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Abstract. The US Environmental Protection Agency’s (EPA)
Community Multiscale Air Quality (CMAQ) modeling sys-
tem version 4.7 is further developed to enhance its capabil-
ity in simulating the photochemical cycles in the presence
of dust particles. The new model treatments implemented
in CMAQ v4.7 in this work include two online dust emis-
sion schemes (i.e., the Zender and Westphal schemes), nine
dust-related heterogeneous reactions, an updated aerosol in-
organic thermodynamic module ISORROPIA II with an ex-
plicit treatment of crustal species, and the interface between
ISORROPIA II and the new dust treatments. The result-
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 new
model treatments and understand associated uncertainties.
WRF/CMAQ-Dust produces reasonable spatial distribution
of dust emissions and captures the dust outbreak events, with
the total dust emissions of∼ 111 and 223 Tg when using the
Zender scheme with an erodible fraction of 0.5 and 1.0, re-
spectively. The model system can reproduce well observed
meteorological and chemical concentrations, with significant
improvements for suspended particulate matter (PM), PM
with aerodynamic diameter of 10 µm, and aerosol optical
depth than the default CMAQ v4.7. The sensitivity studies

show that the inclusion of crustal species reduces the concen-
tration of PM with aerodynamic diameter of 2.5 µm (PM2.5)

over polluted areas. The heterogeneous chemistry occurring
on dust particles acts as a sink for some species (e.g., as a
lower limit estimate, reducing O3 by up to 3.8 ppb (∼ 9 %)
and SO2 by up to 0.3 ppb (∼ 27 %)) and as a source for some
others (e.g., increasing fine-mode SO2−

4 by up to 1.1 µg m−3

(∼ 12 %) and PM2.5 by up to 1.4 µg m−3 (∼ 3 %)) over the
domain. The long-range transport of Asian pollutants can en-
hance the surface concentrations of gases by up to 3 % and
aerosol species by up to 20 % in the Western US.

1 Introduction

Natural and anthropogenic aerosols are known to play a sig-
nificant role in human health, climate change, atmospheric
visibility, stratospheric ozone depletion, acid deposition, and
photochemical smog. The role of natural aerosols on air qual-
ity and climate is as significant as that of anthropogenic
aerosols, not only because of their very high global mass
loading (probably 4 to 5 times larger than that of anthro-
pogenic aerosols on a global scale according to Satheesh and
Moorthy, 2005), but also because of their contribution to the
long-range transport as carriers and to atmospheric chemistry
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as reaction sites. Among aerosols, mineral dust or soil dust
is one of the major tropospheric aerosol components (IPCC,
2007). The uncertainties in direct and indirect atmospheric
radiative forcing by mineral dust are considered to be one of
the largest ones in climate and chemistry transport models.
Therefore, an accurate modeling of mineral dust emissions,
transport, and chemistry would enhance the understanding of
dust storm episodes and their impacts on air quality and cli-
mate.

Dust storms have been simulated in numerous studies in
the past decade. Although these studies were able to re-
produce many observations and demonstrate characteristic
transport patterns of dust storms (e.g., Westphal et al., 1987;
Tegen and Fung, 1994; Marticorena and Bergametti, 1995;
Mahowald et al., 1999; Ginoux et al., 2001; Nickovic et al.,
2001; Shao, 2001; Uno et al., 2003; Zender et al., 2003; Dar-
menova et al., 2009; Shao et al., 2010; Spyrou et al., 2010;
Kang et al., 2011; Solomos et al., 2011; Knippertz and Todd,
2012), there remain large uncertainties and discrepancies for
various dust emission and transport models. The uncertain-
ties are mainly from different model parameterizations of
dust emission processes, estimated amounts of dust reaching
remote areas during dust storm events, and variations in the
size distribution during long-range transport. The discrep-
ancies are mainly due to different treatments in dust emis-
sion schemes, different atmospheric transport models and re-
sultant meteorological predictions (e.g., wind velocity), and
land surface conditions (e.g., soil textures, soil wetness, and
land use data).

In recent years, increasing research attention has been
given to chemical composition and processes associated with
dust particles. Numerous experimental (e.g., Goodman et al.,
2000; Underwood et al., 2001; Li et al., 2006; Song et al.,
2007; Ndoru et al., 2008, 2009; Wagner et al., 2008; Mc-
Naughton et al., 2009; Crowley et al., 2010; Li et al., 2010;
Tang et al., 2010) and modeling studies (Zhang et al., 1994;
Dentener et al., 1996; Zhang and Carmichael, 1999; Un-
derwood et al., 2001; Bian and Zender, 2003; Bauer et al.,
2004; Liao and Seinfeld, 2005; Tie et al., 2005; Pozzoli et
al., 2008a, b; Astitha et al., 2010; Manktelow et al., 2010;
Zhu et al., 2010; Karydis et al., 2011) have demonstrated
the significance of heterogeneous chemistry on the surface
of mineral dust particles in altering the concentration of at-
mospheric gaseous and aerosol compositions. For example,
using a box model, Zhang et al. (1994) reported that the het-
erogeneous reaction on the surface of mineral dust can re-
duce nitrogen oxides (NOx) levels by up to 50 %, hydroper-
oxyl radical (HO2) concentrations by 20 to 80 %, and ozone
(O3) production rates by up to 25 % with the dust level of 0
to 500 µg m−3. Using a global model, Dentener et al. (1996)
found that the interactions of dinitrogen pentoxide (N2O5),
O3, and HO2 radicals with dust can affect the photochemical
oxidants cycle and cause O3 decreases by up to 10 % near
the dust source regions where dust mass concentrations are
more than 300 µg m−3. Using another global model, Pozzoli

et al. (2008a) also found that heterogeneous chemistry sig-
nificantly reduced the distributions of a number of key gases
such as O3 by 18 to 23 % over the trans-Pacific region and ni-
tric acid (HNO3) by 15 % globally. Li et al. (2006) showed in
their laboratory study that atmospheric sulfur dioxide (SO2)

loss via the heterogeneous reaction on dust is comparable
to loss via the gas-phase oxidation under high dust condi-
tions (i.e., when the number concentrations of dust are∼ 8 to
56 cm−3).

The US Environmental Protection Agency’s (EPA) Com-
munity Multiscale Air Quality (CMAQ) modeling system
version 4.4 has been previously applied by Wang et al. (2009)
over the trans-Pacific domain to study the long-range trans-
port of Asian air pollutants and its impact on regional air
quality over North America. CMAQ reasonably reproduces
observed mass concentrations of most air pollutants and cap-
tures their transport mechanisms. It, however, is incapable
of reproducing observed mass concentrations of particulate
matter with aerodynamic diameter less than or equal to 10 µm
(PM10) and aerosol optical depths (AODs), due to the lack of
mineral dust treatments in CMAQ (Wang et al., 2009; Wang
and Zhang, 2010). In this study, this limitation is addressed
by implementing an online dust emission and heterogeneous
chemistry module into CMAQ version 4.7 in order to inves-
tigate the role of dust in affecting chemical predictions of
air pollutants. In addition, the default inorganic thermody-
namic equilibrium module ISORROPIA 1.7 (Nenes et al.,
1998, 1999) in CMAQ v4.7 is updated to ISORROPIA II
(Fountoukis and Nenes, 2007; Fountoukis et al., 2009) to ac-
count for the thermodynamic interactions of dust with other
chemical species. The version of CMAQ with the above new
treatments (referred to hereafter as CMAQ-Dust) is then ap-
plied to the April 2001 Intercontinental transport and Cli-
matic effects of Air Pollutants (ICAP) episode to investigate
dust transport, the role of dust in affecting chemical predic-
tions of air pollutants, and the impact of the associated crustal
species (e.g., calcium (Ca), potassium (K), and magnesium
(Mg)) on the inorganic gas/particle partitioning through the
aerosol thermodynamic equilibrium. The objective of study
is to enhance the capability of CMAQ to simulate PM and its
interactions with photochemical cycles, as well as long-range
transport of air pollutants associated with dust storms.

In the next section, a detailed description of the new dust
emission and chemistry treatments in CMAQ-Dust is pre-
sented. Section 3 presents model configurations and simula-
tion setup. Section 4 describes the model performance eval-
uation of meteorological and chemical variables. Section 5
examines the impacts of dust treatments on model predic-
tions. Major findings, limitations, and future improvements
are summarized in Sect. 6.
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2 The development of CMAQ-Dust

2.1 Online dust emission module

Dust emissions are favored by strong ground-level winds as-
sociated with large-scale disturbances or convective activity.
Dust mobilization is often inhibited by surface-covering ele-
ments such as vegetation, snow cover, and rocks. It is also
constrained by soil conditions such as high soil moisture
and high salinity. With these factors, active mineral dust-
producing surfaces are normally confined to “bare ground”
or “sparsely vegetated ground” in arid and semiarid regions
with strong winds (Tanaka, 2007; Yue et al., 2009). Param-
eterizations of dust fluxes often take into consideration the
aforementioned factors, though the formulation varies con-
siderably among mathematical expressions.

Various dust mobilization/flux schemes used in 3-D atmo-
spheric models have been reviewed in several studies (e.g.,
Zender et al., 2003; Shao and Dong, 2006; Chervenkov and
Jakobs, 2011). They can be grouped based on the complexity
of schemes. For example, Zender et al. (2003) classified dust
schemes in three “complexity” groups. In the “simple” treat-
ments, the emission of dust is parameterized in terms of the
third or fourth power of the wind speed or friction speed and
the emitted dust is then redistributed empirically based on an
assumption of size distribution (Westphal et al., 1987; Tegen
and Fung, 1994; Mahowald et al., 1999). Under this assump-
tion, different sizes of particles have the same emission rates
and very detail microphysical information (e.g., the soil par-
ticle size distribution over different source regions) is not
necessary. In “complex” dust emission schemes, a complete
microphysical parameterization is used to predict the size-
resolved saltation mass flux and resulting sandblasted dust
emissions (Marticorena and Bergametti, 1995; Shao, 2001;
Shao et al., 2010). In this case, different sizes of dust particles
have different emission rates. Although these schemes pro-
vide the most physically based approach for estimating dust
emissions, many input parameters/information are not avail-
able to constrain them, especially for large-scale simulations.
Nevertheless, this class of schemes has shown some promis-
ing results in regional simulations (Marticorena and Berga-
metti, 1995; Darmenova et al., 2009; Kang et al., 2011). “In-
termediate” complexity schemes use microphysical parame-
terizations wherever possible, but invoke simplified assump-
tions to allow their application in large-scale/global simula-
tions (Ginoux et al., 2001; Zender et al., 2003). All the above
schemes have been favorably evaluated against lab and/or
field experiments. Table 1 summarizes the main character-
istics of several major dust flux schemes mentioned above.

In this study, two established and commonly used dust flux
schemes are adapted and incorporated into CMAQ v4.7: the
Westphal et al. (1987) scheme with modifications by Choi
and Fernando (2008) (hereafter called “Westphal scheme”)
and the Zender et al. (2003) scheme (hereafter called “Zen-
der scheme”). A major difference between the two schemes

is that the Zender scheme splits the dust flux into two compo-
nents, horizontally saltating mass flux of large particles (Qs)

and vertical mass flux of dust (Fd), whereas the Westphal cal-
culates vertical fluxes directly. Even if the Zender scheme is
more physically based than the Westphal scheme, incorporat-
ing both approaches in CMAQ-Dust permits an assessment
of the sensitivity of dust emissions and impacts on differ-
ent dust flux parameterizations. A detailed description about
these two schemes is given below.

The Westphal scheme is based on the assumption that the
vertical mass fluxes of dust particles with radius less than
10 µm can be expressed as a function of surface friction ve-
locity (u∗); data to constrain the parameterization are based
on measurements from Sahara, the Southwestern US, and Is-
raeli deserts. The associated formulas for the dust vertical
flux, Fd (g m−2 s−1), are expressed as

Fd = EF × (1− RF) × C × u3
∗ × H (1)

whereH is the Heaviside function that depends onu∗ − u∗t.
u∗ is the surface friction velocity, andu∗t is the threshold sur-
face friction velocity.H = 1 whenu∗ − u∗t ≥ 0, indicating
that dust particles can only be emitted from the surface under
such conditions.H = 0 whenu∗−u∗t <0, indicating no dust
emissions.C is 10−13 and 10−14u∗ for predominantly sandy
and silt/clay soil, respectively.RF is a reduction factor over
different land types based on the 24 US Geophysical Sur-
vey (USGS) land use categories; in this study, we consider
three land use category types (Choi and Fernando, 2008):
shrubland (RF = 0.7), mixed shrub/grassland (RF = 0.75),
and barren/sparsely vegetated land (RF = 0.1). EF is an ad-
justable parameter that represents the fraction of erodible
lands capable of emitting dust. AlthoughEF may vary with
locations due to heterogeneity of the erodibility of the lands,
Liu and Westphal (2001) suggested a constant value of 0.13,
which was based on the land surface conditions in 1950s
(Clements et al., 1957). More recent studies (Liu et al., 2003;
Yang et al., 2005) suggested higher values should be used for
current conditions over arid areas, indicating that this fac-
tor should be adjusted based on current land conditions and
may vary with locations and episodes. Three values, 0.3, 0.5,
and 1.0, are therefore selected, to test its sensitivity to dust
emissions. The results withEF = 0.5 and 1.0 are shown in
the following sections. In the original scheme of Westphal
et al. (1987), they assumed a constant value ofu∗t, which is
subject to high uncertainties for larger-scale simulation. Re-
cently, Choi and Fernando (2008) improved the scheme by
considering the effects of soil texture (i.e., soil percentage of
sand, silt, and clay) and soil moisture onu∗t, which makes
the scheme more suitable for larger-scale study. In addition
to the soil texture and moisture, there are several other fac-
tors that may affect the values ofu∗t, such as the particle
size distribution of soils and the drag partitioning between
the traditional aerodynamic roughness length and “smooth”
roughness length (Marticorena and Bergametti, 1995). The
aerodynamic 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
references

Westphal et al.
(1987); Liu and
Westphal (2001)

Choi and Fernando
(2008)

Ginoux et al.
(2001)

Zender et al. (2003) Marticorena and
Bergametti (1995)

Flux calculationa Vertical flux;u3
∗

andu4
∗

Vertical flux; u3
∗ or

u4
∗

Horizontal flux;
u3

10 andut

Horizontal flux and
vertical flux;u3

∗ and
u∗t

Horizontal flux and
vertical flux;u3

∗ and
u∗t

Factors affecting
u∗t

Constant Soil texture
and moisture

Soil particle size,
density, and
moisture

Soil particle size,
density,
moisture, and
surface roughness

Soil particle size,
density,
moisture, and
surface roughness

Dependency on the
particle sizes

No No Yes, different size
bins

Yes, but assume a
constant

Yes, continuous for
any size

Topographic
consideration

No No Yes Yes No

Erodible flux
fraction
consideration

Yes; based on land
types

Yes; based on land
types

Yes; based on soil
texture

Yes; based on
roughness length

Yes; based on
roughness length

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

a u∗: the surface friction velocity;u∗t: the threshold surface friction velocity;u10: the mean 10 m velocity;ut: 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 po-
tentially erodible particles without any nonerodible elements.
The latter is typically less than the former, and the resulting
drag partitioning will increase the values ofu∗t. In the cur-
rent version of emission scheme, only the soil moisture and
texture are considered due to the lack of other information.
In applying the parameterization, an initial value ofu∗t, u∗tI ,
is first determined by the Marticorena et al. (1997) expres-
sion, being 0.43, 0.43, and 0.30 m s−1 for shrubland, mixed
shrub/grassland, and barren/sparsely vegetated land, respec-
tively. An updated value ofu∗t is then calculated using the
following empirical formula (Fecan et al., 1999):

u∗t = u∗tI

[
1+ 121

(
max(w−w′, 0)

)0.68
]0.5

(2)

wherew is the gravimetric soil moisture (kg kg−1) andw′ is
the threshold gravimetric soil moisture and determined by the
following empirical formulations (Fecan et al., 1999; Zender
et al., 2003):

w = θρw/ρp,d (3)

ρp,d = ρp(1.0− θs) (4)

θs = 0.489− 0.126Msand (5)

w
′

= 14M2
clay+ 17Mclay (6)

where θ is the volumetric soil moisture (m3 m−3)

from the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)
reanalysis data,ρw = 1000 kg m−3 is the density of water,
ρp = 2600 kg m−3 is the mean soil particle density,ρp,d is
the bulk density of dry soil,θs is volumetric saturation soil
moisture (m3 m−3), andMsandandMclay are the mass frac-
tions of sand and clay, respectively, in the soil.

The dust emission parameterization of Zender et al. (2003)
has been extensively used in global modeling studies (e.g.,
Liao and Seinfeld, 2005; Fairlie et al., 2007, 2010; Nowot-
tnick et al., 2010). In this scheme,Qs (g m−1 s−1) is ex-
pressed as a function ofu∗ andu∗t according to the theory
of Kawamura (1964) and White (1979). The formulas are as
follows:

Qs = EF
csρu3

∗

g

(
1−

u2
∗t

u2
∗

)(
1+

u∗t

u∗

)
H (7)

wherecs is an empirical constant with a value of 2.61,ρ is
the atmospheric density, andg is acceleration of gravity. Dif-
ferent from the Westphal scheme,u∗tI is determined by the
semi-empirical relationship of Iversen and White (1982):

Atmos. Chem. Phys., 12, 10209–10237, 2012 www.atmos-chem-phys.net/12/10209/2012/



K. Wang et al.: Dust emission and chemistry – the CMAQ modeling system 10213

u∗tI(D) =

[
0.1666681ρpgD

1.928Re0.0922
∗t − 1

(
1+

6× 10−7

ρpgD2.5

)]1/2

ρ−1/2

when 0.03≤ Re∗t ≤ 10 (8)

u∗tI(D) =

[
0.0144ρpgD

(
1− 0.0858e−0.0617(Re∗t−10)

)
(

1+
6× 10−7

ρpgD2.5

)]1/2

ρ−1/2 when Re∗t>10 (9)

whereρp is the mean soil particle density,D is the average di-
ameter of saltation particles and is assumed to be the optimal
particle size,D0 ≈ 75 µm, under typical conditions on Earth
(Zender et al., 2003).Re∗t is the threshold friction Reynolds
number and is estimated using an empirical expression intro-
duced by Marticorena and Bergametti (1995):

Re∗t = 1331D1.56
+ 0.38 (10)

Following Zender et al. (2003),Re∗t is assumed to be a fixed
value due to a constant value ofD (i.e., 75 µm) in this study.
An updated spatially varied value ofu∗t is calculated based
onu∗tI from Eqs. (8)–(9) and Eqs. (2)–(6) accounting for the
effects of soil moisture. The horizontal saltation mass flux
Qs is then converted to a vertical dust mass fluxFd (the final
dust flux in the Zender scheme and in units of g m−2 s−1) by

Fd = T × S × α × Qs (11)

where T is a global tuning factor and is set to beT =

7.0 × 10−4, following Zender et al. (2003),S is the “source
erodibility” factor with values from 0 to 1 from the database
provided by Ginoux et al. (2001) and confines dust emissions
to topographic depressions in desert and semi-desert areas of
the world.α is the sandblasting mass efficiency in the unit
of m−1 that converts horizontal mass flux to vertical dust
flux and empirically parameterized based on Marticorena and
Bergametti (1995):

α = 100e[(13.4×min(Mclay,0.2)−6.0)×ln10] (12)

whereMclay is the mass fraction of clay particles in parent
soil.

The soil texture data used for both schemes are taken
from the US State Soil Geographic (STATSGO)/Food and
Agriculture Organization of the United Nations (FAO) soil
database with a 1-km grid resolution.u∗ directly comes from
a meteorological model. The land use data used in this study
are the dominant land use category in each grid cell. This
information is taken from the USGS dataset at a 1-km grid
resolution and is gridded to the domain in this study using
the WRF Preprocessing System (WPS) utility. The simulated
snow cover and precipitation data are used for determining
whether the dust emissions will be generated over each grid

cell of the simulation domain. Nickovic et al. (2001) have
classified the particle sizes of mineral dust into four cate-
gories based on the contents of clay, small silt, large silt, and
sand. Only the first two types, clay and small silt, are con-
sidered as PM10. In this way, the dust flux generated from
Eqs. (1) and (11) is further multiplied by a fraction, which is
based on the STATSGO soil texture data to approximate the
fluxes of dust PM10 in a given grid cell (Choi and Fernando,
2008). According to Midwest Research Institute (2005), the
PM2.5/PM10 ratio for typical fugitive dust sources is 0.1, so
the fluxes of dust PM2.5 can be obtained by multiplying the
fluxes of dust PM10 by 0.1.

2.2 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-
neous reactions of gases on the surfaces of dust are assumed
to be irreversible (Zhang and Carmichael, 1999). Following
the method of Schwartz (1986), the uptake of gases onto the
mineral dust particles is defined by a pseudo-first-order het-
erogeneous rate constantKi (s−1) for speciesi as follows:

Ki =

(
dp

2Di

+
4

νiγi

)−1

Sp (13)

wheredp is the dust particle diameter (m),Di is the gas-
phase molecular diffusion coefficient for speciesi (m2 s−1),
νi is the mean molecular velocity of speciesi (m s−1), Sp
is the surface area density of dust particles (m2 m−3) and
is determined from CMAQ simulation, andγi is the uptake
coefficient for speciesi. The uptake coefficients are largely
based on the work of Bian and Zender (2003) and summa-
rized in Table 2. The uncertainties inγi are very large and can
be more than three orders of magnitude for certain species
(Zhang and Carmichael, 1999; Bian and Zender, 2003). For
example, some studies have reported the values ofγ rang-
ing from 2.0 × 10−6 to 2.5 × 10−3 for O3 and from 2.0 × 10−6

to 1.6 × 10−2 for HNO3 (Goodman et al., 2000; Underwood
et al., 2001; Michel et al., 2002). Two sets ofγ values rep-
resenting the lower and upper limit values, respectively, as
shown in Table 2 are therefore tested in this study based on
published values (Zhang and Carmichael, 1999; Bian and
Zender, 2003; Zhu et al., 2010). A recent work by Crowly
et al. (2010) also recommended several uptake coefficients
of species on dust particles treated in this study, most of
which are smaller than the lower limit (e.g., O3, NO2, NO3,
and SO2) or between the lower and upper limits (e.g., H2O2
and N2O5) that are tested in this work. Consequently, the
uptake coefficients recommended by Crowly et al. (2010)
would lead to much less surface uptake and loss for most
gaseous species and thus less production of SO2−

4 and NO−

3 ,
as compared to the upper limit values used in this work.
Most previous studies considering the uptake of HNO3 onto

www.atmos-chem-phys.net/12/10209/2012/ Atmos. Chem. Phys., 12, 10209–10237, 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,γ

(lower limit)
Uptake coefficients,γ
(upper limit)

References

H2O2 H2O2+ Dust → Prod-
ucts

1.0 × 10−4 2 × 10−3 Dentener et al. (1996)

HNO3 HNO3+ Dust→
0.5NO−

3 + 0.5NOx

1.1 × 10−3 0.2 Dentener et al. (1996);
DeMore et al. (1997);
Underwood et
al. (2001)

HO2 HO2+ Fe(II) → Fe(III)
+ H2O2

0.1 0.2 Dentener et al. (1996);
Zhang and Carmichael
(1999)

N2O5 N2O5+ Dust→ 2NO−

3 1.0 × 10−3 0.1 Dentener et al. (1996);
DeMore et al. (1997)

NO2 NO2+ Dust→ NO−

3 4.4 × 10−5 2 × 10−4 Underwood et
al. (2001)

NO3 NO3+ Dust→ NO−

3 0.1 0.23 Seinfeld and Pandis
(2006); Zhang and
Carmichael (1999)

O3 O3+ Dust→ Products 5.0 × 10−5 1 × 10−4 Dentener et al. (1996);
Zhang and Carmichael
(1999)

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

SO2 SO2+ Dust→ SO2−

4 1.0 × 10−4 2.6 × 10−4 Zhang and Carmichael
(1999)

dust assumed it to be an irreversible process. However, ex-
perimental evidence (Knipping and Dabdub, 2002; Rivera-
Figueroa et al., 2003; Ndor et al., 2009) suggests that the
reaction of gaseous nitric oxide with HNO3 on surfaces may
release photochemically active NOx. This so-called “renoxi-
fication” process is also considered in this study.

2.3 Incorporation of ISORROPIA II and crustal species
treatment into CMAQ

It has been shown that the consideration of crustal materi-
als in predicting the partitioning of NO−3 and NH+

4 , espe-
cially in areas where mineral dust comprises a significant
portion of aerosols, is very important and can potentially
improve model predictions (Jacobson, 1999; Moya et al.,
2002; Fountoukis et al., 2009). The ISORROPIA II thermo-
dynamic equilibrium module (Fountoukis and Nenes, 2007;
http://nenes.eas.gatech.edu/ISORROPIA) includes the ther-
modynamics of crustal materials of Ca, K, and Mg based
on the preexisting suite of components of the ISORROPIA
model. The model determines the subsystem set of equi-
librium equations and solves for the equilibrium state us-
ing the chemical potential method. ISORROPIA II uses pre-

calculated tables of binary activity coefficients and water ac-
tivities of pure salt solutions, which speeds up calculations
significantly. ISORROPIA implemented in CMAQ also of-
fers the ability to solve for the “reverse problem” and makes
a metastable assumption, which assumes that only aqueous-
phase particles are formed.

Following the incorporation of the online dust emis-
sion module and dust-related heterogeneous chemistry, three
new crustal species (i.e., Ca, K, and Mg) are added into
CMAQ and the default thermodynamic module (i.e., ISOR-
ROPIA v1.7) in CMAQv4.7 is replaced by ISORROPIA
II, to study the impact of those crustal species on the in-
organic gas/particle partitioning through aerosol thermody-
namic equilibrium. This implementation of crustal species
treatment is expected to provide a more complete picture of
the physical and chemical processes associated with mineral
dust.

The emissions of crustal species are based on the online-
calculated dust emissions. Since CMAQ v4.7 simulates the
gas/particle partitioning in all three PM size modes (i.e.,
Aiken, accumulation, and coarse modes), the emissions of
crustal species are specified for both fine- and coarse-mode
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dust. Ten percent of the emitted crustal species are assumed
to be in accumulation mode and 90 % are in coarse mode
(Midwest Research Institute, 2005). In the model, crustal
species are also treated spatially uniformed, which means
all emissions of the crustal species are proportional to those
of dust because of the lack of information on the chemi-
cal composition and mineralogy of dust particles. The emis-
sion ratio between crustal species and dust is assumed to be
1.022 × 10−3, 1.701 × 10−3, and 7.08 × 10−4 for K, Ca, and
Mg, respectively, based on Van Pelt and Zobeck (2007).

3 Model configurations and evaluation protocols

CMAQ-Dust is applied to the April 2001 dust episode dur-
ing which frequent intercontinental transport and severe dust
storms occurred (Jaffe et al., 2003; Wang et al., 2009).
CMAQ v4.7 reflects a number of major updates to improve
the underlying science from older versions (e.g., CMAQ v4.4
used by the previous ICAP study conducted by Wang et
al., 2009). These enhancements include inclusion of coarse-
mode aerosol chemistry (Pilinis et al., 2000; Capaldo et al.,
2000); addition of the new gas-chemistry mechanism, i.e.,
the Carbon Bond Mechanism version 2005 (CB05) and as-
sociated Euler backward iterative (EBI) solver; incorporation
of online sea salt emission module; update on aerosol dry de-
position algorithm; enhancement of SOA module by consid-
ering SOA products from isoprene, sesquiterpene, etc.; mod-
ification of the calculation of heterogeneous N2O5 reaction
probability to be a function of temperature, relative humid-
ity, and aerosol compositions.

The modeling domain is the same as the ICAP domain,
which includes Eastern Asia, North America, Northern Pa-
cific Ocean, and Western Atlantic Ocean with several ac-
tive dust source regions (Western India, Northwest/Central
China, and the Western US). The horizontal grid resolution
is 108 km, and vertical resolution includes 16 layers from
the surface to approximately 100 hPa (at∼ 16 km) with a
finer spacing within the planetary boundary layer (PBL) and
∼ 40 m for the first model layer height. The meteorological
field is generated by Weather Research & Forecasting Model
(WRF) version 3.2 with the analysis four-dimensional data
assimilation (FDDA). The physical/chemical options used
for the WRF/CMAQ-Dust simulation include Yonsei Uni-
versity (YSU) PBL scheme (Hong et al., 2006), thermal dif-
fusion land surface parameterization scheme (Dubia, 1996),
Grell 3-D ensemble cumulus cloud scheme (Grell and De-
venyi, 2002), WRF Single Moment (WSM) 6-class grau-
pel microphysics parameterization scheme (Hong and Lim,
2006), the Goddard shortwave radiation scheme (Chou and
Suarez, 1994), the Rapid Radiative Transfer Model (RRTM)
longwave radiation scheme (Mlawer et al., 1997), CB05 gas-
phase chemistry mechanism (Yarwood et al., 2005), and
AERO5 aerosol mechanism (Roselle et al., 2008). The ini-
tial/boundary conditions (IBC) for WRF simulation are from

the NCEP/NCAR Final Analysis (FNL) dataset. We have
also conducted some sensitivity WRF simulations with other
physical options or IBC (e.g., Community Climate System
Model (CCSM) dataset). The above options and the FNL
dataset with nudging give the best overall model performance
and thus are used in the final simulations as described in
Table 3. The WRF hourly outputs are converted to CMAQ
compatible meteorological inputs with the Meteorology-
Chemistry Interface Processor (MCIP) version 3.5.

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
version 1. The emission inventory for Mexico is prepared
from the Big Bend Regional Aerosol and Visibility Obser-
vational Study (BRAVO) 1999 database. For Canada, the
1995 area and mobile (on-road and non-road) source inven-
tory is used. The emission inventory in Asia is generated
from the Transport and Chemical Evolution over the Pacific
(TRACE-P) and the Aerosol Characterization Experiment-
Asia (ACE-Asia) datasets (Streets et al., 2003). The bio-
genic emissions are prepared using the Biogenic Emissions
Inventory System (BEIS) version 3.9 with Biogenic Emis-
sions Land cover Database version 3 (BELD3) data (ICAP,
2005). Emissions from continuously emitting volcanoes are
also included based on the Global Emissions Inventory Ac-
tivity (GEIA). The sea salt and dust emissions are generated
online using the method from Zhang et al. (2005) and the one
developed by this study, respectively. The IBC for chemical
species are taken from GEOS-Chem (Park et al., 2004).

To investigate the impacts of dust, a total of ten 1-month
(April 2001) simulations are conducted, as listed in Ta-
ble 3 (note that the Zender scheme is used for all sim-
ulations except for the simulation DUSTW). These sim-
ulations are designed to examine the differences between
two dust schemes (i.e., DUST vs. DUSTW), and to un-
derstand the individual impacts of crustal species treatment
in ISORROPIA II in the absence and presence of heteroge-
neous chemistry (i.e., the simulation CRUSTONLY vs. the
simulation DUSTEMIS ONLY; DUST vs. DUSTISO1.7),
heterogeneous chemistry on the surface of dust (i.e., the
simulation DUST vs. the simulation CRUSTONLY), and
their combined impacts (the simulation DUST vs. the sim-
ulation BASELINENO DUST); the uncertainties in ma-
jor parameters (e.g., the impact of the fraction of erodi-
ble lands for dust emissions by comparing DUSTHIGH EF
vs. DUST; the impact of uptake coefficients by compar-
ing DUST HIGH UPTAKE vs. DUST); the impact of Asian
anthropogenic emissions on the US air quality (DUST
vs. DUSTNO ASIA EMIS); and the impact of improved
aerosol treatments on the model performance (e.g., DUST
vs. DEFAULT CMAQ v4.7).

The model evaluation for meteorological and chemical
variables is conducted using the same protocols as intro-
duced in Wang et al. (2009). The statistical measures used
here include the mean bias (MB), correlation coefficient (R),
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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
(uses ISORROPIA 1.7) but without any
dust treatments

Performance comparison with MM5/CMAQ v4.4 of
Wang et al. (2009)

BASELINE NO DUST Same as DEFAULT CMAQ v4.7 but
with ISORROPIA II

Serves as a baseline run for the run DUST

DUST EMIS ONLY Same as BASELINENO DUST but
with dust emissions only

Serves as a baseline run for the run CRUSTONLY

CRUSTONLY Same as BASELINENO DUST but
with dust emission and crustal species
treatment

Differences between CRUSTONLY and
DUST EMIS ONLY indicate the effect of crustal
species treatment only (see Figs. 4 and 5); serves as a
baseline for DUSTHIGH UPTAKE

DUST Same as BASELINENO DUST but
with all dust treatments (emissions,
crustal species treatment, and hetero-
geneous chemistry using lower limitγ

values)

Performance comparison with BASELINENO DUST;
differences between DUST and CRUSTONLY repre-
sent a lower bound of the effect of dust heterogeneous
chemistry (see Fig. 7); differences between DUST and
BASELINE NO DUST represent a lower bound of dust
effect with all dust treatments (see Figs. 8–10)

DUST W Same as DUST but with the Westphal
dust scheme

Performance comparison with DUST (see Table 4 and
Fig. 3)

DUST HIGH UPTAKE Same as DUST but using upper limitγ

values
Differences between DUSTHIGH UPTAKE and
CRUSTONLY represent an upper bound of the effect
of dust heterogeneous chemistry (see Fig. 7)

DUST ISO1.7 Same as DUST but with ISORROPIA
1.7

Differences between DUST and DUSTISO1.7 indicate
the effect of crustal species treatment when dust hetero-
geneous chemistry is treated (see Fig. 6 )

DUST HIGH EF Same as DUST but withEF = 1.0 Differences between DUSTHIGH 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
anthropogenic emissions

Differences between DUST and
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-
ror (NME), and the root-mean-square error (RMSE) (Zhang
et al., 2006). The WRF v3.2 simulation results are eval-
uated against the observational data from the Clean Air
Status and Trends Network (CASTNET), the Speciation
Trends Network (STN), and the National Acid Deposition
Program (NADP) over the US and the National Climate
Data Center (NCDC) of NOAA over China. Dust emis-
sion schemes are evaluated against measurements of dust
concentrations from ten surface sites of Asia compiled by
Cheng et al. (2008) and also measurements of AOD at four
sites from the NASA’s ground-based Aerosol Robotic Net-
work (AERONET; http://aeronet.gsfc.nasa.gov/). Chemical
predictions of CMAQ-Dust are evaluated against the avail-

able ground- and satellite-based measurements. Surface ob-
servational data include those from the CASTNET, the Inter-
agency Monitoring of Protected Visual Environments (IM-
PROVE), STN, the Aerometric Information Retrieval Sys-
tem (AIRS)-Air Quality System (AQS), the Southeastern
Aerosol Research and Characterization study (SEARCH)
over the US; those from the National Environmental Mon-
itoring Centre of China (NEMCC) over China, and chemi-
cal data from the National Institute for Environmental Stud-
ies (NIES) over Japan. Satellite column data include tropo-
spheric carbon monoxide (CO) columns from the Measure-
ments of Pollution in the Troposphere (MOPITT) (Deeter
et al., 2003), tropospheric nitrogen dioxide (NO2) column
from the Global Ozone Monitoring Experiment (GOME)
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Table 4.The comparison of monthly mean surface dust concentration (mg m−3) between observations and simulations for April 2001. The
observational data were compiled by Cheng et al. (2008). The simulations DUST, DUSTW, and DUSTHIGH EF are defined in Table 3.

Site Location Latitude Longitude Obs. DUST DUSTW DUST HIGH EF

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), tropospheric O3 residuals (TORs)
from the Total Ozone Mapping Spectrometer (TOMS) and
the Solar Backscattered Ultraviolet (SBUV) (Fishman et
al., 2003), and AOD from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) (Remer et al., 2005). More
information about observations can be found in Wang et
al. (2009).

The AOD calculations follow the method introduced by
Roy (2007) using an empirical equation of Malm et al. (1994)
and are further improved by considering the contributions
from sea salts, dust, and other coarse-mode particles in this
study. The scattering coefficientσsp is calculated as follows:

σsp=σ
SO4
sp +σ

NO3
sp +σOC

sp +σBC
sp +σ

NH4
sp +σNa

sp +σCl
sp+σFS

sp +σCM
sp

={[SO4]×α
SO4
sp +[NO3]×α

NO3
sp +[OC]×αOC

sp +[BC]×αBC
sp

+[NH4] ×α
NH4
sp + [Na] ×αNa

sp + [Cl] ×αCl
sp}

×f (RH)/1.0× 106
+ {[FS] ×αFS

sp + [CM] ×αCM
sp }/1.0× 106

(14)

where σ
SO4
sp , σ

NO3
sp , σOC

sp , σBC
sp , σ

NH4
sp , σNa

sp , σCl
sp , σFS

sp ,

and σCM
sp are the scattering coefficients for SO2−

4 , NO−

3 ,

OC, BC, NH+

4 , Na+, and Cl− in the PM2.5 size sec-
tion, fine-mode soil including dust and other inorganic
aerosols, and coarse masses including coarse-mode dust,
sea-salt, and other aerosols, respectively, and the brack-
ets in the above equation indicate the mass concentration
in µg m−3. The values for specific scattering coefficients
(αi

sp) for speciesi areα
SO4
sp = α

NO3
sp = αOC

sp = α
NH4
sp = αNa

sp =

αCl
sp = 5.0 m2 g−1, αBC

sp = 3.0 m2 g−1, αFS
sp = 1.0 m2 g−1, and

αCM
sp = 0.6 m2 g−1 (Malm et al., 1994).f (RH) accounts for

the effect of relative humidity on scattering due to deli-
quescence and is assumed to be 2.3 in this study following
Chameides et al. (2002).

4 Model evaluation

4.1 Evaluation of meteorological variables

Table 5 summarizes the statistical performance of 2-m tem-
perature (T2), 2-m water vapor mixing ratio (Q2) or rela-
tive humidity (RH2), precipitation (Precip), 10-m wind speed
(WS10) and wind direction (WD10), andU andV compo-
nents of WS10 (i.e., U10 and V10) over different networks in
China and the US in April 2001. Figures S-1 and S-2 in the
Supplement show the spatial plots of NMBs between obser-
vations and MM5/WRF simulations for T2, Q2 or RH2, Pre-
cip, and WS10 over China and the US, respectively. WRF
generally underpredicts T2 over China with domain-wide
NMB of −20.6 %, especially over the Northern and West-
ern China where NMBs of−40 % to−100 % occur. Some
overpredictions occur in the Southwestern China. The poor
T2 predictions over the Western China are likely due to the
poor representation of steep terrains at a coarse grid resolu-
tion (Wang et al., 2009). The predictions of T2 over the US
have low domain-wide biases with NMBs of 4.9 % (CAST-
NET) and−4.2 % (STN) with small overpredictions over
the Northeastern US and moderate to large underpredictions
over the Western US. The discrepancies arise from several
factors, including the slow responses of deep soil tempera-
tures to synoptic-scale changes in air temperatures, the lim-
itations of the PBL and land-surface schemes currently used
in meteorological models in accurately simulating the air-
land heat fluxes (Gilliam et al., 2006), the limitation of Dud-
hia (1989) radiation scheme in simulating the longwave radi-
ation, as well as the inability to resolve subgrid meteorolog-
ical phenomena (Wang et al., 2009). The correlation coeffi-
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 (US)a STN (US) NADP (US) NCDC (China)b

T2 RH2 WS10 WD10 U10 V10 T2 Precip. T2 Q2 Precip.
(°C) (%) (m s−1) (degree) (m s−1) (m s−1) (°C) (mm) (°C) (kg kg−1) (mm)

Data Number 50030 53975 53909 53909 53909 53909 511 665 89437 35008 2022
Mean Obs. 12.2 61.7 2.7 190.0 0.6 0.3 15.0 17.8 13.1 0.00545 2.3

WRF (CCSM) Mean Pred. 13.6 67.4 5.4 207.7 1.7 1.5 15.4 6.4 9.7 0.00528 0.65
with PBL Correlation 0.61 0.40 0.21 0.13 0.06 0.17 0.56 0.12 0.72 0.73 0.03
nudging MB 1.4 5.8 2.7 17.6 1.1 1.2 0.4 −11.4 −3.4 −0.00017 −1.65

RMSE 7.0 23.7 4.0 122.7 8.3 4.5 6.4 26.2 7.5 0.00272 6.12
NMB (%) 11.8 9.4 97.7 9.3 184.7 383.1 2.8 −64.1 −25.8 −3.1 −71.6
NME (%) 45.7 31.1 118.1 49.8 590.9 1121.0 34.1 95.5 44.6 37.8 108.9

WRF (FNL) Mean Pred. 12.8 70.3 4.6 204.9 1.3 0.6 14.3 8.3 10.7 0.00596 1.7
without PBL Correlation 0.89 0.70 0.55 0.48 0.20 0.70 0.87 0.57 0.88 0.92 0.31
nudging MB 0.6 8.6 1.9 14.9 0.7 0.3 −0.7 −9.5 −2.5 0.00051 −0.63

RMSE 3.6 19.3 2.8 100.9 7.6 2.6 3.6 19.8 5.1 0.00168 5.63
NMB (%) 5.2 14.0 69.2 7.8 116.8 78.7 −4.4 −53.4 −18.8 9.3 −27.5
NME (%) 22.4 24.6 82.5 32.7 369.9 642.1 17.7 69.8 29.3 23.5 102.5

WRF (FNL) Mean Pred. 12.8 70.4 4.0 202.1 1.0 0.8 14.3 8.2 10.4 0.00589 1.6
with UV PBL Correlation 0.88 0.68 0.54 0.50 0.21 0.72 0.87 0.56 0.87 0.91 0.35
nudging MB 0.6 8.8 1.2 12.0 0.4 0.5 −0.6 −9.6 −2.7 0.00044 −0.72

RMSE 3.7 19.7 2.3 96.1 7.5 2.3 3.6 19.9 5.4 0.00169 5.42
NMB (%) 4.9 14.2 45.6 6.3 76.6 158.0 −4.2 −54.1 −20.6 8.1 −31.5
NME (%) 23.2 25.0 67.4 30.8 310.2 549.6 17.9 70.0 31.1 23.6 97.6

MM5 Mean Pred. 9.9 71.5 3.1 182.0 0.1 0.8 11.5 13.3 9.34 0.0049 1.98
Correlation 0.85 0.60 0.57 0.14 0.09 0.30 0.88 0.57 0.88 0.94 0.44
MB −2.3 9.8 0.4 −8.1 −0.5 0.5 −3.5 −5.9 −3.8 −0.00053 −0.32
RMSE 5.0 28.2 1.8 124.7 7.7 2.9 5.0 18.3 5.9 0.00154 5.31
NMB (%) −19.2 15.9 15.4 −4.2 −77.7 163.2 −23.1 −30.8 −28.8 −9.8 −14.0
NME (%) 30.8 33.2 52.1 51.1 406.6 714.9 25.2 60.3 34.3 21.8 102.4

a 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-values
are 0.91 and 0.68, respectively. Their NMBs over the ma-
jority of NCDC and CASTNET sites are within ±20 %. Rel-
atively high NMBs are found in the Northern and Western
China and the Western US, indicating a poor performance of
WRF over complex terrains. WRF precipitation predictions
rank poorly compared to T2 and RH2 (or Q2), likely be-
cause WRF cannot capture small-scale dynamical processes,
topography, and rapid diurnal evolution of PBL with rel-
atively large grid resolution (Kursinski et al., 2008), with
lower domain-wide mean underpredictions in China com-
pared to in the US (NMBs of−31.5 % vs.−54.1 %). The
spatial distribution of NMBs in China, however, displays a
worse pattern, with large negative biases (< −70 %) occur-
ring mostly over the Northwestern, Northeastern and Eastern
China and large positive biases (> 70 %) occurring mostly
over the Southwestern China. The overall small domain-wide
mean NMB for precipitation over China is therefore the re-
sult of the cancellation of large positive and negative biases.
WRF generally overpredicts WS10 (e.g., an overall NMB of
45.6 % against CASTNET), indicating that WRF meteorol-
ogy favors dust emissions. However, the overprediction is
much less over the dust source regions in both China and

the US. The performance statistics for other WRF simula-
tions (e.g., CCSM data and other nudging options) are also
included in Table 5. The WRF simulation using FNL data
and UV PBL nudging gives overall the best performance
and thus is used for all the CMAQ-Dust simulations. Com-
paring with the simulation results of MM5, WRF predicts
higher WS10 (i.e., domain-wide average 4.0 m s−1 versus
3.1 m s−1), indicating that WRF meteorology in CMAQ v4.7
favors the dust emissions. Much higher correlation for WD10
(i.e., R-values of 0.5 vs. 0.14) and smaller error (i.e., NME of
30.8 % vs. 51.1 % against CASTNET data) indicate a much
better agreement of the wind field generated by WRF with
observations. Generally, WRF predicts much better T2 and
slightly better RH2 than MM5 especially over the US. How-
ever, WRF predictions for precipitation are worse.

4.2 Evaluation of chemical variables

4.2.1 Dust emission fluxes and dust concentrations

Figure 1 shows the predicted monthly mean dust emission
rate generated by the Zender and Westphal schemes withEF
of 0.5 and total dust concentrations in PM10 at surface and
∼ 5 km altitude from the Zender scheme only withEF of
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(a) Monthly mean dust emissions from the 
Zender scheme 

(b) Monthly mean dust emissions from the 
Westphal scheme 

 
(c) Monthly mean dust concentration at 

surface with EF of 0.5 
(d) Monthly mean dust concentration at ~5 km 

with EF of 0.5 

 
(e) Monthly mean dust concentration at 

surface with EF of 1.0 
(f) Monthly mean dust concentration at ~5 km 

with EF of 1.0 
 

Fig. 1. The predicted monthly mean dust emission rates generated by(a) Zender and(b) Westphal schemes withEF of 0.5, and(c–f) for
total dust concentrations at surface and∼ 5 km altitude from the Zender scheme withEF of 0.5 and 1.0 in CMAQ-Dust.

0.5 and 1.0. The altitude aloft chosen is typically associated
with long-range transport of dust and pollutants. In general,
from both schemes, dust emissions occur over regions where
high wind speeds, low vegetation, and no snow cover occur.
The areas with the strongest sources are located in the Tak-
lamakan Desert and Gobi Desert over China and Mongolia.
Areas with less pronounced dust sources include the West-
ern India, the Southwestern and Great Plains regions over
the US, and Sonoran Desert of Mexico. The spatial pattern
of dust emissions is consistent with previous studies (Ginoux
et al., 2001; Prospero et al., 2002, Zender et al., 2003; Tang
et al., 2004). CMAQ-Dust also captures the dust outbreak
event during 4–14 April (figures not shown). The monthly
total dust emissions generated by CMAQ-Dust using the
Zender and Westphal schemes withEF = 0.5 are 111.4 and
110.9 Tg month−1, respectively. IncreasingEF from 0.5 to

1.0 in the Zender scheme gives 223.0 Tg month−1. These val-
ues are overall consistent with estimates reported in the lit-
erature. For example, Zender et al. (2003) estimated an an-
nual dust emission of 415 Tg over Asia. Laurent et al. (2006)
estimated dust emissions of 300 Tg over China in April
2001. Uno et al. (2006) reported 27 to 336 Tg dust emis-
sions during a 10-day period in a dust season over China,
with a mean of 120 Tg from eight different dust models.
The amounts of dust emissions from simulations DUST and
DUST HIGH EF represent lower and upper limits of esti-
mates, respectively, for the April 2001 dust event.

As shown in Fig. 1c–f, the maximum total surface
concentrations of dust from DUST (≥ 200 µg m−3) and
DUST HIGH EF (≥ 500 µg m−3) are apparent over source
regions, where large particles have not deposited yet. The
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 IMPROVEc

Max 1 h O3 (ppb)a Max 8 h O3 (ppb)a PM2.5 (µg m−3)b DCV EXT (Mm−1)

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 5.7 11.1 14.3 12.6 31.4

MM5/CMAQ Mean Pred. 48.7 44.2 47.5 45.4 43.4 47.3 9.39 16.8 17.5 – –
v4.4 Correlation 0.54 0.51 0.71 0.53 0.62 0.75 0.29 0.41 0.67 – –

NMB (%) −7.3 −18.5 −15.7 −4.7 −13.8 −7.7 55.7 51.5 15.4 – –
NME (%) 18.5 22.3 18.6 18.8 19.5 14.8 82.3 70.6 33.4 – –

DEFAULT Mean Pred. 54.1 48.9 49.9 51.1 48.1 49.6 7.0 11.9 11.2 12.8 47.6
CMAQ v4.7 Correlation 0.50 0.49 0.63 0.47 0.58 0.71 0.43 0.48 0.34 0.66 0.58

NMB (%) 2.8 −9.8 −11.5 6.8 −4.7 −3.6 21.8 6.8 −21.5 1.7 51.6
NME (%) 16.6 17.0 17.6 17.9 15.5 14.8 55.1 42.2 52.2 27.2 71.9

DUST Mean Pred. 53.7 48.6 49.1 50.7 47.7 48.3 9.5 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 −10.5 −12.9 5.9 −5.4 −4.2 66.3 26.5 −10.1 17.9 79.7
NME (%) 16.7 17.4 18.1 17.9 15.8 15.1 86.4 53.1 52.9 30.4 91.8

DUST W Mean Pred. 53.7 48.5 49.2 50.6 47.6 48.3 11.4 15.1 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 −5.5 −4.2 99.6 35.6 −9.9 24.8 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 48.8 50.2 47.2 47.9 12.2 16.4 14.5 16.0 64.2
HIGH EF Correlation 0.48 0.47 0.62 0.46 0.56 0.70 0.20 0.28 0.37 0.61 0.47

NMB (%) 1.1 −11.3 −13.4 5.0 −6.3 −4.9 112.5 47.3 1.9 27.0 104.5
NME (%) 16.8 17.9 18.5 18.0 16.2 15.4 128.7 70.7 57.0 36.2 113.9

a Max 1 h and 8 h O3 data are from AIRS, CASTNET, and SEARCH.
b PM2.5 data are from IMPROVE, STN, and SEARCH.
c The DCV and EXT data from the CMAQv4.4 simulation of Wang et al. (2009) are not available.

to as dustfine and dustcoarse, respectively) are≥ 50 and
≥ 120 µg m−3 from DUST and≥ 120 and≥ 200 µg m−3

from DUST HIGH EF, respectively over deserts in China
(see Fig. S-3). Due to the much faster deposition rates of
dustcoarse, the spatial distributions and abundance of dustfine
and dustcoarseare similar over downwind and remote regions.
The total surface concentration of dust particles can reach
up to 25 and 50 µg m−3 from DUST and DUSTHIGH EF
over the downwind areas such as the Eastern China, Japan,
Northeast India, and the Midwest US. Long-range transport
can build up the total surface concentrations of dust up to
5 to 10 µg m−3 over the remote regions such as the Eastern
Pacific and the Eastern US. The total concentrations of dust
over the downwind and remote areas at∼ 5 km altitude are
higher than the surface, indicating that the long-range trans-
port of dust particles is more efficient at higher altitudes.

4.2.2 Evaluation of chemical variables

Table 4 shows the monthly mean surface dust concentra-
tions from measurements compiled by Cheng et al. (2008)
and simulations DUST, DUSTW, and DUSTHIGH EF at
ten sites in East Asia in April 2001. Among those sites,
five are close to dust source regions (i.e., Lanzhou, Shapo-
tou, Changwu, Zhenbeitai, and Inner Mongolia); one is in
the near downwind regions (i.e., Beijing); the rest of the
four sites are in the far downwind regions. Both simu-
lations DUST and DUSTW underpredict dust concentra-

tions by 45.7 % and 56.3 %, respectively, indicating that the
simulation DUST with the Zender scheme performs better
than the Westphal scheme over almost all sites. The aver-
age dust concentration at the 10 sites is 0.107 mg m−3 from
DUST vs. 0.086 mg m−3 from DUST W. For comparison,
the average observed value is 0.197 mg m−3. The simula-
tion DUST HIGH EF with a higher EF value in the Zender
scheme gives much better agreement with observations than
both DUST and DUSTW, with an average dust concentra-
tion of 0.193 mg m−3, despite overpredictions near source re-
gions and underpredictions over downwind regions.

Tables 6 and 7 summarize performance statistics of sev-
eral major chemical/visibility species over the US, Beijing
(China), and Japan among five simulations (i.e., simula-
tions MM5/CMAQ v4.4 without dust, DEFAULT CMAQ
v4.7, DUST, DUSTW, and DUSTHIGH EF). The results
of MM5/CMAQ v4.4 are included to reflect how much
changes in CMAQ-DUST (based on CMAQ 4.7) are due to
updates in CMAQ v4.7 or due to new dust treatments added
in CMAQ v4.7. Over the US, the model performance for
O3 from the simulation DUST is quite good with NMBs of
−12.9 % to 2.0 % and NMEs of 16.7 % to 18.1 % for max
1 h O3 and with NMBs of−5.4 % to 5.9 % and NMEs of
15.1 % to 17.9 % for max 8-h O3. All simulations with dust
treatment tend to predict more O3 than with CMAQ v4.4
mainly due to the use of CB05 mechanism and a little bit
less O3 than with simulation DEFAULT CMAQ v4.7 due
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Table 7.Performance statistics for chemical predictions over Asia in April 2001.

Variables Beijinga Japanb

Max 1 h O3 SO2 NO2 PM10 CO SO2 NO NO2 SPM
(µg m−3) (µg m−3) (µg m−3) (µg m−3) (ppb) (ppb) (ppb) (ppb) (µg m−3)

Data Number 30 30 30 30 131 1490 1448 1465 1537
Mean Obs. 95.8 34.0 65.9 209.6 443.5 6.0 6.6 16.9 33.9

MM5/CMAQ Mean Pred. 86.8 37.3 15.3 34.0 192.0 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 −25.5 −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 −35.2 −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 −45.8 −58.7 −35.5 −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 −35.5 −91.1 −64.3 −36.2
NME (%) 28.7 55.4 72.0 69.1 58.7 44.0 91.1 65.4 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 −35.8 −91.0 −64.2 −18.2
NME (%) 27.3 54.4 71.9 97.3 58.7 44.2 91.1 65.4 24.4

a Data over Beijing include max 1h O3, SO2, NO2, and PM10.
b Data over Japan include CO, SO2, NO, NO2, and SPM.

to the heterogeneous uptake of O3 on dust particles. Com-
pared with the CMAQ v4.4, the simulation DUST predicts
PM2.5 better at the SEARCH and STN sites (with NMBs
of −10.1 % vs. 15.4 % for SEARCH and 26.5 % vs. 51.5 %
for STN), however, gives higher overpredictions at the IM-
PROVE sites (NMB increases from 55.7 % to 66.3 %). The
better performance over MM5/CMAQ v4.4 should be due to
a better representation of aerosol chemistry in CMAQ-Dust.
Compared with DUSTW, the simulation DUST predicts
PM2.5 better at the IMPROVE and STN sites (with NMBs
of 86.4 % vs. 99.6 % for SEARCH and 26.5 % vs. 35.6 %
for STN) and gives similar performance at the SEARCH
sites (i.e., NMB of−10.1 % vs.−9.9 %) indicating a better
overall performance for the Zender scheme than the West-
phal scheme. The values of deciview (DCV) and extinction
coefficient (EXT) are also overpredicted at the IMPROVE
sites with high NMB values for all four simulations with
dust treatments indicating some overestimation of dust emis-
sions at the IMPROVE sites in the Western US. The over-
prediction of PM2.5 over the STN and IMPROVE sites from
all simulations could also be due to the underprediction of
precipitation, which leads to less scavenging and wet de-
position of PM2.5. Over Beijing and Japan, model perfor-

mance of simulations with dust treatments is more compa-
rable with both DEFAULT CMAQ v4.7 and CMAQ v4.4
for most of gaseous species. The NMBs for NO2 over Bei-
jing and CO, SO2, nitric oxide (NO), and NO2 over Japan
are−71.9 %,−58.7 %,−35.5 %,−91.1 % and−64.3 %, re-
spectively for simulation DUST, indicating a significant un-
derestimation of emissions for those species over Asia. For
max 1 h O3, DUST gives better agreement with observations
than the DEFAULT CMAQ v4.7 with NMBs of 13.7 % vs.
17.3 %, due to the heterogeneous uptake of O3. For PM10 and
suspended particulate matter (SPM), the model performance
of the simulation DUST is much better compared with DE-
FAULT CMAQ v4.7 and CMAQ v4.4 (NMBs of−45.8 % vs.
−80.9 % and−83.6 % for PM10 and−34.7 % vs.−50.9 %
and−49.7 % for SPM, respectively) due to the contribution
of dust particles. However, underpredictions remain, indicat-
ing that the dust emissions might be underestimated over the
deserts in China. This finding is consistent with the analysis
in Sect. 4.2.1. The performance of PM10 and SPM is fur-
ther improved in simulation DUSTHIGH EF (e.g., NMBs
of −10.3 % for PM10 and−18.2 % for SPM) over East Asia,
despite worse overpredictions in PM2.5 concentrations and
visibility indices.
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Fig. 2.Spatial distribution of AOD from(a) MODIS observations and simulations(b) 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
column variables from satellite observations, CMAQ
v4.4, DEFAULT CMAQ v4.7, DUST, DUSTW, and
DUST HIGH EF in April 2001. Table 8 summarizes the
corresponding performance statistics. The simulation DUST
predicts the columns CO, TOR, and NO2 quite well with
NMBs of −9.0 %, −17.2 %, and 10.0 %, respectively, and
shows a very similar pattern compared with the simula-
tion DEFAULT CMAQ v4.7. The correlation coefficients
are also high for all three column variables. Compared with
CMAQ v4.4, DEFAULT CMAQ v4.7 and DUST give the
comparable performance for NO2, slightly better perfor-
mance for column CO, and considerable performance im-
provement for TOR due to the use of the CB05 mecha-
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 from−35.4 % (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 col-
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-

ness. Three out of four sites (except for Beijing) are in rural
areas and close to the dust source regions, where the influ-
ence from anthropogenic emissions is thus little and AODs
are predominantly affected by natural aerosols such as dust
particles. The temporal trend between simulation and obser-
vation is similar except for a few days. For example, on 28
April, the model overpredicts AOD in Dunhuang and Inner
Mongolia, while underpredictions occur in Beijing. Consid-
ering the large uncertainties associated with dust emissions
and model treatments in WRF and CMAQ v4.7, the agree-
ment between observed and simulated AOD is reasonably
good, demonstrating the ability of CMAQ-Dust in captur-
ing both the spatial patterns and the day-to-day variations of
aerosols including dust particles.

5 Impacts of dust treatments

Given the superior performance of the Zender scheme, it is
selected to perform several additional simulations to investi-
gate 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, DUSTW, and DUSTHIGH EF during
April 2001 at four AERONET sites.

Table 8. Performance statistics for column predictions over the
ICAP domain in April 2001.

Variables CO TOR NO2 AOD

Data Number 16048 7900 36760 12387
Mean Obs. 2.41 36.0 8.7 0.27

MM5/CMAQ Mean Pred. 2.14 26.6 8.4 0.18
v4.4 Correlation 0.47 0.56 0.86 0.61

NMB (%) −11.0 −26.1 −3.9 −35.4
NME (%) 15.1 26.6 43.5 41.2

DEFAULT Mean Pred. 2.19 29.9 9.4 0.22
CMAQ v4.7 Correlation 0.55 0.65 0.85 0.63

NMB (%) −9.0 −16.9 8.6 −20.2
NME (%) 12.9 18.5 48.2 34.8

DUST Mean Pred. 2.19 29.8 9.6 0.25
Correlation 0.55 0.65 0.85 0.63
NMB (%) −9.0 −17.2 10.0 −7.8
NME (%) 12.9 18.6 48.6 34.6

DUST W Mean Pred. 2.19 29.8 9.6 0.25
Correlation 0.55 0.65 0.85 0.64
NMB (%) −9.0 −17.3 10.0 −7.7
NME (%) 12.9 18.7 48.6 34.3

DUST HIGH EF Mean Pred. 2.19 29.6 9.6 0.29
Correlation 0.55 0.65 0.85 0.61
NMB (%) −9.0 −17.8 10.3 7.3
NME (%) 13.0 19.1 48.4 39.8

5.1 Importance of crustal species

Crustal species can profoundly affect gas/particle partition-
ing into both fine and coarse modes of PM (e.g., Jacob-
son, 1997; Fountoukis et al., 2009). Figures 4 and 5 show
the spatial distribution of differences between simulations
CRUSTONLY and DUSTEMIS ONLY for surface layer
concentrations of gases including SO2, NH3, HNO3 and
aerosols including PM2.5, PMcoarse, and their compositions
such as SO2−

4 , NO−

3 , NH+

4 , and Cl− in April 2001. For non-
reactive species such as EC, OC, and other inorganic aerosols
(OIN) (figures not shown here), two simulations show very
small differences (generally< ± 0.01 µg m−3). Compared
with DUST EMIS ONLY, CRUST ONLY predicts relatively
lower SO2−

4 (about 0.1 µg m−3) over East Asia, due to less
oxidation of SO2 to form sulfuric acid (H2SO4). The less
oxidation is mainly due to the lower H2O2 and O3 mix-
ing ratios predicted by CRUSTONLY with ISORROPIA II,
which is caused by the perturbation of the chemistry system
through the impacts of crustal species on NH3 and HNO3.
For volatile species such as NO−

3 and NH+

4 , the effects of
crustal species are much more significant. The addition of
crustal species decreases the predicted concentrations of fine-
mode NH+

4 throughout the domain, which indicates a charge
balance effect (i.e., NH+4 is replaced by crustal species such
as Ca2+) 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 NO−

3 is more complicated with
the enhancement of fine-mode NO−

3 concentrations over dust
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Fig. 4. Spatial distribution of differences between simulations CRUSTONLY and DUSTEMIS ONLY for surface layer SO2, HNO3, and
NH3 in April 2001; this figure illustrates the effects of crustal species.

source regions and reduction over downwind heavily pol-
luted areas such as the Eastern China and Northern India. The
increase of NO−3 can be explained (under neutral aerosol con-
ditions) by the formation of deliquescent salts (e.g., through
the reaction of crustal cations with NO−

3 ). Decreases in NO−3
may arise from “activity effect” of crustal ions (Jacobson,
1999), where dissolved crustal ions may considerably in-
crease the activity coefficient of ammonium nitrate and force
it to repartition to the gas phase. Another factor is the reparti-
tioning of fine-mode NO−3 into the coarse-mode, where most
of the crustal species reside. Figures 6 and 7a–b show clearly
that the inclusion of crustal species tends to shift NO−

3 from
fine-mode into coarse-mode over the polluted areas. This is

in agreement with Karydis et al. (2010), who applied the
Comprehensive Air-quality Model with PM treatments over
the high dust concentration area of Mexico City and found a
significant shift of predicted NO−3 from fine-mode to coarse-
mode with the explicit treatment of crustal species. Fine-
mode Cl− shows a similar decrease pattern as NO−

3 over the
East Asia. The mixing ratios of gas-phase NH3 and HNO3
are increased and decreased, respectively, as expected ac-
cording to the mass balance. Finally, the reaction of Ca2+

with SO2−

4 can reduce the amount of aerosol liquid water
(by converting soluble SO2−

4 or Ca salts into sparsely soluble
CaSO4), and shift nitrate partitioning to the gas phase. When
all these mechanisms are combined, the inclusion of crustal
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Fig. 5. Spatial distribution of differences between simulations CRUSTONLY and DUSTEMIS ONLY for surface layer PM2.5, fine-mode
SO2−

4 , NO−

3 , NH+

4 and Cl−, and coarse-mode SO2−

4 , NO−

3 and NH+

4 in April 2001; this figure illustrates the effects of crustal species.
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(a)  (b)

Fig. 6. Spatial distribution of differences between simulations DUST and DUSTISO1.7 for NO−

3 in (a) fine-mode and(b) coarse-mode in
April 2001; this figure illustrates the effects of crustal species when dust heterogeneous chemistry is also treated.

species tends to reduce aerosol NO−

3 , NH+

4 and PM2.5 over
East Asia.

5.2 Impact of heterogeneous chemistry

Heterogeneous chemistry on the surface of dust affects
the concentrations of gases and PM. Figure 7 shows
the spatial distribution of differences between the simula-
tions DUST and CRUSTONLY and between the simula-
tions DUSTHIGH UPTAKE and CRUSTONLY for sur-
face layer O3, NOx, H2O2, and NO−

3 and PM2.5 in April
2001. The mixing ratios of O3 and several other species such
as SO2, N2O5, and HOx (figures for other species not shown)
are reduced in the presence of dust due to irreversible up-
takes. The spatial distribution of O3 reduction corresponds
well with the dust distribution shown in Fig. 1. The de-
crease of monthly average surface O3 mixing ratios can be
up to 3.8 ppb (∼ 9 %) from DUST and 7.3 ppb (∼ 15 %) from
DUST HIGH UPTAKE over the dust source region, which
is comparable to those reported by previous studies (Den-
tener et al., 1996; Tang et al., 2004; Pozzoli et al., 2008a).
The decrease of SO2 mixing ratios can be up to∼ 0.3 and
0.6 ppb from the two simulations, respectively (∼ 5 to 8 %
over the polluted areas and 27 to 34 % over the dust source re-
gions). Different from other gases, the mixing ratios of NOx
in the simulation DUST increase due to renoxification that
converts HNO3 back to NOx at the surface of dust, with the
largest increase over the Eastern China where NOx emissions
are the highest. The small decrease in the mixing ratios of
HNO3 is unexpected (as shown in Fig. S-5), since the in-
crease of NOx indicates the heterogeneous uptake of HNO3
is significant and should have resulted in lower levels of gas-
phase HNO3. Therefore, there must be some other mecha-
nisms that also generate HNO3 to compensate the decrease
of HNO3 via heterogeneous chemistry. The small decrease
of both fine- and coarse-mode NO−

3 suggests evaporation of
NO−

3 from the particulate phase. The evaporation of NO−

3 is

due to the fact that the addition of a large amount of SO2−

4
generated by heterogeneous uptake alternates the chemical
regime of aerosols and then replaces NO−

3 as ions (e.g., re-
placing NH4NO3 as (NH4)2SO4) over the domain. The mass
balance analysis of total nitrate (i.e., the sum of HNO3 and
NO−

3 ) also shows a more significant decrease trend (figure
not shown) that can help explain the unexpected pattern of
HNO3. The decreases of both NO3 and N2O5 mixing ratio
are relatively small compared with other species mainly due
to their less abundance in the atmosphere. H2O2 mixing ratio
is increased in the simulation DUST, owing to the heteroge-
neous uptake on the dust particles that converts HO2 to H2O2
and much less uptake of H2O2 itself, as compared with the
simulation DUSTHIGH UPTAKE. This conversion leads to
a reduction of HOx mixing ratio in the simulation DUST
by up to 8 ppt (80 %) over the dust source regions and by
up to 2 ppt (20 to 30 %) over the downwind polluted areas,
consistent with the HOx decrease reported by Bian and Zen-
der (2003).

The surface layer concentrations of PM2.5 and PMcoarse
increase in the simulation DUST, which can be mainly at-
tributed to an increase in SO2−

4 concentrations by up to 1.1
and 0.12 µg m−3 (12 % and> 100 %) in fine- and coarse-
mode (figures for PMcoarse and SO2−

4 not shown), respec-
tively, due to the SO2 heterogeneous reaction with dust par-
ticles over the heavily polluted areas such as the Eastern
China and Northern India. The larger percentage increase
in the concentrations of coarse-mode SO2−

4 is because they
are very small in the absence of dust. The increase in con-
centrations of SO2−

4 leads to an increase in the NH+

4 con-
centrations (figure not shown) due to the charge balance ef-
fect. The overall effect of heterogeneous reactions on NO−

3
in the simulation DUST is small and much lower than that
reported by Tang et al. (2004) and Bauer et al. (2004), partly
due to the competition effect of SO2−

4 discussed above. An-
other reason may be due to the lowerγ values used in the
simulation DUST (e.g., 0.001 versus 0.1 or 0.01 for HNO3,

Atmos. Chem. Phys., 12, 10209–10237, 2012 www.atmos-chem-phys.net/12/10209/2012/



K. Wang et al.: Dust emission and chemistry – the CMAQ modeling system 10227

 

 

 

 
Fig. 7. Spatial distribution of differences between simulations DUST and CRUSTONLY (left panel) and between DUSTHIGH UPTAKE
and CRUSTONLY (right panel) for surface layer O3, NOx, H2O2, fine-mode NO−3 , and PM2.5 in April 2001; this figure illustrates a lower
and upper bound of the effects of dust heterogeneous chemistry.
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4.4 × 10−5 versus 1.0 × 10−4 for NO2, and 0.001 versus 0.02
for N2O5), compared to the values used by Tang et al. (2004)
and Bauer et al. (2004). As also shown in Fig. 7, the sim-
ulation DUSTHIGH UPTAKE with upper limit γ values
causes much greater changes in most of these species than
those from DUST (e.g., much higher enhancement of NO−

3
concentrations).

5.3 Impact of dust treatment on gas and PM levels

Figures 8 and 9 show the spatial distribution of differences
between simulations DUST and BASELINENO DUST and
between DUSTHIGH EF and BASELINENO DUST for
several gaseous (i.e., O3, NOx, SO2, HNO3, and H2O2)

and aerosol species (i.e., fine-mode SO2−

4 and NO−

3 , coarse-
mode SO2−

4 and NO−

3 , and PM10), respectively, at the surface
layer in April 2001. Similar plots for PM2.5 and PMcoarse
are shown in Fig. S-6. The surface monthly mean mixing
ratios of O3 and SO2 are reduced and the mixing ratio of
H2O2 is increased with all dust treatments and distributions
for those species correspond well with those shown in Fig. 7,
indicating dominant influences from heterogeneous chem-
istry. The increase of NOx over most of the domain is due
to the renoxification process as discussed in Sect. 5.2. The
impact of dust treatment on the spatial pattern of HNO3
is dominated by the effects from HNO3/NO−

3 partitioning.
As shown in Fig. 9, the increase of surface concentrations
for SO2−

4 (both fine- and coarse-mode) over Asia with the
dust treatment is mainly due to heterogeneous chemistry
and the decrease over Pacific and Atlantic Ocean and the
Northeastern US is due to the less production of H2SO4
from the gas-phase oxidation as a result of reduced HOx
that dominates over the effect of heterogeneous chemistry.
For those volatile species (i.e., NO−

3 and NH+

4 ), the differ-
ences between the simulations DUST (or DUSTHIGH EF)
and BASELINENO DUST are determined mainly by the
effects of crustal species. The overall impact of dust treat-
ments on PM10 is large. For example, DUST predicts the
concentration enhancements of up to∼ 1780 and 5 µg m−3

for PM10 over the dust source regions and the Pacific and At-
lantic Ocean, respectively. DUSTHIGH EF predicts much
greater PM10 concentration enhancements of up to 3560 and
10 µg m−3 over the dust source regions and the Pacific and
Atlantic Ocean, respectively.

Similar plots for O3, SO2, total SO2−

4 , total NO−

3 , and
PM10 are shown at an altitude of 5 km in Fig. 10. Those for
PM2.5 and PMcoarseare shown in Fig. S-7. In contrast to the
distribution in the surface layer, the decrease of O3 at 5 km
altitude is more pronounced in the downwind/remote areas
instead of dust source regions. This finding reflects that suf-
ficient amounts of dust particles have been transported ef-
ficiently to the remote areas and have become aged to pro-
vide larger surface sites than freshly emitted particles for
heterogeneous uptake of O3 at higher altitudes. The simi-
lar patterns are also found for SO2 and HNO3. By contrast,

the impacts of dust treatments on NOx and HOx (figures not
shown) are much smaller at higher altitudes, indicating less
abundance of those species due to their short lifetimes. For
the PM species, the impacts of dust treatments are also more
pronounced at 5 km altitude over many areas far from dust
source regions, indicating more efficient uptake of precursors
on aged dust particles (Fairlie et al., 2010). The concentration
enhancement of PM10 due to dust treatments at higher alti-
tudes is much larger over the downwind and remote areas (up
to ∼ 25 µg m−3 over the Pacific Ocean from DUST and up to
∼ 50 µg m−3 from DUST HIGH UPTAKE), indicating more
efficient transport at higher altitudes.

5.4 Impact of Asian pollution on the US air quality with
dust treatments

The enhancements of both gaseous and aerosol species
over the US in the presence of dust are quantified
by calculating the differences between the DUST and
DUST NO ASIA EMIS simulations (Fig. 11). As expected,
the Western US receives much higher influx of air pollu-
tants from the trans-Pacific transport than the Eastern US.
The simulated surface concentrations of O3 and CO increase
by∼ 1.5 ppb (3.6 %) and∼ 2.5 ppb (2.1 %), respectively over
the Western US. The enhancement for SO2 and NOy is much
higher over the Western US than the Eastern US. Compared
with other gases, NOx shows a different pattern over the en-
tire US with a negative contribution of Asian anthropogenic
emissions to the NOx mixing ratios in the US. Wang et
al. (2009) found that the direct long-range transport of NOx
to the US is negligible. Therefore, the negative change of
NOx as a result of the removal of Asian anthropogenic emis-
sions is not due to the transport itself but to the differences
in the rates of chemical destruction between the simulations
with and without Asian anthropogenic emissions (i.e., less
conversion of NOx to its sink such as HNO3, PAN, or N2O5
when removing Asian anthropogenic emissions) in the US.
The concentration enhancements of SO2−

4 and NH+

4 (both
by ∼ 20 % for the Western US) dominate among the PM
species, because (NH4)2SO4 (and/or NH4HSO4) is the major
aerosol component of trans-Pacific anthropogenic aerosols.
The relative enhancement for OC in both the Western and
Eastern US is higher than that of Wang et al. (2009) (i.e.,
11 to 15 % vs. 2 to 5 %), due to the updated SOA treat-
ment in CMAQ v4.7. The relative enhancement for PM2.5
in the Western US is lower than that of Wang et al. (2009)
(i.e., ∼ 5 % vs.∼ 10 %), which is mainly due to the inclu-
sion of dust particles in PM2.5 that increases the baseline
PM2.5 concentration significantly. In contrast with other PM
species and the results of Wang et al. (2009), the NO−

3 con-
centration is reduced in both the Eastern and Western US,
due to two competitive effects driven by changes in emis-
sions and thermodynamics when Asian emissions are re-
moved. Removing Asian anthropogenic emissions of NOx
and primary NO−3 directly reduces NO−3 concentrations in
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Fig. 8.Spatial distribution of differences between simulations DUST and BASELINENO DUST (left panel) and between DUSTHIGH EF
and BASELINENO DUST (right panel) at surface layer for O3, NOx, SO2, HNO3, and H2O2 in April 2001; this figure illustrates a lower
and upper bound of overall dust treatments in this study.
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Fig. 9.Spatial distribution of differences between simulations DUST and BASELINENO DUST (left panel) and between DUSTHIGH EF
and BASELINENO DUST (right panel) at surface layer for fine-mode SO2−

4 and NO−

3 , coarse-mode SO2−

4 and NO−

3 , and PM10in April
2001; this figure illustrates a lower and upper bound of overall dust treatments in this study.
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Fig. 10.Spatial distribution of differences between simulations DUST and BASELINENO DUST (left panel) and between DUSTHIGH EF
and BASELINENO DUST (right panel) at an altitude of∼ 5 km for O3, SO2, total SO2−

4 , total NO−

3 , and PM10; this figure illustrates a
lower and upper bound of overall dust treatments in this study.
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Fig. 11.Absolute and relative contributions of different(a) gaseous
species and(b) PM2.5 components over the Western US and the
Eastern US due to Asian anthropogenic emissions between simula-
tions DUST and DUSTNO ASIA EMIS for April 2001.

the US in the simulation DUSTNO ASIA EMIS (referred to
as the negative emission effect). Because of a stronger long-
range transport of SO2−

4 than NO−

3 , removing Asian anthro-
pogenic emissions of SO2 and primary SO2−

4 also leads to
much lower concentrations of SO2−

4 in the US, which triggers
the changes in the aerosol thermodynamics. Compared with
the simulation DUST, aerosols predicted from the simulation
DUST NO ASIA EMIS contain a similar level of crustal
species but they are less acidic due to lower SO2−

4 concen-
trations (and to a lesser extent, lower NO−

3 concentrations).
Therefore, thermodynamics requires more HNO3 partition-
ing into the particulate phase to neutralize cations, increas-
ing NO−

3 concentrations (i.e., the positive thermodynamic ef-
fect). The positive thermodynamic effect dominates over the
negative emission effect, leading to a net higher NO−

3 con-
centration from the simulation DUSTNO ASIA EMIS than
the simulation DUST.

6 Conclusion and future work

In this study, two established dust emission flux schemes and
nine dust-related heterogeneous reactions are implemented
into the US EPA’s CMAQ v4.7 to enhance CMAQ’s capabil-
ity in simulating coarse PM and to examine the role of dust
particles in affecting chemical predictions during the long-

range transport. In addition, the default thermodynamic equi-
librium module ISORROPIA v1.7 in CMAQ v4.7 is updated
to ISORROPIA II to account for the impact of crustal species
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-
uated against the available observational data. WRF gener-
ally predicts well 2-m temperature and relative humidity and
moderately overpredicts wind speed. WRF predicts precip-
itation relatively poorly compared to other variables which
affects chemical predictions, especially PM2.5, via scaveng-
ing and wet deposition. CMAQ-Dust can reproduce concen-
trations of chemical species well. The model performance of
CMAQ-Dust for PM10 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
with an erodible fraction of 0.5 and can increase up to
∼ 223 Tg with a higher fraction of 1.0 in the Zender scheme
for April 2001, which is in line with other previous re-
search over Asia. Using different erodible fractions,EF, of
0.5 and 1.0, the monthly mean surface total concentrations
of dust particles predicted by CMAQ are generally> 200
and> 500 µg m−3, respectively, over source regions in China
and can reach up to 25 and 50 µg m−3, respectively, over
the downwind areas such as the Eastern China, Japan, the
Northeastern India, and the Midwest US. Long-range trans-
port can increase surface total concentrations of dust by 5 to
10 µg m−3 over the remote regions such as the Eastern Pa-
cific and the Eastern US. Both schemes predict similar total
dust emissions with a similar spatial pattern and have similar
CPU costs. However, the Zender scheme is more physically
based and gives a better model performance than the West-
phal scheme; it is therefore recommended for applications
over regions with significant dust emissions.

A number of sensitivity simulations using the Zender
scheme are conducted to investigate the effect of dust on
the spatial distribution of various gaseous and PM species.
The results show that the inclusion of crustal species tends
to affect the volatile species (e.g., NH3, NH+

4 , HNO3, and
NO−

3 ) to a greater extent than other non-volatile species (e.g.,
SO2−

4 ). The effects include decreasing the fine-mode NH+

4
throughout the domain, increasing the fine-mode NO−

3 over
dust source regions but decreasing it over downwind heavily
polluted areas, as well as shifting NO−

3 from the fine-mode to
the coarse-mode. The concentration of PM2.5 over the East-
ern Asia is reduced due to the combined effect of crustal
species on reducing NO−3 and NH+

4 . Heterogeneous chem-
istry on dust particles tends to decrease the mixing ratio of O3
by up to 3.8 ppb (∼ 9 %) withEF of 0.5 and 7.3 ppb (∼ 15 %)
with EF of 1.0 over the dust source regions, and to reduce
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SO2 mixing ratio by up to 0.3 ppb (∼ 5 %) withEF of 0.5 and
0.6 ppb (∼ 8 %) with EF of 1.0 over the polluted areas and
up to 0.05 ppb (∼ 27 %) withEF of 0.5 and 0.1 ppb (∼ 34 %)
with EF of 1.0 over the dust source regions. Different from
other species, the mixing ratio of NOx increases throughout
the domain due to the renoxification effect considered in the
model. The decrease of HNO3 is not evident, indicating a
compensation effect of the decrease of HNO3 by heteroge-
neous chemistry and the increase of HNO3 by evaporation
of NO−

3 particles caused by the increase of SO2−

4 concen-
trations. The heterogeneous uptakes play a more important
role in SO2−

4 formation than other PM species. The concen-
trations of dust and their impacts at a higher altitude indicate
the efficient long-range transport of dust and its active inter-
actions with photochemical cycle and PM formation in upper
troposphere and the remote areas. Such long-range transport
contributes to the enhancement of the surface concentrations
of various gaseous pollutants (e.g., O3 and CO) by up to sev-
eral ppb (up to∼ 6 %) and PM species (e.g., SO2−

4 , NH+

4 ,
OC, and PM2.5) by up to 0.6 µg m−3 (up to 20 %) whenEF
is assumed to be 0.5.

Several uncertainties and limitations in the dust treatments
exist in this study. For example, the parameterEF is as-
sumed to be constant everywhere. It mainly serves as a tun-
ing factor without considering the spatial variability of the
erodibility of the land. The crustal species are prescribed
uniformly throughout the modeling domain. Their spatial-
variability should be considered once such information be-
comes available, and predicted crustal materials should be
evaluated against measurements over the source regions in
China and from networks such as IMPROVE and STN in
the downwind regions. The seasonal variations of vegeta-
tion coverage are not considered for dust emission calcula-
tion in this study, which could be important over some semi-
arid areas. As discussed in Sect. 2, the uptake coefficient of
chemical species on the surface of dust has high uncertain-
ties and may depend on the ambient conditions (e.g., temper-
ature and relative humidity). Additional simulations may be
performed using different sets of uptake coefficients such as
those recommended by Crowly et al. (2010). Nevertheless,
this work extends CMAQ’s capability in simulating emis-
sions and chemistry of mineral dust, which is a very im-
portant PM component in arid and semiarid areas. Its ap-
plication to the April 2001 Asian dust event demonstrates
the promising ability of CMAQ-Dust in capturing dust emis-
sions, its concentrations and spatial variability, as well as the
physical/chemical processes associated with dust particles.
The dust treatments implemented in this work can be read-
ily transferred into the latest version of CMAQ (i.e., CMAQ
version 5).

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
10209/2012/acp-12-10209-2012-supplement.pdf.
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