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A B S T R A C T

Mineral dust aerosols can substantially influence the Earth's climate by altering the radiation budget and
modifying cloud microphysical and radiative properties. Through long-range transport, dust aerosols could have
a global impact. Here, using a fully coupled meteorology-chemistry model (WRF-Chem) and the tracer-tagging
technique, we conduct quasi-global simulations to investigate the characteristics of dust intercontinental
transport in the Northern Hemisphere and the source contributions to dust outflow from East Asia. Model results
show that total dust emission from the main deserts (i.e., North Africa desert (NFD), Middle East desert (MED)
and East Asia desert (EAD)) is about 4531 Tg yr−1, in which 66% is from NFD, 24% is from MED and 10% is from
EAD. During long-range transport, the NFD and MED dust plumes are separated into two branches by the Tibetan
Plateau, with higher dust concentration of 4 μgm−3 in the northern branch (37° N-60° N). The imported dust
mass from NFD and MED to East Asia is 16.0 Tg yr−1 and 33.8 Tg yr−1, respectively; the local dust mass emitted
from EAD can circumnavigate and import about 0.41 Tg yr−1 of dust into East Asia. As part of the “Asian
outflow”, the MED and NFD dust is transported above 600 hPa with concentration of 2 μgm−3, while the EAD
dust is mainly transported below 600 hPa with concentration of 3 μgm−3. The total outflow dust mass from East
Asia is 12.0, 9.7 and 7.7 Tg yr−1 from EAD, NFD and MED, respectively. Dust particles dominate the aerosol
mass concentration with a fraction of 56.5% in southern East Asia and 75.4% in northern East Asia. Moreover,
dust number from EAD dominates the total aerosol number north of 37oN below 600 hPa, with a size range of
0.156–0.625 μm, but the NFD dust number is mainly above 600 hPa. MED dust number dominates the total
column aerosol number south of 37 oN, with a size range of 0.312–0.625 μm. Quantifying dust source con-
tributions and the associated dust number loading and size distribution over East Asia is important for under-
standing the role of East Asian dust outflow in climate and hydrological cycle.

1. Introduction

As the second largest contributor (behind sea-salt) to global aerosols
by mass, dust aerosols emitted from main deserts such as Sahara,
Arabian, Gobi and Taklamakan desert have long lifetime of several
weeks (Uno et al., 2009; Yu et al., 2012; Hu et al., 2016; Xu et al.,
2018). Therefore, they can be transported thousands of miles from
continents and across oceans to affect the weather and climate in
downwind regions (e.g., Lau et al., 2008; Yu et al., 2012; Huang et al.,
2006, 2014; Zhao et al., 2014; Jin et al., 2014, 2015; Hu et al., 2016). In
the atmosphere, dust aerosols can influence the radiation balance di-
rectly by absorbing and scattering both solar and terrestrial radiation

(Balkanski et al., 2007; Zhao et al., 2010; Chen et al., 2014). When
mixed with clouds, dust aerosols can indirectly affect radiation by
modifying cloud micro- and macro-physical properties by acting as
cloud condensation nuclei and/or ice nuclei, which also modulate
precipitation (Huang et al., 2005, 2006; Creamean et al., 2013; Bi et al.,
2017). Near the surface, dust aerosols can dramatically reduce visibility
(Chin et al., 2007) and exacerbate air quality (Chin et al., 2007; Huang
et al., 2014; Hu et al., 2016), with harmful consequence to human
health (Schwartz, 1994; Pope et al., 2002). When deposited on snow/
ice surface, dust aerosols accelerate snowmelt and influence the re-
gional hydrological cycle and radiative forcing (Qian et al., 2009;
Painter et al., 2010; Huang et al., 2011; Zhao et al., 2014).
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Furthermore, deposition of dust aerosols into rainforests and ocean can
provide nutrients such as iron and phosphorus to ecosystems, and thus
influence carbon cycle and ecosystem evolution (Mahowald et al.,
2008; Yu et al., 2015).

Previous studies have revealed that a large amount of dust particles
exported from East Asia can reach western North America through
trans-Pacific transport and significantly affect the regional energy
budget and air quality (Chin et al., 2007; Yu et al., 2012; Hu et al.,
2016). Yu et al. (2008, 2012) estimated from satellite observations that
about 56 Tg of dust from East Asia reaches the west coast of North
America every year. At the ground level, trans-Pacific dust aerosols can
bring 3–4 times as many fine particles relative to pollution aerosols to
the western US (Chin et al., 2007). Creamean et al. (2013) noted an
important role of trans-Pacific transported Saharan and Asian dust
aerosols as ice nuclei in orographic precipitation over the western US.
However, most studies of dust aerosols over East Asia and their trans-
port are conducted based on cases (Eguchi et al., 2009; Huang et al.,
2009), so we lack a climatological view of East Asian dust aerosols and
their transport. Furthermore, dust aerosols from North Africa, Middle
East, and East Asia have been studied as a single entity known as “Asian
outflow” (Chin et al., 2007), but the dust source contributions to the
“Asian outflow” are not well understood, leaving large uncertainties in
how and why the “Asian outflow” varies from seasonal-to-decadal time
scales and they may change in the future.

In this study, a quasi-global simulation following Zhao et al.
(2013b) and Hu et al. (2016) is conducted using the Weather Research
and Forecasting (WRF) model with chemistry (WRF-Chem; Grell et al.,
2005). To understand the dust sources and dust transport over East
Asia, the University of Science and Technology of China (USTC) im-
plemented the tracer-tagging method in WRF-Chem to quantify the
contributions from different major sources to the dust mass loading
over East Asia. We first evaluate the simulation in terms of large-scale
circulation and dust mass against reanalysis and satellite datasets, re-
spectively. Then the intercontinental transport characteristics of dust
from different source regions, including North Africa, East Asia, North
America, and the Middle East, are analyzed, followed by an estimation
of the dust mass fluxes from different sources to East Asia. Finally, the
dust mass concentration is compared with other aerosol types and their
vertical distribution of fractional contributions to the size of dust
number loading is analyzed to understand the role of dust aerosols in
influencing the regional climate and air pollution over East Asia.

2. Model, experiment design and evaluation data

In this study, the updated WRF-Chem by USTC based on the publicly
released version 3.5.1 (Zhao et al., 2013b, 2014; Hu et al., 2016) is
used. The MOSAIC (Model for Simulation Aerosol Interactions and
Chemistry) aerosol module (Zaveri et al., 2008) is coupled with the
CBM-Z (carbon bond mechanism) photochemical mechanism (Zaveri
and Peters, 1999). Aerosol size distributions are represented by eight
discrete size bins through the bin approach (Fast et al., 2006). Aerosol
dynamics implemented in WRF-Chem include emissions, transport
(Zhao et al., 2013b), dry and wet deposition (Binkowski and Shankar,
1995; Easter et al., 2004; Chapman et al., 2009), physical and chemical
processes (Zaveri et al., 2008). The optical properties and direct ra-
diative forcing of individual aerosol composition are diagnosed fol-
lowing the methodology described in Zhao et al. (2013a). Aerosol-cloud
interactions are included in the model following Gustafson et al. (2007)
by calculating the aerosol activation and resuspension between dry
aerosols and cloud droplets.

The GOCART (Georgia Tech/Goddard Global Ozone Chemistry
Aerosol Radiation and Transport) dust emission scheme (Ginoux et al.,
2001), which was coupled with MOSAIC in WRF-Chem by Zhao et al.
(2010), can improve simulation of vertical dust emission fluxes. Dust
particles are emitted into eight size bins with mass fractions of 10−6%,
10−4%, 0.02%, 0.2%, 1.5%, 6%, 26%, and 45%. Anthropogenic

emissions are obtained from the Hemispheric Transport of Air Pollution
version-2 (HTAPv2) at 0.1°× 0.1° horizontal resolution and a monthly
temporal resolution for each year of 2010–2015 (Janssens-Maenhout
et al., 2015). Biomass burning emissions are obtained from the Fire
Inventory from NCAR (FINN) with hourly temporal resolution and 1 km
horizontal resolution (Wiedinmyer et al., 2011), and are vertically
distributed following the injection heights suggested by Dentener et al.
(2006) from the Aerosol Comparison between Observations and Models
(AeroCom) project. Sea-salt emission follows Zhao et al. (2013a), which
includes correction of particles with radius less than 0.2 μm (Gong,
2003) and dependence of sea-salt emission on sea surface temperature
(Jaeglé et al., 2011).

Although a global WRF-Chem configuration with only dust aerosols
can simulate the dust mass and its radiative forcing (Alizadeh-Choobari
et al., 2014), sophisticated chemistry processes of dust interactions with
other aerosols are not currently represented because such simulations
cannot run stably due potentially to numerical issues of solving the
chemical reactions near the relatively pristine polar regions. Given the
need of sophisticated chemistry to simulate both dust and anthro-
pogenic aerosols, a stable quasi-global WRF-Chem configuration is used
in this study to circumvent the technical difficulty of global WRF-Chem
configuration to characterize the trans-continental transport of aero-
sols. Our quasi-global channel configuration uses periodic boundary
conditions in the zonal direction and includes 360×145 grid cells
(180° W–180° E, 67.5° S–77.5° N) to perform simulation at 1° horizontal
resolution for the period of 2010–2015. The simulation is configured
with 35 vertical layers up to 50 hPa. The meteorological initial and
lateral boundary conditions are derived from the National Center for
Environmental Prediction final analysis (NCEP/FNL) data at 1° hor-
izontal resolution and 6 hourly temporal intervals. The simulated winds
and atmospheric temperature are nudged towards the NCEP/FNL re-
analysis data throughout the domain with a nudging timescale of 6 h in
all cases (Stauffer and Seaman, 1990).

In order to understand the impact of long-range transported dust on
regional air quality and weather, this study uses the USTC version of
WRF-Chem that applies the tracer-tagging method to quantify the
contributions from different major desert regions to the dust loading
during the trans-Pacific transport. In this method, dust particles emitted
from a number of independent regions with major deserts are tagged
and explicitly tracked using additional model variables within a single
simulation. Four regions with major deserts globally, i.e., North Africa
0°N-40°N and 20°W-35°E), East Asia (25°N-50°N and 75°E-150°E),
North America (15°N-50°N and 80°W-140°W), and elsewhere in the
world, are selected as dust source regions in this study. Inside the
elsewhere in the world, dust source is dominated by the Middle East (0-
50°N and 35°E-75°E) in the Northern Hemisphere (Fig. 2). All the
tagged dust variables are treated in the same way as the original dust
variable (i.e., physical and advective tendencies are calculated ex-
plicitly).

Daily geopotential height, zonal and meridional wind components
data sets from ECMWF interim Reanalysis (ERA-interim)
(0.75°× 0.75°) (Dee et al., 2011) and Modern-Era Retrospective ana-
lysis for Research and Applications (MERRA) (1/2°× 2/3°) (Rienecker
et al., 2011) are used to evaluate the model simulation. For aerosol
optical depth (AOD), the daily gridded level 3 data sets retrieved by the
Moderate Resolution Imaging SpectroRadiometer (MODIS) instrument
and the Multi-angle Imaging SpectroRadiometer (MISR) instrument
onboard the Terra spacecraft, which crosses the Equator at local time of
∼10:30 in the morning, are used to evaluate the model results sampled
at the same time.

3. Result

3.1. Characteristics of dust intercontinental transport

We first evaluate the simulated geopotential height and AOD
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against the reanalysis data (ERA-interim and MERRA) and the satellite
retrieved AOD (MODIS and MISR) for 2010–2015, respectively. Fig. 1
shows that the model can well represent the spatial variability of

geopotential height and winds at 850 hPa over the entire domain in
dust active season (spring). Geopotential height and AOD in other
seasons are shown in Figs. S1a–c of the supplemental material. The

Fig. 1. Seaosnal mean geopotential height (shadings; unit: m) and winds (arrows; units: m s−1) at 850 hPa from (a) ERA-I, (b) MERRA, and (c) WRF-Chem (Left); and
AOD from (d) MODIS, (e) MISR and (f) WRF-Chem (Right) during MAM 2010–2015.

Fig. 2. Spatial distributions of seasonal mean dust emission rate (unit: μg m−2 s−1) over East Asian desert (EAD), North Africa desert (NFD) and Middle East desert
(MED) (Left), dust mass concentration (unit: μg m−3) and winds (unit: m s−1) at 700 hPa (Middle) and 500 hPa (Right) during MAM 2010–2015. In the left panels,
the red dotted lines mark 75° E as the boundary of dust imported into East Asia and 145° E as the boundary of dust outflow from East Asia. The black dotted line
marks 92° E used as the dividing line between the Gobi and Taklamakan deserts (black dotted line) in East Asia. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Model is nudged towards the reanalysis data sets in 6 h intervals, so the
geopotential height and winds at 850 hPa can be well represent. More
specifically, the model well captures the Northern Hemisphere mon-
soonal circulations over North Africa, South Asia, and East Asia, which
play important roles in transporting dust aerosols horizontally from
source regions to remote downwind regions (Uno et al., 2009) and
vertically from near surface to troposphere and lower stratosphere (Lau
et al., 2018). In order to reduce the sampling discrepancy between si-
mulation and satellite retrievals, the WRF-Chem simulated AOD is
sampled and averaged at the same time as the satellite retrievals, and
then interpolated to the wavelength of 550 nm using AOD at 400 nm
and 600 nm based on the Ångström exponent. Both satellite retrievals
and model results show seasonal variability of AOD with the maximum
AOD mainly located over North Africa, Middle East, the Thar Desert
and Gobi Desert due to dust, as well as in India and South Asia due to
anthropogenic aerosols in MAM (Fig. 1 and Figs. S1a–c). However, the
MODIS results show a high AOD area at 60° N in JJA (Fig. S1a). This
discrepancy could be attributed to the uncertainties in emissions over
the regions in model simulations, particle for the biomass burning
emissions, where there are lots of forest fire occurs and produce more
absorbing aerosols, and biomass burning emission with higher temporal
and spatial resolutions are need in future studies (Stocks et al., 1998;
Wiedinmyer et al., 2011).

Also, Hu et al. (2016) has used the satellite observational data sets
to evaluate the modeling results. It shows that the model simulations
can well capture the small-size aerosol over the Asian and western
Pacific and represent the seasonal variation of extinction Ångström
exponent with observations. Compared with the AAOD derived from
OMI, the model can reasonably simulate the decreasing gradient of OMI
derived AAOD from the eastern to western of Pacific. However, there
are positive (negative) biases in AAOD in the warm (cold) months due
to the neglect of the seasonal variability of anthropogenic BC emissions
over East Asia. For the extinction profile compared with CALIPSO, the
model well captures the seasonality of aerosol extinction profiles with a
maximum in MAM, which is largely controlled by the activity of dust
outflow events over the Pacific. However, there are difference between
the simulation and retrievals in the free troposphere due to the reduced
sensitivity of CALIPSO to the aerosol layers above 4 km.

Previous studies have shown that the spatial and seasonal vari-
abilities of absorbing AOD (AAOD) and aerosol size distribution are
well represented by WRF-Chem (Zhao et al., 2012, 2013b; Hu et al.,
2016). WRF-Chem simulations were used to explore how aerosol trans-
Pacific evolution affects the regional climate and surface air quality in
western North America (Hu et al., 2016) and the impact of desert dust
on the summer monsoon precipitation over southwestern North
America (Zhao et al., 2012). Fig. 2 shows the spatial distribution of
seasonal mean (2010–2015) dust emission in spring (MAM) and dust
mass concentration at 700 hPa and 500 hPa from the WRF-Chem si-
mulation over the desert regions, while the dust emission in other
seasons are shown in Fig. 3a–c. Since this study focuses on the dust
intercontinental transport over East Asia, we define two meridional
boundaries of 75° E and 145° E (red dotted lines in Fig. 2) to quantify
the dust aerosols imported into and outflowed from East Asia, respec-
tively. In order to separate the contributions of the Gobi Desert and the
Taklamakan Desert to the total dust aerosols in East Asia, we further
define 92° E as another meridional boundary (black dotted line in
Fig. 2). The model simulates significant amounts of dust emission over
the EAD, NFD, and MED (left panels in Fig. 2). The annual total dust
emission over the three desert regions is about 4531 Tg (Fig. 6a), which
is consistent with the value calculated by Zhao et al. (2012) and ap-
proximates to the higher end of the range (3995-4313 Tg yr−1) reported
by Huneeus et al. (2011). However, this value is about 50% higher than
the ∼3000 Tg yr−1 estimated by Chin et al. (2009) and Kim et al.
(2013) for 2000–2007 using the GOCART model. A potential reason for
the discrepancy is the impact of meteorological fields (e.g., surface
winds) and land surface conditions (e.g., soil moisture) simulated by

different models that induces different soil erodibility and thus dust
emission (Zhao et al., 2012). The different simulation periods could be
another reason.

Dust over major deserts (e.g., EAD, NFD and MED) can be lifted to
higher altitude by strong frontal and postfrontal convections and tur-
bulent mixing in the boundary layer (Yu et al., 2008). The prevailing
westerlies can subsequently transport the elevated dust by thousands of
miles to downwind regions (Yu et al., 2008; Hu et al., 2016). Fig. 2
(middle and left columns panels) shows a clear transport pathway of
dust from the NFD and MED source regions to East Asia, and these dust
merge with the EAD dust as “Asian outflow” dust in MAM, which is
transported to North Pacific. The maximum dust mass concentration is
seen over the desert regions, with values of more than 50 μgm−3 at
700 hPa and 20 μgm−3 at 500 hPa. At 700 hPa, the NFD and MED dust
are separated into two branches around the Tibetan Plateau. The NFD
dust has a concentration of ∼6 μgm−3 in both the northern and
southern branches. However, the MED dust has higher concentrations
in south of the Tibetan Plateau than in north of the Tibetan Plateau.
This south-north gradient of dust concentration could be attributed to
short-distance from source to the Plateau and the blocking effect of high
plateau in the south of the Tibetan Plateau (Xu et al., 2018; Jin et al.,
2018). At 500 hPa, the maximum outflowed dust is from EAD with a
concentration of 8 μgm−3, followed by the NFD and MED dust with a
concentration of 6 μgm−3. Also, we see that high dust mass con-
centration from EAD is located north of 45° N, while that from NFD and
MED is distributed mainly south of 45° N.

To capture the transport characteristics of dust from various deserts,
Fig. 3 shows the vertical cross-sections of meridional circulation and
zonal dust mass flux over the source regions at 75° E (imported) and
145° E (outflowed) from 0 to 60° N in MAM, which is most significant
scenario compared with other seasons (Figs. S3a–c). Clearly, the desert
dust can be lifted to 300 hPa or higher with mass concentration de-
creasing from 40 μgm−3 to 1 μgm−3. The rising branch of Taklamakan
dust is confined between 35 and 45° N, but the Gobi dust has a broader
rising branch between 35 and 55° N. When the dust from the two
sources merges and outflows from East Asia, the largest mass con-
centration is located at 900-500 hPa with 6 μgm−3 from 40 to 50° N.
The NFD dust is imported into East Asia between 25 and 55° N and the
MED dust is imported between a much wider range of 3-60° N with a
much higher concentration of 40 μgm−3 than that of NFD. However, in
the outflow region, the NFD dust has a significantly higher dust con-
centration than the MED dust, because of the MED dust is mainly
transported between 0 and 30° N where the Indian summer monsoon
rainfall-induced wet-scavenging is most intense (Yu et al., 2008).

Fig. 4 shows the vertical cross-sections of zonal circulation and
meridional dust mass flux over 0-37° N (South) and 37° N-60° N (North)
from 30° W to 150° E in MAM. Under the prevailing westerlies, the NFD
and MED dust are transported eastward to East Asia. During the in-
tercontinental dust transport, dust concentrations are higher in the
south than in the north; however, downwind of the source regions (i.e.,
between 100° E and 145° E), dust concentrations are higher in the north
than in the south. This is consistent with Fig. 3 and suggests a sig-
nificant role of wet removal by the Indian summer monsoon pre-
cipitation. The dust outflow in the north is strengthened by the pre-
vailing westerlies above 600 hPa and thus more dust aerosols can reach
East Asia, which is consistent with satellite observations from Yu et al.
(2012). In East Asia, the dust transport pathway is mainly confined to
the north and below 600 hPa, with a concentration of 4 μgm−3, which
is double that of NFD and MED transported dust. Moreover, there few
dust can emit into the upper troposphere due to downdraft wind in DJF
and SON (Figs. S4b and 4c) and eastward transport due to the blocked
by the east wind in JJA (Fig. S4a).

Fig. 5a and b shows the spatial distributions of seasonal dust dry and
wet deposition fluxes from different sources for the period 2010–2015.
Clearly, the dry deposition fluxes from different dust sources have lager
spatial variability. Over East Asia, the EAD dust dry deposition fluxes
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can reach ∼50 gm−2 over the Gobi and Taklamakan desert and nearby
regions due to the highest dust mass loading, where the EAD dust
contributes more than 60% dry deposition compared with the total
deposition (Fig. S6a). Also, the NFD dust and MED dust dry deposition
is ∼3 gm−2 over north of 40° N with about 5–20% contribution. The
dry deposition is determined by dust mass loading, while wet deposi-
tion is determined by precipitation and dust mass loading (Zhao et al.,
2013b). The wet deposition fluxes have less heterogeneous than that of
dry deposition, because of less precipitation over the deserts and less
dust mass loading over the regions with more precipitation. Compared
with EAD dust wet deposition, NFD dust and MED dust have less wet

deposition over East Asia. In MAM, the dust wet deposition flux can
reach about 3 gm−2 and decease 0.3 gm−2 when outflow East Asia.
Moreover, the EAD dust wet deposition contribution can reach about
50% compared with the total deposition over the south of 40° N, and
the wet deposition contribution from NFD and MED dust is about 20%
with smaller wet deposition fluxes (Fig. S6b). Overall, the EAD dust dry
deposition dominate the total deposition over East Asia, and the EAD
dust wet deposition are larger than that from NFD dust and MED dust,
especially over the south of 40° N. Furthermore, the NFD dust and MED
dust contribute 5-20% dust dry deposition to total deposition over
northern East Asia, and 20% dust wet deposition over the southern East

Fig. 3. Vertical cross-sections of zonal dust mass
concentration (unit: μg m−3) over the source
regions in which dust mass concentration (unit:
μg m−3) from the Taklamakan and Gobi deserts
is averaged over 75° E∼ 92° E and 92° E∼ 145°
E, respectively, and Source in North Africa and
Middle East is averaged over 20° W∼ 35° E and
35° E∼ 75° E, respectively; Vertical cross-sec-
tions of meridional circulation (unit: m s−1) and
zonal dust mass concentration (unit: μg m−3) at
75° E (imported) and 145° E (outflowed) from 0
to 60° N during MAM 2010–2015.

Fig. 4. Vertical cross-sections of zonal circulation (unit: m s−1) and meridional dust mass concentration (unit: μg m−3) averaged over 0–37° N (South) and 37°
N∼ 60° N (North) from 30° W to 150° E during MAM 2010–2015.
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Fig. 5. a Spatial distributions of seasonal dust deposition fluxes due to dry removal from WRF-Chem simulations in 2010–2015. b. Spatial distributions of seasonal
dust deposition fluxes due to wet removal from WRF-Chem simulations in 2010–2015.
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Asia.

3.2. Seasonal and latitudinal variations of dust fluxes

As seen in Fig. 2, the elevated desert dust (e.g., NFD and MED) can
reach East Asia and merge with the EAD dust and anthropogenic pol-
lution to affect the climate and surface air quality in western North
America (Chin et al., 2007; Yu et al., 2012; Hu et al., 2016). Dust
emission flux is calculated based on the WRF-Chem simulation (Fig.
ba). On an annual basis, EAD is the smallest dust source with 468 Tg of
emitted dust while NFD is the largest dust source with 2973 Tg of
emitted dust. For MED, the annual dust emission flux is about 1090 Tg,
which is roughly doubled that from EAD. Because of the seasonal var-
iation of extratropical cyclones and the strong mid-latitude westerlies,
dust particles emitted from source regions also have a significant sea-
sonal variation (Chin et al., 2007; Yu et al., 2008, 2012; Hu et al.,
2016). In spring (MAM), 173 Tg and 920 Tg of dust is emitted from EAD
and NFD, respectively, and it's the largest dust emission throughout the
entire year. In summer (JJA), the dust emission loading from MED is
the largest (about 375 Tg) compared with other seasons. In autumn
(SON), the dust emission loading from NFD and MED is smallest with a
value of 549 Tg and 189 Tg, respectively. In winter (DJF), EAD has
about 83 Tg dust emission loading, which is smallest in all seasons.

The estimate of imported and outflowed dust mass with the seasonal

variation is shown in Fig. 6b and c. The annual dust mass imported into
East Asia is about 16.0 Tg and 33.8 Tg from NFD and MED, respectively
(Fig. 6b). Consistent with the dust emission, the largest dust mass
season from NFD is MAM, with a value of 8.0 Tg, which is about 50% of
the total annual amount. For MED, the largest dust mass flux season is
JJA with a value of 13.3 Tg. However, because of the westerlies, the
dust from EAD lofted to the upper troposphere would circumnavigate
one full circle around the globe (Uno et al., 2009) and import to East
Asia with a value of 0.41 Tg yr−1 (Fig. 6b). On the other hand, the
largest annual outflow mass flux is from EAD with a value of 12.0 Tg,
followed by NFD (9.7 Tg) and MED (7.7 Tg). Compared with the im-
ported mass flux, the outflow values are reduced by 39.4% (NFD) and
77.2% (MED). Across the seasons, the largest outflow occurs in MAM,
with dust mass fluxes of 6.4 Tg (EAD), 5.0 Tg (NFD) and 3.9 Tg (MED).

Meridional distributions and seasonal variation of dust mass flux
from different sources are shown in Fig. 6d and e. For the dust import,
NFD has a higher dust mass flux of 11.2 Tg in the north compared to the
south. In contrast, the dust mass flux from MED is larger in the south
than the north. Over the north, the maximum dust mass flux season is
MAM with a value of 5.7 Tg (NFD) and 5.6 Tg (MED). Over the south,
the season of maximum dust mass flux from NFD is MAM with a value
of 2.4 Tg, but for the MED the season is JJA (11.1 Tg). For the dust
outflow, the largest dust mass flux of 9.3 Tg is from EAD over the north
because of the proximity to the source region, followed by NFD (5.7 Tg)
and MED (4.2 Tg), and the dust mass flux from EAD, NFD and MED is
3.2 Tg, 4.6 Tg and 3.9 Tg over the south, respectively, with maximum
value in MAM.

3.3. Comparison between dust and other aerosol mass and the dust number
loading vertical distribution

The vertical distribution of various aerosol compositions (e.g., dust,
SO4, OM, BC, OM, NO3, OIN, NH4 and sea-salt) are shown in Fig. 7a
and b. Four types of dust composition are defined as emitted from NMD
(North America desert), EAD, NFD and MED sources in the improved
WRF-Chem model. Clearly, the aerosol mass concentration significantly
decreases with the altitude in both south and north regions. The max-
imum dust fraction of about 60% is located between 600 and 400 hPa in
the south, in which the fraction of EAD, NFD and MED dust is 18.4%,
16.2% and 22.5% (Fig. 7a). Between 800 and 200 hPa, MED dust
contributes more mass concentration fraction (22.3%) than EAD
(14.7%) and NFD (14.1%) dust. In the north region, because of the dust
source locations (e.g., Gobi and Taklamakan desert), EAD dust can
contribute more than 78% to the total aerosol mass below 600 hPa. At
400-600 hPa, EAD dust contributes about 35.0%, followed by NFD dust
(23.1%) and MED dust (17.9%). Above 400 hPa, NFD dust becomes the
major contributor with a value of 23.2%. Overall, at the height of
dominant aerosol transport (600-200 hPa), dust is the major aerosol
particle that contributes 56.5% to the total aerosol mass in the south,
where the mass concentration of EAD, NFD and MED dust is 0.34, 0.34
and 0.47 μgm−3, respectively; in the north, dust contributes 75.4% to
the total aerosol mass, where the mass concentration of EAD, NFD and
MED dust is 1.46, 1.17 and 0.89 μgm−3, respectively.

Monthly variation of column-integrated mass of various aerosol
compositions for the period of 2010–2015 is illustrated in Fig. 7c, d, e
and f. In the south, MED dust is higher than EAD and NFD dust with
maximum mass concentration of 16.9mgm−2 in June and minimum
mass concentration of 2.4mgm−2 in December, respectively. The
maximum mass concentration of EAD and NFD dust is 12.4 mgm−2 in
May and 10.5 mgm−2 in April, respectively, and the minimum mass
concentration is 2.7 mgm−2 in January and 1.1mgm−2 in August,
respectively. Compared with SO4 and OM, EAD and NFD dust are lower
in September–March, but MED dust is higher in April–September. Other
aerosols, mainly composed of OM, SO4, NO3, NH4, OIN and sea-salt,
have similar total mass concentration compared with dust. Fig. S5
shows the spatial distribution of aerosol component column mass from

Fig. 6. (a) WRF-Chem estimate of annual mean (2010–2015) dust emission
(unit: Tg yr−1) from East Asia, North Africa and Middle East deserts. (b–e) The
value of annual global total dust emission (unit: Tg yr−1) is also shown for the
import dust mass flux from East Asia, North Africa and Middle East deserts to
East Asia (b and d) and the outflow dust mass flux from East Asia originating
from East Asia, North Africa and Middle East deserts (c and e). Meridionally
integrated dust mass fluxes are shown in (b) and (c) by season, and meridional
distributions of seasonal dust mass fluxes are shown in (d) and (e).
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WRF-Chem simulations averaged for 2010–2015. Clearly, the OM, SO4,
NO3 and NH4 are mainly from the India and eastern China due to the
precursor gases emitted from power plants, industries, automobiles,
and biomass burning (Chin et al., 2007; Yu et al., 2008; Guttikunda
et al., 2014; Hu et al., 2016) and the OIN are manly from East Asia.
Also, the Indian Ocean and Pacific Ocean can produce sea-salt and
import into the atmosphere over this region. In the north, EAD dust is
the largest aerosol composition with maximum mass concentration of
83.6 mgm−2 in May and minimum mass concentration of 18.2mgm−2

in January. NFD and MED dust are comparable with maximum mass
concentration of 25.5 mgm−2 and 21.4 mgm−2 in April. The minimum
mass concentration of 3.1mgm−2 (NFD dust) and 5.8 mgm−2 (MED
dust) is in August and December, respectively. Also, we can see that the
mass concentration of NFD and MED dust is smaller than that of SO4
and OM in June–September.

Dust number concentration is a critical factor in models as it can
influence clouds and radiative forcing. Zhao et al. (2013b) examined
the uncertainties in modeling dust radiative forcing using three dif-
ferent dust size distribution based on the WRF-Chem model and showed
that the MOSAIC aerosol scheme with the 8-bin could well represent the
dust size and dust number loading spatial distribution. To better un-
derstand the vertical distribution of dust number, the WRF-Chem si-
mulated annual mean (2010–2015) vertical distributions of fractional
contributions to the size of dust aerosol number over East Asia is shown
in Fig. 8. Here, East Asia is divided into regions south and north of 37° N
from 75° E to 145° E. Clearly, the transported dust particles have a
dominant size range of 0–2.5 μm, especially between 0.156 and
1.25 μm. The EAD dust number is dominated in the north by a size
range of 0.156–0.625 μm below 600 hPa because the dust emission
source is located in this region. And we can see that the dust number
fraction significantly decreases with the altitude with a maximum value
of 14% located at 900-700 hPa. For the NFD dust number, the fraction
is mainly in the range of 0.156–0.625 μm above 600 hPa and the
maximum value can reach 16% in both north and south regions.
Overall, the dust number over East Asia from EAD is mainly transported

Fig. 7. Fractions of aerosol composition to the total aerosol
mass concentration (units: μg m−3) in five separate vertical
layers: 0–200, 200–400, 400–600, 600–800 and
800–1000 hPa from the WRF-Chem simulation averaged for
2010–2015 in the south (0-37° N; 75° E–145° E) (a) and north
(37° N −60° N; 75° E–145° E) (b). The numbers on the right
vertical axis of panels (a) and (b) represent the averaged
aerosol mass concentration in the five vertical layers.
Monthly mean of aerosol composition column mass con-
centration (units: μg m−2) in the south (c, e) and north (d, f).

Fig. 8. Vertical distribution of fractional contributions to the particle numbers
of dust aerosols for different size bins averaged over 0–37° N (South) and 37°
N–60° N (North) between 75° E–145° E. The data sets are averaged between
2010 and 2015.
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in the north at a lower altitude, but the EAD dust number has similar
value in the south and north at a higher altitude. Different from EAD
and NFD dust number, the MED dust number fraction is mainly in the
south with a size range of 0.312–0.625 μm in the total column with a
value of 16%. This is attributed to the fact that MED dust is mainly
transported south of 37° N and the topographic forcing of the Tibetan
Plateau can lift the dust particle into the upper troposphere (Xu et al.,
2018).

4. Conclusions and discussion

In this study, a fully coupled meteorology-chemistry model (WRF-
Chem) is configured to conduct quasi-global simulation for 6 years
(2010–2015). In order to better characterize the dust source contribu-
tion over East Asia, the tracer-tagging technique developed by Wang
et al. (2014) is employed in the dust aerosol simulation to characterize
the dust particles emitted from three major desert regions (NFD, EAD,
and MED). We use reanalysis data (ERA-interim and MERRA) and the
satellite retrieved AOD (MODIS and MISR) to evaluate the model per-
formance in simulating the spatial patterns of geopotential height and
AOD. Model results indicate that the total dust emission loading over
the three desert regions is about 4531 Tg yr−1. Prevailing westerlies
transport the dust from NFD and MED eastward and then they merge
with the EAD dust. Over the desert regions, the maximum dust mass
concentration can reach more than 50 μgm−3 at 700 hPa and 8 μgm−3

at 500 hPa. During intercontinental transport, the NFD and MED dust
are divided into two branches by the Tibetan Plateau with a higher
value of 4 μgm−3 over the north. The NFD dust aerosols are transported
into East Asia mainly between 25° N-55° N and the MED dust aerosols
are transported between 3° N-60° N. However, less MED dust aerosols
are transported south of the Tibetan Plateau because of stronger wet
scavenging in this region (Yu et al., 2008). For the outflow, the EAD
dust is mainly located below 600 hPa with a value of 3 μgm−3, and the
MED and NFD dust is mainly above 600 hPa with a value of 2 μgm−3.

On an annual basis, NFD has a maximum dust loading of
2973 Tg yr−1, followed by MED with a value of about 1090 Tg yr−1,
and EAD has a minimum dust emission loading of 468 Tg yr−1. There
are about 16.0 Tg yr−1 and 33.8 Tg yr−1 of dust from NFD and MED
imported into East Asia and about 12.0 Tg yr−1 of EAD dust is outflow
from East Asia. For the outflow, and the dust mass flux is 6.4 Tg yr−1 for
EAD, 5.0 Tg yr−1 for NFD and 3.9 Tg yr−1 for MED with the largest
outflow in spring.

Dust aerosols are the most dominant aerosol composition by mass
over land. In the south region, dust aerosols contribute 56.5% to the
total aerosol mass concentration, in which EAD dust, NFD dust, MED
dust is 0.34, 0.34 and 0.47 μgm−3, respectively. In the north region,
because of EAD dust, the dust contribution reaches 75.4% with
1.46 μgm−3 of EAD dust, 1.17 μgm−3 of NFD dust and 0.89 μgm−3 of
MED dust. In general, the maximum dust mass concentration of 12.4
(EAD dust), 10.5 (NFD dust) and 16.9 (MED dust) mg m−2 is in June,
May and April, respectively. The dust number from EAD is mainly in the
north with a size range of 0.156–0.625 μm below 600 hPa. For the NFD
dust number, the fraction is mainly in a similar particle size range
above 600 hPa with the maximum value of 16%. However, the MED
dust number fraction is mainly in the south with a size range of
0.312–0.625 μm in the total column with the fraction of 16%.

Our findings show that the NFD dust and MED dust can be trans-
ported into South and East Asia following the prevailing westerlies and
merge with the EAD dust, and subsequently transported to North
Pacific. These dust aerosols can reach mid-to-upper troposphere during
their long-range transport (Figs. 3 and 4) and could provide an im-
portant source of ice nuclei and influence the cloud radiative forcing.
Such impacts of dust aerosols over East Asia and North Pacific are
understudied and should be addressed in future studies.
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