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Abstract

The weather research and forecasting model with chemistry (WRF-
Chem) was used to investigate a typical dust storm event that occurred
from 18" to 23 March 2010 and swept across almost all of China, Japan,
and Korea. The spatial and temporal variations in dust aerosols and the
meteorological conditions over East Asia were well reproduced in WRF-
Chem model. The simulation results were used to further investigate
details of processes related to dust emission, long-range transport, and
radiative effects of dust aerosols over the Taklimakan desert (TD) and
Gobi desert (GD). The results showed that weather conditions,
topography and surface types in dust source regions may influence dust
emission, uplift height and transport at regional scale. The GD was
located in the warm zone in advance of the cold front in this case.
Rapidly warming surface temperatures and cold air advection at high
levels caused strong instability in the atmosphere which strengthened the
downward momentum transported from the middle and low troposphere
and caused strong surface winds. Moreover, the GD is located in
relatively flat, high altitude regions influenced by the confluence of the
northern and southern westerly jets. Therefore, the GD dust particles
were easily lofted to 4 km and were the primary contributor to the dust
concentration over East Asia. In the dust budget analysis, the dust
emission flux over the TD was 27.2+4.1 ug m? s™, which was similar to
that over the GD (2943.6 ug m™? s™). However, the transport contribution
of the TD dust (up to 0.8 ton day™) to the dust sink was much smaller
than that of the GD dust (up to 3.7 ton day™) because of the complex
terrain and the prevailing wind in the TD. It is noted that a small amount
of the TD dust (PM,5 dust concentration was approximately 8.7 ug m™)
was lofted to more than 5 km and transported over greater distances

under the influence of the westerly jets. Moreover, the direct radiative
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forcing induced by dust was estimated as -3 W m™ and -7 W m™ at the
top of the atmosphere, -8 W m? and -10 W m™ at the surface, and +5 W
m?and +3 W m*in the atmosphere over the TD and GD, respectively.
The study provided confidence for further understanding the climate

effects of the GD dust.

Key words: East Asian dust, Dust modelling, WRF-Chem model,

Taklimakan desert, and Gobi desert

1. Introduction

Dust is regarded as a major component of tropospheric aerosols in
the global atmosphere [Forster et al., 2007; Zhang et al., 2003; Bi et al.,
2011]. It is considered to have a significant direct effect on climate by
altering the radiative balance between the incoming solar and outgoing
planetary radiation in the atmosphere [Ramanathan et al., 2001; Huang et
al., 2008a, b, c, 2009, 2010, 2011; Fu et al., 2009; Han et al., 2012; Zhao
et al., 2013; Chen et al., 2014b]. In addition, dust can also indirectly
modify the microphysical properties of clouds by influencing cloud
condensation nuclei and ice cores and thus influence precipitation
efficiency [Koren et al., 2004; Huang et al., 2006a, b, ¢, 2010, and 2014;
Su et al., 2008; Qian et al., 2009; Li et al., 2010]. Therefore, dust aerosols
have important roles in changing the energy budget and atmospheric and
hydrological system at regional and even global scales [Wang et al.,
2010; Wang et al., 2012; Huang et al., 2010, 2014; Li et al., 2011; Zhao et
al., 2011, 2012].

East Asian dust is entrained from China and its surrounding
regions, which constitute the second largest contributor to global dust
aerosols [Rea, 1994; Zhang et al., 2003; Ye et al., 2012]. The Taklimakan
desert (TD) and Gobi desert (GD) are regarded as two major dust source
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regions in East Asia (Fig. 1a) [Sun et al., 2001]. The TD is the location of
the second largest shifting sand desert in the world and covers an area of
337,000 km®, approximately 85% of which is covered by shifting sand
dunes [Ge et al., 2014]. It is located in the Tarim Basin and is surrounded
by the Kunlun Shan Mountains (average elevation 5.5 km) to the south,
the Tianshan Mountains (average elevation 4.8 km) to the north and the
Pamir Plateau (average elevation 5.5 km) to the west. The GD covers
parts of northern China, northwestern China, and southern Mongolia,
which is bounded by the TD in the west, the North China Plain in the

southeast, and the Hexi Corridor and Tibetan Plateau in the southwest.

Airborne dust over the TD may play an important role in the global
radiative energy budget [Huang et al., 2009, 2015]. Special efforts have
been dedicated to understanding the spatial and temporal features of the
TD dust [Liu et al., 2016], including dust emission [Zhang et al., 2003;
Zhao et al., 2003, 2006a; Shao et al., 2011; Chen et al., 2013, 2014a;
Xiong et al., 2013], long-range transport [Uno et al., 2001; Han et al.,
2005, 2006, 2008; Zhao et al., 2006b, 2007; Huang et al., 2007], dust
radiative forcing [Takamura et al.,2004, 2005; Su et al., 2008; Huang et
al., 2009; Ye et al., 2012], and its climatic effects [Huang et al., 2006a, b,
2007, 2010 ,2014] over the TD. However, few of these studies have
investigated the role of GD dust in the earth-atmosphere system,
especially concerning the differences and similarities of dust emission
and transport over the GD and TD. Using dust storm reports of 1960-
1999, Sun et al. (2001) have found that the GD is the dominant dust
source region for East Asia. The dust deposited over East Asia including
the Loess Plateau in China and offshore regions. Using Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) and

surface measurements, Huang et al. (2008) have found that dust events
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are more frequent over the TD, where suspended dust was dominant
locally, whereas GD dust storms were less frequent but more intensive.
Zhang et al. (2008) have showed that the GD accounted for more than
75% of the dust emission events in all of East Asia using time-series of
Multi-angle Imaging SpectroRadiometer (MISR) images. However, it is
difficult to use observational data to quantify the details of TD and GD
dust emission fluxes and to distinguish the contributions of the TD and

GD to dust transport in the downwind deposition regions of East Asia.

In this study we focused on a state-of-the-art model that simulates
detailed dust processes to investigate a typical dust event over East Asia
that occurred on 18™-23™ March 2010. This dust storm is the strongest
since 2006, in terms of scope, intensity and duration of activities. It swept
across almost 21 provinces in China, covering an area of 282x104 km?
and affected about 2.7x10° people. Dust particles have even been long-
range transported to Shenzhen, Hong Kong and Taiwan. Due to its strong
influence, Hong Kong reported an air pollution index exceeded 400 and
Shen Zhen also have a heavily polluted day in 19" March 2010 [Li et al.,
2012].The aim of this work was to (1) evaluate the ability of the weather
research and forecasting model with chemistry (WRF-Chem) to
reproduce East Asian dust relative to observational data; (2) investigate
the dynamic and thermodynamic mechanisms of dust emission and
transport over the TD and GD; (3) elucidate the influence of TD and GD
dust throughout East Asia; and (4) estimate the direct radiation forcing
induced by the TD and GD dust over East Asia. The paper is organized as
follows. The model and observational data are described in Sections 2
and 3. The model evaluation and a discussion of the emission and
transport of East Asian dust are presented in Section 4. The radiative

forcing of dust is estimated in Section 5 followed by the discussion and
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conclusions in Section 6.

2. Model description

WRF-Chem, which simultaneously simulates trace gases, particulate
materials and meteorological fields [Skamarock et al., 2008], was used in
this study. Gas-phase chemical mechanisms, photolysis schemes and
aerosols schemes are incorporated into the WRF-Chem model, which
considers a variety of coupled physical and chemical processes such as
emission, transport (advection, diffusion, and convection), dry/wet
deposition, chemical transport, aerosol interactions, and radiation budget
[Grell et al., 2005]. Compared with other numerical models, the "online"
coupling of meteorology and chemistry in the WRF model more
accurately represents the evolution of trace gases and aerosols and
permits the inclusion of detailed feedback processes for weather or
climate change. Details of the model and relevant references can be found

at http://www.pnl.gov/atmospheric/research/wrf-chem/ and

http://www.pnl.gov/atmospheric/research/wrf-chem/publications.stm,

respectively.

The Regional Acid Deposition Model version 2 chemical
mechanism and Model Aerosol Dynamics Model for Europe and
Secondary Organic Aerosol Model (MADE/SORGAM) aerosol model
[Ackermann et al., 1998; Schell et al., 2001] were implemented by Grell
et al. [2005] into WRF-Chem, which includes some aqueous reactions
and complex treatments of aerosol radiative  properties.
MADE/SORGAM model uses the modal approach with Aitken,
accumulation, and coarse modes to represent the aerosol size distribution.
The aerosol species include mineral dust, sulfate, nitrate, ammonium,
black carbon, organic compounds, and sea salt. Aerosol optical properties

(e.g., single-scattering albedo, asymmetry factor, and extinction) are
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computed as a function of wavelength. Furthermore, each chemical
constituent of the aerosol is associated with a complex index of refraction
[Barnard et al., 2003].

The Goddard Chemistry Aerosol Radiation and Transport
(GOCART) dust emission scheme [Ginoux et al., 2001] was coupled with
MADE/SORGAM in the WRF-Chem model [Zhao et al.,, 2010].
Additional details about the GOCART dust emission scheme in the
WRF-Chem model can be found in Chen et al. [2013 and 2014]. An
emission inventory of anthropogenic, biomass burning, biogenic, and
volcanic emissions is also included in the simulation. The anthropogenic
emissions of carbon monoxide, nitrogen oxides, SO,, volatile organic
compounds, black carbon, organic carbon, PM;s, and PMy, were taken
from the 2006 emission inventory developed by David Street
(http://www.cgrer.uiowa.edu/EMISSION_DATA new/index_16.html).
The biomass burning emissions were obtained from the Global Fire
Emissions Database, Version 3 and have a monthly temporal resolution
and 0.5°spatial resolution [van der Werf et al., 2010].

Fig. 1a illustrates the modelling domain which covered the entirety of
East Asia (10.8N~59.6N, 51.9E~154.3E) with a horizontal grid
interval of 36 km and 138X 187 grid cells. This domain covered dust

source regions over East Asia represented by erodibility in WRF-Chem
model, as shown in Fig. 1b. The model atmosphere was divided into 35
vertical layers, and the model top pressure was 100 hPa. To reduce the
computational time for the simulation, the integration period was 1%-23"
March 2010. Only the results from 18™-23 March 2010 were used in this
study (hereafter referred to as the simulation period). The meteorological
initial and boundary conditions were constructed from the National
Center for Environmental Prediction final analysis (NCEP/FNL) data at a

6-h temporal interval and 1< horizontal resolution. The NOAA land
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surface model [Chen et al., 1996; Chen and Dudhia, 2001] and the Yonsei
University planetary boundary scheme [Hong, Noh and Dudhia, 2006]
were used in the simulation. The Morrison two-moment microphysics
scheme [Morrison et al.,, 2005] and Kain-Fritsch convective scheme
[Kain et al., 1990 and Kain et al., 2004] were also used to represent cloud
microphysics and convection processes [Zhao et al., 2013] in the
simulation. To produce a more realistic simulation of the large-scale
circulation situation and main weather systems, the modelled u- and v-
wind components and atmospheric temperatures were nudged towards the
NCEP/FNL analysis data with a nudging time scale of 6 h [Stauffer and
Seaman, 1990]. 3. Observations
3.1 CALIPSO Aerosol Extinction Coefficients

The aerosol extinction profiles retrieved by the CALIPSO satellite
were used in the study. The CALIPSO satellite, launched in April 2006 to
investigate the vertical structure of aerosols and clouds, carries the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument
[Winker et al., 2006, 2007]. In this work, the observed aerosol extinction
from the CALIPSO level 2 5 km Cloud and Aerosol Profile Products
version 3.3 was analyzed. The retrievals were used to evaluate the
simulated vertical structure of dust particles along the orbital path at
20:08 UTC on 19" March 2010 in the study. The data for clouds and
stratospheric features by the atmospheric volume description and cloud
aerosol discrimination score was screened [Liu et al.,, 2004]. Features
with cloud aerosol discrimination scores exceeding 80 were selected for
this work, which provided a confidence for the classification of dust
layers using the CALIOP cloud-aerosol discrimination algorithm.
3.2 Aerosol Robotic Network (AERONET) AOD

AERONET is a global ground-based aerosol monitoring network

established by the National Aeronautics and Space Administration, and
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Photometry for Operational Satellite Processing Standards of the National
Center for Scientific Research involves standardized automatic sun
photometers that measure sun and sky radiances at several wavelengths in
the visible and near-infrared bands. The observed radiances are further
processed to retrieve aerosol properties via algorithms developed by
Dubovik and King (2000) and Dubovik et al. (2002). Global aerosol
optical depth is provided in near real time after calibration, processing
and distribution. AOD data products are available at three levels based on
data quality: unscreened data (Level 1.0), cloud-screened data (Level
1.5), and quality-assured and cloud screened data (Level 2.0). In this
work, the level 2.0 products of AOD at SACOL, Mt. Waliguan
(Mt_WLG), Taihu, Gwangju_GIST, Shirhuma and Ussuriysksites (Fig. 1a
and Table 1) were used to evaluate the simulated AODs over the dust

source regions and remote regions.

4. Results and discussions
4.1 Meteorological conditions

To evaluate the model performance in simulating dust emission and
transport during the dust storm event, we first compared the simulated
meteorological conditions against the reanalysis data and in situ
measurements. The average wind and temperature fields at 500 hPa from
the NCEP/FNL reanalysis data and WRF-Chem simulations over East
Asia during the simulation period are shown in Fig. 2. Generally, WRF-
Chem model reproduced the large-scale circulation field over East Asia
extremely well, including the location and shape of the East Asian
subtropical westerly jet stream, the lower-latitude edges of the westerly
jet, and the upper-level westerly jet over East Asia (Fig. 2a). As to the
wind speed, the WRF-Chem model was able to simulated it well over TD,

GD and eastern and southern China, where the differences with
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observation were only -0.6~0.6 m s™. The wind speed over the
surrounding area of TD and TP was overestimated with the value of
1.2~3 m s* due to the complex terrain (Fig. 2b). The differences of
temperature at 500 hPa between WRF-Chem model and NCEP/FNL
reanalysis data over East Asia were also demonstrated in Fig. 2d. In
general, the simulated temperature was almost consistent with the
reanalysis data, especially in the eastern, southern and northwestern
China. There were slightly underestimated values (-0.4~-0.6 C) over GD
and extended to the surrounding areas of TD. Moreover, the WRF-Chem
model can’t simulate air temperature at 500 hPa over the TP well. The
bias was up to -1.3°C in the north slope of the TP that is beyond the scope
of this study.

Wind rose diagrams for four meteorological stations including
Tazhong over the TD and Guaizihu, Yumenzhen, and Mazongshan over
the GD (Fig. 1a and Table 1) are shown in Fig. 3. The hourly 10-m wind
observations were obtained from the Chinese National Meteorological
Center and will be referred to as observed wind direction and wind speed
records. The winds mainly blowed from west to east at the Tazhong site
during the dust event. The wind speeds generally exceeded 2 m s™. The
frequency of calm winds accounted for 8.0% of total wind records. The
average magnitude of the observed wind speed at the Tazhong site (3.4 m
s) was lower than the average value of the simulations (5.2 m s™). Over
the GD, the wind speeds were primarily between 3-10 m s”. The average
wind speed exceeded that at the Tazhong site. At the Guaizihu site, the
prevailing wind direction was from the west and the northwest. The
simulated wind speed was slightly higher than the observed wind speed.
At the Yumenzhen site, the prevailing wind direction was generally from

the east. The simulated wind speed (6.4 m s™) was higher than the
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observed wind speed (4.7 m s™). The Mazongshan site is west of the
Guaizihu site. At this site the simulations did not capture the easterly

component of the winds well.

Generally, WRF-Chem simulations reproduced the wind field at the
surface in the dust source regions. However, the simulated wind speed at
10 m (4.2 m s™ over the TD and 6.4 m s™' over the GD) was slightly
higher than the observed wind speed (3.5 m's™ over the TD and 5.7 m s’
Y. In addition, the frequency of calm winds in Tazhong and Guaizihu was
8.0% and 0.5%, respectively. The simulation results did not describe the
calm winds well in these regions. It should be noted that the different
frequencies of wind speed and direction between the observational
records and numerical model might have contributed to the deviations in
the results. Chen et al. (2014a) have analyzed the monthly averages of the
10-m winds over the TD and GD from observations, reanalysis data, and
WRF-Chem simulations during 2007-2011. They also found that the
WRF-Chem model could reproduce the observed seasonal and inter-
annual variations of wind field over the TD and GD. However, the
simulations misestimated the observed wind speed because of WRF
model limitations in representing sub-grid variations and turbulence
processes in the complex terrain and land surface types [Hanna et al.,
2000]. This is a common issue in WRF simulations, which will be
improved in a newer version of the WRF model through the use of
surface drag parameterization [Chen et al., 2014; Jiménez and Dudhia,
2012]. Although simulations overestimate the magnitude of observed 10-
m wind speed over the TD and GD, it could reproduce the observed
spatial distribution of 10-m wind speed in dust source regions. Therefore,
we could tune the value of the empirical proportionality constant C in the

GOCART dust emission schemes to keep the magnitude of modeled AOD
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consistent with the observational data.
4.2 Spatial and temporal distribution of dust

The modelled dust optical properties were compared with those from
surface observation reports and satellite retrievals to validate WRF-Chem
model results. Fig. 4 shows spatial distributions of daily mean 550 nm
AOD from MODIS and the corresponding WRF-Chem simulations over
East Asia. The time series of the observed and modelled AODs at the six
AERONET sites (SACOL, Taithu, Mt WLG, Ussuriysk, Gwangju GIST,
and Shirahama in Fig. 1a and Table 2) are shown in Fig. 5. In addition,
the vertical profile of dust aerosols is the critical factor that determines
radiative forcing and climate response from mineral dust [Huang et al.,
2008]. The accurate estimates of the vertical structure make sense to
reveal the variation of the dust optical properties and dust long-term
transport mechanism. Cross-sections of aerosol extinction coefficients at
532 nm over the TD at 20:08 UTC (2:08 LT) on 19" March 2010 from
the WRF-Chem model and CALIPSO retrievals is shown in Fig. 6.

Generally, MODIS retrievals could be compared to the simulated AOD
over East Asia, although datasets were not insufficient because of their
limited spatial and temporal coverage. The modelling results generally
captured the observed AODs from the MODIS retrievals over the dust
source region, indicating that the GOCART dust emissions represented
the dust source function over East Asia well. The average MODIS AOD
and simulated AODs over the TD and GD were 0.88 and 0.82,
respectively. However, the simulated AOD was lower than the MODIS
AOD in the southwestern part of the domain, probably because of the
anthropogenic emissions in northern India were underestimated in the

simulation (Fig. 4).
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The peak value center of the dust aerosol occurred in the TD and GD
and declined toward the north on 18™ March (Fig. 4). The daily average
of the observed AOD at SACOL was 0.28, and the corresponding
simulated AOD was less than 0.1. Over dust remote regions, the dust
AOD accounted for less than 10% of the total AOD. Then, a large amount
of dust aerosol was injected, especially over the GD on 19" March. The
simulated AODs showed good consistency with those from the ground-
based data (Fig. 4). The dust AOD accounted for more than 95% of total
AOD at SACOL. The observed AOD was 0.58, which was comparable to
the corresponding simulated AOD (0.53) at SACOL.

The observed AOD over the TD exceeded that over the GD by 0.3
on 20™ March. The simulated AODs over the GD underestimated the
MODIS AODs by up to 0.2 (Fig. 4). The observed AODs at SACOL were
higher than the simulated AOD by up to 15% because of the effects of the
local emission source. The AODs at SACOL and Mt Waliguan AOD
showed a decreasing trend. However, the dust AODs began to increase at
the Taihu, Ussuriysk, and Gwangju GIST sites, thus indicating that the
dust particles from the dust source regions were transported to Japan,
Korea, and Russia. The Mt Waliguan AOD increased rapidly up to 0.5,
and the higher dust AOD (0.6+0.14) persisted at the Taihu site on 21*
March. On 22™-23" March, the TD and GD dust mass loadings greatly
weakened. The dust AODs were close to 0, except for the SACOL and

Mt Waliguan sites, which are near the dust source regions (Fig. 45).

Moreover, WRF-Chem model captured the vertical structure of
aerosols over and near the TD well (Fig. 6). As is well known, the vertical
structure of mineral dust plays an important role in the atmospheric
heating rate [Minnis and Cox, 1978; Carlson and Benjamin, 1980], long-

wave radiative forcing in clear sky, and short-wave radiative forcing in
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cloudy sky [Liao and Seinfeld, 1998; Meloni et al., 2005], thereby
directly affecting climate systems through changes in cloud height, cloud
life and precipitation because of the changes in the radiative balance.
Therefore, accurate estimates of the vertical structure can reasonably be
used to reveal variations in dust optical properties and long-term dust

transport mechanisms.
4.3 Dust emission and transport

The detailed dynamic processes of the strong dust storm event along
with the synoptic situation are discussed in the section. The simulation
domain was relatively small (Fig. 1a) and the characteristics of the larger
scale changes in the atmospheric circulation are not reflected in this
discussion. The spatial distributions of the geopotential heights,
temperatures and wind circulation at 500 hPa and 850 hPa from the

NCEP/FNL reanalysis data are shown in Figs. 7 and 8.

The dust storm was initialized by a cold air intrusion in the northern
part of Xinjiang on 18" March. The dense isotherm gradient led to the
stronger cold advection. A mass of cold air accumulated in the northern
part of the Tianshan Mountains, which decreased the surface
temperatures in northern China. The northwest flow along the Tianshan
Mountain was then injected into the TD deserts (Figs. 7 and 8). The
convergence of the warm and cold air led to the low level convergence,
which created dynamic conditions for the TD dust emission. The GD was
located in the warmer zone in advance of the cold front, which generated
uplift movement and further injected dust particles over the GD (Figs. 7
and 8). The dust layer over the GD accumulated at 850 hPa. The
maximum of PM, s dust concentration reached 41 pg m™ (Fig. 10). The

daily average of the dust emission fluxes over the TD and GD were 20
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and 28 pg m? s, respectively (Fig. 9). This result was also consistent
with Zhao et al. (2005) and Zhang et al. (2009). Zhao et al. (2005)
pointed out that the dust emission over East Asia was about 18 pg m™? s™
in April and 15 pg m? s in May using Northern Aerosol Regional
Climate Model. Zhang et al. (2009) calculated the dust emission from
1997 to 2006 and the dust emission of TD along with the surround region
was around 23 pg m s based on the Regional Climate Model RegCM

version 3.

Dust emission over GD and TD had reached a maximum on 19" March
for the dust event. The stronger cold advection greatly enhanced the
atmospheric baroclinicity because the isotherm was almost perpendicular
to the isoheight behind the trough. This context aided in the downward
transport of momentum produced by the northwest flow in the high levels,
which caused the strong wind and dust emissions (Figs. 7 and 8). The
PM, s dust concentrations over the TD reached up to 65 pg m~ (Fig. 10).
The GD dust particles were then transported long distances to eastern and
southern China because of the high-level northwest flow. Thus, the
PM2.5 dust concentrations in downwind regions including Korean
Peninsula and Japan increased from 5 to 14 pg m™ at 850 hPa. Cold air
climbing over the Tianshan Mountain and joining with the strong
northeast cold air over the TD caused a strong northwest wind, which
enhanced dust emission over the TD. However, the height of dust layer
over the TD (about 2 km) was lower than over the GD (about 4 km) (Fig.
10).

The cold advection behind the trough helped the cold vortex to spread
slowly eastwards when the angle between the isotherm and the isoheight
was sufficient on 20™ March (Fig. 7). Cold air accumulated to the north

of the Tianshan Mountains and then climbed over the mountains,
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spreading northwestwards (Fig. 8). The dust emission over the TD (18.4
ng m? s was further enhanced by the influence of the anticyclone
behind the cold front. As the upper troughs weakened and moved out, the
GD dust emission (8.2 pg m? s™) began to decrease (Fig. 9). The PM,s
dust concentration decreased to 22+8.2 pg m™ (Fig. 10), thus indicating
that the first stage of the dust storm event was essentially complete. The
PM,5s dust concentration in eastern China and Korean Peninsula still
increased and the maximum value was 26 pug m™. Dust particles in these
downwind regions could reduce visibility, change radiative budget, and
further modify atmospheric stability at regional scale [Chen et al. 2014;
Kang, et al, 2013].

The period of 21%-23" March is regarded as the second stage of the
dust event. The TD dust emission peaked in this dust storm event on 21*
March. The average TD dust emission flux was 37.2+6.4 pg m? s (Fig.
9). The frontal zone in the upper atmosphere gradually moved south to
north of 40N (Fig. 7). Cold air climbed over the Pamir Plateau and
intruded into the Tarim basin, which caused strong uplift motion over the
TD. The TD dust particles accompanied by the jet stream and cold
advection were transported to the most of northern China. However, the
strength of the dust emission in this stage was weaker than that on 19"
March. The strengthening of the frontal zones gradually decreased and
the descending motions typically occurred over a larger area on 22"%-23™
March (Fig. 8). The dust emission flux decreased to 10 ug m? s™ in the
two dust source regions (Fig. 9). Moreover, the prevailing wind is the key
factor for producing significant differences in dust emission and long-
term transport over the TD and GD (Fig. 11). The TD is located in the
basin surrounded on three sides by mountains. And the wind at the low

level over the TD is the East wind based. Therefore, TD dust is not easily
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transported out of the basin, although the TD has the largest dust
emission in the second stage of the dust storm event. Compared to the TD,
the GD is relatively flat areas. And the strong westerly wind over the GD
Is advantageous for ejecting and further transporting of GD dust. Sun et al.
(2001) have also noted that GD dust can be entrained to an elevation of
only <3 km in most cases (about 90%). The relatively lower-elevation

dust layers are deposited mainly in inland China.

From the thermodynamic perspective, the GD dust was also more
favorable than the TD dust in terms of the dust emission and vertical
transport (Fig. 12). Specifically, the temperature profile over the GD from
the surface to the 700 hPa was almost parallel to the dry adiabatic rate,
indicating that the layer was in an absolutely unstable state, favoring of
emission and vertical transport of the GD dust particles. In contrast, the
sounding data in the TD revealed an unstable layer quite near the surface
that ranged from the surface to a few hundred meters, helping to
vertically elevate the TD dust. Nonetheless, the temperature lapse rate
decreases with increasing altitude and is less than that in the wet adiabatic
rate, indicating the existence an absolutely stable layer and thus requiring
more energy to lift an air parcel. Therefore, the vertical movement of the
air was inhibited, and the elevation of the dust layer ceased. In addition,
the relative humidity in the GD was low within the entire layer, whereas
it remained low in the TD in the lower-middle troposphere but increased
with height, resulting in a humidity condition that was dryer below and
wetter above. This is the hallmark of a conditional stable state, which

inhibits the convective movement of the atmosphere.

4.4 Dust budget analysis
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To better understand the relative contribution of dust emissions over
the TD and GD during the dust storm event, Fig. 13 shows that the
budgets for dust emission, transport, and dry and wet depositions over
the TD and GD, respectively. The positive sign represents increase to dust
concentration and the negative sign represents decrease to dust
concentration. Among the four budget terms, the source term of the dust
concentration was the absolute dust emission for the entire dust storm
event over the TD and GD. Emission contribution is absolute positive.
While dry/wet depositions as well as transport are sinks of dust in the
atmosphere, these values are always negative. Dry deposition is the
largest sink of dust, following by transport and wet deposition.

Specifically, the GD dust emission was the largest contributor to
dust concentration over East Asia in the first stage (18"™-20" March) (Fig.
13). The daily dust emission flux over the GD peaked above 68 ng m?s™
(Fig. 9). The contribution of the transport of the GD dust particles (up to
3.4 ton day™) was much greater than that of the TD dust (up to 1.5 ton
day™®) (Fig. 13). Therefore, more GD dust particles could have been
transported over East Asia. The strengthening dust emissions weakened
substantially in the second stage (21*-23" March). The TD dust emission
exerted an important effect on dust concentrations in that stage. The
average TD dust emission flux was 20+4.6 pg m? s (Fig. 9). However,
the transport capability of the GD dust was still stronger than that of the
TD dust in this stage. In Fig. 14, we can find that the GD dust particles
were accumulated under 3 km between 286 K-296 K. The GD dust
concentration reached up to 1500 pg m® (Fig. 14). The mass
concentrations of the TD dust in the lower-middle troposphere were
lower than that of the GD dust.

4.5 Direct Radiative forcing induced by dust over East Asia
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Dust significantly affected radiation budget over East Asia during
the dust storm event. The simulation with and without dust particles was
used to estimate the magnitude of dust radiative forcing in the study. The
shortwave (SW), longwave (LW) and net (SW+LW) direct radiative
forcing of dust aerosols at all-sky conditions are calculated at the top of
the atmosphere (TOA), surface (SUR) and in the atmosphere (ATM)
during the simulation period in Fig. 15. The spatial distribution of dust
radiative forcing was similar to that of dust mass loading over East Asia
with highest values over the TD and GD. The SW forcing induced by
dust at the TOA over East Asia was generally negative with greatest
values of -6 to -8 W m? and -2 to -4 W m™ over the GD and TD,
respectively. Compared with dust aerosol over the Sahara desert, East
Asian dust has a complex refractive index with small imaginary part and
the back scattering of dust particles is relatively strong, which lead to the
high negative values of SW radiation forcing at the TOA [Wang et al.,
2004; Jin et al., 2015]. The magnitude of direct radiative forcing at the
TOA was dominated by the SW radiative forcing because the LW
radiative forcing induced by dust was much smaller (0~1 W m?). The
maximum net radiative forcing value at the TOA reached -10 W m?in
southern Inner Mongolia, larger than over the TD (-5 W m™), which was
consistent with the conclusion of Chen et al. (2014) with the values of -

8.3 W m™ and -5.2 W m” over the GD and TD, respectively.

The SW cooling effect of the dust was predominant at the surface
exceeding -8 W m in northern China, which was much stronger than the
LW warming effect (+2 to +8 W m™). The region of significant LW
radiative forcing occurred mainly over the TD and GD while the SW
radiative forcing almost covered the whole northern China with a higher

value. As a result, the dust caused a strong cooling effect at the surface
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since dust aerosols weakened the incoming radiation through absorption
and scattering of dust particles [Kumar et al., 2014; Jin et al., 2015]. The
maximum net radiative forcing at the surface was as great as -14 W m™
over the GD and -9.2 W m™ along the dust transport pathway from
northern China to Japan and Korean Peninsula, which is similar to the
conclusions of Zhang et al (2009). In the atmosphere, the dust aerosol
induced positive SW radiative forcing (+1 to +11 W m®) and negative
LW radiative forcing (-1 to -9 W m?), which led to warming in the
atmosphere because of dust absorption. The LW radiative forcing was
negative in TD and GD since the dust layers sent LW to TOA. The
slightly positive net forcing varied from +4 to +8 W m™ over the TD, +3
to +6 W m™ over the GD, and 0 to +4 Wm™ over eastern China, which
showed the warming effect of dust layers in the atmosphere. The average
net dust radiative forcing in the atmosphere varied from +1 to +6 W m™
over the downwind regions, including eastern China, Korea and Japan.
Therefore, the radiative heating rate of dust has a significant influence on
the vertical distribution of temperature of atmosphere. Fig. 16 further
illustrated that the vertical profiles of the radiative heating rate induced
by dust particles over East Asia. In general, dust induced warming in the
atmosphere, especially over the TD and GD. The radiative heating rate
was maximum over the GD at 0.14+0.03 K day™ in the 1~3 km layers,
where the dust mass loading was greatest, and gradually decreased with
height. In comparison, the radiative heating rate peaked in the 1~2 km
layers over the TD, exhibiting values ranging from 0.04 to 0.12 K day™,
lower than those of the GD.

5. Summary

The WRF-Chem model was used to investigate a typical dust storm
event that occurred from 18" to 23" March 2010 in the study. WRF-
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Chem model is capable of simulating East Asian dust during the
simulation period. The spatial and temporal variations of large-scale
circulation field and dust aerosols over East Asia were captured by the
model. The evaluations provided confidence for further understanding the
emission and transport of the TD and GD dust over East Asia based on
the simulated results. The results showed that the weather conditions,
topographies and surface type of GD and TD are quite different, which
may lead to the difference of the dust emission, uplifted height, horizontal
and vertical dust flux and long distance transport. The GD dust
contributed significantly to the dust concentration over East Asia,
especially on 19" March. The GD was located in the warm zone in
advance of a cold front. Rapidly warming surface temperatures and cold
air advection at high levels caused strong instability in the atmosphere
which strengthened the downward momentum transported from the
middle and low troposphere and caused strong surface winds and gusts.
The ascending motion and strong surface winds provided the energy
needed for dust resuspension, lifting and transport over the GD.
Moreover, the GD is located at the relatively flat and high altitude regions
under the influence of and confluence of the northern and southern
westerly winds. Therefore, the GD dust particles were easily lofted to 4
km and transported eastward over Japan and Korean Peninsula. The
contribution of transport of the GD dust particles (up to 3.7 ton day™) was
much greater than of the TD dust (up to 0.8 ton day™) over East Asia in

the simulation period.

The TD dust was not easily transported out of the basin because of
the complex terrain and the prevailing wind, even if the TD has the larger
dust emission. Specifically, the TD is surrounded by mountain ranges that

exceed 3 km in height, except for the Hexi corridor opening to the
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northeast. The process that generated the dust storms was strongly
affected by these topographical characteristics in addition to the surface
conditions. In addition, the easterly wind dominated the TD areas. Thus,
the contribution of the transported TD dust to the dust sink was still
smaller than that of the GD dust. However, a small amount of finer dust
particles over the TD (PM, s dust concentration was approximately 8.7 ug
m™) was lifted to 4 km or higher, which were transported long distances
from the source regions. The effects of the TD dust were not only local
but worked on regions far from the sources as well.

East Asian dust during the dust storm event plays a role in the
radiation budget. Generally, compared with previous modeling estimates
of direct radiative forcing by dust over East Asia, our estimates are
comparable with these modeling studies [Zhang et al., 2009; Han et al.,
2012; Chen et al., 2014; Conant et al., 2003; Park et al.,2005]. The net
dust radiative forcing over the East Asia was about -6.5 W m?(-8.4 W m’
%) at the TOA (surface) in this study, which is similar to the estimates
given by Conant et al. (2003) and Park et al. (2005), about -5 and -8 W m
(-6 and -11 W m™) at the TOA (surface), respectively. However, the
uncertainties in direct radiative forcing over East Asia are still existed.
The biases in estimates of direct radiative forcing in simulations could be
attributed to following reasons. First of all, biases from dust emission
scheme, dust transport and deposition scheme could greatly affect the
assessments of dust radiative forcing in the model. Moreover, differences
in the vertical distribution of dust layer, dust particle size distribution, and
absorptive characteristics and meteorological conditions could influence
on the large differences in the quantitative assessment of dust radiative
forcing [Tegen et al., 1996; H Wang et al., 2004, 2007; Wu et al., 2004].

Overall, compared with the TD dust, the importance of the GD dust

to dust concentration in eastern China, Japan and Korea is most often
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neglected. Our study focused primarily on the dynamics and
thermodynamics of dust emission and transport over TD and GD and
further elucidated the influence of TD and GD dust on the entire East
Asia based on a case study using the WRF-Chem model. However, it is
necessary to further investigate the quantitative contributions of TD and
GD dust for the dust mass concentrations over East Asia for a longer time
scale based on sensitivity tests in numerical model. In addition, the
climate effects of the GD dust over East Asia are needed to investigate in

the future.
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Table 2 Information about selected AERONET stations

Name Latitude (N) Longitude (E) Elevation (m)
SACOL (China) 35.95 104.14 1965.8
Mt_Waliguan (China) 36.28 100.90 3816.0
Taihu (China) 31.42 120.22 20.0
Gwangju_GIST(Korea) 35.23 126.84 52.0
Shirhuma (Japan) 33.69 135.36 10.0
Ussuriysk(Russia) 43.70 132.16 280.0
(a) Topography
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Fig. 1 (a) Modelling domain and spatial distribution of the topography over East Asia.
Taklimakan Desert (TD) and Gobi Desert (GD) are indicated by the red boxes. The
pink dots are the AERONET sites (SACOL, Mt. Waliguan (Mt WLG), Taihu,

Gwangju_GIST, Shirhuma and Ussuriysk). The black stars are the sites with observed

10-m winds (Tazhong, Maozongshan, Yumenzhen, and Guaizihu). The blown line
represents the orbit path of CALIPSO/CALIOP over the TD at 0:08 UTC (2:08 LT)
on 19™ March 2010. (b) Soil erodibility used in GOCART dust emission scheme from

WRF-Chem model.
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Fig.2 The simulated average wind (Fig. 2a) as well as temperature fields (Fig. 2c) at
500 hPa and the difference between the simulation and NCEP/FNL reanalysis data
(Fig. 2b and Fig. 2d) over East Asia during March 18™ to 23", 2010 (hereafter

referred to the simulation period). Arrows represent wind vector at 500 hPa.
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Fig. 3 Wind rose diagrams at the four meteorological stations: Tazhong (a), Guaizihu
(b), Yumenzhen (c), and Maoyinbadao (d) over the TD and GD during the simulation
period from observations and WRF-Chem model. The mean wind speed is included at

the end of each directional line.
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Fig. 4 Spatial distributions of the daily mean 550-nm aerosol optical depths from the

MODIS retrievals and the corresponding WRF-Chem simulations over East Asia

during the simulation period.

34



958
959

960
961
962
963

964
965
966
967
968
969
970
971
972
973
974
975

SACOL Ussuriysk
12 + P B o B T R AT I ) I L Il T
T8 Warch 79 March 20 March 21 March 22 March 23 March
10 3
] &
08 3
8 os 5 2
W -
= 04 Jopiig .
02 4%
0.0 I I R L L
0612180 612180 612180 6 12180 6 1218 0 6 1218 30°N 0612180 612180 612180 612180 612180 61218
Time Time

25°N

Shirahama
P I I 1 T Y o 00 1IN L4 Ll gLl
T8 March 19 March 20 Margh 21 March 22 March: 23 March
12 o
Q 09
[*]
< 06
03
0.0
0612180 612180 612180 612180 612180 61218

L o o O
0612180 612180 612180 612180 612180 61218

Time
Time

Taihu Gwangju_GIST
L4l L L L t L L L L L)
1.8 18 March 19 March. g0 March 21 March 22 March 23 Marcl 2.4 ~{TeWarch: T March 20 Mar WMarch: 22 March 23 March
15 2043 i i
Q 12 + '_.-' o 16
Qos 4 i o 2 12 o
06 | 08
03 04
00 TrrrtrrrirrrrrrrrrrrerTT 0.0 THT T T T rrrrrrrrr
0612180 612180 612180 612180 612180 61218 0612180 612180 612180 612180 61218 0 6 1218
Time Time

Fig. 5 Elevation map in the WRF-Chem domain and time series of the observed and
modelled AOD at the six AERONET sites (SACOL, Taihu, Mt_Waliguan (Mt_WLG),
Ussuriysk, Gwangju GIST, and Shirahama) during the simulation period. The black
dots denote the 1 h averages of the observed AODs. The red and blue lines represent

the modelled total and dust AODs from the WRF-Chem model, respectively.
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Fig. 6 Cross-sections of aerosol extinction coefficients at 532 nm (km™) over the TD

at 20:08 UTC (2:08 LT) on 19™ March 2010 from the WRF-Chem model (top) and
CALIPSO retrievals (bottom) along the orbit path of CALIPSO (as shown in Fig. 1a).
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Fig. 7 Spatial distributions of geopotential heights (blue lines, unit: gpm),
temperatures (color, unit: °C) at 500 hPa from the NCEP/FNL reanalysis data over
East Asia during the simulation period. The vectors represent the wind field at 500
hPa (m s™).
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Fig.8 Spatial distributions of geopotential heights (blue lines, unit: gpm), temperatures
(color, unit: °C) at 850 hPa from the NCEP/FNL reanalysis data over East Asia during

the simulation period. The vectors represent the wind field at 850 hPa (m s™).
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Fig. 9 Spatial distributions of daily dust emission (ugm? s™) over East Asia during

the simulation period from WRF-Chem simulations. The arrows represent the wind

vectors at 10 m (m s™).
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the ATM (middle panels) average during the simulation period at all-sky conditions
based on the WRF-Chem model. For dust direct radiative forcing, positive values at
the TOA and SUR represent downward radiative fluxes, and represent radiative

warming in the ATM.
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Fig. 16 Cross section of dust-induced radiative heating rate (K day™) from 15N to

459N during the sim

ulation period from WRF-Chem simulation.
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