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Abstract Global Ozone Chemistry Aerosol Radiation and
Transport (GOCART) model simulations for dust in 2007
are applied in this study to investigate the impact of long-
range desert dust transport on the dust concentration and wet
deposition in coastal cities of East Asia: Shanghai and Hong
Kong. The temporal variation of dust concentrations in both
Shanghai and Hong Kong exhibits a maximum in spring
(May), with a majority of Gobi dust, which accounts for
88 % in Shanghai and 58 % in Hong Kong in the lower
troposphere. Correspondingly, the peaks of convective and
large-scale wet deposition in May in Shanghai are controlled
by Gobi dust, with a contribution of 74–83 %. The wet depo-
sition of dust in summer is affected mainly by strong convec-
tive precipitation and dominated by Taklamakan dust, with a
contribution of 31–47 % in Shanghai and 19–37 % in Hong
Kong, followed by Arabian and Karakum–Kavir dusts. The
wet deposition in spring (April) is caused mainly by large-
scale precipitation, with a majority of Gobi dust, which ac-
counts for 57 % in Shanghai and 71 % in Hong Kong, follow-
ed by Sahara and Taklamakan dusts. The temporal variation of
wet deposition of dust in Shanghai is affected mainly by the
dust concentration, while the variation in Hong Kong is

controlled by both dust concentration and convective
precipitation.
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simulation

Introduction

Dust particles, as a major aerosol component, are important in
meteorological changes and biogeochemical cycles
(Mahowald et al. 2005; Mctainsh and Strong 2007; Shao
et al. 2011). Mineral dust particles affect meteorological and
climatic changes by absorbing and scattering the radiation in
the atmosphere, as well as modifying the optical properties of
clouds (Tegen 2003). All these effects relate to the loading of
airborne dust particles and their vertical distribution in the
atmosphere. Atmospheric mineral dust deposits in the ocean
and on land to affect ecosystems by contributing to the trans-
port of nutrient elements, i.e., phosphorus (P), iron (Fe), and
nitrogen (N) (Nishikawa et al. 1991; Duce 1995; Prospero
1996; Okin et al. 2004; Jickells et al. 2005). But the content
of nutrient elements, Fe for example, in the dust particles from
different deserts is different, and this will lead to different
effects on biogeochemical processes. To evaluate these mete-
orological and biogeochemical effects on regional and global
scales, temporal and spatial variation of dust concentration
and deposition, as well as the composition from different de-
sert sources, must be assessed.

Coastal East Asia is one of the most intensively populated
regions in the world, so the meteorological and biogeochem-
ical effects of mineral dust particles over this region have
important effects on human activities, especially in the large
cities. In addition, long-range transport of desert dust on a
global scale is steadily occurring, producing long-term
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impacts on local climates and ecosystems in coastal East Asia.
Because precipitation in coastal East Asia is often active and
occurs far away from deserts, the wet deposition of dust that
accompanies precipitation plays an important role in dust de-
position in coastal East Asia. To study the temporal and spatial
variations of dust concentration and wet deposition in coastal
cities of East Asia, many kinds of observations can be imple-
mented, for example, in situ observations and satellite obser-
vations (Kim et al. 2016), but observation data generally can-
not differentiate between local dust contamination and long-
range desert dust transport, and such data cannot be used to
evaluate the composition from different desert sources. In this
study, the atmospheric chemical transport model Global
Ozone Chemistry Aerosol Radiation and Transport
(GOCART) is implemented to separately simulate the trans-
port of dust particles originating from deserts in Asia and
Africa in order to quantitatively assess the contribution of dust
from different desert sources to the dust concentration and wet
deposition in coastal cities of East Asia.

The objective of this study is to investigate the tempo-
ral and spatial variations of the dust concentration and wet
deposition in coastal cities of East Asia, as well as the
composition from different desert sources to reveal the
relationship between the contribution of desert dust and
its transport and precipitation. The description and valida-
tion of the GOCART model are given in the BModel
description^ and BValidation of dust sources with satellite
observations^ sections. Analysis of the model results, in-
cluding the characteristics of desert dust transport, con-
centration, and wet deposition, is presented in the BDust
transport to coastal East Asia,^ BVariability and composi-
tion of urban dust concentration in coastal East Asia,^ and
BVariability and composition of urban wet deposition of
dust in coastal East Asia^ sections, respectively, followed
by conclusions in the BSummary and Conclusions^
section.

Model description

The Georgia Tech/Goddard GOCART 4.0 model is a chemis-
try transport model that simulates the major aerosol compo-
nents in the atmosphere, including sulfate, mineral dust, black
carbon, organic carbon, and sea salt, through the parameteri-
zation and calculation of the aerosol processes of emission,
chemistry, advection, convection, diffusion, dry deposition,
and wet deposition. The assimilated meteorological fields
from the Goddard Earth Observing System Data
Assimilation System (GEOS DAS) version 4 are applied to
drive the GOCART model. The horizontal resolution of the
GOCART model is 2° latitude by 2.5° longitude, and its ver-
tical resolution is 30 layers from the ground to 0.01 hPa.
Detailed information on the GOCART model can be found
in previous publications (Allen et al. 1996; Chin et al. 2000,

2001, 2002, 2007; Ginoux et al. 2001; Zhang et al. 2014).
Here we give a brief introduction of the major model compo-
nents for dust simulation.

Emission of dust source

The GOCART model is restricted to dust particles with a
radius of 0.1–10 μm, while the size distribution is modeled
into five size bins. Ginoux et al. (2001) applied the empirical
formulation by Gillette and Passi (1988) for dust uplifting as
the algorithm of the dust emission scheme in GOCART, in
which the flux Fp (unit: μg m

−2 s−1) of size bin p is calculated
by the expression:

Fp ¼ C⋅S⋅spu2 u−utð Þ if u > ut ð1Þ

where C, with the value of 1 μg s2 m−5, is a dimensional
factor; sp is the fraction of size bin p within the soil; and u is
the horizontal wind speed at the surface. S (unitless) is the dust
source function and is represented by the fraction of alluvium
available for wind erosion (Ginoux et al. 2001). S is calculated
by the following expression:

S ¼ zmax−zi
zmax−zmin

� �5

ð2Þ

where S is the probability of the sediments being collected in
grid cell i with altitude zi, and zmax and zmin mean the maxi-
mum and minimum altitudes in the surrounding 10° latitude
by 10° longitude region, respectively. The parameter ut is the
threshold velocity for soil erosion, as determined by surface
wetness and particle size:

ut ¼ 6:5

ffiffiffiffiffiffiffiffiffiffiffiffi
ρp−ρa
ρa

r
gΦp 1:2þ 0:2log10ωð Þ if ω < 0:5 ð3Þ

where ρa and ρp represent the air and particle densities, respec-
tively;Φp is the particle diameter; andω is the surface wetness,
with the value being in the range from 0.001 to 1.

Aerosol optical depth

Aerosol optical depth (AOD), which reflects the attenuation of
sunlight by a column of aerosol, can serve as a measure of
aerosol column concentration. Given the aerosol type, mass,
and wavelength, the AOD τ can be calculated by the formu-
lation listed below:

τ ¼ B⋅Md ð4Þ
whereMd is the aerosol dry mass excluding the mass of water
taken by the aerosol, and B is called the specific or mass
extinction coefficient (m2 g−1), including all the humidifica-
tion effects. Correspondingly, the value of B is related to the
relative humidity (RH) and wavelength (Chin et al. 2002) and
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is calculated from the optical property database in the Global
Aerosol Data Set under the Mie-scattering theory (Koepke
et al. 1997).

Wet deposition

Wet deposition of aerosols in the GOCART model includes
the removal processes of large-scale precipitation and convec-
tive precipitation. The calculation method for dust is the same
as that used for sulfate (Ginoux et al. 2001). The aerosols
scavenged by convective precipitation are computed accord-
ing to the convective mass transport operator. When an air
mass is pumped in wet convective updrafts, a fraction of its
aerosols will deposit. This fraction is called the scavenging
efficiency, equal to 50 % in shallow wet convection (extend-
ing up to 2600 m altitude) and 100 % in deep wet convection.
The aerosols scavenged by large-scale precipitation are com-
puted using a first-order loss operator, which is parameterized
using the method of Giorgi and Chameides (1986).

Separation of dust sources for the individual desert dust
simulation

More than 90% of the dust particles in the Earth’s atmosphere
are emitted from the deserts in Africa and Asia between 15°
and 35° N (Chin et al. 2007), including six deserts: the Sahara
Desert in Africa, the Taklamakan and Gobi deserts in China
and Mongolia, the Arabian Desert in the Middle East, the
Karakum and Kavir Deserts in Central Asia, and the Thar
Desert in the Indian subcontinent.

In this study, the dusts emitted from these six deserts are
simulated respectively. To simulate a desert dust individually,
it is necessary to separate the dust source from other sources.
First, the source region of the above six deserts is partitioned
by setting a panel which covers the desert source (Fig. 1).
Then in the simulation for an individual desert dust, the dust
emission in the corresponding panel is retained while other
desert dust emissions are ignored by setting the value of their
emission flux as zero.

2007 is the latest year that can be simulated by GOCART
4.0. On the other hand, previous studies (Lee et al. 2010;
Zhang et al. 2014) have found that the impact of long-range
desert dust transport on coastal East Asia is largest in spring,
with its majority coming from Gobi Desert. In this study, the
dust emission of Gobi Desert in spring is represented with the
UV Aerosol Index data from the Ozone Monitoring
Instrument (OMI) satellite observations, and the interannual
variability of the spring UVAI over the Gobi Desert during the
period from 2005 to 2013 is presented in Fig. 2. It can be seen
that the value of OMI UVAI over Gobi Desert region is 1.05 in
2007, which is 96 % of the temporal average value from 2005
to 2013 (1.10). Therefore, the Gobi dust emission in 2007 can
be referring as the representative of its climatic mean value.
Consequently, 2007 is selected as the simulation period in this
study.

Validation of dust sources with satellite observations

The accurate calculation of dust emission flux plays an impor-
tant role in the dust simulation because dust source is critical
to the overall distributions of dust mass in the atmosphere and
its deposition to the ground. Therefore, the dust sources sim-
ulated by GOCART are validated with the satellite observa-
tions. Firstly, the simulation for global dust sources is validat-
ed with the UVAI data from OMI. Then the simulations for
individual desert dust source are validated with the dust ex-
tinction data at the wavelength of 532 nm from the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO).

To validate the GOCART model simulation for global dust
in 2007, the GOCART-simulated dust AOD at a wavelength
of 550 nm is compared with the satellite-observed aerosol
data. Because the satellite-observed AOD actually reflects
not just desert dust but also other aerosol components, even
reflecting mainly anthropogenic aerosols over regions with
high population, the properties of dust distribution cannot be
presented accurately by the satellite-observed AOD.
Therefore, the UVAI data from the OMI is used in this study

Fig. 1 Location of desert source regions (in the red panel) used in
GOCART simulation cases, while the green line is the cross section
used to show the vertical distribution of dust extinction
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Fig. 2 The interannual variability of the spring UVAerosol Index over
Gobi Desert region (see Fig. 1) from 2005 to 2013
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to present the properties of dust distribution and compare them
with the simulated dust AOD. A positive value of UVAI
comes mainly from desert dust because absorption by dust
increases strongly toward the UV (Torres et al. 2007).

Figure 3 shows the distributions of UVAI from OMI and
the comparisons with GOCART-simulated dust AOD at a
wavelength of 550 nm for March–April–May (MAM) 2007,
June–July–August (JJA) 2007, September–October–
November (SON) 2007, and December–January–February
(DJF) 2007. The model and satellite data give generally con-
sistent spatial patterns of dust distribution and its seasonal
variations, with the most prominent features of dust plumes
over the major continental source regions being readily iden-
tified. But the calculated dust AOD cannot quantitatively rep-
resent the distribution of dust plumes, and several differences
between UVAI and GOCARTAOD are evident over the ma-
jor dust source regions. The GOCART model substantially
overestimates the dust AOD over the Taklamakan Desert in
spring (MAM), summer (JJA), and autumn (SON). Over the
Arabian Desert, on the other hand, GOCART underestimates
the dust AOD in spring and summer. The dust AOD over the
Sahara Desert is overestimated in autumn and underestimated
in summer and winter (DJF).

The difference between the model simulation and sat-
ellite observations is actually related to the uncertainties
involved in deriving the AOD from the model, of which
we will discuss a few here. According to Eq. (4), the
AOD at any given wavelength is determined by two quan-
tities: the dry aerosol mass Md and the mass extinction
efficiency B. The aerosol dry mass Md is determined by
the emissions, transport, and deposition processes. Each
of these processes is complex and highly uncertain. The
accurate calculation of aerosol emission flux plays a sig-
nificant role in determining the amount and distribution of
aerosol mass in the atmosphere. The Md and AOD of the
same kind of aerosol are almost linearly related to the
emissions (or the amount of precursors) on a global scale
(Chin et al. 2001). Therefore, errors in emission flux will
have a direct effect on model-simulated Md and AOD.
The dust emission flux is highly dependent on the deter-
mination of the properties in the atmospheric surface
boundary layer and the ground surface conditions for dust
mobilization. The estimation of dust emission flux in the
model is very sensitive to the threshold wind velocity for
dust erosion, which is still affected by factors that are not
the same for every desert. For example, the consistently

Fig. 3 Comparison between the seasonal distributions of the UVAI fromOMI observations and dust AOD (550 nm) fromGOCARTsimulations in 2007
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overest imated dust AOD by GOCART over the
Taklamakan Desert is likely caused by an excessive dust
emission flux, which is most probably related to the inac-
curate determination of threshold wind velocity. This can
be explained by the Taklamakan Desert being higher in
altitude than other deserts because it is closer to the
Tibetan Plateau, the highest plateau in the world.
Therefore, the properties of the atmospheric surface
boundary layer over the Taklamakan Desert are different
from those of other deserts, and this difference should
have an effect on the determination of the threshold wind
velocity over the Taklamakan Desert. But this property of
the Taklamakan Desert is not considered in the calculation
of threshold wind velocity, which is still treated uniformly
for all deserts in GOCART to ensure numerical simulation
efficiency.

If aerosol dry mass is given, we can determine the
quantity B according to the aerosol’s microphysical and
optical properties, which are actually not constant and
vary depending on the atmospheric environment in which
the aerosol is transported. For example, under some given
meteorological conditions, dust particles can adsorb the
moisture in the atmosphere by acting as condensation nu-
clei, or they can even combine with other kinds of aerosol
particles, especially soluble aerosols like sulfate and ni-
trate. These physical and chemical transitions for dust
particles obviously have direct and indirect effects on
their microphysical and optical properties. However, the
model cannot take into account all these transitions relat-
ed to aerosol properties and can only highly parameterize
the properties in order to improve computation efficiency.

The monthly mean profiles of dust extinction in the
troposphere below 12 km from CALIPSO Lidar level 3
aerosol product data are used in this study. According to
the UVAI distribution shown in Fig. 3, the cross sections
passing over the major dust source regions have been
selected to make sure the CALIPSO observed dust extinc-
tion in these cross sections that just present the character-
istics of the dust plume emitted from the local source, not
other sources. The location of these cross sections is
shown in Fig. 1. Figure 4 compares the dust extinction
in these cross sections from CALIPSO observation and
GOCART simulation for individual desert source
(550 nm).

As seen in the cross sections, GOCART simulations for
every individual desert dust can capture the seasonal variation
of vertical extension of dust plume in large scale: dust reaches
the lowest altitude in winter and the highest altitude in spring
or summer. The seasonal variation of vertical distributions of
the low level contours (0.03–0.06) of dust extinction from
CALIPSO observation can be simulated by GOCART, but
the corresponding contour of Arabian, Karakum–Kavir, and
Thar dust extinction from GOCART simulation is much

smaller in magnitude than the CALIPSO observation, and this
is consistent with the results concluded from the comparison
between GOCART simulated dust AOD and OMI observed
UVAI (Fig. 3).

GOCART simulation can reproduce correctly the loca-
tion of the dust source observed by CALIPSO, including
the Sahara dust source between 10° and 20° E in winter,
and the one between 0° and 20° E in autumn; Gobi dust
source between 100° and 105° E, and between 115° and
120° E in winter; Arabian dust source around 25° N in
summer and autumn; Karakum–Kavir dust source be-
tween 25° and 30° N, and between 25° and 30° N; and
Thar dust source between 26° and 30° N. On the other
hand, the dust emission calculation for these dust sources
in GOCART simulation is inadequate because the value of
dust extinction at the location of these dust sources sim-
ulated by GOCART is smaller than the CALIPSO
observations.

The comparison between GOCART simulation and
CALIPSO observation indicates that GOCART simulation
for every individual desert dust source can reproduce the
seasonal and large spatial scale characteristics of dust
plume emitted from the simulated source but do not cap-
ture the pronounced feature in small spatial scale. This
limitation is caused mainly by the coarse vertical resolu-
tion of GOCART model, which is 30 layers from the
ground to 0.01 hPa, while the vertical resolution of
CALIPSO data is 208 layers from the surface to 12 km
altitude.

Dust transport to coastal East Asia

In order to reveal the season in which most dust particles
can be transported to coastal East Asia, Fig. 5 shows the
seasonal distributions of every desert dust AOD which are
retrieved from the corresponding simulation for individual
desert dust respectively. At the same time, the vertical
variation of dust concentration during long-range trans-
port is shown in three profiles. The zonal vertical profiles
are at two latitudes 40° N, representing the eastward
transport on the north side of the Tibetan Plateau, and
20° N, representing the eastward transport on the south
side of the Tibetan Plateau (Fig. 5, bottom row). The
meridional vertical profile at longitude 115° E can further
show the dust concentration distribution after arriving in
East Asia (Fig. 6).

Associated with the winter monsoon in East Asia (Lee
et al. 2010), Gobi dust has a larger influence on coastal
East Asia in spring and winter when more dust particles
spread southward into coastal East Asia south of 30° N,
resulting in the regional AOD being larger than 0.02.
Because a lot of dust particles are uplifted into the
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atmosphere by the frequent dust storms in spring, the
spring Gobi dust AOD over coastal East Asia is larger
than that in winter, with an increase from 0.02 to 0.2. In
spring, the Gobi dust concentration over coastal East Asia
(around 120° E) is about 100 μg m−3, extending vertically
from the surface to an altitude of 700 hPa (Fig. 5, zonal
vertical profile at 40° N). Shown by the meridional verti-
cal profile at 115° E in spring, the maximum dust concen-
tration appears above the surface around 40° N, being
larger than 150 μg m−3, while the corresponding dust
concentration at lower latitudes from 20° to 30° N is in
the range of 10–100 μg m−3.

In spring, a Sahara dust band with an AOD above 0.05
expands eastward a long distance across the Middle East,
Central Asia, and northeastern Asia to arrive at the North
Pacific Ocean, while it becomes weaker in winter. The loca-
tion of this band certainly agrees with the transport pathway of
Sahara dust to East Asia demonstrated by Lee et al. (2011),
which includes a track from the eastern Mediterranean region
to the Middle East subtropical jet, the polar jet, and the East
Asian subtropical jet (Lee et al. 2011). In addition, the east-
ward transport of Sahara dust is divided into two branches by
the Tibetan Plateau, and the branch on the south side of the
Tibetan Plateau just passes across the Indian subcontinent. In

Fig. 4 Comparison of the vertical distribution of desert dust extinction in cross sections from GOCART simulations (550 nm) and CALIPSO
observations (532 nm) in 2007
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spring, the contribution of Sahara dust to the AOD over coast-
al East Asia south of 30° N is larger than 0.02 (Fig. 5). The
Sahara dust arriving in coastal East Asia (around 120° E)
appears mainly in the middle troposphere (700–400 hPa), with
the concentration being larger than 10 μg m−3 (zonal vertical
profile at 40° N in Fig. 5). The dust plume, shown in the
meridional vertical profile at 115° E in spring, exists mainly
in the upper atmosphere at 700 hPa. The maximum concen-
tration, appearing at 35° N, is larger than 18 μg m−3, while the
dust concentration at lower latitudes (20°–30° N) varies from
4 to 16 μg m−3.

Huang et al. (2007) analyzed CALIPSO data and found
that in summer, the impact of Taklamakan dust on the

downwind Tibetan Plateau is larger than that derived from
previous surface observations. In our study, the dust emitted
from the Taklamakan Desert has a higher impact on coastal
East Asia in summer than it does in other seasons, especially
south of 25° N, where the AOD is larger than 0.02. The
Taklamakan dust over coastal East Asia (around 120° E) dom-
inates the middle to upper troposphere (700–200 hPa), where
the dust concentration is larger than 10 μg m−3 (Fig. 5, zonal
vertical profile at 40° N). The center of the dust plume at lower
latitudes (20°–30° N) occurs at an altitude of 400 hPa (Fig. 6).
Although the Taklamakan Desert is close to the Gobi Desert, it
differs in that Gobi dust transport is impacted by the Asian
monsoon, while Taklamakan dust transport is impacted

Fig. 4 continued.
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mainly by its specific topography. West China, where
Taklamakan Desert is located, is so high in altitude that the
East Asianmonsoon cannot cover it; therefore, the transport of
Taklamakan dust to coastal East Asia occurs in the upper
atmospheric layer that cannot be controlled by the monsoon.

Arabian and Karakum–Kavir dusts have the same transport
pattern to coastal East Asia: they transport eastward via the
north side of the Tibetan Plateau in spring and via the south
side of the Tibetan Plateau in summer. But the spring transport
is more obvious for Arabian dust, while the summer transport
is more apparent for Karakum–Kavir dust. The Arabian dust

concentrations shown by the zonal vertical profile at 40° N in
spring, and the Karakum–Kavir dust concentrations shown by
the zonal vertical profile at 20° N in summer, are more than
1 μg m−3 in coastal East Asia (120° E). The meridional verti-
cal profile at 115° E further shows that the Arabian dust plume
in spring occurs mainly in the middle troposphere (600–
500 hPa) north of 30° N, and the Karakum–Kavir dust plume
in summer occurs mainly in the lower troposphere (900–
800 hPa) south of 30° N.

Via the south side of the Tibetan Plateau, Thar dust is
transported eastward in a narrow band to coastal East Asia

Fig. 5 Each desert dust AOD (550 nm) distribution (top 4 rows) and concentration (unit: μgm−3) in zonal vertical profile at 20° or 40° N (on logarithmic
scale; bottom row). The value of the solid line is the AOD or concentration value

Fig. 6 Dust concentration (unit:
μg m−3) in the meridional vertical
profile at 115° E (on logarithmic
scale). The value of the solid line
is the concentration value
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around 30° N in summer; therefore, this transport is not
apparent in the zonal vertical profile at 20° N. But in the
meridional vertical profile at 115° E, the Thar dust plume
occurs mainly in the middle troposphere (800–500 hPa) in
summer, and the maximum appear at 30° N at 700 hPa.

Variability and composition of urban dust
concentration in coastal East Asia

In this section, we select two cities in coastal East Asia,
namely Shanghai and Hong Kong, to study the variability
and composition of their dust concentration. Shanghai and
Hong Kong play an important role in East Asia because
they are the top financial centre in the world. On the other
hand, the population density of these two cities is larger
than that of other cities in East Asia. Therefore, the qual-
ity of environment of these two cities, especially the air
quality, can have potential huge effect on human health
and activities, even on the economic development of East
Asia. Hong Kong is located in South China, centered at
114.25° E and 22.25° N, at the mouth of the Pearl River
where it meets the South China Sea. Shanghai is located
in East China, centered at 121.48° E and 31.18° N, at the
mouth of the Yangtze River where it meets the East China
Sea.

It is noted that because the resolution of the GOCART
model is 2.5° longitude by 2° latitude, larger than the real
size of Shanghai and Hong Kong, the GOCART-simulated
results for Shanghai and Hong Kong are actually the spa-
tial average of the grid cell that includes Shanghai and
Hong Kong. If the aerosol is emitted from local source
in one grid cell, its concentration should show obvious
spatial variation in this grid cell. Therefore, the aerosol
concentration in a city located in this grid cell cannot be
represented by the spatial mean value of aerosol concen-
tration in this grid cell. But now, we are studying the
impact of long-range transport of dust, even the intercon-
tinental transport. Dust particles have mixed very well in
the atmosphere after the long-range transport process.
Therefore, in the downstream grid cell which includes
Hong Kong and Shanghai, the spatial variation of dust
concentration is very small. The dust concentration in
the city located in this grid cell should very close to the
spatial mean value of dust concentration in this grid cell.
Another notice is that, for the grid cell which includes
Hong Kong and Shanghai, its area except for the city is
covered mainly with water, without dust source.
Therefore, for the dust concentration in this grid cell,
there is no contamination from local source.

Temporal and vertical variations in dust concentration
are illustrated in Fig. 7 in Shanghai and Hong Kong, and
it can be seen that most dust particles are concentrated in

the troposphere. The wet deposition of dust is related with
the cloud and precipitation which is formed mainly in the
middle troposphere layer. Therefore, the troposphere is
further divided into the following three sublayers: the up-
per (500–200 hPa), middle (800–500 hPa), and lower tro-
posphere (ground surface–800 hPa). Correspondingly,
Fig. 8 further shows the monthly variation of the compo-
sition of dust concentration in the upper, middle, and
lower troposphere.

The dust concentrations in Shanghai and Hong Kong show
many similar features in seasonal variation and composition.
The seasonal variation of dust concentration exhibits two
maxima: one in the winter caused by the dust in the lower
troposphere (Shanghai, more than 60 μg m−3 in December;
Hong Kong, 29 μg m−3 in November), and the other in the
spring (May), controlled mainly by the dust in the middle
(Shanghai, 85 μg m−3; Hong Kong, 21 μg m−3) and lower
troposphere (Shanghai, 163 μg m−3; Hong Kong, 37 μg m−3).
For these maxima, Gobi dust is generally the first major com-
ponent, followed by Sahara and Taklamakan dusts, while their
percentage contributions show vertical variation in the
subtropospheric layer.

For dust concentrations in spring (March–May), the Gobi
dust ratio shows a vertically upward decrease, i.e., for the peak
dust concentration inMay; the contribution of Gobi dust in the
lower troposphere (88 % in Shanghai; 58 % in Hong Kong) is
larger than that in the middle troposphere (67 % in Shanghai;
26 % in Hong Kong) because of Gobi dust transport to coastal
East Asia in the lower troposphere (see the BDust transport to
coastal East Asia^ section). On the other hand, the contribu-
tion of Sahara dust displays a vertically upward increase for
dust concentration in spring, because its transport to coastal
East Asia exists mainly in the middle and upper troposphere
(see the BDust transport to coastal East Asia^ section). For the
same reason, the contribution of Taklamakan dust displays a
vertically upward increase for dust concentration in summer
(June–August).

Also of note is that in spring, affected by the southward dif-
fusion, the concentrations of Gobi, Sahara, and Taklamakan dust
in Hong Kong (lower latitude) are smaller than that in Shanghai
(higher latitude), but the relatively sharp decrease of Gobi dust
concentration during its southward dispersion makes the Sahara
and Taklamakan dusts in Hong Kong account for a greater per-
centage than in Shanghai, compared with the Gobi dust account-
ing for a smaller percentage in Hong Kong than in Shanghai.

Karakum–Kavir dust makes its largest contribution in
the lower troposphere during summer (Shanghai, 22 % in
July; Hong Kong, 41 % in August), corresponding to its
transport to coastal East Asia in the lower troposphere in
summer. In addition, the percentage of Karakum–Kavir
dust in Hong Kong is larger than that in Shanghai, be-
cause it enters East Asia via the south side of the Tibetan
Plateau.
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Arabian dust has two strong impacts on Shanghai and
Hong Kong: one in spring (March) and the other in sum-
mer (July). The impact in spring (March) can be seen
from the high concentration of Arabian dust in the middle
troposphere in Shanghai (4.6 μg m−3) and Hong Kong
(1.6 μg m−3). At this time, the transport of Arabian dust
to coastal East Asia via the north side of the Tibetan
Plateau makes its concentration in Shanghai larger than
that in Hong Kong. However, the contribution of
Arabian dust in Shanghai (10 %) is smaller than that in
Hong Kong (27 %), which results from the comparatively
large concentrations of Gobi, Sahara, and Taklamakan
dust in Shanghai. The impact of Arabian dust in summer
(July) is represented by the percentage contribution in the

lower troposphere in Shanghai (24 %) and Hong Kong
(31 %). In addition, the percentage value in Hong Kong
is larger than that in Shanghai, corresponding to the trans-
port of Arabian dust to coastal East Asia via the south
side of the Tibetan Plateau in summer (see the BDust
transport to coastal East Asia^ section).

Variability and composition of urban wet deposition
of dust in coastal East Asia

The variations of the convective and large-scale wet de-
position of dust in Shanghai and Hong Kong in 2007, and
the corresponding percentage contribution of their
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Fig. 8 Temporal variation of dust concentration and composition contribution in the troposphere sublayers in Shanghai and Hong Kong in 2007

Fig. 7 Temporal and vertical
distributions of the dust
concentration (unit: μg m−3) in
Shanghai and HongKong in 2007
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composition, are presented in Fig. 9. Because the wet
deposition of dust is related with the precipitation, we
select the precipitation production rate as the reference
parameter to discuss how the precipitation in Shanghai
and Hong Kong affect the wet deposition of dust. The
precipitation production rate data are retrieved from the
dataset of the Modern Era-Retrospective Analysis for
Research and Applications (MERRA). As reanalysis,
MERRA dataset makes extensive use of satellite observa-
tions (Rienecker et al. 2011). Therefore, it is very close to
the real phenomenon and is fit to be used in this study.
The precipitation production rates in Shanghai and Hong
Kong in 2007 are shown in Fig. 10. The data are gridded
into the same resolution as the GOCART model to make
an accurate analysis.

Because the wet deposition of dust occurs when dust particles
are scavenged out by rainfall, the variation in wet deposition
depends on the following two factors: (1) dust concentration
and (2) the amount of precipitation, including both convective
and large-scale precipitation. Here, we divide the wet deposition
of dust in Shanghai and Hong Kong into three groups: one is
caused mainly by high dust concentration, and the others come
from strong convective and large-scale precipitation.

Wet deposition mainly from convective precipitation

Wet deposition in summer is affected mainly by convec-
tive precipitation, while the dust concentration at this time
is very small. In summer, the convective wet deposition of
dust in Hong Kong (117–139 kg m−2 month−1 in June–
Augus t ) i s l a rge r than tha t in Shangha i (93–
96 kg m−2 month−1 in July–August) because the convec-
tive precipitation in Hong Kong is stronger than that in
Shanghai (Fig. 10).

Demonstrated by the vertical distribution of the precipita-
tion production rate from convection in summer, convective
precipitation develops in the whole troposphere, with the core
existing in the middle troposphere. Therefore, the dust parti-
cles that form convective wet deposition in summer come
mainly from the middle troposphere. Correspondingly, the
percentage contribution of convective wet deposition is most-
ly similar to the contribution of the concentration in the middle
troposphere. Taklamakan dust in West China dominates the
wet deposition in summer (31–47 % in Shanghai; 19–37 % in
HongKong), followed byArabian dust in theMiddle East and
Karakum–Kavir dust in Central Asia. The percentages of
Arabian and Karakum–Kavir dust in Hong Kong (Arabian

Fig. 9 Temporal variation of convective (CON) and large-scale (LS) wet deposition of dust in Shanghai and Hong Kong in 2007 (top row) and the
composition contribution (bottom row); colored bars are the same as in Fig. 8. Solid circle is the wet deposition from global sources

Fig. 10 Temporal and vertical
distributions of the precipitation
production rate (unit: μg kg−1 s−1)
in Shanghai and Hong Kong in
2007; red contour lines are the
convective precipitation, and
green contour lines are the large-
scale and anvil precipitation, with
those in summer generally being
anvil precipitation
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8–27 %; Karakum–Kavir 13–31 %) are larger than those in
Shanghai (Arabian 8–19 %; Karakum–Kavir 13–20 %) be-
cause they enter East Asia via the south side of the Tibetan
Plateau in summer.

Wet deposition mainly from large-scale precipitation

Wet deposition caused mainly by large-scale precipitation
generally occurs in spring (April). The large-scale wet depo-
sition of dust in Shanghai (301 kg m−2 month−1) is twice as
large as that in Hong Kong (104 kg m−2 month−1). For com-
position, Gobi dust from Mongolia dominates large-scale wet
deposition, followed by Sahara dust from North Africa and
Taklamakan dust from West China.

In Hong Kong, because large-scale precipitation in April
occurs in the lower troposphere (seen from the distribution of
large-scale clouds, not shown here), the ratio of every desert
dust in the wet deposition is very close to the ratio in the
concentration in the lower troposphere, i.e., Gobi dust ac-
counts for 71 % of the wet deposition and 66 % of the lower
troposphere concentration. On the other hand, in Shanghai,
the contribution of Gobi dust to the wet deposition (57 %) is
apparently smaller than that in the lower troposphere concen-
tration (71 %) but larger than that in the middle troposphere
concentration (47 %).

Wet deposition from high dust concentration

In Shanghai, the peaks of convective and large-scale wet de-
position in May seem to be determined mainly by the high
dust concentration, compared with the weak precipitation at
this time. For the composition, this kind of wet deposition is
therefore dominated by Gobi dust (74–83 %), because Gobi
dust is the majority of the high dust concentration, as
discussed in the BVariability and Composition of Urban Dust
Concentration in Coastal East Asia^ section.

Summary and conclusions

The atmospheric chemical transport model GOCART is
used in this study to quantitatively estimate the contribu-
tions of dust from different desert sources to the total dust
concentration and wet deposition in the coastal cities of
East Asia: Shanghai and Hong Kong. The temporal vari-
ation and spatial distribution of these contributions are
further analyzed to determine their dependence on dust
transport and other impacting factors.

The variation of every desert dust concentration and
their contributions to the total dust concentration in
Shanghai and Hong Kong are determined mainly by four
factors: (1) the amount of source emissions, (2) the dis-
tance from the desert source to the city of deposition, (3)

the altitude of the desert source, and (4) the transport
pathway of dust to East Asia. The dust concentrations in
both Shanghai and Hong Kong exhibit maxima in winter
and spring (May), and the majority of these maxima
comes from the Gobi Desert because the distance from
the Gobi Desert to the cities is shorter than that from other
deserts. In addition, the concentration and contribution of
Gobi dust in Shanghai are larger than that in Hong Kong,
because Shanghai is closer to the Gobi Desert than Hong
Kong. On the other hand, the contribution of Thar dust
from the Indian subcontinent is smaller than that of other
desert dusts because the Thar Desert has the smallest
amount of emissions among these deserts. The Sahara
Desert in North Africa is the farthest away from the cities,
but the amount of its emissions is huge, larger than that of
other desert sources, so Sahara dust is the second largest
contribution. The Taklamakan Desert is so high in altitude
that the transport of its dust to coastal East Asia during
summer occurs in the upper atmosphere; correspondingly,
Taklamakan dust makes the largest contribution to the
dust concentration in the upper troposphere over
Shanghai and Hong Kong during summer. The transport
of Arabian dust from the Middle East to coastal East Asia
via the north side of the Tibetan Plateau in spring makes
its concentration larger at higher latitudes (Shanghai), but
this transport changes to the south side of the Tibetan
Plateau in summer, which makes the Arabian dust contri-
bution larger at lower latitudes (Hong Kong). The trans-
port pathway of Karakum–Kavir dust from Central Asia
to East Asia via the south side of the Tibetan Plateau in
summer leads to its larger contribution at lower latitudes
(Hong Kong).

The variation in wet deposition of dust depends on two
factors: (1) dust concentration and (2) the amount of pre-
cipitation, including both convective and large-scale pre-
cipitation. Wet deposition in summer is affected mainly by
strong convective precipitation, while the dust concentra-
tion at this time is very small. With the core of the con-
vective precipitation existing in the middle troposphere,
the convective wet deposition has a similar composition
to the dust concentration in the middle troposphere, being
dominated by Taklamakan dust from West China (31–
47 % in Shanghai; 19–37 % in Hong Kong), followed
by Arabian dust from the Middle East and Karakum–
Kavir dust from Central Asia. Wet deposition in spring
(April) is caused mainly by large-scale precipitation, and
the majority is Gobi dust from Mongolia (57 % in
Shanghai; 71 % in Hong Kong), followed by Sahara dust
from North Africa and Taklamakan dust from West China.
In Shanghai, the peaks of wet deposition occur in May,
including convective and large-scale deposition, and seem
to be related with the high dust concentration, compared
with the weak convective and large-scale precipitation at
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this time, and this kind of wet deposition is apparently
controlled by Gobi dust (74–83 %).

The variation in total wet deposition of dust (the sum of
convective and large-scale wet deposition) has different pat-
terns in Shanghai and Hong Kong. The total wet deposition in
Shanghai shows similar seasonal variation to the dust concen-
tration, with peaks in May and December, demonstrating that
the wet deposition in Shanghai is affected mainly by the dust
concentration. On the other hand, in Hong Kong, the total wet
deposition becomes higher in May and July, demonstrating
that the wet deposition in Hong Kong is controlled by both
dust concentration and convective precipitation.
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