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The Weather Research and Forecasting model with Chemistry (WRF-Chem) is used to investigate the
seasonal and inter-annual variations of mineral dust over East Asia during 2007–2011, with a focus on
the dust mass balance and its direct radiative forcing. A variety of in situ measurements and satellite
observations have been used to evaluate the simulation results. Generally, WRF-Chem reasonably
reproduces not only the column variability but also the vertical profile and size distribution of mineral
dust over and near the dust source regions. In addition, the dust lifecycle and processes that control
the seasonal and spatial variations of dust mass balance are investigated over seven sub-regions of desert
dust sources (Taklimakan Desert (TD) and Gobi Desert (GD)), the Tibetan Plateau (TP), Northern China,
Southern China, the ocean outflow region, and Korea–Japan. Over the two major dust source regions of
East Asia (TD and GD), transport and dry deposition are the two dominant sinks with contributing of
�25% and �36%, respectively. Dust direct radiative forcing in a surface cooling of up to �14 and
�10 W m�2, atmospheric warming of up to 9 and 2 W m�2, and TOA (Top of atmospheric) cooling of
�5 and �8 W m�2, respectively. Dust transported from the TD is the dominant dust source over the TP
with a peak in summer. Over the identified outflow regions (the ocean outflow region, and Korea–Japan),
maximum dust column concentration in spring is contributed by transport. Dry and wet depositions are
comparable dominant sinks, but wet deposition is larger than dry deposition over the Korea–Japan
region, particularly in spring (70% versus 30%). The ability of WRF-Chem to capture the measured features
of dust optical and radiative properties and dust mass balance over East Asian provides confidence for
future investigation of East Asia dust impact on regional or global climate.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction desert dust over East Asia is injected into the atmosphere of which
Dust can modulate the radiation budget (Sokolik et al., 2001;
Balkanski et al., 2007; Zhao et al., 2010, 2011, 2012), affect the
microphysical properties of clouds (DeMott et al., 2010; Creamean
et al., 2013), alter the surface albedo of the ground covered by snow
or glacier (Krinner et al., 2006; Painter et al., 2010, 2012; Huang
et al., 2011; Skiles et al., 2012), and influence ocean CO2 uptake
and nutrients (Mahowald et al., 2009). In addition, dust is also
important for air quality through its impact on visibility and human
health (Kim et al., 2001; Chen et al., 2004; Thomson et al., 2006).

East Asia is one of the most prominent regions of dust genera-
tion (Rea, 1994; Zhang et al., 2003). Annually, a large amount of
30% is re-deposited onto the deserts of origin, 20% is transported
over continental China, and the remaining 50% falls out over the
Pacific Ocean and beyond (Zhang et al., 1997). East Asian dust
can significantly affect climate and ecosystems at both regional
and global scales (e.g., Huang et al., 2006a,b, 2009; Qian et al.,
2011). Recently, great progress has been made for East Asia dust
focusing on the dust optical properties (Ge et al., 2010a,b, 2011;
Liu et al., 2011), spatial and temporal characteristics (Wang et al.,
2008), long-range transport (Huang et al., 2008a; Liu et al., 2008),
and direct and indirect radiative forcing (Huang et al., 2009) based
on satellite retrievals combined with in situ measurements.

To understand better the detailed processes affecting dust life
cycle and climatic impact over East Asia, models were used to
investigate East Asia dust emission, deposition, transport mecha-
nism, and dust–climate interaction in the last decade (e.g., Zhang
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et al., 2003, 2009; Gong et al., 2003; Shao and Wang, 2003; Uno
et al., 2009; Sun et al., 2012; Wang et al., 2012; Chen et al.,
2013). They reproduced some important observational facts to elu-
cidate characteristics of dust phenomena and improved our under-
standing of dust processes over East Asia. However, few of them
investigated inter- and intra-annual variation of long-term simu-
lated East Asian dust. In addition, dust budget analysis (i.e., dust
mass contributions from emission, deposition, and transport) is
not well examined. Furthermore, few of previous studies investi-
gated the dust climatic impact. Some of them intended to explore
the dust climatic impact, however, the models that were used
missed some important aspects, such as dust-anthropogenic aero-
sol interaction and dust impact on cloud properties (Zhang et al.,
2009; Sun et al., 2012). In order to fully investigate the dust cli-
matic impact, a state-of-art model that simulates dust lifecycle
and dust direct and indirect feedback to climate should be used
and evaluated. Not only simulated dust mass concentration but
also dust size distribution, optical properties, and vertical distribu-
tion should be evaluated against observations in order to estimate
robustly dust climatic impact.

For this purpose, we use the WRF-Chem model, a state-of-art
model with the capability to simulate the dust direct and indi-
rect feedbacks to climate. The WRF-Chem model is a version of
the Weather Research and Forecast model (WRF) that simulates
trace gases and particulates with the meteorological fields,
which considers a variety of coupled physical and chemical pro-
cesses such as transport, deposition, emission, chemical trans-
formation, and radiation (Grell et al., 2005). It has the
advantage in modeling dust impact on climate due to its online
coupling of chemistry and meteorology. It has been widely used
to simulate the dust life cycle and climatic impact at the global
scale (Zhao et al., 2013a) and the regional scale over West Afri-
ca (Zhao et al., 2010, 2011), Saudi Arabia (Kalenderski et al.,
2013), North America (Zhao et al., 2012), and East Asia (Chen
et al., 2013). However, the dust modeling over East Asia using
the WRF-Chem model has not been well evaluated yet. There-
fore, in this study, various measurements of dust properties
from in situ observations and satellite retrievals, including con-
tinuous measurements from the Semi-Arid Climate Observatory
and Laboratory (SACOL) (Huang et al., 2008b), are used to eval-
uate the simulation.

In this study, the WRF-Chem model is configured with a rela-
tively high horizontal resolution (36 km) to conduct a five-year
dust simulation over East Asia from 2007 to 2011. Compared to
previous works, the simulation in this study can represent better
the complex topography over East Asia. The intra- and inter-annual
variability of East Asian dust can also be investigated. Budget anal-
ysis is also applied during the simulation to estimate the contribu-
tions of physics- and chemistry-processes to dust life cycle, which
can help us understand better the sources and sinks of East Asian
dust. In addition, as a first step of investigating dust climatic
impact over East Asia, this study is the first time to evaluate the
performance of WRF-Chem model in simulating the temporal
and spatial variability of dust over East Asia. The three major objec-
tives of this study are to (1) evaluate the WRF-Chem simulation of
dust over East Asia, (2) characterize the spatial and temporal vari-
ations of East Asian dust and its direct radiative forcing, and (3)
quantify the contributions of various model processes to dust mass
balance over East Asia.
Fig. 1. Modeling domain and spatial distribution of dust emission over East Asia.
Seven regions (1. Taklimakan Desert (TD), 2. Gobi Desert (GD), 3. Tibetan Plateau
(TP), 4. Northern China, 5. Southern China, 6. East-China-Sea, 7. Korea-Japan) are
defined by the red boxes for analysis. Pink dots represent the sites with observed
10 m-winds. Black dots represent the SACOL and Issyk Kul sites.
2. Model description

The WRF-Chem model (v3.3.1), a version of the Weather Re-
search and Forecasting (WRF) model (Skamarock et al., 2008),
which simulates trace gases and particulates simultaneously with
the meteorological fields (Grell et al., 2005) is used in this study.
The RADM2 chemical mechanism and MADE/SORGAM (Modal Aer-
osol Dynamics Model for Europe (MADE) and Secondary Organic
Aerosol Model (SORGAM) aerosol model) (Ackermann et al.,
1998; Schell et al., 2001) including some aqueous reactions were
implemented by Grell et al. (2005) into WRF-Chem. The aerosol
size distribution is represented by three size modes (Aitken, accu-
mulation, and coarse modes, assuming a log-normal distribution
within each mode) in MADE/SORGAM. In this aerosol model, aero-
sol species include sulfate, nitrate, ammonium, black carbon (BC),
organic matters (OM), sea salt, mineral dust, and water. Different
aerosol species within each size mode are assumed to be internally
mixed so that all particles within a size mode have the same
chemical composition. Aerosol optical properties for scattering
(e.g., single-scattering albedo, asymmetry factor, and extinction)
are computed as a function of wavelength and three-dimensional
position. The Optical Properties of Aerosols and Clouds (OPAC)
dataset (Hess et al., 1998) is used for the LW refractive indices of
dust, while a constant value of 1.53 + 0.003i is used for the SW
refractive index of dust following Zhao et al. (2011). Aerosol radi-
ative effect is simulated by the Rapid Radiative Transfer Model
(RRTMG) (Mlawer et al., 1997; Iacono et al., 2000) for both short-
wave (SW) and long-wave (LW) radiation (Zhao et al., 2011). A de-
tailed description of the computation of aerosol optical properties
in WRF-Chem can be found in Fast et al. (2006) and Barnard et al.
(2010). The optical properties and direct radiative forcing of indi-
vidual aerosol species are diagnosed using the method described
in Zhao et al. (2013b).

The GOCART dust emission scheme (Ginoux et al., 2001) was
coupled with MADE/SORGAM in WRF-Chem by Zhao et al.
(2010). As described in Ginoux et al. (2001), the GOCART scheme
calculates the dust emission flux G (lg m�2 s�1) as

G ¼ CSspu2
10 mðu10 m � utÞ

where C is an empirical proportionality constant (C = 1.0 in this sim-
ulation), S is a source function that defines the potential dust source
regions and comprises surface factors, such as vegetation and snow
cover, sp is a fraction of each size class of dust in emission, u10m is
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the horizontal wind speed at 10 m, ut is the threshold wind velocity
below which dust emission does not occur and is a function of par-
ticle size, air density, and surface soil moisture. Dust particles are
emitted into two log-normal modes (accumulation and coarse) with
mass fraction of 15% and 85%, respectively, following Zhao et al.
(2010). The volume median diameter and the standard deviation
of the two log-normal modes are 2.91 lm and 2.20, respectively,
for the accumulation mode, and 6.91 lm and 1.73, respectively,
for the coarse mode. The dust mass and number concentrations in
each mode are updated during the simulations. The volume mean
diameters of each mode are also updated from the predicted mass
and number concentrations, while the prescribed standard devia-
tion are kept constant. More details about the coupling of the GO-
CART dust emission scheme with WRF-Chem can be found in
Zhao et al. (2010). Anthropogenic emissions of carbon monoxide
(CO), nitrogen oxides (NOx), SO2, volatile organic compounds
(VOCs), BC, OC, PM2.5, and PM10 are from the 2006 emission inven-
tory developed by David Street (http://www.cgrer.uiowa.edu/EMIS-
SION_DATA_new/index_16.html). Biomass burning emissions are
obtained from the Global Fire Emissions Database, Version 3
(GFEDv3) with monthly temporal resolution and 0.5� spatial resolu-
tion (van der Werf et al., 2010).

The simulation domain covers the entire East Asian region
(10.7�N–59.8�N, 51.6�E–154.4�E) (Fig. 1) using 138 � 187 grid
points at 36 km horizontal resolution and 35 vertical layers with
model top pressure at 100 hPa. The initial meteorological fields
and lateral boundary conditions are from the National Center
Fig. 2. The spatial distribution of seasonally averaged dust column concentration ove
autumn (September–October-November, SON) and winter (December-January–February
for Environmental Prediction final analysis (NCEP/FNL) data at
1-degree horizontal resolution and 6-h temporal intervals. To re-
duce the wall clock time for the simulation, the experiment is
conducted for each year separately with a start date of December
15 from the prior year to allow model spin up, and the simula-
tions for each year are concatenated to cover the 5-year period
of 2007–2011 (referred to as the simulation period hereafter).
The modeled u- and v-component winds and atmospheric tem-
perature are nudged above the PBL towards the NCEP/FNL analy-
sis data with a nudging time scale of 6 h over the entire domain
to produce a more realistic simulation of the large-scale circula-
tion (Stauffer and Seaman, 1990). No nudging is applied within
the PBL in order to avoid inferences with resolved mesoscale forc-
ing and topography forcing near the surface in simulations. The
Noah land surface model (Chen et al., 1996; Chen and Dudhia,
2001) and the Yonsei University (YSU) planetary boundary
scheme (Hong et al., 2006) are used in this simulation. The
Morrison two-moment microphysics scheme (Morrison et al.,
2005) and Kain–Fritsch convective scheme (Kain and Michael
Fritsch, 1990; Kain, 2004) are used to represent cloud microphys-
ics and convection processes. The convective transport of gases
and aerosols was coupled with the Kain–Fritsch convective
scheme by Zhao et al. (2013a). The chemical initial and boundary
conditions are from the default profiles in WRF-Chem, which are
the same as those used by McKeen et al. (2002) and are based on
averages of mid-latitude aircraft profiles from several field studies
over the eastern Pacific Ocean.
r East Asia for spring (March–April-May, MAM), summer (June-July–August, JJA),
, DJF) in 2007–2011 from the WRF-Chem simulations.

http://www.cgrer.uiowa.edu/EMISSION_DATA_new/index_16.html
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Fig. 3. Monthly total AOD over the TD and GD from the MISR retrievals (black dots) and the WRF-Chem simulations (solid lines) for 2007–2011. Both total AOD (blue line) and
dust AOD (red line) from the simulations are shown.
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3. Observations

3.1. Semi-Arid Climate Observatory and Laboratory (SACOL)

SACOL, established in late 2005, is located at the southern bank
of the Yellow River in the Gansu province in Northwest China
Fig. 4. Monthly mean 10-meter winds averaged at the observation sites over the TD and
and WRF-Chem simulations (red lines) for 2007–2011.
(35.57�N, 104.08�E, elevation: 1970 m). The area is covered mainly
by quaternary aeolian loess, where more than 70% of the aerosols
are transported from the TD and the Gobi Deserts (GD) by the pre-
vailing westerly winds. SACOL provides a long-term continuous of
aerosol optical depth (AOD), aerosol vertical profile, single scatting
albedo (SSA), and aerosol size distribution. Detailed descriptions of
GD (Fig. 1) from observations (black lines) and NCEP/FNL reanalysis data (blue lines)



Fig. 5. Monthly variations of AOD at 550 nm from the AERONET (black dots) and MISR retrievals (green triangles) and the corresponding WRF-Chem simulations (red lines) at
the Issyk Kul (top panel) and SACOL (second panel) sites (Fig. 1) for 2007–2011.
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this site and the related instruments are given by Huang et al.
(2008b) and Bi et al. (2011). This study mainly uses the measure-
ments of AOD, aerosol extinction profiles, and aerosol size
distributions.
3.1.1. Aerosol optical depth
SACOL is one of the Aerosol Robotic Network (AERONET) sites

over Loess Plateau in Northwestern China. The automatic sun
and sky scanning radiometer (CIMEL Sunphotometer) makes
measurements of the direct sun and diffuse sky radiances within
Fig. 6. Monthly vertical profiles of aerosol extinction coefficients at 532 nm for 2007
simulation (middle panel), and the dust contribution (dust extinction coefficient /total a
the spectral range of 340–1020 nm (Holben et al., 1998). The auto-
matic tracking sun and sky scanning radiometer makes direct sun
measurements with a 1.2 full field of view every 15 min in eight
spectral channels at 340, 380, 440, 550, 675, 870, 940 and
1020 nm. In addition, AOD retrieved at another AERONET site at Is-
syk Kul (42�N, 76�E) (Holben et al., 1998) is also used in this study.
3.1.2. Aerosol extinction vertical profile
Vertical distribution of aerosol extinction coefficient is mea-

sured using a Micro-Pulse Lidar system operating at a wavelength
–2011 from the MPL retrievals (right panel) and the corresponding WRF-Chem
erosols extinction coefficient) from the WRF-Chem simulation (right panel).



Fig. 7. Monthly variations of SSA at 532 nm at the SACOL site from the AEROENT
retrievals (black dots) and the WRF-Chem simulations (red line) for 2007–2011. Fig. 8. Seasonal variations of aerosol size distributions in the total atmospheric

column at the SACOL site from the observations (dots) and the corresponding WRF-
Chem simulations (solid lines).
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of 527 nm (MPL-4, Sigma Space) (Spinhirne, 1993). MPL lidar is a
safe, compact, and maintenance-free lidar system originally devel-
oped by for acquiring long-term data sets of backscatter profiles of
aerosols and clouds (Welton et al., 2001). Continuous aerosol and
cloud measurements are acquired with a 75 m range resolution
at a 1 min time average (Huang et al., 2008b).

3.1.3. Aerosol single scattering albedo (SSA)
Aerosol single scattering albedo is retrieved from AERONET data

following the approach discussed in detail by Dubovik and King
(2000) and Dubovik et al. (2002). The error in the retrieved aerosol
parameters is described by Dubovik et al. (2002) for urban-indus-
trial, biomass burning and desert dust aerosols.

3.1.4. Aerosol size distributions
The particle sizer (APS-3321) acquires the aerosol effective par-

ticle diameter in the surface layer using a dual-parallel laser and
low-frequency particle accelerator by measuring the time a parti-
cle takes to cross the laser beam. It measures the light-scattering
intensity by examining each particle’s side-scatter signal intensity
and provides an accurate count size distribution for aerosols with
effective diameters of 0.53–20 lm, and light-scattering intensity
for particles ranging from 0.3 to 20 lm (Zhou et al., 2012).

3.2. MISR

The AOD data from the Multi-angle Imaging SpectroRadiometer
(MISR) aerosol Level 3 retrievals are also used. MISR on board the
NASA Terra platform has been producing AOD globally since Febru-
ary 2000 and passing over the equator at 10:45 LT during daytime.
The resolution of the Level 3 MISR AOD products is 0.5� � 0.5�. It
can retrieve aerosol properties even over highly reflective surfaces
like deserts (Martonchik et al., 2004). A detailed description of
MISR aerosol retrieval is given by Martonchik et al. (1998, 2002).
For comparison, the model results are sampled in the same over-
pass time as MISR on Terra.

4. Results and discussion

4.1. Evaluation of dust simulation

The simulated dust-emission fluxes over East Asia averaged for
2007–2011 reveals dust sources mainly over the two major deserts
of West China (i.e., TD and GD) and some arid areas of North China
(Fig. 1). The maximum dust emission fluxes reach 30 lg m�2 s�1

over the TD and GD. There are also small amounts of dust emis-
sions (0.1–1 lg m�2 s�1) over the TP. Seven sub-regions are defined
in the red boxes for further analysis of dust mass balance in Sec-
tion 4.2. These seven sub-regions are selected to represent the dust
source regions and outflow regions. In this study, only the TD and
GD are selected as the dust source regions over East Asia, because
other dust sources are relatively small compared to these two (Sun
et al., 2001). The annual average dust column concentration over
East Asia in 2007–2011 from the simulations shows the high con-
centration over the dust source regions with large dust-emission
fluxes (Fig. 2). Although dust emissions over the TD and GD are
similar, the model simulates higher dust column concentration
over the TD. The TD and GD dusts are transported downwind
(i.e., eastward) to East China, Japan, Korea, and Pacific Ocean. All
seasons have similar spatial distribution of dust column mass con-
centration over East Asia, but the amount is higher in spring and
summer than fall and winter. The dust column mass concentration
in spring and summer over the TD and GD are comparable. How-
ever, the eastward dust transport is stronger in spring than
summer because of the stronger prevailing winds.

To evaluate the model performance in simulating dust column
mass concentration over East Asia, we first compare the simulated
dust column concentration over the dust source regions against
measurements. The WRF-Chem simulations well capture the MISR
retrieved inter-annual and seasonal AOD variations over the TD
and GD (region 1 and region 2 in Fig. 1) in 2007–2011. Satellite ret-
rievals are used instead because in situ measurements over the TD
and GD are scarce. From the MISR retrievals and the WRF-Chem
simulations, the monthly AOD at 550 nm averaged over the TD
and GD show small inter-annual but clear seasonal variations
(Fig. 3). Over the TD, the MISR retrievals show the highest AOD
of 0.43 in spring and the lowest AOD of 0.22 in winter. The retri-
evals over the GD show similar seasonal variation with the highest
AOD of 0.29 in spring and the lowest AOD of 0.15 in winter. From
the simulated total aerosol AOD and dust AOD, dust is the domi-
nant aerosol species over the TD (�98%) and GD (�95%). The model
simulates consistent results with high AOD of 0.44 and 0.29 in
spring and low AOD of 0.24 and 0.21 in winter over the TD and
GD, respectively.

It is noteworthy that the model overestimates the AOD in sum-
mer and fall, especially over the TD (summer: 0.13; fall: 0.08). One
possible reason for the overestimations of simulated dust AOD in
summer and fall could be the biases in simulating surface wind
speed. The 10-m winds averaged at the observation sites over
the TD and GD from observations, reanalysis data, and WRF-Chem
simulations are shown in Fig. 4. Although simulations overestimate
the magnitude of observed 10-m wind speed over the TD and GD,
but they reproduce the observed seasonal and inter-annual varia-
tions quite well (Fig. 4). Daily wind speed observations in the 10
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in situ sites (shown in Fig. 1) during 2007–2011 were obtained
from the Chinese National metrological Center (CNMC). An overes-
timation in simulated surface winds in WRF 3.3.1 is a common
issue due to model limitations in representing turbulence
processes and subgrid variations in terrain and land surface type
(Hanna et al., 2000), which may be improved in the newer version
of WRF (e.g., v3.5) through using the surface drag parameterization
(Jiménez and Dudhia, 2012; Mass and Ovens, 2011). However, the
seasonal and inter-annual variations of simulated AOD over the TD
and GD is consistent with the comparison of 10-m winds (Figs. 3
and 4), so the overestimation of the simulated AOD in summer
and fall may not be related to the biases in seasonal variations of
simulated surface winds. Since the simulated large-scale winds
in the free troposphere are consistent with the reanalysis data
(not shown), the overestimated AOD may also not be related to
errors in dust-transport modeling. The difference between
observed and simulated winds might be related to failure of the
Fig. 9a. Monthly averaged contributions of emission (Emis.), transport (Tran.), dry (Dry
concentration (2nd panel), total aerosol and dust AOD (3rd panel), and dust raidiative fo
and at the surface (SUR) for 2007–2011 over the Taklimakan desert. For dust budget a
g m�2 month�1. For dust direct radiative forcing, positive values at the TOA and SUR repre
W m�2.
dust-emission parameterization is not able to capture the seasonal
variation of dust-emission fluxes. This issue is not investigated in
this study and should be examined further.

In addition to the evaluation of the simulated AOD over the TD
and GD, the AERONET and MISR observations are compared with
the simulated AOD at two AERONET sites (Issyk Kul and SACOL
in Fig. 1) near the dust-source regions. Generally speaking, AERON-
ET retrieval has smaller uncertainties than that of MISR (Petrenko
and Ichoku, 2013). At the Issyk Kul site, the monthly variations of
AOD at 550 nm from the AERONET and MISR retrievals were sim-
ilar lumped by seasons, with relatively high AOD in spring and
summer and low AOD in fall and winter (Fig. 5). However, the MISR
retrieved AOD has an annual average of �0.16 that is higher than
the annual average of �0.1 from AERONET. The model well
captures the seasonal variations of the observed AOD, but underes-
timates AOD, especially in winter, which may be due to local
emissions from residential burning in winter that is not well
Dep.) and wet deposition (Wet Dep.) to dust mass balance (top panel), dust column
rcing (Dust RF) (bottom) at the top of atmosphere (TOA), in the atmosphere (ATM),
nalysis, positive value denotes positive contributions to dust mass balance. Units:
sent downward radiative fluxes, and represent radiative warming in the ATM. Unit:
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treated in the model. At the SACOL site, the MISR retrieved AOD is
more consistent with that from the AERONET in both seasonal var-
iation and annual mean (Fig. 5). The MISR retrieved annual AOD of
0.26 is comparable to the AERONET measurement of 0.30, and both
show relatively high AOD in spring and summer and relatively low
AOD in fall and winter. The model generally reproduces the sea-
sonal variations of the observed AOD. Again, the model underesti-
mates AOD particularly in winter, which is likely due to large
amounts of pollutants from residential burning transported from
Lanzhou city in winter (Wang et al., 2010).

Besides column-integrated dust AOD, vertical extinction profile
of dust is also critical in the assessment of dust radiative forcing
(Claquin et al., 1998). The micro-pulse lidar (MPL) observations
of aerosol extinction coefficients at 532 nm at the SACOL site
(2007–2011) provides an opportunity to evaluate the vertical
structure of monthly dust distributions near the source regions
with respect to the corresponding WRF-Chem simulations
(Fig. 6). A relatively high aerosol extinction coefficient (up to
0.15 km�1) was distributed in the lower atmosphere (below
4.0 km). There is clear seasonal variation of the aerosol extinction
Fig. 9b. Same as Fig. 9a o
coefficient near the surface with a minimum in summer. The sim-
ulation generally captures the retrieved seasonal variations of ver-
tical aerosol extinction profiles with an annual minimum surface
extinction coefficient in summer because surface relative humidity
is the lowest in summer at the SACOL site (not shown). The model
simulation indicates a high dust contribution (up to 70%) to the
aerosol extinction profiles up to 8 km in spring. In other seasons,
dust contribution is relatively small (<40%) near the surface
(Fig. 6). The magnitude of simulated aerosol extinction coefficient
is higher than that of observation from the MPL retrievals near
the surface in winter. However, at the SACOL site in winter,
WRF-Chem simulated AOD is lower than the AERONET retrievals
(Fig. 5). MPL retrievals underestimate AOD compared with AERON-
ET retrievals in winter. This underestimation is likely due to the
uncertainty in the liar ratio during retrieving. The MPL retrievals
of aerosol extinction profiles are complicated by the fact that the
lidar equation contains two unknown factors that are backscatter-
ing and extinction coefficients. In order to obtain an analytical
solution to the lidar equation, it has been a common practice to as-
sume that these parameters are related by the lidar ratio (Fernald,
ver the Gobi desert.
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1984). Lidar ratio is a very important optical parameter in the
aerosol characterization, which depends on intensive aerosol prop-
erties such as chemical composition, size distribution, and particle
shape (ZW Huang et al., 2010; Zhou et al., 2013). We use a single
lidar ratio as 50 sr in the MPL retrievals, which mainly present
the dust optical properties. In winter, dust contribution is rela-
tively small (<40%) near the surface (Fig. 6). Therefore, BC or other
kinds of aerosols may increase the biases in the MPL retrievals at
SACOL in winter.

Dust is one of few absorbing aerosol species in the atmosphere.
Dust absorptivity is an important factor affecting the heating rate
of the atmosphere. The aerosol single scattering albedo (SSA) can
be used to characterize aerosol absorption properties. The compar-
ison of the monthly SSA at 532 nm at the SACOL site from the AER-
ONET retrievals and the WRF-Chem simulations for 2007–2011 is
shown in Fig. 7. The simulation, with a SSA value of 0.94, generally
captures the retrieved background (annual average of 0.91), but it
fails to reproduce the observed large temporal variation. Model
generally captures SSA variations around 0.95, but fails to
reproduce the low SSA values around 0.90 or even lower. As
shown, observed SSA at 532 nm reached as low as 0.85, which is
Fig. 9c. Same as Fig. 9a ove
unlikely driven by dust even if the refractive index of dust was
tuned. It is more likely that the observed low SSA is affected by
variations of local anthropogenic emissions that is difficult to be
captured by the simulations with 36 km resolution and a half-de-
gree resolution of anthropogenic emissions. A small bias in simu-
lating BC concentrations can result in a significant change in SSA
(Barnard et al., 2010). To better evaluate the dust optical proper-
ties, the simultaneous observations of BC concentrations with
SSA would help. Furthermore, the AERONET retrieved SSA may also
have low biases (Osborne et al., 2008).

The size distribution of dust particles in the atmosphere is also
strongly influences dust direct radiative forcing but in ways
difficult to quantify (Zhao et al., 2010, 2013a). We compared the
normalized volume-size distributions of aerosol particles at the
SACOL site from the observations and WRF-Chem simulations in
spring and summer of 2007–2011 (Fig. 8). The aerosol size distri-
butions are only compared in spring and summer because dust
has larger contributions to total aerosols in these two seasons at
the SACOL site (Fig. 6). The observed aerosol size distributions
show apparent bimodal pattern with one peak in the fine mode
at 0.4 lm and the other in the coarse mode at 3 lm in radius. In
r the Tibetan Plateau.



24 S. Chen et al. / Aeolian Research 15 (2014) 15–30
general, the coarse-mode peak is higher than the fine-mode peak.
It shows relatively more coarse-mode particles and fewer
fine-mode particles in spring than in summer, indicating that dust
is a more dominant aerosol species in spring than in summer at the
SACOL site. The model also captures the bimodal pattern of the aer-
osol size distributions and its seasonal variations. However, the
simulation tends to overestimate the fine-mode aerosol particles
and underestimates the coarse-mode aerosol particles in both
seasons compared to the retrievals. This difference is likely due
to uncertainties in modal size parameterization that is used in this
study. Zhao et al. (2010, 2013a) also found that WRF-Chem with
the modal size parameterization with the prescribed standard
deviation underestimates coarse-mode aerosol particles and over-
estimates fine-mode aerosol particles compared to observations
and simulations using the same dry deposition parameterization
but with 8-bin size representation.

4.2. Dust mass balance and direct radiative forcing

To understand better the dust mass balance and its determining
factors in the corresponding regimes, seven sub-regions are
defined in this study. The monthly contributions of emission,
Fig. 9d. Same as Fig. 9a
transport, dry and wet deposition, dust column concentration, total
aerosol and dust AOD, and dust direct radiative forcing for 2007–
2011 were averaged over seven sub-regions of East Asia
(Figs. 9a–9g). As shown in Fig. 1, regions 1 and 2 represent the typ-
ical dust source regions (TD and GD). It is noteworthy that TD and
GD are two dominant source regions of dust raised from China and
its surrounding regions (Sun et al., 2001), which is primarily trans-
ported toward the southeast and then the northeast (Shao et al.,
2013). Therefore, we just focused on these dust source regions in
the study. In addition, region 3 represents the Tibetan Plateau
(TP) that plays an important role in the climate system over East
Asia; regions 4 and 5 represent North and South China, where dust
storm may have significant impact on regional climate and human
health; region 6 represents the East Asian dust outflow region with
dust deposition into ocean; region 7 represents the East Asian dust
outflow region affecting Korea and Japan.

Over the TD and GD, dust emission is the only factor contribut-
ing positively to the dust mass balance, while transport as well as
dry and wet depositions are sinks of dust in the atmosphere
(Figs. 9a and 9b). The dust emission has smaller seasonal variations
than dust column concentration over both regions. Dust column
concentration, emission, and sink are found to be higher over the
over North China.



Fig. 9e. Same as Fig. 9a over South China.
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TD than over the GD. The column concentration of TD dust has lar-
ger seasonal variations but smaller inter-annual variations than
the GD dust, which is mainly determined by seasonal and inter-an-
nual variations of dust emissions. Over both regions, dry deposition
is the largest sink of dust, following by transport and wet deposi-
tion. It is interesting to note that wet deposition is comparable to
transport over the TD, but wet deposition over the GD is much
smaller. Larger dust emission over the TD results in larger dust col-
umn concentration and AOD than over the GD. In addition, the dust
contribution to the total aerosol AOD is larger over the TD than the
GD. Both TD and GD dust direct radiative forcing have relatively
small inter-annual variations but large seasonal variations with
maximum values in late spring and early summer. Dust results in
a surface cooling of up to �14 and �10 W m�2, atmospheric warm-
ing of up to 9 and 2 W m�2, and TOA cooling of �5 and �8 W m�2

over the TD and GD, respectively.
Over the TP, dry and wet depositions are the primary and com-

parable sinks of dust in the atmosphere with obvious seasonal vari-
ations (Fig. 9c). Both dry and wet depositions of dust reach a
maximum in summer. Both emission and transport can contribute
positively to the dust-mass balance over the TP. Emission is the
major dust source over the TP in winter and early spring. On the
contrary, transport is the major dust source in seasons other than
winter with a maximum in summer. In fact, transport has a nega-
tive contribution to the dust-mass balance in winter. The dust col-
umn concentration has an evident seasonal variation with a peak
in late spring and summer mainly controlled by the seasonality
of dust transport. The mechanism of summer transport of TD dust
to the TP has been identified and examined by Chen et al. (2013). It
can be seen that dust has a dominant contribution to AOD over the
TP except in winter, and the maximum AOD over the TP occurs in
summer, which is consistent with the case study analyzed by
Huang et al. (2007). The seasonal variation of dust direct radiative
forcing also shows a peak in summer. Dust results in a surface cool-
ing of up to �3 W m�2, atmospheric warming of up to 1.4 W m�2,
and TOA cooling of �2 W m�2 over the TP. The inter-annual differ-
ence of dust column concentration and its direct radiative forcing
can reach 25% of the long-term mean during 2007–2011.

North and South China are two regions often affected by the
dust transported from the west. Transport is the dominant source
of dust over both regions, even though there are small amounts of
dust emission over North China (Figs. 9d and 9e). The dust column



Fig. 9f. Same as Fig. 9a over East China Sea.
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concentration is higher over North China than South China due to
larger dust transport. The seasonality of dust column concentration
over the two regions is not as evident as over the TD, GD, and TP.
Although dust column concentration is generally high in spring,
there are also some peaks in winter in both regions resulting from
the high dust transport. Dry and wet depositions are two sinks of
dust in the atmosphere in both regions. Dry deposition is larger
than wet deposition over North China, but dry deposition is com-
parable to wet deposition in South China due to the relatively hu-
mid climate. The dust contribution to the total AOD is relatively
small (<30%) due to the high loading of anthropogenic aerosols
over both regions, especially in South China. Again, dust AOD over
the two regions has small seasonal variations. However, the dust
direct radiative forcing has a more evident seasonal variation with
the maximum in late spring. Dust results in a surface cooling of up
to �7 and �3 W m�2, atmospheric warming of up to 4 and
1 W m�2, and TOA cooling of �3 and �2 W m�2 over North and
South China, respectively.

We focused on East Asian dust transport and deposition in two
outflow regions because deposition over the East China Sea may af-
fect the ocean and dust transport over Korea and Japan could affect
air quality. Dust transport brings East Asian dust over the ocean
and Korea–Japan, and dust is removed by dry and wet depositions
(Figs. 9f and 9g). The dry and wet depositions are comparable over
both outflow regions. Over these two regions, both dust column
concentration and dry and wet deposition have evident seasonal
variations with a maximum in spring, and the inter-annual varia-
tion as much as 50%. The dust column concentration is higher over
Korea-Japan than East China Sea. In addition, the dust contribution
to the total AOD is smaller over the East China Sea (<15%) than over
Korea-Japan (�40%) due to the outflow of high concentration of
anthropogenic aerosols from China over the East China Sea
(Bennartz et al., 2011). Dust results in a surface cooling of up to
�2 and �5 W m�2, atmospheric warming of up to 0.5 and
2 W m�2, and TOA cooling of �1.5 and �3 W m�2 over the East
China Sea and Korea–Japan, respectively. The dust direct radiative
forcing in both outflow regions has a maximum in spring.
5. Discussion and conclusions

In this study, the dust mass balance and its direct radiative
forcing over East Asia are investigated together with an estimate
of the dust lifecycle contributions from various physical processes



Fig. 9g. Same as Fig. 9a over Korea-Japan.

Table 1
WRF-Chem simulated all-sky direct radiative forcing of dust aerosols in seven regions over the East Asia in 2007–2011.a

bRegion 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7

TOA �4.2 �4.3 �0.3 �2.7 �0.7 �0.4 �1.5
ATM 2.5 1.4 0.4 0.8 0.2 0.2 0.5
BOT �6.7 �5.7 �0.7 �3.5 �0.9 �0.6 �2.0

a ‘‘TOA’’ represents ‘‘top of atmosphere’’. Positive means downward direction for TOA and surface, and absorption/heating for atmosphere.
b Region 1–7 are shown in Fig. 1.
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(e.g. dust emission, transport, and dry and wet deposition) using
the WRF-Chem model at a horizontal resolution of 36 � 36 km2

and online calculation of dust emissions. The simulation runs from
20 December 2006 to 31 December 2011 covering East Asia. Both
Dust SW and LW direct radiative effect are analyzed in this paper.

To understand the biases in modeling dust and its direct radia-
tive forcing over the East Asia, a variety of in situ measurements
and satellite retrievals are used to evaluate the simulations over
and near the major dust source regions. Overall, WRF-Chem model
reasonably reproduces the temporal variations of observed aerosol
optical properties (AOD, extinction profiles, and SSA) and size
distributions near the dust source regions during the simulation
period. We can found the model generally captures the MISR re-
trieved seasonal aerosol optical depth (AOD) variations over the
Taklimakan Desert (TD) and Gobi Desert (GD), indicating the model
is capable of simulating the overall characteristics of mineral dust
over the large regions of the dust source region. However, the mod-
el has a positive bias in dust AOD in summer and fall compared to
MISR retrievals. The bias seems not from the errors in the simu-
lated seasonal variations of 10-m surface winds that are generally
consistent with the observations. This bias in seasonal variations of
dust AOD above the TD and GD needs further investigation. In



Table 2
Summary of dust direct radiative forcing over East Asia in previous studies.

TOA (W/m2) ATM (W/m2) BOT (W/m2) Region Time Method References

�3 (SW) �17 (SW) 100�E–150�E; 20�N–50�N April 5–15 2001 CFORS model a Conant et al. (2003)
�2.9 3.8 �6.8 East Asia March 2002 Asian Dust Aersol

Model
Park and Jeong (2008)

�5 – �15 East Asian deserts bFMAM 1997–2006 cRegCM3 Zhang et al. (2009)
0.94 – �3.93 75–145�E, 15–55�N 19–22 March 2010 dRIEMS-Chemaero Han et al. (2011)
1.18 – �8.42 East China
1.40 – �6.09 West China
�13.6 (SW) 23.2 (SW) �36.8 (SW) The Yangtze Delta region

of China
March 14–17 and
April 25–26 2009

SBDART modele Liu et al. (2011)

5.93–35.7 16.77–56.32 �6.3 to �30.94 fMinqin, SACOL April 24–30 2010 Fu-Liou radiative
transfer model

Wang et al. (2013)

Up to �8 (SW)
Up to 2 (LW)

– Up to �25 (SW)
Up to 8 (LW)

East Asian deserts Spring and summer
of 2000–2009

gRegCM4 Sun et al. (2012)

�3.97 1.61 �5.58 TP 26–30 July 2006 WRF-Chem Chen et al. (2013)

a A three-dimensional atmospheric chemical transport model (Chemical Weather Forecast System (CFORS)).
b February–March–April–May (FMAM).
c Regional Climate Model Version 3 (RegCM3).
d RIEMS-Chemaero represents an online-coupled regional climate-chemistry-aerosol model.
e The Santa Barbara DISORT Atmospheric Radiative Transfer model (SBDART model).
f Minqin (36.61�N, 102.96�E) is located in a semi-desert area of northwest China.
g Regional Climate Model Version 4 (RegCM4).
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addition, model bias is also identified for simulating aerosol SSA
near the dust source regions. This is likely due to that the observa-
tion site is also frequently affected by the local pollutions (e.g.,
black carbon) that cannot be fully represented by the WRF-Chem
simulations. The observations over the dust source regions isolated
from the anthropogenic impact are needed in order to better eval-
uate the simulated dust optical properties. In terms of size distri-
bution, the simulation captures the seasonal variations of the
observed size distributions but overestimates the fine and under-
estimates the coarse dust particles. This has been found to be the
bias from the mode size representation and can be improved with
a more accurate dust size representation (e.g., 8-size bin) (Zhao
et al., 2013a). Nevertheless, it should also be noted that some
uncertainties also exist in observations. For example, at the SACOL
site, the MPL retrieved AOD is less than that from AERONET in win-
ter due to the uncertainty of lidar ratio during retrieving.

The dust mass balance and its contributions from various
sources and sinks are analyzed for seven selected sub-regions of
East Asia (TD, GD, TP, Northern China, Southern China, the ocean
outflow region, and Korea-Japan). TD and GD are two dominant
dust source regions over East Asia. Over both regions, dry deposi-
tion and transport processes are the two major sinks of dust. Trans-
port contribution to the dust sink is larger over the GD (36%) than
TD (25%), partly due to the complex terrain of TD basin that does
not favor dust transport. This is consistent with previous studies
(Sun et al., 2001; Zhang et al., 2008) that found the GD dust has
a larger impact at regional scale than the TD dust. Over the TP,
the dust column mass concentration reaches a maximum in sum-
mer because of dust transport from the TD, which is consistent
with the case study analyzed by Chen et al. (2013). Over other re-
gions, dust column mass concentration is mainly contributed by
transport and reaches maximum in spring. In these high-polluted
regions with large amount of anthropogenic aerosols, the dust con-
tribution to the total aerosol loading is relatively small. Dry and
wet depositions are the comparable dominant sinks over most of
these regions, except for Korea–Japan where wet deposition contri-
bution (70%) is larger than dry deposition contribution (30%), par-
ticularly in spring.

Generally, dust direct radiative forcing results in atmospheric
warming, surface cooling, and TOA cooling over East Asia. The
net (SW + LW) dust direct radiative forcing at the TOA has a cool-
ing effect of �4 W m�2 on domain average with a maximum of
�8 W m�2. In the atmosphere, dust produces a net warming ef-
fect with a domain average of 3 W m�2 and a maximum of
20 W m�2. At the surface, dust results in a cooling effect of
�7 W m�2 on domain average. The dust direct radiative forcing
averaged over the seven sub-regions of East Asia is summarized
in Table 1. Some of previous modeling estimates of dust direct
radiative forcing over East Asia are also summarized in Table 2.
It shows that our estimates of dust direct radiative forcing over
East Asia are generally comparable with previous modeling stud-
ies (Park and Jeong, 2008; Zhang et al., 2009; Han et al., 2012;
Wang et al., 2012; Sun et al., 2012; Chen et al., 2013). It should
be noted that some previous studies listed in the table cannot
be directly compared since they only estimated dust SW radiative
forcing. In addition, this study first time estimates the dust direct
radiative forcing over different regions of East Asia and provides
annual and seasonal mean values, compared to previous studies
that merely provided the average dust direct radiative forcing
for a season (e.g., spring) or even shorter at one site or over the
source regions only. Furthermore, dust direct radiative forcing
depends on dust column concentration, size distributions, and
optical properties (e.g., SSA). This makes difficult to compare
our estimates directly with previous estimates. For example,
Zhang et al. (2009) and Sun et al. (2012) used similar models to
estimate dust direct radiative forcing over the source regions in
spring. They obtained close values of dust cooling effect of about
�15 W m�2 at the surface and �5 W m�2 at the TOA. Our
estimates of dust direct radiative forcing over the TD and GD in
spring are about �10 W m�2 at the surface and �5 W m�2 at
the TOA. Although we are consistent in estimating dust TOA cool-
ing, our estimated dust surface cooling is less than theirs. This
difference resulted from the model difference in estimating dust
absorption in the atmosphere, which could be due to the differ-
ence in prescribing dust absorptivity and simulating dust size
distribution.

The major deserts of TD and GD emit dust that has far reaching
influence through transport of dust that perturbs atmospheric en-
ergy. Climate change can potentially strengthen subtropical drying,
leading to increased dust emission in our study regions. This study
highlights the importance of including dust radiative feedbacks in
understanding large-scale and regional climate variations and
changes over East Asia. Interactions of dust with clouds and precip-
itation have not been a focus of this study, but dust also has
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potentially large effects on precipitation amount and phase (Zhao
et al., 2011, 2012; Creamean et al., 2013; Fan et al., 2013), and these
effects over East Asia need further investigation in future studies.
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