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A B S T R A C T

Frequent dust storms have harm to human health and agricultural activities in Central Asia. However, there has
been a great deal of uncertainty in prediction of dust storms in Central Asia. One of the important reasons is that
the adaptability of different dust emission schemes has not been evaluated. Here, the Goddard Chemistry Aerosol
Radiation and Transport (GOCART), Air Force Weather Agency (AFWA) and Shao2004 (Shao04) dust schemes
coupled to the WRF-Chem model were used to simulate the severe dust storm occurred in Central Asia on 12–15
July 2016. Generally, this dust storm was initialed by a vortex at 500 hPa and surface cold front, and then swept
across Turkmenistan, Uzbekistan and Tajikistan. The Shao04 case could represent the spatial-temporal evolution
of the dust storm well, especially at the northern Iran and Turkmenistan, due to its better description of the
physical process of dust emission. But it overestimated the aerosol optical depth (AOD) to the southeast of the
Aral Sea, which might be associated with the uncertainties of the soil particle distribution dataset. The AFWA
case simulated AOD as better as Shao04 case with improved soil moisture correction factors, saltation algorithms
and particle size distributions although it had smaller particle size, indicating that smaller particles are as-
signable. The GOCART case showed the largest dust emission areas due to the low threshold velocity. Yet both
the AFWA and GOCART scheme underestimated the high AOD over northern Iran owe to its low erodibility
factors. The total dust emission of the four-day period in the Shao04 scheme was 11.9 Tg, which was 2–3 times
larger than those obtained in the AFWA and GOCART schemes. The significant differences of dust emission
between three dust schemes may essentially depend on the sensitivities of threshold friction velocity on surface
property.

1. Introduction

Dust aerosols, as major components of tropospheric aerosols, are
mainly derived from wind erosion in arid and semi-arid regions (Huang
et al., 2007, 2017; Zhao et al., 2013). Dust particles can significantly
heat the atmosphere by absorbing solar radiation (Chen et al., 2017a;
Zhang et al., 2013; Wu et al., 2013; Han et al., 2012), and they can also
change the optical properties and lifespans of clouds by acting as con-
densation nuclei and ice cores, which further affect weather and climate
systems (Shao et al., 2011a; Guo and Yin, 2015; Huang et al., 2014).
Moreover, the long-term transport of dust aerosols provides nutritive
material (such as iron) for marine organisms, thus enhancing the bio-
logical pump, which in turn reduces global warming by decreasing the
CO2 in the atmosphere (Wang et al., 2012, 2017). In addition, the long-
term transport can also enhance soil salinization (Popov, 1998), change
the efficiency of photosynthesis (Usmanov, 1998; Shao et al., 2011a)

and accelerate chemical reactions (Kameda et al., 2016).
Central Asia is located in the center of global dust belt, where the

strong wind speed, low vegetation coverage and frequent drought
conditions, especially in the context of global warming, contribute more
to the expansion of drylands and increase in dust storms (Huang et al.,
2015a, 2016; 2017; Rashki et al., 2018; Wang et al., 2017). It is gen-
erally confirmed that the Kyzylkum, Karakum, Aralkum and Balkhash
regions in Central Asia have been the major dust source regions since
dust storms began to be monitored in 1936 (Orlovsky et al., 2005;
Middleton, 2017; Indoitu et al., 2012; Groll et al., 2013). The dust
storms over Central Asia have significant impacts on human health and
social and economic development due to their long-distance transport,
mixing with anthropogenic pollutants and low visibility (Prospero,
1999; Opp, 2005; Abuduwaili et al., 2010; Hofer et al., 2017). Sternberg
and Edwards (2017) reviewed the dust storms occurring in Central Asia
and their impacts on health and found that the dust originated from
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Kyzykum, Karakum, Aralkum, and Balkash can lead to respiratory ail-
ments, lung disease, eye and throat aliments, and meningitis, respec-
tively under human activities. Moreover, the salinization process of
soils and degradation of vegetation can be intensified by dust storms,
which can further reduce the production of crops over Central Asia
(Ochmann and Nowak, 2009; Orlovsky et al., 2004; Indoitu et al., 2012;
Opp et al., 2017).

Therefore, accurate forecasting and modeling of dust storms is sig-
nificant for reducing economic loss and human injury in Central Asia.
Since the dust emission is highly dependent on surface properties, dust
schemes have been proposed by previous studies (e.g., Ginoux et al.,
2001; Shao, 2004; Shao et al., 2011b). It remains challenging to esti-
mate dust emission using different dust schemes especially in regional
models (Tanaka and Chiba, 2006; Textor et al., 2006; Huneeus et al.,
2011; Zhao et al., 2013; Chen et al., 2017a). Zhao et al. (2010) com-
pared the performances of the Goddard Chemistry Aerosol Radiation
and Transport (GOCART) and DUST TRANsport model (DUSTRAN)
dust schemes and found that the DUSTRAN scheme overestimated dust
emission over the west coast of North Africa. Wu and Lin (2014) found
that the Shao04 dust scheme (Shao, 2004) is capable of simulating dust
emission and transport and that GOCART ignored potential dust sources
in parts of Mongolia over East Asia. Su and Fung (2015) further pointed
out that the Air Force Weather Agency (AFWA) dust schemes omit the
dust emission in the Gobi Desert over East Asia and that the Shao11
dust scheme (Shao et al., 2011b) has a better performance. The better
performance of the Shao dust scheme mainly owes to its better de-
scription of the physical process of dust emission (Shao et al., 2011b).

Nevertheless, there has been a great deal of uncertainty in the
prediction of dust storms in Central Asia. One of the important reasons
is that the adaptability of different dust emission schemes has not yet
been evaluated here. What about the sensitivities of different dust
scheme in this region? Which dust scheme can better describe the
process of dust storm? Since the GOCART, AFWA, and Shao04 dust
schemes have been coupled to the WRF-Chem model, this paper sys-
tematically compared the performances of the three dust schemes in
dust modeling using the WRF-Chem model to obtain an optimal dust
scheme for Central Asia based on a dust storm that occurred on 12–15
July 2016. The results in this paper can be used as a reference for dust
storm modeling and forecasting in Central Asia.

This paper is structured as follows. The three dust schemes and
WRF-Chem model configuration are described in section 2. Section 3
shows the in situ measurements and satellite observations used in this
paper. The model evaluation and results are illustrated in section 4.
Conclusion and discussion are demonstrated in section 5.

2. Model description and dust emission schemes

The Weather Research and Forecasting (WRF) model is a mesoscale
numerical weather prediction system designed for both atmospheric
research and operational forecasting applications; it covers a wide
range of meteorological applications across scales ranging from tens of
meters to thousands of kilometers (https://www.mmm.ucar.edu/
weather-research-and-forecasting-model). The WRF coupled with an
atmospheric chemistry module, i.e., the WRF-Chem model, is an air
quality model that includes photolysis schemes, gas-phase chemical
mechanisms, and aerosol schemes by considering a variety of coupled
physical and chemical processes, such as aerosol emission and transport
(i.e., advection, diffusion, and convection), dry/wet deposition, che-
mical processes, aerosol interactions, and the energy budget (Grell
et al., 2005). The online coupling of meteorology and chemistry in the
WRF-Chem model can be used to accurately represent the evolution of
trace gases and aerosols, which can demonstrate the feedbacks between
aerosols and meteorological fields better than other offline models (Fast
et al., 2006). In this paper, the WRF-Chem model version 3.8.1 was
used to investigate the sensitivity of WRF-Chem model to differennt
dust schemes over Central Asia.

2.1. GOCART dust scheme

The GOCART scheme calculates vertical dust flux in five size bins
and uses 10m wind speed and soil wetness (Ginoux et al., 2001). The
vertical dust flux (G, μg m−2 s−1) at each size bin is determined by

= − >G CSs u (u u ), u u ,p 10m
2

10m t 10m 10t (1)

where C is an empirical proportionality constant that is set here as
0.8 μg s−2 m5; S is the erodibility function which defines the potential
dust source regions and comprises surface factors, such as snow cover
and vegetation; sp is the fraction of each size class; u10m is the horizontal
wind speed at 10m; u10t is the threshold velocity, which is a function of
soil wetness, particle size and air density. Five bins of dust particles
treated in GOCART scheme are 0–1 μm, 1–1.8 μm, 1.8–3 μm, 3–6 μm,
6–10 μm in WRF-Chem. The fractions in the five dust bins are shown in
Table 1. On the basis of Eq. (1), we can conclude that the G is closely
related to the particles size distribution, u10t and erodibility. The GO-
CART scheme has been used to model dust storms over North Africa,
North America and East Asia and shows good performance (Zhao et al.,
2010, 2011, 2013; Chen et al., 2013, 2017b, 2018).

2.2. AFWA dust scheme

The AFWA dust scheme (Jones et al., 2010, 2012) was developed
from the work of Marticorena and Bergametti (1995), who considered
the dust particles produced from the saltation bombardment process.
The dust flux is calculated as
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where H(Dp) is the saltation flux; C is the emission factor constant,
which is set as 1; ρa is the air density; g is gravitational acceleration; u*
is the friction velocity and u*t is the threshold friction velocity; G is the
sum of each particle size bombardment; Fbulk is the vertical dust flux; S
is the erodibility function and α is the bombardment efficiency factor
(Gillette, 1979). This scheme firstly calculates the saltation flux with
large effective particle size ranging from 0.71 to 125 μm according to
Eqs. (2) and (3), and then calculates the vertical dust flux of all bins
using Eq. (4) based on Marticorena and Bergametti (1995). It should be
noted that Marticorena and Bergametti only provided the total vertical
dust emission, and dust flux in different particle sizes is not clear. Kok
(2011)developed particle sizes distribution in view of Brittle Materials
Fragmentation Theory and the fraction of five size distributions are il-
lustrated in Table 1 with the same effective particle sizes as GOCART
scheme. Thus, vertical dust flux in different size bins can be obtained
through redistributing the total dust emission with new particle size
distribution. Besides, AFWA uses friction velocity (u*) and threshold
friction velocity (u*t) instead of wind speed at 10m. The u*t tends to
increase if soil moisture greater than dry limit and is treated as dry (no
correction) when soil moisture less than dry limit. Overall, the AFWA

Table 1
Fractions of five dust size bins in GOCART and AFWA.

Type Particle size (μm) GOCART AFWA

Bin1 0–1 0.1 0.1074
Bin2 1–1.8 0.25 0.1012
Bin3 1.8–3 0.25 0.2078
Bin4 3–6 0.25 0.4817
Bin5 6–10 0.25 0.1019
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scheme has been greatly improved in terms of its soil moisture cor-
rection factors, saltation algorithms and particle size distributions
compare to GOCART scheme.

2.3. Shao04 dust scheme

Shao (2004) proposed a size-resolved dust scheme (hereafter re-
ferred to as Shao04) that takes the bombardment and aggregate disin-
tegration of particles into account. The performance of the Shao04
scheme was tested with the Japan-Australia Dust Experiment by Shao
et al. (2011b), and the estimated dust flux generally agreed well with
the observations. The Shao04 scheme is as follows:
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where F(di,ds) is the vertical dust flux of particle size di induced by the
saltation of particle ds; cy is the proportionality factor; ηfi is the fraction
of dust emitted; σp is the mass ratio of free and aggregated dust; σm is
the bombardment efficiency; γ describes the ability of aggregated dust
to be released; Qds is the saltation flux of particles ds; F(di) is the total
dust flux of the particle size di from the saltation of all grain sizes be-
tween d1 and d2; G is the total vertical dust flux of all particle sizes; wj is
the weight for the jth mode of particle size distribution; σj and Dj are
used for the lognormal distribution of the jth mode. pm(d) and pf(d) is
the minimally and fully distributed particle size distribution of the
parent soil, respectively. Both pm(d) and pf(d) are mainly used to con-
strain the size distribution of sand and dust particles, ps(d). Thus, the
adaptability of the Shao04 scheme in calculating the size resolved dust
flux depends on the accuracy of parent soil data and γ. Similar to
AFWA, the Shao04 scheme also calculates the vertical dust flux using
sandblasting parameterization. In the Shao04 scheme, dust particles
firstly are divided into 100 classes with max particles size of 2000 μm to
calculate the minimally, fully particle size distribution according to Eq.
(10). Then the vertical dust flux at each size class is also available with
Eq. (6) – (8). Subsequently, size cut diameter is designed as 2 μm,
3.6 μm, 6 μm, 12 μm, and 20 μm. Therefore, vertical dust emission flux
at each interval (0–2 μm, 2–3.6 μm, 3.6–6 μm, 6–12 μm and 12–20 μm)
will be calculated. Different with the AFWA and GOCART scheme, the
Shao04 scheme only uses erodibility factors to constrain the potential
emission areas.

2.4. Numerical experiment configuration

The Morrison two-moment microphysical scheme (Morrison et al.,
2005), Kain-Fritsch cumulus convection scheme (Kain and Fritsch,
1990; Kain, 2004), Yonsei University (YSU) planetary boundary layer
scheme (Hong et al., 2006), Noah land-surface mode (Chen et al., 1996;
Chen and Dudhia, 2001), Revised MM5 surface layer scheme (Jimenez
et al., 2012), Rapid radiative transfer model (RRTMG) (Mlawer et al.,
1997; Iacono et al., 2000) for longwave and shortwave radiation are
used in this paper. The aerosol feedback to meteorological field is also
included, which will make it closer to the real atmosphere. The GO-
CART aerosol chemistry model can simulate dust, sea salt, sulfate, the
hydrophobic and hydrophilic black carbon and organic carbon (Chin
et al., 2000). Among of which, the dust, hydrophobic and hydrophilic

black carbon and organic carbon are considered in this study using the
Emissions Database for Global Atmospheric Research – Hemispheric
Transport of Air Pollution (EDGAR-HTAP). The study domain covers
Central Asia, including Kazakhstan, Turkmenistan, Uzbekistan, Kyr-
gyzstan and Tajikistan, with grid cells of 147×188, which are shown
(along with erodibility data) in Fig. 1. The dust source region mainly
includes the northern Caspian, Karakum desert, Kyzylkum desert, the
southern region of the Balkhash Lake and some of the Aral region. Due
to the complexity of wet deposition and dominant dry deposition over
Central Asia, only dry deposition was considered in this paper. The
horizontal resolution is 15 km and the pressure in the top of atmosphere
is 100 hPa in this experiment. The National Center for Environmental
Prediction Final Analysis (NCEP/FNL), with a temporal interval of 6 h
and a horizontal resolution of 1°× 1°, was used to provide the initial
and boundary conditions for the model. The model configurations in
the three simulations are treated the same except for the consideration
of different dust emission schemes. The dust storm studied here oc-
curred in Central Asia from 12 to 15 July 2016; therefore, this time
period (hereafter referred to as the simulation period) was simulated
with time step of 90 s and frequency of output every three hours.

3. Observations

3.1. Meteorology

The NCEP/FNL Reanalysis data were used to analyze the synoptic
process. The daily average wind speed at 10m and temperature at 2m
obtained from 176 meteorological stations from the National Oceanic
and Atmospheric Administration (NOAA) - National Climatic Data
Center Surface (NCDC) were used to evaluate the performance of the
WRF-Chem on meteorological fields. Moreover, the wind field, air
temperature and pressure from the China Meteorological
Administration with 3 h interval at the weather station of EKEZHE and
BIRATA near the Kyzylkum and Karakum deserts were selected to de-
monstrate the diurnal variation of meteorological elements.

Fig. 1. Model domain and spatial distribution of the erodibility factor used in
GOCART and AFWA dust schemes. (Red box and ellipses are major deserts; two
triangles are the locations of the EKEZHE and BIRATA weather stations). (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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3.2. Satellite datasets

To clearly demonstrate the evolution of the simulated dust storm,
Moderate-resolution Imaging Spectroradiometer (MODIS) True color
images on Aqua were used. The aerosol optical depth (AOD) data re-
trieved by MODIS on Aqua were used to evaluate the simulated aero-
sols. MODIS has a wide coverage, wide band (0.12–14.24 μm) and high
spectral resolution, and it can provide information about land, atmo-
sphere, clouds, and aerosols. Compared with the Dark Target algorithm,
the Deep Blue algorithm uses the blue channel to obtain the optical
properties of aerosols with high surface albedo, such as those in deserts
and snow surfaces (Hsu et al., 2006, 2013). In the enhanced Deep Blue
products, a number of pixels have achieved QA=2 and 3 compared
with Collection 5, which can reduce the effect of clouds through QA
(Hsu et al., 2013). Therefore, the Collection 6 Level-2 MODIS Deep Blue
(DB) AOD products on Aqua (MYD04_L2), with a temporal resolution of
5min and a spatial resolution of 10 km, were used in this paper. Be-
cause different time period and coverage will affect the model evalua-
tion, we subsample the model output AOD to match the MODIS time
period and coverage. The Cloud Aerosol Lidar with Orthogonal Polar-
ization (CALIOP) on Cloud-Aerosol Lidar and Infrared Pathfinder Sa-
tellite Observations (CALIPSO) can accurately detect various types of
aerosols, such as smoke, pure dust, and polluted dust (Chen et al., 2010;
Huang et al., 2015b). It can also provide attenuated backscatter, aerosol
extinction coefficients at 1064 nm and 532 nm, and column AOD data
at the troposphere and stratosphere (Vaughan et al., 2004; Winker
et al., 2003). The products of Level 2 on 21 UTC 13 July 2016 were used
to display the vertical structures of aerosols.

4. Results

4.1. Comparison of meteorological conditions

Dust emission process is closely related to meteorological elements
such as wind speed, temperature and soil moisture. Fig. 2 shows the
comparison of the average temperature at 2m and wind speed at 10m

between the model results and station observations during the simu-
lation period. Generally, the spatial patterns of the deviation of tem-
perature and wind speed are aligned with the distribution of terrain in
Central Asia. The terrain in Central Asia is generally low in the north-
west and high in the southeast. Therefore, the large deviations of wind
speed and temperature mainly appear at the Tianshan Mountains and
Pamir Plateau because of the coarse model resolution. Over flat areas,
ground stations tend to be more representative of the model grids. As
for average temperature at 2m, the model generally overestimates it
over flat areas with error less than 3 °C and underestimates it over
complex terrain (southeast of the domain) with error more than 5 °C
(Fig. 2a). The errors of average of wind speed are smaller than that of
temperature over flat areas. And the wind speed is only slightly over-
estimated at Mountain regions (Fig. 2c). In addition, the regional
average temperature (wind speed) determined from observations and
the WRF-Chem model are 26.0 °C (3.5 m s−1) and 26.4 °C (3.4 m s−1),
respectively. Stations with errors within 2 °C (m s−1) and 4 °C (m s−1)
accounted for 63% (81%) and 92% (95%), respectively, of all stations,
and the root mean square error (RMSE) was 3.19 °C (1.39m s−1). On
the whole, the simulated average wind speed and temperature are in
accord with in situ measurements.

To gain more insight, the four-day variations of wind speed and
temperature observed by the BIRATA and EKEZHE stations located near
deserts and the corresponding model results are shown in Fig. 3. The
WRF-Chem model captures the diurnal change of meteorological ele-
ments well, especially for air temperature at 2m. The correlation
coefficients between the observed and simulated wind speed, tem-
perature and pressure are as high as 0.72–0.73, 0.9–0.94 and 0.94–0.95
with a significance of 95% and a small RMSE, respectively. However,
the model generally overestimates the wind speed at 10m, especially
the strong winds. This is a common issue in the WRF model simulations,
which may be caused by the existence of errors in the initial field of
NCEP/FNL, or the limitations in simulating the turbulence processes
and sub-grid scale parameterizations (Hanna et al., 2000). Moreover,
the simulation of wind speed may have large uncertainty and strong
sensitivity to the applied physics parameterizations, particularly to

Fig. 2. Comparison of four-day average (a, b) tem-
perature at 2m (°C) and (c, d) wind speed at 10m (m
s−1) between model results and station observations
from 12 to 15 July.(Left panel shows the difference
of model results subtract observations; right panel
shows the variation of model results and observa-
tions at weather stations).
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those related to the planetary boundary layer and surface-layer pro-
cesses (Yang et al., 2017). Although the model overestimates the wind
speed, the diurnal variation of wind speed is captured by the model.
Thus, the dust emission flux may be overestimated but the spatial and
temporal distribution of dust lifting will not be affected. To decrease the
uncertainties of dust emission flux caused by wind speed in dust source
regions, the dust emission factor C in the dust schemes can be adjusted

to compensate the overestimation of wind speed (Chen et al., 2014).
Besides, the process of the cold front across the Karakum and Kyzylkum
deserts are also depicted by the change of meteorological field re-
markably. Both stations exhibit positive pressure changes and negative
temperature changes from 12 to 13 July, indicating that the cold front
reached the Karakum and Kyzylkum deserts. Moreover, the wind di-
rection turns northerly, and the maximum temperature dropped by

Fig. 3. Diurnal changes of meteorological elements from model results and station observations at (a) EKEZHE and (b) BIRATA. Top panel is the wind speed (blue
lines, m s−1) and wind direction (green lines, °) at 10m; middle panel is temperature at 2m (°C); bottom panel is surface pressure (hPa). (The solid and dashed lines
represent simulations and observations, respectively, and their corresponding correlation coefficients (r) and root mean square error (RMSE) values are shown in
right corners). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Spatial distributions of geopotential height (blue contour lines, units: gpm), temperature (red contour lines, units: °C) and wind field (vectors) at (a) 500 hPa
and (b) 850 hPa (color filling is temperature (°C)) from NCEP/FNL reanalysis data, (c) MODIS image on Aqua and (d) dust mass loading (g m−2) from WRF-Chem
model using AFWA dust scheme at 06 UTC on 13 July. Red circles represent dust areas. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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approximately 8 °C. After 14 July, with the decreased station pressure
and increased temperature, the cold front passed the dust source re-
gions. Compared with the observations, the model only slightly un-
derestimates the air pressure and overestimates the temperature.
Overall, the WRF-Chem model could capture the temporal and spatial
variations of meteorological elements well, which provides more con-
fidence for further investigating dust emission and transport processes.

4.2. Synoptic processes and simulated dust storm

The dust storm was closely associated with the vortex trough at
500 hPa and the surface cold front (Fig. 4). A deep cold vortex was
formed at 500 hPa over the northern Kazakhstan, and the trough ex-
tended southwest towards northern Iran at 06 UTC on 13 July. Strong
cold air stretched from the North Pole to Central Asia by strong
northwest wind (∼20m s−1) and accumulated in the Aral region
(Fig. 4a), leading to the temperature lower than 10 °C at 850 hPa. A
strong temperature gradient existed in the southern Uzbekistan and
northern Iran due to the cold front (Fig. 4b). The frontal cloud system

was captured by MODIS in the Aral Sea region and the dust layer is
prominent in the southern Turkmenistan (Fig. 4c). Simultaneously, the
northwest wind in northern Iran, Turkmenistan and Uzbekistan in-
creased significantly, which entrained more dust to atmosphere with
the dust mass loading reaching up to 5 gm−2 (Fig. 4d). Compared with
the MODIS images, the GOCART, AFWA and Shao04 cases all better
demonstrates the evolution of this dust storm which transported east-
ward from Turkmenistan towards Tajikistan during 13–15 July (see
Fig. 5).

4.3. Dust emission

The spatial and temporal evolutions of the dust flux with particle
sizes less than 6 μm selected from WRF-Chem using the AFWA dust
scheme and their differences from those obtained in GOCART and
Shao04 schemes are shown in Fig. 6. Under the strong northwesterly
wind speed, dust emission firstly mainly occurred over the east side of
Caspian Sea and northern Iran on 12 July, with an emission flux greater
than 60 μgm−2 s−1 in the AFWA case (Fig. 6a). With the eastward

Fig. 5. The dust layers detected by (a–c) MODIS on Aqua red-green-blue color composite images and the corresponding simulated AOD at 550 nm from (d–f)
GOCART, (g–i) AFWA and (j–l) Shao04 dust schemes on 13 to 15 July 2016. (Black line is the cold front; red circles represent dust areas.). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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movement of the cold front on 13 July, the dust emission areas ex-
panded to the Kyzylkum desert and the south of Karakum desert
(Fig. 6b). In contrast, the dust emission at the east side of Caspian Sea
almost disappeared. The total dust emission at domain reached a peak
value of 1.94 Tg (Table 2). After 13 July, the emission areas moved to
the region near the south of Uzbekistan by the westerly wind, where the
dust flux reached up to 60 μgm−2 s−1 and the emission flux simulta-
neously decreased at the Karakum and Kyzylkum deserts due to the
weakness of cold air (Fig. 6d). Moreover, the dust storm weakened, and
the dust emission at the domain decreased to 0.57 Tg on 15 July, ap-
proximately 3–4 times lower than the peak.

The dust flux in GOCART was 0.1–10 μgm−2 s−1 higher than those
in the AFWA and Shao04 cases in most areas, especially at
Turkmenistan where the difference could be up to 200 μgm−2 s−1 on
12 and 13 July (Fig. 6), which can be attributed to the low u10t in
GOCART (Fig. 7a). Identical conclusions were also obtained in Wu and
Lin (2014) who found that the lower u10t in the GOCART scheme easily

led to the release of dust particles, which was not achieved with the
emission threshold of the Shao04 scheme. On the contrary, the GO-
CART case yielded strong underestimation of more than 200 μgm−2

s−1 in central Uzbekistan and a small part of the Karakum desert on 13
July and 10–100 μgm−2 s−1 in northern Iran and Uzbekistan during
the dust storm. Overall, the GOCART scheme simulated higher dust
emission at Turkmenistan and lower dust emission at Uzbekistan and
northern Iran compared with the AFWA scheme.

In terms of Shao04 case, large dust flux was concentrated in the
regions of northern Iran, small areas of Turkmenistan and the sur-
rounding areas of the southern Aral Sea, where the positive differences
were more than 200 μgm−2 s−1 (Fig. 6i and j). Notably, dust flux in the
Shao04 case was 0.1–100 μgm−2 s−1 lower than that in the AFWA case
in most areas of domain which could be attributed to the higher
threshold friction velocity (u*t) in the Shao04 case ranging from
0.2 m s−1 to 1.5m s−1 (Fig. 7d and g). Therefore, less dust was released
in the Shao04 case during the dust storms. For example, as shown in
Fig. 7, at 9 UTC on 13 July, although the u* was the same in both the
AFWA and Shao04 schemes, the dust emission in the AFWA case was
still larger than that in the Shao04 case in most areas where u*t was
lower than that in the Shao04 scheme. In addition, the dust emission
area in the GOCART case is the largest, followed by those in the AFWA
scheme and Shao04 scheme, due to their differences in u*t. However,
Shao04 case produced the largest dust flux in the Karakum desert and
Kyzylkum desert, especially when particles reached up to 20 μm, which
was consistent with the results of Wu and Lin (2014) and Darmenova
et al. (2009). The total dust emission (0–20 μm) of the simulation
period in the Shao04 scheme is 11.9 Tg, approximately 2–3 times larger
than those in the AFWA and GOCART cases (Table 2). It is important to

Fig. 6. Spatial distribution of the daily average dust emission flux (particle size less than 6 μm; μmm−2 s−1) and wind fields (vectors) in the case of (a–d) AFWA; and
the differences of dust emission flux in the cases of (e–h) GOCART and (i–l) Shao04 subtracting that in AFWA during the simulation periods.

Table 2
Daily dust emission (Tg) calculated from GOCART, AFWA and Shao4 dust
schemes during the simulation periods.

Time GOCART AFWA Shao04

0–10 μm 0–6 μm 0–10 μm 0–6 μm 0–20 μm 0–6 μm

12th July 1.31 0.98 1.38 1.24 4.73 1.86
13th July 1.75 1.31 2.16 1.94 4.81 1.87
14th July 0.81 0.60 1.06 0.95 1.61 0.60
15th July 0.73 0.54 0.63 0.57 0.75 0.26
Total 4.59 3.43 5.23 4.70 11.9 4.59
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highlight that the total dust emissions with particle sizes less than 6 μm
of the four days in the three dust schemes had slight differences
whereas the daily variation was quite different. It can be explained that
the GOCART has large dust emission areas but the maximum of emis-
sion flux is low while it's opposite to AFWA and Shao04 scheme, leading
to similar total dust emission. Yet the spatial and temporal of emission
flux in three dust emission shows large difference.

The total dust emission in different size bins is shown in Table 3.
The proportions of these emission increases with increasing particle size
in the Shao04 and GOCART cases, while the peak value appeares (at a
value of 48.2%) in the range of 3–6 μm in the AFWA scheme. Moreover,
the dust emission with sizes of 6–20 μm in the Shao04 scheme account
for more than half of the total dust emission (61.3%). However, the

emission with particle sizes of 6–10 μm only account for 25.3% and
10.1% of the total dust emission in the GOCART and AFWA schemes,
respectively, due to the fractions in different size classes (Table 1).

4.4. Dust mass loading and transport

To demonstrate the abilities of different dust schemes in the WRF-
Chem model to simulate AOD using different schemes, the spatial dis-
tributions of the simulated AOD from the GOCART, AFWA and Shao04
dust schemes and the corresponding MODIS observations during the
simulation period are shown in Fig. 8. On 12 July, the MODIS AOD was
the highest (> 0.5) in the Karakum desert and northern Iran, which
were well captured by the Shao04 case. Both the GOCART and AFWA
cases only simulated the high AOD in the Karakum desert and under-
estimated it in northern Iran. The AOD in the AFWA case over northern
Iran was 0–0.35, which was higher than that in the GOCART case
(0–0.2). The high AOD areas expanded to the Kyzylkum desert on 13
July, which was reproduced by the Shao04 and AFWA cases. The GO-
CART case significantly underestimated the higher AOD (∼0.5) over
northern Uzbekistan. After 13 July, the AOD over northern Iran gra-
dually decreased, and the dust storm moved to the south of Uzbekistan,
where the AOD increased to 0.5. The AOD in the AFWA case was more
consistent with the MODIS AOD, although it was underestimated by
∼0.2 over the south of Uzbekistan on 15 July. Moreover, the Shao04
case simulated a higher AOD in the southeastern region of the Aral Sea

Fig. 7. Spatial distribution of the (a) threshold velocity (u10t), (b) wind speed at 10m (u10m), and (c) dust emission for the GOCART dust scheme; threshold friction
velocity u*t, friction velocity u* and dust flux (particle sizes less than 6 μm; μm m−2 s−1) for (d–f) AFWA and (g–i) Shao04 dust schemes at 09 UTC on July 13.

Table 3
Total dust emission (Tg) in different dust size bins from GOCART, AFWA and
Shao4 dust schemes during the simulation periods.

Size bins GOCART AFWA Shao04

Bin1 0.31 6.7% 0.56 10.7% 0.96 8.1%
Bin2 0.95 20.7% 0.53 10.1% 1.75 14.7%
Bin3 1.05 22.9% 1.09 20.9% 1.89 15.9%
Bin4 1.12 24.4% 2.52 48.2% 3.60 30.3%
Bin5 1.16 25.3% 0.53 10.1% 3.70 31.0%
Total 4.59 100% 5.23 100% 11.90 100%
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on 14–15 July compared with the MODIS AOD.
In general, the AOD in the Shao04 and AFWA cases both performed

better over Central Asia compared with the MODIS AOD, although the
AFWA case only considered dust particle sizes less than 10 μm
(Table 2), indicating that small dust particles is more important. The
Shao04 case had the best performance when considering northern Iran,
except for the overestimation in the southeastern region of the Aral Sea
on 14–15 July. The GOCART case only captured the high AOD over
Turkmenistan and the south of Uzbekistan and strongly underestimated
the AOD at Kyzylkum desert. Both GOCART and AFWA still sig-
nificantly underestimated the AOD over northern Iran.

The spatial distributions of dust mass loading in three dust schemes
were similar to that of the AOD (Fig. 9). The GOCART case mainly
simulated high dust mass loading over Turkmenistan, with the value of
1700–3000mgm−2, which was similar to that of the AFWA case.
However, the dust mass loading at northern Iran and the Kyzylkum
desert was less than 700mgm−2, which was approximately
1500mgm−2 lower than that of the AFWA case. Moreover, the dust
mass loading in the AFWA and GOCART cases were much lower than
that in the Shao04 case over northern Iran, where the erodibility factors
were low (Fig. 1). Therefore, the underestimations of AOD over
northern Iran in the AFWA and GOCART cases may be mainly attrib-
uted to the underestimation of erodibility factors. The AFWA and

Shao04 cases simulated the higher dust mass loadings at the Kyzylkum
and Karakum deserts, leading to the AOD in the AFWA case closer to the
MODIS AOD. Moreover, the Shao04 case simulated high dust mass
loading (∼2000mgm−2) in the southeast of the Aral Sea, which cor-
responded to high AOD. This was mainly due to the effects of the large
dust particles considered by the Shao04 case, i.e., because the dust mass
loading in the Shao04 case is similar to that in the AFWA case when the
dust particle size was less than 6 μm. (Fig. A1). The large divergence of
AOD over the south of the Aral Sea in the Shao04 case may be asso-
ciated with the soil particle size distribution dataset, which could lead
to large uncertainties in dust emission (Shao et al., 2011b).

4.5. Vertical structure of dust storm

The AOD was the highest (∼1.8) at 36°N–38°N, where the dust and
polluted dust extinction reached up to 0.5 km−1 (Fig. 10b and c).
Compared with the CALIPSO observations, the extinction coefficients in
the GOCART, AFWA and Shao04 cases are generally consistent with the
observation. Moreover, the dust extinction coefficient at 4–6 km
reached up to∼0.28 km−1 in the Shao04 case, which was the closest to
the CALIPSO observation. Both the AFWA and GOCART cases simulated
large extinction coefficients below 2.5 km (0.28–0.5 km−1) at
36°N–42°N but significantly underestimated the extinction coefficients

Fig. 8. Spatial distribution of daily average AOD at 550 nm from the WRF-Chem model using (a, e, i and m) GOCART, (b, f, j and n) AFWA and (c, g, k and o) Shao04
dust schemes (all dust size bins), as well as (d, h, l and p) MODIS, during simulation periods.
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above 2.5 km. The peak values of AOD in AFWA and GOCART were
0.6–0.9 at 37°N, which were similar to the CALIPSO AOD (Fig. 10b). In
addition, the larger extinction coefficient and AOD in the Shao04
scheme at 39–41 °N was mainly influenced by the large dust particle
emission because the dust concentration in Fig. 11 was similar to that in

the AFWA case when the dust particle size was less than 6 μm (Fig. A2).
Chen et al. (2014) also pointed that the vertical structure of aerosol in
WRF-Chem model using GOCART scheme showed large divergence
compared with that from micro-pulse lidar and it may be improved by
assimilating the dust extinction from micro-pulse lidar.

Fig. 9. Spatial distribution of daily average dust loading (all dust size bins; mg m−2) simulated from the WRF-Chem model using (a–d) GOCART, (e–h) AFWA and
(i–l) Shao04 dust schemes during simulation periods.

Fig. 10. Vertical profiles of CALIPSO-retrieved (b) AOD, (c) aerosol extinction coefficients and (d) aerosol types and corresponding extinction coefficients simulated
by the WRF-Chem model using (e) GOCART, (f) AFWA, and (g) Shao04 dust schemes (all dust size bins) at 21 UTC on 13 July 2016.
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Fig. 11 shows the cross section of dust concentration, zonal wind
and meridional circulation along 65°E. The cold front moved to Turk-
menistan and Uzbekistan on 13 July (Fig. 4). Simultaneously, the wind
speed increased to 9.5 m s−1 and the pressure increased considerably,
but the maximum temperature decreased to ∼36 °C (Fig. 3). Under the
strong cold front, the dust particles were uplifted to 10 km, accom-
panied by vertical motion through frontal lifting (Fig. 11b, f and 11j).
Considering the total dust bins, the dust concentrations in the GOCART
and AFWA cases were 400–600 μgm−3 near the surface and
1–10 μgm−3 at 5–10 km. In contrast, the dust concentrations in the
Shao04 case were much higher, with maximum values of more than
700 μgm−3 below 3 km and 1–150 μgm−3 from 3 to 10 km, which
were similar to the patterns of the extinction coefficient (Fig. 10g). It
must also be mentioned that the dust particles were transported
southward to the Iran Plateau by north wind near the surface and
transported northward by south wind at 4–10 km, which was mainly
influenced by the cold front. After 13 July, the strong westerly wind in
the high atmosphere dipped down to 4–10 km, and the south wind
turned into north wind. Simultaneously, the dust particles in the high
atmosphere were transported eastward and southward, leading to the
lowest dust concentrations. Moreover, the dust concentrations in the
Shao04 case were much larger than those in the GOCART and AFWA
cases due to the large dust particle size.

5. Conclusion and discussions

The abilities of the GOCART, AFWA and Shao04 dust schemes
coupled to the WRF-Chem model to simulate dust storms were ex-
amined in this study by simulating a severe dust storm that occurred in
Central Asia from 12 to 15 July 2016. In general, the dust storm was
caused by a vortex at 500 hPa and cold front. Both the spatial and
temporal variations of the meteorological field were reproduced well by
the WRF-Chem model compared with in situ measurements.
Comparisons with satellite retrievals revealed that the Shao04 case
reproduced the spatial and temporal variation of dust storms well in
northern Iran, Turkmenistan and part of Uzbekistan. The AFWA simu-
lated AOD as better as the Shao04 case except for northern Iran. It
should be pointed that the Shao04 scheme uses large size range
(0–20 μm) and the AFWA scheme only uses small sizes range (0–10 μm),
indicating smaller size particles may have significant radiation effects
and can be entrained to a higher vertical level compared with large size
particles. The GOCART scheme showed a good agreement with MODIS
AOD at Karakum desert, but significantly underestimated the dust
emission at the Kyzylkum desert. Both the AFWA and GOCART cases
simulated lower AOD over northern Iran but the AOD in AFWA case
was better than that in the GOCART case. The dust emission areas in the
GOCART scheme were larger than those in the AFWA and Shao04
schemes. However, the maximum of dust flux at dust source region in

Fig. 11. Cross section of dust concentration (all dust size bins; color scale; ug m−3), zonal wind (contour lines; m s−1) and meridional circulation (vectors) along 65°E
from the WRF-Chem simulations using the GOCART (a–d), AFWA (e–h) and Shao04 (i–l) schemes during simulation periods. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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GOCART was much lower than that in AFWA and Shao04 scheme.
Therefore, the four-day total dust emissions in the model domain of
three dust schemes were similar with particles less than 6 μm (Table 2).
Nevertheless, the total dust emission of all bins in the Shao04 scheme
(11.9 Tg) was 2–3 times larger than those in the AFWA (5.23 Tg) and
GOCART (4.59 Tg) schemes because large dust particle size range were
considered in the Shao04 scheme.

The erodibility, u*t/u10t, particle size distributions are the key
parameters used to determine dust flux. Both AFWA and GOCART use
the erodibility to calculate the dust flux. Therefore, the reliability of
erodibility affects the accuracy of dust flux calculation to some extent.
The underestimation of the AOD in the GOCART and AFWA cases over
northern Iran may owe to the large uncertainties of the erodibility
dataset which is expected to be improved by using normalized differ-
ence vegetation index obtained from satellites (Kim et al., 2013). The
u10t in the GOCART scheme, u*t in the AFWA and Shao04 scheme were
also compared. Generally, the Shao04 scheme has the highest u*t and
GOCART has lower u10t, which leading to less dust released in most
areas during the four days in Shao04 scheme. But the variations of dust
flux in Sha04 scheme were more sensitive to the cold front. Hence, the
total dust emissions had slight differences but the daily variations of the
dust emission in three dust schemes were different when the particle
size is less than 6 μm. Xi and Sokolik (2016a) also found that the large
differences of dust emission in different schemes may be due to the
different sensitivities of u*t to the surface roughness. The improvements
of the emitted particle size distribution, saltation algorithm and u*t in
the AFWA scheme are responsible for its better performance compared
with that of the GOCART scheme (Jones et al., 2012). Besides, Shao04
scheme uses the pf(d) and pm(d) of parent soil to calculate the size
distribution of dust particles. Since the parent soil particle size dataset
is a major factor that influences the performance of Shao04 scheme
(Shao et al., 2011b), the higher AOD to the southeast of the Aral Sea in
Shao04 scheme may be associated with the uncertainties in the parent
soil particle size distribution dataset. Thus, accurate measurements of
erodibility datasets and soil particle size distributions are urgently
needed in the future.

Overall, the Shao04 and AFWA dust schemes can be used to simu-
late or forecast dust storms over Central Asia. However, due to lack of
ground-based aerosol observations, there are still some uncertainties in
evaluating the model performance. Besides, this study only considered
natural desert dust. The degradation of the Aral Sea has been re-
cognized as the most serious ecological disaster since the 1960s and
formed the present Aralkum desert due to the expansion of agricultural
irrigation and the increase in population (Dukhovny, 2008; Saiko and
Zonn, 2000; Indoitu et al., 2015). It indicated that the dust emission
from agriculture and Aralkum accounted for 18.3–56.5% of total dust
emission (Xi and Sokolik, 2016b). In the future, we will develop an
anthropogenic dust emission scheme and couple it to the WRF-Chem
model to improve the ability of the WRF-Chem model to forecast dust
storms over Central Asia.
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