — China 35.02 107.68 0.211 0.153 0.116 0.281
Zhenbeitai — China 38.29 109.70 0.209 0.203 0.138 0.389
Inner Mongolia— China  42.67 115.95 0.447 0.095 0.050 0.178
Beijing — China 39.93 116.35 0.206 0.114 0.078 0.188
Gosan — South Korea 33.29 126.16 0.052 0.034 0.030 0.049
Seoul — South Korea 37.53 127.07 0.093 0.045 0.042 0.057
Nagoya — Japan 35.15 136.96 0.038 0.021 0.021 0.027
Tsukuba — Japan 36.06 140.14 0.036 0.019 0.019 0.023
Average 0.197 0.107 0.086 0.193

(Burrows et al., 1999), troposphericz@esiduals (TORs) 4 Model evaluation

from the Total Ozone Mapping Spectrometer (TOMS) and

the Solar Backscattered Ultraviolet (SBUV) (Fishman et 1 Evaluation of meteorological variables
al., 2003), and AOD from the Moderate Resolution Imag-

ing Spectroradiometer (MODIS) (Remer et al., 2005). More . -
Table 5 summarizes the statistical performance of 2-m tem-

information about observations can be found in Wang et L .
al. (2009). perature (T2), 2-m water vapor mixing ratio (Q2) or rela-

The AOD calculations follow the method introduced by tive humidity (RH2), precipitation (Precip), 10-m wind speed

Roy (2007) using an empirical equation of Malm et al. (1994) (WSlO)f wglv(\)'ind di[Jef(t)ion d(V\\//i)()lO) arigﬁand v compol; .
and are further improved by considering the contributions"€Nts © (ie., an ) over different networks in

from sea salts, dust, and other coarse-mode particles in thi hinal and ththS ip] April 20|01| Figl;res S—lband S-2 inbthe
study. The scattering coefficien, is calculated as follows: ~ >uPPlement show the spatial plots of NMBs between obser-
vations and MM5/WRF simulations for T2, Q2 or RH2, Pre-

USP:(,;Q+0§303+G§]C+JSBF)C+(,S'\,‘JH4+GSI\'I)a+USCpI+a§ps+g§)M cip, and WS10 over China and the US, respectively. WRF
so, NOs oc BC generally underpredicts T2 over China with domain-wide
={[SQulxatsp™ +[NOgl xasp ™+ [OClx gy +H[BCl xagy (14)  NMB of —20.6%, especially over the Northern and West-
+INHa] x agp " + [Na] x ala+ [CI] x o} ern China where NMBs 0f-40 % to—100 % occur. Some
overpredictions occur in the Southwestern China. The poor

FS CM
XS (RH)/L0x 10°+ {IFS] x g5+ [CM] x 0531)/1.0 < 1C° T2 predictions over the Western China are likely due to the

S NO: NH i i i -

where Gspo4' oS, GS(?)C' ngc’ ol U;\:)a’ Uscp|, O_SFps’ poor representation of steep terrains at a coarse grid resolu
cM the scattering coefficients for $O NO= tion (Wang et al., 2009). The predictions of T2 over the US
and og," are 9 ' have low domain-wide biases with NMBs of 4.9 % (CAST-

OC, BC, NH;, Na*, and CI in the PMbs size sec- NET) and —4.2% (STN) with small overpredictions over
tion, fine-mode soil including dust and other inorganic the Northeastern US and moderate to large underpredictions
aerosols, and coarse masses including coarse-mode dugyer the Western US. The discrepancies arise from several
sea-salt, and other aerosols, respectively, and the brackactors, including the slow responses of deep soil tempera-
ets in the above equation indicate the mass Concentratiomres to Synoptic-sca|e Changes in air temperatures, the lim-
in pgm3. The values for specific scattering coefficients jtations of the PBL and land-surface schemes currently used
(agp) for species aredssp?“ = aypoa = as%c: OlglpH4 = asN§= in meteorological models in accurately simulating the air-
a$=50mPg L a8 =30nPg L efS=10mPg % and land heat fluxes (Gilliam et al., 2006), the limitation of Dud-
ag:pM —0.6m? g1 (Malm et al., 1994).f (RH) accounts for hlg (1989) radiation s_cheme in simulating the _Iongwave radi-
the effect of relative humidity on scattering due to deli- f'mon, as well as the inability to resolve subgrid meteorolog-

quescence and is assumed to be 2.3 in this study followingc@l Phenomena (Wang et al., 2009). The correlation coeffi-
Chameides et al. (2002). cients for T2 are very high over all networks with R-values of

0.88 for CASTNET, 0.87 for STN, and 0.87 for NCDC, re-

spectively. For Q2 or RH2, the model also performs well in
terms of both spatial distribution and statistical performance.
The domain-wide average NMBs are 8.1% for Q2 against
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Table 5. Performance statistics for meteorological predictions over the US and China from MM5 and WRF simulations in April 2001.

Variables CASTNET (U | STN (US) | NADP (US) | NCDC (China¥
T2 RH2 WS10 WDI0 u10 V10 T2 Precip. T2 Q2  Precip.
(°C) (%) (msl) (degree) (msl) (ms (°C) (mm) | (°C) (kgkg™!)  (mm)
DataNumber 50030 53975 53909 53909 53909 53009 511 665 | 89437 35008 2022
Mean Obs. 122 617 2.7 190.0 0.6 ofs 15.0 17.8| 131  0.00545 23
WRF (CCSM)  Mean Pred. 136  67.4 5.4 207.7 1.7 5 154 6.4 9.7  0.00528 0.65
with PBL Correlation 061  0.40 0.21 0.13 0.56 012| 0.72 0.73 0.03
nudging MB 1.4 5.8 2.7 17.6 0.4 —11.4| -3.4 -0.00017 -1.65
RMSE 70 237 4.0 122.7 6.4 26.2 75  0.00272 6.12
NMB (%) 11.8 9.4 97.7 9.3 2.8 —64.1| —25.8 -31 -716
NME (%) 457 311 1181 49.8 34.1 955 | 446 37.8  108.9
WRF (FNL)  Mean Pred. 128 703 4.6 204.9 14.3 83| 107  0.00596 1.7
without PBL  Correlation 089  0.70 0.55 0.48 0.87 057 | 0.88 0.92 0.31
nudging MB 0.6 8.6 1.9 14.9 -0.7 —95| —-25  0.00051 -0.63
RMSE 36 193 2.8 100.9 3.6 19.8 51  0.00168 5.63
NMB (%) 52 140 69.2 7.8 —4.4 —53.4| —18.8 93 —275
NME (%) 224 246 82.5 32.7 17.7 69.8| 293 235 1025
WRF (FNL)  Mean Pred. 128 704 4.0 202.1 14.3 82| 104  0.00589 1.6
with UV PBL  Correlation 0.88  0.68 0.54 0.50 0.87 056 | 0.87 0.91 0.35
nudging MB 0.6 8.8 1.2 12.0 -0.6 -9.6 | —2.7 000044 -0.72
RMSE 37 197 2.3 96.1 3.6 19.9 54  0.00169 5.42
NMB (%) 49 142 45.6 6.3 —4.2 —54.1| —20.6 8.1 -315
NME (%) 232 250 67.4 30.8 17.9 70.0 | 311 23.6 97.6
MM5 Mean Pred. 99 715 3.1 182.0 11.5 133 | 9.34 0.0049 1.98
Correlation 0.85  0.60 0.57 0.14 0.88 057 | 0.88 0.94 0.44
MB -23 9.8 04 -81 -35 -59| —38 —0.00053 —0.32
RMSE 50 282 1.8 124.7 5.0 18.3 59  0.00154 5.31
NMB (%) -19.2 159 154  —42 -23.1 —30.8 | —28.8 -9.8 -14.0
NME (%) 30.8 332 52.1 51.1 25.2 60.3| 343 21.8 1024

@ Data from CASTNET include T2, RH2, WS10, WD10, U10 and V10.
b Data from NCDC include T2, Q2, and Precip.

NCDC and 14.2 % for RH2 against CASTNET and R-valuesthe US. The performance statistics for other WRF simula-
are 0.91 and 0.68, respectively. Their NMBs over the ma-tions (e.g., CCSM data and other nudging options) are also
jority of NCDC and CASTNET sites are within 20 %. Rel- included in Table 5. The WRF simulation using FNL data
atively high NMBs are found in the Northern and Western and UV PBL nudging gives overall the best performance
China and the Western US, indicating a poor performance ofind thus is used for all the CMAQ-Dust simulations. Com-
WRF over complex terrains. WRF precipitation predictions paring with the simulation results of MM5, WRF predicts
rank poorly compared to T2 and RH2 (or Q2), likely be- higher WS10 (i.e., domain-wide average 4.0Th sersus
cause WRF cannot capture small-scale dynamical processe3,1 m s 1), indicating that WRF meteorology in CMAQ v4.7
topography, and rapid diurnal evolution of PBL with rel- favorsthe dust emissions. Much higher correlation for WD10
atively large grid resolution (Kursinski et al., 2008), with (i.e., R-values of 0.5 vs. 0.14) and smaller error (i.e., NME of
lower domain-wide mean underpredictions in China com-30.8% vs. 51.1 % against CASTNET data) indicate a much
pared to in the US (NMBs 0f31.5% vs.—54.1%). The better agreement of the wind field generated by WRF with
spatial distribution of NMBs in China, however, displays a observations. Generally, WRF predicts much better T2 and
worse pattern, with large negative biases<{70%) occur-  slightly better RH2 than MM5 especially over the US. How-
ring mostly over the Northwestern, Northeastern and Eastermever, WRF predictions for precipitation are worse.
China and large positive biases {0 %) occurring mostly
over the Southwestern China. The overall small domain-wide4.2 Evaluation of chemical variables
mean NMB for precipitation over China is therefore the re-
sult of the cancellation of large positive and negative biases4.2.1 Dust emission fluxes and dust concentrations
WREF generally overpredicts WS10 (e.g., an overall NMB of
45.6 % against CASTNET), indicating that WRF meteorol- Figure 1 shows the predicted monthly mean dust emission
ogy favors dust emissions. However, the overprediction israte generated by the Zender and Westphal schemestwith
much less over the dust source regions in both China an@f 0.5 and total dust concentrations in Pdvat surface and
~5km altitude from the Zender scheme only wikly of
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Fig. 1. The predicted monthly mean dust emission rates generatéa) Bender andb) Westphal schemes withg of 0.5, and(c—f) for
total dust concentrations at surface anél km altitude from the Zender scheme witl of 0.5 and 1.0 in CMAQ-Dust.

0.5 and 1.0. The altitude aloft chosen is typically associatedL.0 in the Zender scheme gives 223.0 Tg moAti hese val-
with long-range transport of dust and pollutants. In general,ues are overall consistent with estimates reported in the lit-
from both schemes, dust emissions occur over regions whererature. For example, Zender et al. (2003) estimated an an-
high wind speeds, low vegetation, and no snow cover occurnual dust emission of 415 Tg over Asia. Laurent et al. (2006)
The areas with the strongest sources are located in the Talkestimated dust emissions of 300 Tg over China in April
lamakan Desert and Gobi Desert over China and Mongolia2001. Uno et al. (2006) reported 27 to 336 Tg dust emis-
Areas with less pronounced dust sources include the Westsions during a 10-day period in a dust season over China,
ern India, the Southwestern and Great Plains regions ovewith a mean of 120 Tg from eight different dust models.
the US, and Sonoran Desert of Mexico. The spatial patterrThe amounts of dust emissions from simulations DUST and
of dust emissions is consistent with previous studies (GinowDUST_HIGH_EF represent lower and upper limits of esti-
et al., 2001; Prospero et al., 2002, Zender et al., 2003; Tangnates, respectively, for the April 2001 dust event.

et al., 2004). CMAQ-Dust also captures the dust outbreak As shown in Fig. 1c—f, the maximum total surface
event during 4-14 April (figures not shown). The monthly concentrations of dust from DUST>(00pugnt3) and
total dust emissions generated by CMAQ-Dust using theDUST_HIGH_EF (> 500 ug n73) are apparent over source
Zender and Westphal schemes with = 0.5 are 111.4 and regions, where large particles have not deposited yet. The
110.9 Tgmonth?, respectively. Increasingr from 0.5 to  concentrations of dust in fine and coarse modes (referred
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Table 6. Performance statistics for chemical predictions over the US in April 2001.

Variables AIRS CASTNET SEARCH AIRS CASTNET SEARCH| IMPROVE STN SEARCH] IMPROVE®
Max 1 h O3 (ppb} | Max 8 h Oz (ppb}? | PMj, 5 (ug m3)P | bcv  EXT (Mm—Y
Data Number 29993 2267 197 29276 2232 197 2125 365 87| 1049 1049
Mean Obs. 52.7 54.3 56.4 47.8 50.4 51.4 57 111 14.3| 12.6 31.4
MM5/CMAQ  Mean Pred. 48.7 442 475 454 43.4 47.3 939 168 175 - -
v4.4 Correlation 0.54 0.51 0.71 0.53 0.62 0.75 0.29 041 0.67 — —
NMB (%) -73 -185 -157| —-47 -13.8 77 55.7 515 154 - -
NME (%) 185 22.3 18.6 18.8 19.5 14.8 823 706 334 - -
DEFAULT Mean Pred. 54.1 48.9 499 51.1 48.1 49.6 70 119 11.2| 12.8 47.6
CMAQVA4.7  Correlation 0.50 0.49 0.63 0.47 0.58 0.71 0.43 048 0.34] 0.66 0.58
NMB (%) 2.8 -9.38 115 6.8 -47 -36 218 6.8 —215| 17 51.6
NME (%) 16.6 17.0 17.6) 17.9 155 14.8 55.1 422 52.2| 27.2 71.9
DUST Mean Pred. 53.7 48.6 491 50.7 47.7 483 95 14.1 12.8| 14.9 56.5
Correlation 0.49 0.48 0.63 0.47 0.57 0.71 0.32 0.40 0.37| 0.66 0.55
NMB (%) 2.0 -105 ~12.9 5.9 5.4 -4.2 66.3 265 -10.1| 17.9 79.7
NME (%) 16.7 17.4 181 17.9 15.8 15.1 86.4 53.1 52.9) 30.4 91.8
DUST.W Mean Pred. 53.7 485 49.p 50.6 47.6 48.3 114 151 12.8| 15.7 61.0
Correlation 0.49 0.48 0.63 0.47 0.57 0.71 0.18 0.21 0.36| 0.57 0.47
NMB (%) 1.9 —-10.6 -12.8 5.9 -55 —4.2 99.6 356 —9.9| 248 94.2
NME (%) 16.6 17.4 18.0 17.9 15.8 15.0 118.1 61.2 53.3 35.9 105.7
DUST. Mean Pred. 53.3 48.1 488 50.2 47.2 47.9 122 16.4 145 16.0 64.2
HIGH_EF Correlation 0.48 0.47 0.62 0.46 0.56 0.70 020 0.28 0.37| 061 0.47
NMB (%) 1.1 -11.3 134 5.0 -6.3 -4.9 1125 473 1.9/ 27.0 104.5
NME (%) 16.8 17.9 185 18.0 16.2 15.4 128.7 707 57.0 36.2 113.9

@Max 1h and 8 h @ data are from AIRS, CASTNET, and SEARCH.
b pMm, 5 data are from IMPROVE, STN, and SEARCH.
¢ The DCV and EXT data from the CMAQv4.4 simulation of Wang et al. (2009) are not available.

to as dushe and dusbarse respectively) are>50 and  tions by 45.7 % and 56.3 %, respectively, indicating that the
>120pug 3 from DUST and> 120 and > 200 ug nr3 simulation DUST with the Zender scheme performs better
from DUST.HIGH_EF, respectively over deserts in China than the Westphal scheme over almost all sites. The aver-
(see Fig. S-3). Due to the much faster deposition rates ofge dust concentration at the 10 sites is 0.107 mgfrom
dustoarse the spatial distributions and abundance of ghast DUST vs. 0.086 mgm?® from DUST.W. For comparison,
and dusioarseare similar over downwind and remote regions. the average observed value is 0.197 mgmiThe simula-
The total surface concentration of dust particles can reachion DUST HIGH_EF with a higher EF value in the Zender
up to 25 and 50 pg m? from DUST and DUSTHIGH_EF scheme gives much better agreement with observations than
over the downwind areas such as the Eastern China, Japahoth DUST and DUSTW, with an average dust concentra-
Northeast India, and the Midwest US. Long-range transportion of 0.193 mg n13, despite overpredictions near source re-
can build up the total surface concentrations of dust up togions and underpredictions over downwind regions.
5 to 10 pug nT3 over the remote regions such as the Eastern Tables 6 and 7 summarize performance statistics of sev-
Pacific and the Eastern US. The total concentrations of duséral major chemical/visibility species over the US, Beijing
over the downwind and remote areas~ab km altitude are  (China), and Japan among five simulations (i.e., simula-
higher than the surface, indicating that the long-range transtions MM5/CMAQ v4.4 without dust, DEFAULT CMAQ
port of dust particles is more efficient at higher altitudes.  v4.7, DUST, DUSTW, and DUSTHIGH_EF). The results

of MM5/CMAQ v4.4 are included to reflect how much
4.2.2 Evaluation of chemical variables changes in CMAQ-DUST (based on CMAQ 4.7) are due to

updates in CMAQ v4.7 or due to new dust treatments added
Table 4 shows the monthly mean surface dust concentray, CMAQ v4.7. Over the US, the model performance for

tions from measurements compiled by Cheng et al. (2008, from the simulation DUST is quite good with NMBs of
and simulations DUST, DUSW, and DUSTHIGH.EF al  _ 15 994 t9 2.0% and NMEs of 16.7% to 18.1% for max

ten sites in East Asia in April 2001. Among those sites, 1 1, O; and with NMBs of—5.4% to 5.9% and NMEs of
five are close to dust source regions (i.e., Lanzhou, Shapo;g 1 o4 to 17.9 % for max 8-h O Al simulations with dust
tou, Changwu, Zhenbeitai, and Inner Mongolia); one is in yreatment tend to predict morez@han with CMAQ v4.4
the near downwind regions (i.e., Beijing); the rest of the mainly due to the use of CBOS mechanism and a little bit

four sites are in the far downwind regions. Both simu- g Q than with simulation DEFAULT CMAQ v4.7 due
lations DUST and DUSTW underpredict dust concentra-
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Table 7. Performance statistics for chemical predictions over Asia in April 2001.

Variables Beijing Japah
Max 1h O SO, NO, PMg CO S NO NO SPM
(mgnr®) (g3 (ugnr3)  (ugnr3)  (ppb)  (ppb)  (ppb)  (ppb) (g TP
Data Number 30 30 30 30 131 1490 1448 1465 1537
Mean Obs. 95.8 34.0 65.9 209.6 4435 6.0 6.6 16.9 33.9
MM5/CMAQ Mean Pred. 86.8 37.3 15.3 340 192.0 4.5 0.6 6.6 17.0
v4.4 Correlation —0.03 0.28 0.38 0.14 0.27 0.35 0.21 0.44 0.16
NMB (%) —-9.36 9.80 —76.8 —-83.6 -56.7 -—-255 -91.1 -60.7 —49.7
NME (%) 25.5 49.4 76.8 83.6 56.8 40.5 91.1 62.8 49.9
DEFAULT Mean Pred. 112.4 39.5 18.6 39.9 183.0 3.9 0.6 6.0 16.6
CMAQ v4.7 Correlation 0.01 0.17 0.25 0.13 0.30 0.39 0.19 0.48 0.15
NMB (%) 17.3 16.2 —-71.8 —-80.9 -58.7 -352 -91.1 -64.2 -50.9
NME (%) 30.6 56.0 71.8 80.9 58.7 43.8 91.2 65.4 51.1
DUST Mean Pred. 108.9 38.8 18.5 113.6 183.0 3.9 0.6 6.0 22.1
Correlation 0.01 0.17 0.25 0.11 0.30 0.39 0.19 0.48 0.19
NMB (%) 13.7 14.2 —71.9 —458 -587 -355 -91.1 -64.3 —34.7
NME (%) 27.7 55.1 71.9 79.9 58.7 44.0 91.1 65.4 35.8
DUST.W Mean Pred. 109.9 39.0 18.5 78.3 183.0 3.9 0.6 6.0 21.6
Correlation 0.03 0.17 0.25 0.15 0.30 0.39 0.19 0.48 0.20
NMB (%) 14.7 14.7 —-72.0 —62.6 -58.7 —-355 -91.1 -64.3 —36.2
NME (%) 28.7 55.4 72.0 69.1 587 440 911 654 37.1
DUST.HIGH_EF Mean Pred. 106.7 38.3 18.5 188.1 183.0 3.8 0.6 6.0 27.7
Correlation 0.06 0.18 0.25 0.10 0.30 0.39 0.19 0.48 0.19
NMB (%) 11.3 12.8 —-71.9 —-10.3 -58.7 -—-358 -—-91.0 -64.2 —-18.2
NME (%) 27.3 544 71.9 97.3 58.7 44.2 91.1 65.4 24.4

@ Data over Beijing include max 1h4)S0,, NO,, and PMg.
b Data over Japan include CO, $ONO, NOy, and SPM.

to the heterogeneous uptake of Gn dust particles. Com- mance of simulations with dust treatments is more compa-
pared with the CMAQ v4.4, the simulation DUST predicts rable with both DEFAULT CMAQ v4.7 and CMAQ v4.4
PMy s better at the SEARCH and STN sites (with NMBs for most of gaseous species. The NMBs for Naver Bei-

of —10.1% vs. 15.4% for SEARCH and 26.5% vs. 51.5% jing and CO, S@, nitric oxide (NO), and N@ over Japan

for STN), however, gives higher overpredictions at the IM- are—71.9 %,—58.7 %,—35.5%,—91.1 % and-64.3 %, re-
PROVE sites (NMB increases from 55.7 % to 66.3 %). The spectively for simulation DUST, indicating a significant un-
better performance over MM5/CMAQ v4.4 should be due to derestimation of emissions for those species over Asia. For
a better representation of aerosol chemistry in CMAQ-Dust.max 1 h @Q, DUST gives better agreement with observations
Compared with DUSTW, the simulation DUST predicts than the DEFAULT CMAQ v4.7 with NMBs of 13.7 % vs.
PMy 5 better at the IMPROVE and STN sites (with NMBs 17.3 %, due to the heterogeneous uptakepffor PMigand

of 86.4% vs. 99.6 % for SEARCH and 26.5% vs. 35.6 % suspended particulate matter (SPM), the model performance
for STN) and gives similar performance at the SEARCH of the simulation DUST is much better compared with DE-
sites (i.e., NMB 0f—10.1 % vs.—9.9 %) indicating a better FAULT CMAQ v4.7 and CMAQ v4.4 (NMBs 0f-45.8 % vs.
overall performance for the Zender scheme than the West—80.9 % and—83.6 % for PMg and —34.7 % vs.—50.9 %
phal scheme. The values of deciview (DCV) and extinctionand—49.7 % for SPM, respectively) due to the contribution
coefficient (EXT) are also overpredicted at the IMPROVE of dust particles. However, underpredictions remain, indicat-
sites with high NMB values for all four simulations with ing that the dust emissions might be underestimated over the
dust treatments indicating some overestimation of dust emiseleserts in China. This finding is consistent with the analysis
sions at the IMPROVE sites in the Western US. The over-in Sect. 4.2.1. The performance of RjMand SPM is fur-
prediction of PM 5 over the STN and IMPROVE sites from ther improved in simulation DUSHIGH_EF (e.g., NMBs

all simulations could also be due to the underprediction ofof —10.3 % for PMgand—18.2 % for SPM) over East Asia,
precipitation, which leads to less scavenging and wet dedespite worse overpredictions in Bl concentrations and
position of PM 5. Over Beijing and Japan, model perfor- visibility indices.
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Fig. 2. Spatial distribution of AOD fronfa) MODIS observations and simulatio(ts) CMAQ v4.4,(c) DEFAULT CMAQ v4.7,(d) DUST ,
(e) DUST.W, and(f) DUST_HIGH_EF in April 2001.

Figures S-4 and 2 show the spatial distribution of ness. Three out of four sites (except for Beijing) are in rural
column variables from satellite observations, CMAQ areas and close to the dust source regions, where the influ-
v4.4, DEFAULT CMAQ v4.7, DUST, DUSTW, and ence from anthropogenic emissions is thus little and AODs
DUSTHIGH_EF in April 2001. Table 8 summarizes the are predominantly affected by natural aerosols such as dust
corresponding performance statistics. The simulation DUSTparticles. The temporal trend between simulation and obser-
predicts the columns CO, TOR, and BQuite well with  vation is similar except for a few days. For example, on 28
NMBs of —9.0%, —17.2%, and 10.0 %, respectively, and April, the model overpredicts AOD in Dunhuang and Inner
shows a very similar pattern compared with the simula-Mongolia, while underpredictions occur in Beijing. Consid-
tion DEFAULT CMAQ v4.7. The correlation coefficients ering the large uncertainties associated with dust emissions
are also high for all three column variables. Compared withand model treatments in WRF and CMAQ v4.7, the agree-
CMAQ v4.4, DEFAULT CMAQ v4.7 and DUST give the ment between observed and simulated AOD is reasonably
comparable performance for NQslightly better perfor- good, demonstrating the ability of CMAQ-Dust in captur-
mance for column CO, and considerable performance im4ing both the spatial patterns and the day-to-day variations of
provement for TOR due to the use of the CB05 mecha-aerosols including dust particles.
nism. More importantly, the dust treatments in simulations
DUST, DUSTW, and DUSTHIGH_EF greatly improve
AOD predictions, especially over the Pacific Ocean, with °
the domain-wide NMB reduced from35.4 % (CMAQ v4.4)
and—20.2 % (DEFAULT CMAQ v4.7) to—7.8% (DUST),
—7.7% (DUSTW), and 7.3% (DUSTHIGH_EF). Figure 3
compares temporal variations of observed daily average co
umn AODs from AERONET and derived values from three
CMAQ-Dust simulations at four AERONET sites. The miss-
ing values for AERONET measurements are due to cloudi-

Impacts of dust treatments

Given the superior performance of the Zender scheme, it is
selected to perform several additional simulations to investi-
Igate the impacts of dust treatments in this section.
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Fig. 3. Temporal variation of daily average AOD from AERONET observations, simulations DUST, DMShd DUSTHIGH_EF during
April 2001 at four AERONET sites.

Table 8. Performance statistics for column predictions over the 5.1 Importance of crustal species
ICAP domain in April 2001.

Crustal species can profoundly affect gas/particle partition-

Variables CO TOR N@ AOD  jpg into both fine and coarse modes of PM (e.g., Jacob-
Data Number 16048 7900 36760 12387 son, 1997; Fountoukis et al., 2009). Figures 4 and 5 show
Mean Obs. 241 36.0 8.7 027 the spatial distribution of differences between simulations
MM5/CMAQ Mean Pred. 214 266 84 018 CRUSTONLY and DUSTEMIS_ONLY for surface layer
V4.4 Correlation 047 056 086 0.61 concentrations of gases including §NH3, HNOs and
NMB (%) -11.0 -261 -39 =354  gerpsols including PWs, PMcoarse and their compositions
NME (%) 151 266 435 412 b i ; :
such as S&, NO, NH;, and CI in April 2001. For non-
DEFAULT Mean Pred. 219 29.9 9.4 022 reactive species such as EC, OC, and other inorganic aerosols
CMAQ v4.7 ﬁ&rée(';f‘)o” _8'25 - 12'55 525 _2002'63 (OIN) (figures not shown here), two simulations show very
NME (%) 120 185 482 348 Small differences (generally +0.01pg rTT3)_. Compared
DUST Viean Pred 219 298 96 025 with DUST_EMIS_ONLY, CRUST.ONLY predicts relatively
Correlation 055 065 085 063 Iovyer SQ”1 (about 0.1 ug m?) over East Asia, due to less
NMB (%) ~90 -172 100 -78 oxidation of SQ to form sulfuric acid (HSOy). The less
NME (%) 12.9 18.6 486 34.6  oxidation is mainly due to the lower 40, and & mix-
DUST.W Mean Pred. 219 298 96 025 ing. rati.os predicted by CRUSIDN.LY with ISORRQPIA Il,
Correlation 055 065 0.85 0.64 Whichis caused by the perturbation of the chemistry system
NMB (%) -90 -173 100 77 through the impacts of crustal species on \thd HNG;.
NME (%) 129 187 486 343 por volatile species such as §Cand NHj, the effects of
DUSTHIGH.EF  Mean Pred. 219 296 9.6 029 crustal species are much more significant. The addition of
Correlation 055 065 085 061 crystal species decreases the predicted concentrations of fine-
NMB (%) -90 -178 103 73

mode NI—I{ throughout the domain, which indicates a charge
balance effect (i.e., N}I is replaced by crustal species such
as C&") and is consistent with results using the thermo-
dynamic equilibrium box models (e.g., Wang et al., 2006;
Fountoukis et al., 2009; Wang, 2011). On the other hand, the
impact of crustal species on NGs more complicated with
the enhancement of fine-mode j@oncentrations over dust

NME (%) 130 191 484  39.8
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Fig. 4. Spatial distribution of differences between simulations CRUELY and DUSTEMIS_ONLY for surface layer S@ HNOg3, and
NHs in April 2001; this figure illustrates the effects of crustal species.

source regions and reduction over downwind heavily pol-in agreement with Karydis et al. (2010), who applied the
luted areas such as the Eastern China and Northern India. THeomprehensive Air-quality Model with PM treatments over
increase of N@ can be explained (under neutral aerosol con-the high dust concentration area of Mexico City and found a
ditions) by the formation of deliquescent salts (e.g., throughsignificant shift of predicted ND from fine-mode to coarse-
the reaction of crustal cations with NO. Decreases in ND mode with the explicit treatment of crustal species. Fine-
may arise from “activity effect” of crustal ions (Jacobson, mode CI~ shows a similar decrease pattern as;N@er the
1999), where dissolved crustal ions may considerably in-East Asia. The mixing ratios of gas-phase N&hd HNG
crease the activity coefficient of ammonium nitrate and forceare increased and decreased, respectively, as expected ac-
it to repartition to the gas phase. Another factor is the reparti-cording to the mass balance. Finally, the reaction of'Ca
tioning of fine-mode N@ into the coarse-mode, where most with soﬁ— can reduce the amount of aerosol liquid water
of the crustal species reside. Figures 6 and 7a-b show clearlghy converting soluble sgj or Ca salts into sparsely soluble
that the inclusion of crustal species tends to shifN@m  CasQ), and shift nitrate partitioning to the gas phase. When
fine-mode into coarse-mode over the polluted areas. This igll these mechanisms are combined, the inclusion of crustal
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Fig. 5. Spatial distribution of differences between simulations CRUINLY and DUSTEMIS_ONLY for surface layer PMs, fine-mode
SOE_, NO3T, NHZ,'r and CI™, and coarse-mode SZAO NOg and Nl—g in April 2001, this figure illustrates the effects of crustal species.
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Fig. 6. Spatial distribution of differences between simulations DUST and DUSTL1.7 for NG; in (a) fine-mode andb) coarse-mode in
April 2001; this figure illustrates the effects of crustal species when dust heterogeneous chemistry is also treated.

species tends to reduce aeros:olg\j(]mIHjlr and PM 5 over due to the fact that the addition of a large amount oﬁSO

East Asia. generated by heterogeneous uptake alternates the chemical
regime of aerosols and then replaces;N&s ions (e.g., re-
5.2 Impact of heterogeneous chemistry placing NHyNO3 as (NH;)2SOy) over the domain. The mass

balance analysis of total nitrate (i.e., the sum of HNaDd
Heterogeneous chemistry on the surface of dust affectdNO;) also shows a more significant decrease trend (figure
the concentrations of gases and PM. Figure 7 showsiot shown) that can help explain the unexpected pattern of
the spatial distribution of differences between the simula-HNOs. The decreases of both N@nd NOs mixing ratio
tions DUST and CRUSTONLY and between the simula- are relatively small compared with other species mainly due
tions DUSTHIGH_UPTAKE and CRUSTONLY for sur-  to their less abundance in the atmosphegg4mixing ratio
face layer Q, NOx, H20z, and NG and PMs in April is increased in the simulation DUST, owing to the heteroge-
2001. The mixing ratios of @and several other species such neous uptake on the dust particles that converts té®,0-
as SQ, N2Os, and HQ, (figures for other species not shown) and much less uptake ofJ8- itself, as compared with the
are reduced in the presence of dust due to irreversible upsimulation DUSTHIGH_UPTAKE. This conversion leads to
takes. The spatial distribution ofsQreduction corresponds a reduction of HQ mixing ratio in the simulation DUST
well with the dust distribution shown in Fig. 1. The de- by up to 8ppt (80 %) over the dust source regions and by
crease of monthly average surface @ixing ratios can be up to 2 ppt (20 to 30 %) over the downwind polluted areas,
up to 3.8 ppb{ 9 %) from DUST and 7.3 ppb¥ 15 %) from  consistent with the HQdecrease reported by Bian and Zen-
DUST_HIGH_UPTAKE over the dust source region, which der (2003).
is comparable to those reported by previous studies (Den- The surface layer concentrations of PMand PMoarse
tener et al., 1996; Tang et al., 2004; Pozzoli et al., 2008a)increase in the simulation DUST, which can be mainly at-
The decrease of SOmixing ratios can be up to-0.3 and  tributed to an increase in ﬁo concentrations by up to 1.1
0.6 ppb from the two simulations, respectively§ to 8%  and 0.12 pgm?3 (12% and> 100 %) in fine- and coarse-
over the polluted areas and 27 to 34 % over the dust source renode (figures for PNparse and SCﬁ‘ not shown), respec-
gions). Different from other gases, the mixing ratios of,NO tively, due to the S@heterogeneous reaction with dust par-
in the simulation DUST increase due to renoxification thatticles over the heavily polluted areas such as the Eastern
converts HNQ back to NG at the surface of dust, with the China and Northern India. The larger percentage increase
largest increase over the Eastern China wherg &l@issions  in the concentrations of coarse-mode%S@s because they
are the highest. The small decrease in the mixing ratios otire very small in the absence of dust. The increase in con-
HNOs is unexpected (as shown in Fig. S-5), since the in-centrations of SQT leads to an increase in the Ijﬂ-bon-
crease of NQ indicates the heterogeneous uptake of HNO centrations (figure not shown) due to the charge balance ef-
is significant and should have resulted in lower levels of gasfect. The overall effect of heterogeneous reactions oy NO
phase HNQ. Therefore, there must be some other mecha-in the simulation DUST is small and much lower than that
nisms that also generate HY@ compensate the decrease reported by Tang et al. (2004) and Bauer et al. (2004), partly
of HNOs via heterogeneous chemistry. The small decreaselue to the competition effect of ﬁo discussed above. An-
of both fine- and coarse-mode I§&uggests evaporation of other reason may be due to the lowewalues used in the
NO; from the particulate phase. The evaporation of ]N®  simulation DUST (e.g., 0.001 versus 0.1 or 0.01 for HNO
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Fig. 7. Spatial distribution of differences between simulations DUST and CROSILY (left panel) and between DUSHIGH_UPTAKE
and CRUSTONLY (right panel) for surface layer £)NOx, H202, fine-mode N@, and PM 5 in April 2001; this figure illustrates a lower
and upper bound of the effects of dust heterogeneous chemistry.
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4.4x107° versus 1.0 x 10* for NO,, and 0.001 versus 0.02 the impacts of dust treatments on Nénd HQ, (figures not

for N2Os), compared to the values used by Tang et al. (2004)shown) are much smaller at higher altitudes, indicating less

and Bauer et al. (2004). As also shown in Fig. 7, the sim-abundance of those species due to their short lifetimes. For
ulation DUSTHIGH_UPTAKE with upper limity values the PM species, the impacts of dust treatments are also more
causes much greater changes in most of these species thpronounced at 5km altitude over many areas far from dust

those from DUST (e.g., much higher enhancement ofNO source regions, indicating more efficient uptake of precursors

concentrations). on aged dust particles (Fairlie et al., 2010). The concentration
enhancement of Ph due to dust treatments at higher alti-
5.3 Impact of dust treatment on gas and PM levels tudes is much larger over the downwind and remote areas (up

to ~ 25 pg n 2 over the Pacific Ocean from DUST and up to
Figures 8 and 9 show the spatial distribution of differences~ 50 ug n 3 from DUST_HIGH_UPTAKE), indicating more
between simulations DUST and BASELINEO_DUST and  efficient transport at higher altitudes.

between DUSTHIGH_EF and BASELINENO_DUST for
several gaseous (i.e.,30NOx, SO, HNOs, and HO2) 5.4 Impact of Asian pollution on the US air quality with
and aerosol species (i.e., fine-modeﬁS@nd NG, coarse- dust treatments
mode SC}‘ and NG;, and PMy), respectively, at the surface
layer in April 2001. Similar plots for PMs and PMarse The enhancements of both gaseous and aerosol species
are shown in Fig. S-6. The surface monthly mean mixingover the US in the presence of dust are quantified
ratios of @ and SQ are reduced and the mixing ratio of by calculating the differences between the DUST and
H205 is increased with all dust treatments and distributionsDUST_NO_ASIA_EMIS simulations (Fig. 11). As expected,
for those species correspond well with those shown in Fig. 7the Western US receives much higher influx of air pollu-
indicating dominant influences from heterogeneous chemiants from the trans-Pacific transport than the Eastern US.
istry. The increase of NQover most of the domain is due The simulated surface concentrations @fadd CO increase
to the renoxification process as discussed in Sect. 5.2. Thby ~ 1.5 ppb (3.6 %) and- 2.5 ppb (2.1 %), respectively over
impact of dust treatment on the spatial pattern of HNO the Western US. The enhancement fon%@d NG, is much
is dominated by the effects from HNONO; partitioning. higher over the Western US than the Eastern US. Compared
As shown in Fig. 9, the increase of surface concentrationswith other gases, NOshows a different pattern over the en-
for soﬁ— (both fine- and coarse-mode) over Asia with the tire US with a negative contribution of Asian anthropogenic
dust treatment is mainly due to heterogeneous chemistrgmissions to the NQ mixing ratios in the US. Wang et
and the decrease over Pacific and Atlantic Ocean and thal. (2009) found that the direct long-range transport ofyNO
Northeastern US is due to the less production o5&y to the US is negligible. Therefore, the negative change of
from the gas-phase oxidation as a result of reduced HO NOy as a result of the removal of Asian anthropogenic emis-
that dominates over the effect of heterogeneous chemistrysions is not due to the transport itself but to the differences
For those volatile species (i.e., NGand NI—Q’), the differ- in the rates of chemical destruction between the simulations
ences between the simulations DUST (or DUSIGH_EF) with and without Asian anthropogenic emissions (i.e., less
and BASELINENO_DUST are determined mainly by the conversion of NQ to its sink such as HNg) PAN, or N,Os
effects of crustal species. The overall impact of dust treatwhen removing Asian anthropogenic emissions) in the US.
ments on PMj is large. For example, DUST predicts the The concentration enhancements ofiSde Nl-[f (both
concentration enhancements of up~+d.780 and 5 ug m? by ~20% for the Western US) dominate among the PM
for PM1g over the dust source regions and the Pacific and At-species, because (NSO, (and/or NHBHSOy) is the major
lantic Ocean, respectively. DUSHIIGH_EF predicts much aerosol component of trans-Pacific anthropogenic aerosols.
greater PMg concentration enhancements of up to 3560 andThe relative enhancement for OC in both the Western and
10 pg nT3 over the dust source regions and the Pacific andEastern US is higher than that of Wang et al. (2009) (i.e.,
Atlantic Ocean, respectively. 11 to 15% vs. 2 to 5%), due to the updated SOA treat-
Similar plots for Q, SO, total sci—, total NG;, and ment in CMAQ v4.7. The relative enhancement for M
PM;jg are shown at an altitude of 5km in Fig. 10. Those for in the Western US is lower than that of Wang et al. (2009)
PMy5 and PMarseare shown in Fig. S-7. In contrast to the (i.e., ~5% vs.~ 10 %), which is mainly due to the inclu-
distribution in the surface layer, the decrease efaD5km  sion of dust particles in Plk that increases the baseline
altitude is more pronounced in the downwind/remote aread®M, 5 concentration significantly. In contrast with other PM
instead of dust source regions. This finding reflects that sufspecies and the results of Wang et al. (2009), thg NOn-
ficient amounts of dust particles have been transported efeentration is reduced in both the Eastern and Western US,
ficiently to the remote areas and have become aged to pradue to two competitive effects driven by changes in emis-
vide larger surface sites than freshly emitted particles forsions and thermodynamics when Asian emissions are re-
heterogeneous uptake ofz;@t higher altitudes. The simi- moved. Removing Asian anthropogenic emissions ofyNO
lar patterns are also found for 3@nd HNG. By contrast, and primary NQ directly reduces N@ concentrations in
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Fig. 8. Spatial distribution of differences between simulations DUST and BASEUNMEDUST (left panel) and between DUSHIGH_EF
and BASELINENO_DUST (right panel) at surface layer forsPNOy, SO, HNO3, and HO» in April 2001; this figure illustrates a lower

and upper bound of overall dust treatments in this study.
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www.atmos-chem-phys.net/12/10209/2012/ Atmos. Chem. Phys., 12, 1020237 2012



10232 K. Wang et al.: Dust emission and chemistry — the CMAQ modeling system

range transport. In addition, the default thermodynamic equi-
librium module ISORROPIA v1.7 in CMAQ v4.7 is updated
to ISORROPIA Il to account for the impact of crustal species
16 associated with dust particles on gas/particle partitioning.
CMAQ with the new dust module is applied to the April
2001 dust storm episode over the trans-Pacific domain. The
meteorological fields predicted by WRF 3.2 are first eval-

3 24

20

12

(base-sens.)lbase*100%

. . uated against the available observational data. WRF gener-
. ally predicts well 2-m temperature and relative humidity and
“ c e moderately overpredicts wind speed. WRF predicts precip-
@) itation relatively poorly compared to other variables which

affects chemical predictions, especially P/ via scaveng-
ing and wet deposition. CMAQ-Dust can reproduce concen-
trations of chemical species well. The model performance of
CMAQ-Dust for PMig and AOD is greatly improved as com-
pared with that of the DEFAULT CMAQ v4.7 in this work
and CMAQ v4.4 in Wang et al. (2009) due to the dust treat-
ments implemented in this work.

The total simulated dust emissions by CMAQ-Dust are
~111.4 and 110.9 Tg from Zender and Westphal schemes
o species with an erodible fraction of 0.5 and can increase up to

(b) ~ 223 Tg with a higher fraction of 1.0 in the Zender scheme

for April 2001, which is in line with other previous re-

Fig. 11.Absolute and relative contributions of differe(a) gaseous  search over Asia. Using different erodible fractiofig, of
species andb) PMps components over the Western US and the g 5 and 1.0, the monthly mean surface total concentrations
Eastern US due to Asian anthropogenic emis§ions between simulao-f dust particles predicted by CMAQ are generaty200
tions DUST and DUSTNO.ASIA_EMIS for April 2001. and> 500 ug nr3, respectively, over source regions in China
and can reach up to 25 and 50 ugrespectively, over
the downwind areas such as the Eastern China, Japan, the

th ¢ o foch) B ¢ o st | Northeastern India, and the Midwest US. Long-range trans-
as the negative emission effect). Because of a stronger Onggiort can increase surface total concentrations of dust by 5 to

range _transporj[ of Sij than NQ;_’ removing Asian anthro- 4 ug nT3 over the remote regions such as the Eastern Pa-
pogenic emissions of SCand primary S§~ also leads to  cific and the Eastern US. Both schemes predict similar total
much lower concentrations of §0in the US, which triggers  dust emissions with a similar spatial pattern and have similar
the changes in the aerosol thermodynamics. Compared witltPU costs. However, the Zender scheme is more physically
the simulation DUST, aerosols predicted from the simulationbased and gives a better model performance than the West
DUST_.NO.ASIA_EMIS contain a similar level of crustal phal scheme; it is therefore recommended for applications
species but they are less acidic due to lowe§S@oncen-  over regions with significant dust emissions.
trations (and to a lesser extent, lower N©oncentrations). A number of sensitivity simulations using the Zender
Therefore, thermodynamics requires more HNgartition- scheme are conducted to investigate the effect of dust on
ing into the particulate phase to neutralize cations, increasthe spatial distribution of various gaseous and PM species.
ing NOj concentrations (i.e., the positive thermodynamic ef- The results show that the inclusion of crustal species tends
fect). The positive thermodynamic effect dominates over theto affect the volatile species (e.g., NHNH;, HNO3, and
negative emission effect, leading to a net higher;NE@n-  NO3) to a greater extent than other non-volatile species (e.g.,
centr_ation f_rom the simulation DUSNO_ASIA_EMIS than SOﬁ_). The effects include decreasing the fine-mode;NH
the simulation DUST. throughout the domain, increasing the fine-mode;Ngver
dust source regions but decreasing it over downwind heavily
) polluted areas, as well as shifting I§@rom the fine-mode to
6 Conclusion and future work the coarse-mode. The concentration of \bver the East-

) ] o ern Asia is reduced due to the combined effect of crustal
In this study, two established dust emission flux schemes and

k > : gE:ecies on reducing NDand NI—[{. Heterogeneous chem-
nine dust-related heterogeneous reactions are implementg ry on dust particles tends to decrease the mixing ratiosof O

?nt(_) th(_e usS E_PA’s CMAQ v4.7to enhancg CMAQ’s capabil- by up to 3.8 ppb¢ 9 %) with Er of 0.5 and 7.3 ppb-¢ 15 %)
ity in simulating coarse PM and to examine the role of dust,, 1, Er of 1.0 over the dust source regions, and to reduce
particles in affecting chemical predictions during the long-

(base-sens )lbase*100%

the US in the simulation DUSNO_ASIA_EMIS (referred to
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