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ABSTRACT

Model simulations and hydrological reanalysis data for 2007 are applied to investigate the impact of long-range desert
dust transport on hydrometeor formation over coastal East Asia. Results are analyzed from Hong Kong and Shanghai, which
are two representative coastal cities of East Asia. Long-range desert dust transport impacts mainly spring and summer clouds
and precipitation over coastal East Asia. In spring, clouds and precipitation come mainly from large-scale condensation and
are impacted mainly by dust from the Gobi, Sahara, and Thar deserts. These desert dusts can participate in the precipitation
within and below the clouds. At lower latitudes, the dust particles act mainly as water nuclei. At higher latitudes, they act as
both water nuclei and ice nuclei. The effect of Gobi, Sahara, and Thar dust on large-scale clouds and precipitation becomes
stronger at higher latitudes. In summer, clouds and precipitation over coastal East Asia come mainly from convection and are
impacted mainly by dust from the Taklamakan, Arabian, and Karakum-Kavir deserts. Most Taklamakan dust particles can
participate in precipitation within convective clouds as ice nuclei, while Arabian and Karakum-Kavir dust particles participate
only as water nuclei in precipitation below the clouds. The effect of Taklamakan dust on convective clouds and precipitation
becomes stronger at lower latitudes. Of all the desert dusts, that from the Gobi and Taklamakan deserts has the relatively
largest impact. Gobi dust impacts climate change in coastal East Asia by affecting spring water clouds at higher latitudes.
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1. Introduction

Precipitation processes, in particular hydrometeor forma-
tion, depend strongly on the presence of aerosol particles,
which provide the nuclei for most water droplets (called
cloud condensation nuclei) and ice crystals (called ice nu-
clei) in the precipitation. If the condensed moisture in the
atmosphere is not altered, an increase in aerosol particle con-
centration causes the production of small droplets, for exam-
ple, a decrease in the cloud droplet effective radius by anthro-
pogenic aerosols occurs globally (Takemura et al., 2005), and
these small cloud droplet coalesce very inefficiently into rain-
drops. This direct microphysical effect results in the corre-
sponding suppression of precipitation (Warner, 1968; Rosen-
feld, 1999; Haywood and Boucher, 2000). Thermodynam-
ically, the suppression of the coalescence of small droplets
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also leads to a decrease in the freezing temperature of the su-
percooled water in the cloud and inhibits the formation of ice
precipitation (Rosenfeld, 2000).

Desert dust, as one important kind of aerosol, has at-
tracted a lot of research attention in terms of its effect on
cloud (Huang et al., 2006a, 2006b, 2010b; Wang and Huang,
2009). Dust particles have the ability to suppress precipita-
tion from warm clouds but accelerate precipitation from cold
clouds (Rosenfeld et al., 2001), depending on the concentra-
tions of dust particles that form water and ice nuclei. Labora-
tory studies have shown that desert dust can serve as efficient
ice nuclei (Schaefer, 1949, 1954; Isono et al., 1959; Roberts
and Hallett, 1968; Levi and Rosenfeld, 1996; Zuberi et al.,
2002; Hung et al., 2003). As water nuclei, dust aerosols pro-
duce numerous small droplets and suppress rainfall (Rosen-
feld et al., 2001). But when dust coalesces with other solu-
ble aerosols, it can form large water nuclei, and the increase
in this kind of dust will enhance precipitation (Levin et al.,
1996; Rosenfeld et al., 2002). So, desert dust can enhance
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precipitation when it serves as ice nuclei and large water nu-
clei (Rosenfeld and Nirel, 1996).

Dust particles that remain in convective clouds can easily
act as ice nuclei because they can reach the middle and up-
per troposphere (DeMott et al., 2003), where deep convective
clouds occur at about −36◦C to −38◦C (Rosenfeld and Wood-
ley, 2000). On the other hand, convective clouds are the most
sensitive to the impact of dust on precipitation. There are two
kinds of sinks for cloud water vapor: one is the conversion
into precipitation, and the other is the loss due to mixing and
evaporation with the ambient air. The intervention of dust,
as nuclei, will break the balance between these two kinds of
sinks and promote the conversion of water vapor into precip-
itation (Rosenfeld et al., 2001).

Because they are transported from major desert regions
all around the globe, dust aerosols can influence precipita-
tion in locations far removed from their source; in particu-
lar, coastal regions, where the precipitation process is often
active (van den Heever et al., 2006). Here, we investigate
the impact of the long-range transport of desert dust on hy-
drometeor formation over coastal East Asia. We apply the
Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model to simulate the transport of dust particles
originating from deserts in Asia and Africa, and we select
two important cities to represent coastal East Asia: Hong
Kong [centered at (22.25◦N, 114.25◦E) on the Pearl River
Delta] and Shanghai [centered at (31.18◦N, 121.48◦E) on the
Yangtze River Delta].

The objective of this study is to investigate which desert
dust has the largest impact and to determine how it affects
hydrometeor formation. To achieve this objective, we ana-
lyze mainly the impact of desert dust on the microphysics,
formation mechanism, and climate change of the precipita-
tion in Hong Kong and Shanghai, based on simulated results
and observation data. For the microphysics, we compare the
ability of each kind of desert dust to act as ice or water nu-
clei. For the formation mechanism, we compare the ability
of each kind of desert dust to affect large-scale condensation
precipitation or convective precipitation (see section 2). For
climate change, we analyze the climatic effect of dust emis-
sion on clouds and precipitation. The satellite observation
dataset and reanalysis hydrological dataset used in this study
are introduced in section 2, while the description and vali-
dation of the GOCART model is given in sections 3 and 4,
respectively. Analysis of the model results, reanalysis data,
and observation data, including the characteristics of desert
dust transport, desert dust effects on clouds and precipitation,
and desert dust climatic effects, are presented in sections 5, 6,
and 7, respectively, followed by conclusions in section 8.

2. Data

2.1. Satellite observation datasets
The satellite-observed aerosol data from MISR, the

Ozone Monitoring Instrument (OMI), and CALIPSO are
used in this study. MISR is a remote sensor designed to mon-

itor the long-term trends of atmospheric aerosol particle con-
centrations, including those formed by natural sources and by
human activities (Diner et al., 1998; Martonchik et al., 1998).
The total aerosol optical depth (AOD) at a wavelength of 555
nm from MISR Level 3 monthly 0.5◦ × 0.5◦ aerosol prod-
uct data is used in this study. For the OMI UV Aerosol In-
dex (UVAI) data, its positive value comes mainly from desert
dust because the absorption by dust increases strongly to-
ward the UV (Torres et al., 2007). CALIPSO collects high-
resolution profiles of the optical properties of aerosols and
clouds, and dust is distinguished from other types of aerosols
by its high depolarization ratio (Winker et al., 2007; Yu et al.,
2010, 2013). The CALIPSO Lidar Level 3 aerosol product
data are used in this study and provide monthly mean pro-
files of aerosol optical properties in the troposphere below
12 km.

2.2. Reanalysis hydrological dataset

The Modern Era-Retrospective Analysis for Research and
Applications (MERRA) dataset is a reanalysis for the satellite
era using version 5 of GEOS DAS (data assimilation system),
and it focuses on historical analyses of the hydrological cycle
for a broad range of weather and climate time scales (Rie-
necker et al., 2011). The MERRA dataset used here is three-
dimensional, with a resolution of 1.25◦ longitude by 1.25◦
latitude, and 42 vertical pressure levels.

MERRA data can distinguish two types of moist phys-
ical processes for clouds and precipitation: those produced
by convection and those produced by large-scale condensa-
tion (Balkanski et al., 1993; Chin et al., 2000; Rienecker
et al., 2008, 2011). The convective process is triggered by
conditionally unstable conditions and results in an immedi-
ate updraft with compensatory subsidence. The large-scale
condensation process is triggered by water vapor saturation
in a fraction of the grid box, as diagnosed from the mean grid
box humidity and an assumed subgrid distribution of temper-
ature (Balkanski et al., 1993). In both processes, any water in
excess of saturation is precipitated immediately. It should be
noted that short-lived convective clouds are the most sensitive
to the impact of aerosols on precipitation, because the rate of
cloud water conversion into precipitation has to compete with
the rate of cloud water loss due to mixing and evaporation
with the ambient air. Large-scale synoptically forced cloud
systems are typically longer lived, and thus less vulnerable to
the detrimental impact of smoke and dust on the precipitation
(Rosenfeld et al., 2001). There are two ways to form precipi-
tation: one is direct moisture condensation, caused mainly by
the convective updraft structure; the other is the conversion
of clouds, involving both large-scale clouds and convective
clouds (anvils).

3. Model description

The Georgia Tech/Goddard GOCART model is used to
simulate the major aerosol components in the atmosphere
(Allen et al., 1996; Chin et al., 2000; Ginoux et al., 2001;
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Zhang et al., 2014). The continuity equation solved in the
model includes the emission, chemistry, advection, convec-
tion, diffusion, dry deposition, and wet deposition of each
aerosol component. The GOCART model is driven by the
meteorological fields from the GEOS DAS. The GEOS DAS
fields are actually global assimilated databases that are con-
strained by meteorological observations. Their extensive
prognostic and diagnostic fields can be applied to chemistry
transport models (Schubert et al., 1993). The horizontal res-
olution of the GOCART model in this study is 2◦ latitude by
2.5◦ longitude, and its vertical resolution is 30 layers.

There are six desert dusts considered in this study, and
they are simulated depending on their respective emission re-
gions as defined in Fig. 1. In this study, the desert dust par-
ticles in 2007 are simulated because the Gobi dust emission
in 2007 can be considered representative of its climatological
mean value (see section 7), while the impact of Gobi dust on
hydrometeor formation over coastal East Asia is larger than
other desert dusts (see section 6). For each desert dust, the
model has a spin-up of 3 months (from October to December
2006) prior to the simulations (from January to December
2007) because it is initialized with near-zero mass.

3.1. Dust emission
The size distribution of dust particles in the model in-

cludes eight size bins: 0.1–0.18 μm, 0.18–0.3 μm, 0.3–0.6
μm, 0.6–1 μm, 1–1.8 μm, 1.8–3 μm, 3–6 μm, and 6–10 μm,
with corresponding effective radii of 0.15, 0.25, 0.4, 0.8, 1.5,
2.5, 4, and 8 μm, respectively. The first four classes are com-
bined into one group (0.1–1 μm), with an effective radius of
0.75 μm, in order to improve the numerical efficiency. The
dust emission flux Fp of a size bin p is calculated by the em-
pirical formulation mentioned by Gillette and Passi (1988):

Fp = S spu2(u−ut) if u > ut , (1)

where S denotes the probability source function, which is de-
fined as the probability of the sediments being collected in
concave topographic regions with a bald surface; sp is the
fraction of each size class p within the soil; and u is the hor-
izontal wind speed at the surface. The parameter ut is the
threshold velocity to erode the soil, as determined by surface
wetness and particle size:

ut = 6.5
√
ρp−ρa

ρa
gΦp(1.2+0.2lgω) if ω < 0.5 , (2)

where ρa and ρp represent the air and particle densities, re-
spectively; Φp denotes the particle diameter; and ω denotes
the surface wetness. The distribution of dust emission from
every desert in 2007 is exhibited in Fig. 1.

3.2. AOD
AOD, reflecting attenuation of sunlight by a column of

aerosol, can serve as a measure of aerosol column concentra-
tion. Given the aerosol type, mass, and wavelength, the AOD
τ can be calculated by the formulations listed below:

τ = BMd ; (3)

B =
3QM

4ρreMd
; (4)

where re is defined as the particle effective radius; ρ is the par-
ticle density; Q is the extinction coefficient; Md is the aerosol
dry mass excluding the mass of water taken by the aerosol; M
is the aerosol mass including the dry mass Md and the mass
of water uptaken by the aerosol; and B is called the specific or
mass extinction coefficient (m2 g−1), including all the humid-
ification effects. Correspondingly, the value of B is related
to the relative humidity (RH) and wavelength (Chin et al.,
2002) and is calculated from the optical property database in
the Global Aerosol Data Set under the Mie-scattering theory
(Kopke et al., 1997).

3.3. Wet deposition
Wet deposition of aerosols in the model includes the re-

moval processes of large-scale precipitation and convective
precipitation. The calculation method for dust is the same as
that used for sulfate (Ginoux et al., 2001). The aerosols scav-
enged by convective precipitation are computed according 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,
the value of which is 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).

� � � �

� � � � � 	 � � � 


� �  �

� � � � � � � � � � � � �

� � � � � �  ! " # " $ "

Fig. 1. Annual emissions (units: g m−2 yr−1) of every desert in 2007 used in the
GOCART model. The domains of each desert are shown in the red panels.
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4. Comparison with satellite observations

To validate the GOCART model simulation for dust in
2007, it is compared with the satellite observation from
MISR, OMI, and CALIPSO.

The total AOD at a wavelength of 555 nm from MISR is
compared with the GOCART-simulated dust AOD at a wave-
length of 550 nm (Fig. 2). To present the properties of dust
distribution more accurately, OMI UVAI data are also in-
volved in the comparison. The model can correctly repro-
duce the major dust plumes, in particular those emitted from
the deserts in Africa and Asia, and can also correctly simulate
the seasonal variation in the distribution of the dust plumes.
On the other hand, the model overestimates by about 0.4 units
for the Taklamakan dust AOD in spring, summer and autumn,
and the Sahara dust AOD in autumn, while it underestimates
by about 0.1–0.2 units for the Arabian dust AOD in summer.

The dust extinction from the GOCART simulation (550
nm) is compared with that from the CALIPSO Level 3 dataset
(532 nm), and both are presented in a zonal vertical section at
40◦N (Fig. 3). This section crosses the Gobi and Taklamakan
deserts in China and the Karakum Desert in central Asia, and
it is close to the Sahara and Arabian deserts in Africa and
the Thar Desert in South Asia. The dust source in the model
is located correctly at between 70◦N and 110◦N. The model
can correctly reproduce the seasonal variation in the vertical
and horizontal extension of the dust plume. In winter, the
dust plume extends to only 2 km altitude, while it can ex-
tend to 4–5 km altitude in other seasons. The dust extinction
in spring is larger than that in other seasons. Although the

model simulates the vertical and horizontal extensions of the
dust plume observed by CALIPSO on a large scale at the cor-
rect place and time, it cannot capture the pronounced features
on a small scale because their ranges are generally smaller
than the model resolution. Consequently, the calculated dust
extinction in the corresponding locations is smaller than the
CALIPSO observation.

5. Characteristics of desert dust transport to

coastal East Asia

The impact of desert dust on precipitation in Hong Kong
and Shanghai obviously depends on the temporal and verti-
cal distribution of dust in these two cities, which is closely re-
lated to the transport of dust particles from the various deserts
to Hong Kong and Shanghai. Here, the horizontal and ver-
tical distribution of desert dust on its transmission pathway
is investigated to reveal the characteristics of dust transport,
which will be helpful in understanding the temporal and ver-
tical distribution of desert dust in Hong Kong and Shanghai.

5.1. Characteristics of desert dust horizontal transport

For each desert dust, by analyzing the seasonal varia-
tion of dust AOD distributions, we can find the season in
which dust is transported eastward most evidently, as shown
in Fig. 4. Dust from the Sahara, Arabian, and Karakum-Kavir
deserts, emitted from North Africa and the Middle East, re-
spectively, can transport eastward to coastal East Asia via the
north and south sides of the Tibetan Plateau, while dust from
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Fig. 2. Comparison between the seasonal distribution of the UV Aerosol Index from OMI observations, seasonal distribution of
dust AOD (550 nm) from GOCART simulations, and seasonal distribution of AOD (555 nm) from MISR observations in 2007.
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Fig. 3. Vertical section of dust extinction in 2007, at 40◦N. The top row shows CALIPSO observations (532 nm), and the bottom
row shows GOCART simulations (550 nm).

the Thar Desert, emitted from South Asia, can enter coastal
East Asia only via the south side of the Tibetan Plateau. In
China, Taklamakan and Gobi dust moves eastward and south-
ward to coastal East Asia across the Mongolia Plateau.

Gobi dust moves to coastal East Asia in spring and win-
ter, but the winter Gobi dust AOD over coastal East Asia is
smaller than that in spring, because dust storms occurring in
the Gobi desert in spring can make a large number of dust
particles enter the atmosphere (Takemura et al., 2002; Lee
et al., 2010). In spring, Gobi dust spreads correspondingly
over much wider areas, into higher and lower latitudes, when
it moves eastward. At lower latitudes, Gobi dust can reach
East China and South China, and it enters Hong Kong and
Shanghai obviously in May (see section 6).

Sahara dust can move to not only the Atlantic Ocean and
North America (Perry et al., 1997; Prospero, 1999a, 1999b;
Torres et al., 2002; Prospero and Lamb, 2003; Kaufman et
al., 2005; Chin et al., 2007; Huang et al., 2010a), but also
East Asia. The pathway of the Sahara dust transporting to
East Asia 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). The Sahara
dust plume is divided into two branches when it passes across
the Tibetan Plateau. The branch on the south side of the Ti-
betan Plateau stays in South Asia, while the branch on the
north side moves continuously eastward across East Asia to
the Pacific Ocean. This branch of the dust plume can enter
coastal East Asia, especially East China and South China, in
spring.

The extent of the area influenced by Taklamakan dust is
small in winter and large in summer. In summer, Taklamakan
dust spreads over a much wider latitudinal area and, at lower
latitudes, it can reach coastal East Asia. In contrast to the
Gobi dust transport controlled by the Asian monsoon, Tak-
lamakan dust transport is controlled mainly by topography.
West China is so high in altitude that the East Asian mon-

soon cannot affect it, so the movement of Taklamakan dust
cannot be controlled by the monsoon.

Arabian and Karakum-Kavir dust can move to coastal
East Asia not only via the south side of the Tibetan Plateau
in summer, but also via the north side of the Tibetan Plateau
in spring. But the eastward transport of Arabian dust is more
evident in spring, because its emission in spring is stronger
than those in other seasons, with the AOD value within the
emission region being larger than that in other seasons, while
the eastward transport of Karakum-Kavir dust is more evi-
dent in summer for the same reason. Thar dust is transported
to coastal East Asia mainly in summer, also via the south side
of the Tibetan Plateau.

5.2. Characteristics of vertical dust distribution
The vertical dust number concentration distribution is

shown in three profiles. The zonal profile at 40◦N can present
the variability of dust number concentration when dust parti-
cles are transported eastward via the north side of the Tibetan
Plateau. On the other hand, the zonal profile at 20◦N shows
the variability of dust number concentration when dust parti-
cles are transported eastward via the south side of the Tibetan
Plateau (Fig. 4). The meridional profile at 115◦E can show
the variability of dust number concentration when desert dust
is carried to East Asia (Fig. 5).

The AOD distribution has already revealed that the im-
pact of Gobi dust on coastal East Asia occurs mainly in
spring. The zonal vertical profile at 40◦N further shows that a
large number of dust particles can reach high levels. As indi-
cated by the meridional vertical profile at 115◦E, this dust
plume gradually descends southward from the Mongolian
Plateau (from 45◦N to 47◦N) to coastal South China (from
20◦N to 25◦N).

Sahara dust in spring shows evident eastward movement
into East Asia and affects the coastal region. The zonal verti-
cal profile at 40◦N presents the vertical dust distribution after
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Fig. 5. Dust number concentration (units: m−3) distributions (on a logarithmic scale) in the meridional vertical profile at 115◦E.

it moves to East Asia via the north side of the Tibetan Plateau:
when transported to East Asia, most Sahara dust particles are
blocked by the plateau topography in China (from 60◦E to
120◦E), while only a few dust particles, which appear in the
atmospheric layer above the plateaus, can continue to move
eastward to coastal East Asia. The Sahara dust plume over
the Mongolian Plateau, shown by the meridional vertical pro-
file at 115◦E, can range widely from ground level up to 300
hPa, and it can then gradually descend from upper levels to
the ground when it spreads southward from the Mongolian
Plateau to coastal South China.

The dust particles concentrate over the Taklamakan Basin
(from 75◦E to 95◦E in the zonal vertical profile at 40◦N),
and in summer they can diffuse to high altitudes that far out-
strip the Taklamakan Basin, and continue to move eastward
to coastal East Asia. The meridional vertical profile at 115◦E
further shows that the dust plume over the Mongolian Plateau
occurs mainly above 600 hPa and spreads to higher and lower
latitudes.

Arabian dust enters East Asia in spring via the north side
of the Tibetan Plateau. During this eastward movement, the
Arabian dust plume appears mainly above 600 hPa (zonal
vertical profile at 40◦N in Fig. 4), and it occurs mainly over
the Mongolian Plateau after entering China (Fig. 5).

Karakum-Kavir dust occurs in coastal East Asia mainly
in summer, and its transport pathway is via the south side
of the Tibetan Plateau. Correspondingly, the zonal vertical
profile at 20◦N shows the obvious eastward movement of
Karakum-Kavir dust in summer, and the dust can even dif-
fuse up to higher latitudes than other seasons, up to 400 hPa.
Karakum-Kavir dust arrives in coastal South China only in
the atmospheric layer close to the ground, but it can continu-
ously spread northward into the atmospheric layer above 600
hPa (Fig. 5). Thar dust transports to coastal East Asia via the
south side of the Tibetan Plateau in summer, which is similar
to the Karakum-Kavir dust.

5.3. Analysis of wind fields
According to the dust number concentration distributions

in the zonal vertical profile at 20◦N or 40◦N, we can find
the altitudes where dust particles can be transported eastward
over a long range of distance. For Sahara and Arabian dusts
in spring, this altitude is at 500 hPa, while for Gobi dust it is
at 700 hPa. For Karakum-Kavir, Thar, and Taklamakan dusts
in summer, this altitude is at 900 hPa, 700 hPa, and 400 hPa,
respectively. Therefore, the wind fields at these altitudes are
shown in Fig. 4 and analyzed to understand the corresponding
eastward transport of desert dust.

In spring, northwesterly wind prevails in the Gobi Desert,
resulting in southeastward transport of Gobi dust to coastal
East Asia. It is seen that the strong westerly wind passing
through the Sahara and Arabian desert areas can carry the
upper lofted dusts to move eastward, and these dusts are then
carried eastward by the westerly wind at the north side of the
Tibetan Plateau to reach coastal East Asia. In summer, as a
consequence of the westerly wind prevailing at the northern
side of the Indian Ocean, Karakum-Kavir and Thar dusts are
transported eastward to pass through the south side of the Ti-
betan Plateau to reach East Asia. At the altitude of 400 hPa,
the westerly wind north of 30◦N can carry the upper lofted
Taklamakan dust to move eastward, which is in agreement
with the results of a modeling study on the transport of sum-
mer dust aerosols over the Tibetan Plateau (Liu et al., 2015).

6. Desert dust hydrometeor effects on coastal

East Asia

6.1. Effect of desert dust hydrometeors on Hong Kong
In this section, the simulation results from the GOCART

model, including the desert dust particle concentration and
wet deposition over Hong Kong for 2007, are analyzed and
connected with the monthly and vertical distribution of the



108 IMPACT OF DUST ON HYDROMETEOR FORMATION VOLUME 34



JANUARY 2017 ZHANG ET AL. 109

clouds and precipitation over Hong Kong in order to reveal
the impact of desert dust on Hong Kong’s clouds and precip-
itation.

6.1.1. Properties of clouds and precipitation over Hong
Kong in 2007

The properties of clouds and precipitation over Hong
Kong in 2007 are retrieved from the MERRA dataset. Fig. 6
first shows the temporal and vertical distribution of the frac-
tion and mixing ratio of clouds. Hong Kong in spring is
cloudier, with large-scale water clouds appearing mainly as
fog below 600 hPa. The maximum of the cloud liquid water
mixing ratio (4.78× 10−5 kg kg−1) occurs in March, at 950
hPa. Hong Kong in summer is humid except for July, when
there is a fine dry spell. Therefore, June and August are the
wettest months with a lot of clouds. Large-scale ice clouds
are produced above 300 hPa. For anvil clouds, the classical
and representative convective clouds, water and ice composi-
tion appear above 600 hPa and above 300 hPa, respectively.

Fig. 6 then shows the temporal and vertical distribution
of the production rate and downward flux of precipitation.
Rain in Hong Kong occurs mainly in summer, especially in
June and August. Precipitation from anvils occurs above 600
hPa. On the other hand, precipitation from convective updraft
structures is produced in the air column from 900 hPa to 300
hPa. In both convective and cloud conversion precipitation,
the 600 hPa height is the boundary between ice and water
precipitation.

Convective clouds and precipitation are very strong in
summer because showers and thunderstorms often occur in
Hong Kong during this time. On the other hand, Hong Kong
is most likely to be affected by tropical cyclones, and when
one of these storm centers nears Hong Kong, rain can become
heavy and widespread and last for a few days.

6.1.2. Impact of desert dust on Hong Kong’s clouds and
precipitation

In connection with the distribution of clouds and precipi-
tation over Hong Kong in 2007, we further discuss the impact
of temporal, vertical, and particle radius variations of desert
dust on Hong Kong precipitation, based on the vertical dis-
tribution of desert dust particle number concentration (Fig.
7) and dust wet deposition (Figs. 6 and 7) in Hong Kong in
2007.

6.1.2.1 Large-scale condensation

Gobi dust appears in Hong Kong mainly from April to
May, and also from November to December, and it concen-
trates solely in the atmospheric layer below 700 hPa (Fig.
7). It is apparent that Gobi dust affects Hong Kong mainly
in large-scale precipitation in spring. The wet deposition of
Gobi dust comes mainly from large-scale precipitation and
appears mainly in April, with particle radii generally smaller
than 4 μm (Figs. 6 and 7). Because Gobi dust in spring ex-
ists in the same atmospheric layer as the clouds, where the
temperature is higher than 0◦C, Gobi dust affects the precip-
itation by acting as water nuclei rather than ice nuclei, and it

participates in the precipitation within the clouds.

6.1.2.2 Convection

The majority of Taklamakan dust arrives in Hong Kong
in June, concentrating within the atmosphere layer between
600 hPa and 300 hPa (Fig. 7). Based on the position and tim-
ing of Taklamakan dust appearing in the atmosphere, it can
be concluded that Taklamakan dust mainly impacts convec-
tive clouds and precipitation in Hong Kong. The majority of
Taklamakan dust wet deposition in Hong Kong comes from
convective precipitation, which is more than twice the value
from large-scale precipitation (Fig. 8); and, it occurs mainly
in June, with particle radii generally smaller than 4 μm (Fig.
9). In addition, the convective wet deposition of Taklamakan
dust is greater than that of any other desert dust. Because
of the condensation nuclei of precipitation and clouds, Tak-
lamakan dust can act not only on the water liquid droplets,
but also on the ice crystals, because it can arrive at high lev-
els with temperatures of −30◦C. Taklamakan dust is not pas-
sively washed by the rain below the clouds but participates
actively in the formation of summer precipitation within the
clouds.

Arabian and Karakum-Kavir dusts arrive in Hong Kong
mainly in July and August, respectively. They correspond-
ingly affect convective precipitation in Hong Kong. Both
Arabian and Karakum-Kavir dusts occur below 600 hPa, un-
der the cloud layer (Fig. 7), so they participate only in the
precipitation below the clouds (washout). As far as micro-
physical characteristics, dust from both sources can act only
as active liquid water nuclei because the atmospheric temper-
ature where they occur is above 0◦C.

6.1.2.3 Large-scale condensation and convection

Sahara dust arrives in Hong Kong mainly in May and De-
cember (Fig. 7), and May marks the transition period from
spring precipitation to summer precipitation. Sahara dust cor-
respondingly affects both large-scale precipitation and con-
vective precipitation in Hong Kong. The wet deposition of
Sahara dust from large-scale precipitation is obvious before
May, while that from convective precipitation is apparent af-
ter May (Fig. 9). Also, the wet deposition of Sahara dust from
large-scale precipitation is almost the same as that from con-
vective precipitation (Fig. 8). Thar dust also occurs in May,
so its impact on Hong Kong’s precipitation is similar to that
of Sahara dust, but with a smaller amount of wet deposition
(Fig. 8).

6.2. Effect of desert dust hydrometeors on Shanghai

6.2.1. Properties of clouds and precipitation over Shanghai
in 2007

Shanghai has a humid subtropical climate. In spring, the
clouds in Shanghai are large-scale clouds, including water
clouds appearing in March below 700 hPa and ice clouds ap-
pearing in April above 400 hPa (Fig. 6). In summer, Shanghai
is hot and humid. Large-scale water clouds develop in June
below 500 hPa, while large-scale ice clouds develop in July
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above 300 hPa. In July, the water and ice composition of
anvil clouds appears above 500 hPa and above 300 hPa, re-
spectively. Autumn is generally sunny and dry, with a small
number of large-scale water clouds developing in September
below 500 hPa. Winter is chilly and damp, and large-scale
water clouds exist in December below 700 hPa.

Shanghai is susceptible to large-scale precipitation in
spring and autumn (Fig. 6). In spring, this precipitation is
concentrated in March and April and its water composition
occurs below 700 hPa. The large-scale precipitation in au-
tumn is concentrated in September and its water composi-
tion occurs below 600 hPa. Convective precipitation occurs
mainly in summer, when downpours, freak thunderstorms,
and typhoons can be expected. Precipitation from anvils oc-
curs in July above 500 hPa, and precipitation from convective
updraft structures occurs in July and August and develops in
the air column from 900 hPa to 300 hPa.

6.2.2. Impacts of desert dust on Shanghai’s clouds and pre-
cipitation

6.2.2.1 Large-scale condensation

Gobi dust arrives in Shanghai mainly in spring and win-
ter, with the particle concentration in May being greater than
that in other months, and the dust plume can reach up to 400
hPa (Fig. 7). Gobi dust mainly affects large-scale clouds and
precipitation over Shanghai, especially those in spring. The
annual wet deposition of Gobi dust from large-scale precip-
itation is close to 1000 kg km−2, while that from convective
precipitation is only 200 kg km−2. In addition, wet deposition
of Gobi dust from large-scale precipitation occurs mainly in
May, and the particle radii encompass all the dust bins of the
GOCART model. The deposition from dust particles with a
radius of 1.5 μm is larger than that from particles of other
sizes (Figs. 6 and 7). Gobi dust affects the precipitation mi-
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crophysically by acting as water and ice nuclei, and it partic-
ipates in the precipitation both within and below the clouds.

Sahara dust arrives in Shanghai mainly in spring and
winter, with the maximum dust particle concentration oc-
curring in April, in the atmospheric layer from 800 hPa to
500 hPa (Fig. 7). Sahara dust correspondingly affects Shang-
hai’s large-scale precipitation in spring. The wet deposition
of Sahara dust from large-scale precipitation (285 kg km−2)
is obviously larger than that from convective precipitation
(45 kg km−2), and it occurs mainly in spring, especially in
April, when the radius of deposited dust particles is generally
smaller than 4 μm (Figs. 6 and 7). Sahara dust affects the pre-
cipitation microphysically by acting as water and ice nuclei,
and it participates in the precipitation both within and below
the clouds.

Thar dust arrives in Shanghai mainly in June and mainly
affects large-scale clouds and precipitation. The correspond-
ing wet deposition occurs mainly in spring, with particle radii
generally smaller than 4 μm (Fig. 9). Because the dust exists
above 700 hPa (Fig. 7), it can participate in the precipitation
within the clouds, and it acts mainly as water nuclei.

6.2.2.2 Large-scale condensation and convection
Taklamakan dust arrives in Shanghai mainly in spring,

summer, and autumn. The dust plume in June can reach
very high levels, above 300 hPa (Fig. 7). Taklamakan dust
in spring and autumn mainly impacts large-scale clouds and
precipitation over Shanghai. The wet deposition of Takla-
makan dust from large-scale precipitation occurs mainly from
February to May, and also in October, with particle radii
generally smaller than 4 μm (Fig. 9). When it reaches 500
hPa and exceeds the height of large-scale clouds, Taklamakan
dust can participate actively in the formation of precipitation
within the clouds. Because the majority of Taklamakan dust
in spring occurs mainly in atmospheric layers with tempera-
tures below 0◦C, it affects the precipitation by acting as ice
nuclei. On the other hand, Taklamakan dust in autumn af-
fects the precipitation by acting as water nuclei, because the
majority occurs mainly in atmospheric layers with temper-
atures above 0◦C. Taklamakan dust in summer mainly im-
pacts convective precipitation over Shanghai. The wet de-
position of Taklamakan dust from convective precipitation
occurs mainly in July and August, with particle radii gener-

ally smaller than 4 μm (Fig. 9). Because the dust plume can
reach up to 400 hPa and can exceed the height of convective
clouds, Taklamakan dust can affect the formation of precipi-
tation within the clouds. Its microphysical effect on the pre-
cipitation mainly involves acting as ice nuclei. In contrast to
the situation in Hong Kong, Taklamakan dust in Shanghai has
a larger effect on large-scale precipitation than on convective
precipitation: the annual wet deposition of Taklamakan dust
from large-scale precipitation (223 kg km−2) is larger than
that of convective precipitation (98 kg km−2) (Fig. 8).

Arabian dust arrives in Shanghai mainly in March and
July, and that in March mainly affects large-scale precipita-
tion. The wet deposition of Arabian dust from large-scale
precipitation occurs mainly in March as well, and it is caused
mainly by particles with a radius of 1.5 μm (Fig. 9). Ara-
bian dust exists above 700 hPa, in the cloud layer (Fig. 7),
so it can participate in the precipitation within and below the
clouds. Microphysically, it acts mainly as ice nuclei because
the atmospheric temperature where it occurs is below 0◦C.
Arabian dust in July mainly affects convective precipitation,
and the wet deposition of Arabian dust from convective pre-
cipitation occurs mainly in July as well, with primary particle
radii of 1.5 μm (Fig. 9). Arabian dust exists below 700 hPa
(Fig. 7), so it participates only in the precipitation below the
clouds. Microphysically, it acts mainly as water nuclei be-
cause the atmospheric temperature where it occurs is above
0◦C.

6.2.2.3 Convection
Karakum-Kavir dust arrives in Shanghai mainly in July

and mainly affects convective precipitation. Its correspond-
ing wet deposition occurs mainly in July as well, with parti-
cle radii generally smaller than 2.5 μm (Fig. 9). Because the
dust exists below 700 hPa (Fig. 7), it participates only in pre-
cipitation below the clouds. Microphysically, it acts mainly
as water nuclei.

7. Climatic effect of desert dust on coastal East

Asia

The formations of cloud and precipitation are important
aspects of the hydrological cycle and climate; the long-term
impact of dust on clouds or precipitation can reflect the ef-
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Fig. 9. Distribution (on a logarithmic scale) of dust wet deposition (units: kg km−2) with time and dust particle radius.

fect of dust on the hydrological cycle and climate change of
coastal East Asia.

Fig. 10 compares the interannual variability of the spring
UVAI over the Gobi Desert and the integrated cloud water
mixing ratio (from MERRA data) over Shanghai in April

and May, from 1979 to 2013. The spring UVAI over the
Gobi Desert (refer to Fig. 1) represents the dust emission and
is calculated using the daily data from Total Ozone Mete-
orological Satellite (TOMS) (from 1979 to 2004) and OMI
(from 2005 to 2013) satellite observations. The correlation



JANUARY 2017 ZHANG ET AL. 113

� � � � � � � � � � � �� � � � � � � 	

 � �  � � � �
� � � � � � � �
� � � � � � � �
� �  ! � " # $
% & ' ( % ) * + , - . / 0 1 2 3 4 5 4 6 3 4 4 7

8 9 6 : ; : : 5 < : = 6 >
? @ A B C @ D C E F D G H

I J K L M N O P N

QR S
TU

V WX YZ
[\ ]\ ^

_` WX\ S

ab
c W^

_c W\\ ^
d eZ
f
[ Wg
h

i j k l m n o n p q r s l t u v n w x x r o y m x r z {

| } ~ � � � � � � � � � � � � �
� � � � � � � � � � � � �

� � � � � � � � � � � � �
� � � � � � � � �

� � � � � � � � � � � � � � � �
� � �

� � �
� � �
� � �
� � � � � �   ¡ � � ¢ £ ¤ ¥ ¦ § ¨ � © ª

« ¬  ® ¯ ° ± ² ® ³ ´ µ

¶·
¸ ¹º

»¼»
½¾ ¿
À ¹Á

Â Ã Ä Å Æ Ä Ç È
É Ê Ë Ì Í Ë Î Ï

Ð Ñ Ò Ó Ð Ô Õ Ö
× Ø Ù Ú × Û Ü Ý
Þ ß à � Þ � � �

�� �
��

� �
� 	



�� 
� �

�
� �
�� �

Fig. 10. Comparison between the interannual variability of the spring UV Aerosol Index over the Gobi desert and the
integrated cloud water mixing ratio (units: kg kg−1) over Shanghai in April and May from 1979 to 2013.

analysis shows that the integrated cloud water mixing ratio
over Shanghai has a positive response to the spring Gobi dust
emission, especially in the period from 1979 to 1994; the cor-
relation coefficient is larger than 0.9 after screening out the
extra UVAI data (>0.99). So, Gobi dust can impact climate
change in Shanghai by affecting spring water clouds. The
value of the OMI Aerosol Index over the Gobi desert region
is 1.04953 in 2007, which is 95.8% of the temporal average
value from 2005 to 2013 (1.095918). Therefore, the Gobi
dust emission in 2007 can be considered as representative of
its climatological mean value.

Of note is the response time of the cloud water mix-
ing ratio over Shanghai to the spring Gobi dust emission,
which includes the time taken for dust particles to trans-
port from the emitting desert to Shanghai, and the time for
dust particles to form the cloud condensation nuclei. There-
fore, only the cloud water mixing ratio in April and May re-
sponds to spring Gobi dust emission, i.e., it excludes March,
which is the response time. Another aspect is the effect of
spatial position. In our study, the location is coastal East
Asia, where the amount of cloud water probably has a pos-
itive response to the Asian dust load. However, over arid
and semi-arid areas of East Asia, the situation is opposite:
the amount of cloud water responds negatively to the Asian
dust load because of the semi-direct effect of dust aerosol
(Huang et al., 2006a).

8. Summary and conclusions

The impact of long-range desert dust transport on the pre-
cipitation over coastal East Asia is investigated by analyz-
ing simulation results and observation data over Hong Kong
and Shanghai, which are representative coastal cities of East
Asia. Six desert dusts are considered in this study: Gobi, Tak-
lamakan, Sahara, Arabian, Karakum-Kavir, and Thar dust.
Three aspects of their impact are discussed: precipitation mi-
crophysics, formation mechanism, and climate change. For
microphysics, we compare every desert dust type’s ability to
act as an ice or water nucleus in precipitation. For the for-
mation mechanism, we compare every desert dust’s ability to
affect large-scale precipitation or convective precipitation, as
well as its ability to participate in precipitation formed within

or below clouds. Finally, we analyze the effect of desert
dust on climate change in coastal East Asia via its impact
on clouds or precipitation.

Long-range desert dust transport mainly impacts the
spring and summer clouds and precipitation over coastal East
Asia. In spring, clouds and precipitation over coastal East
Asia come mainly from large-scale condensation and are im-
pacted mainly by Gobi, Sahara, and Thar dust. At lower lat-
itudes in coastal East Asia (Hong Kong), these desert dusts
act mainly as water nuclei, because most of them appear in
lower atmospheric layers with temperatures above 0◦C. At
higher latitudes (Shanghai), they can act as both water and
ice nuclei, because the atmospheric temperature where they
exist is lower, even below 0◦C. Because spring clouds ex-
ist in lower atmospheric layers, these dusts correspondingly
can participate in precipitation within and below the clouds.
The effects of Gobi, Sahara, and Thar dust on large-scale
clouds and precipitation become stronger at higher latitudes
in coastal East Asia. In addition, at higher latitudes, Takla-
makan and Arabian dusts appear in spring and mainly impact
large-scale clouds and precipitation. They can participate in
precipitation within the clouds, as ice nuclei.

In summer, clouds and precipitation over coastal East
Asia come mainly from convection and are mainly impacted
by Taklamakan, Arabian, and Karakum-Kavir dust. Most
Taklamakan dust particles can participate in precipitation
within convective clouds, as ice nuclei, because they arrive at
high altitudes where the temperature is below 0◦C. Arabian
and Karakum-Kavir dusts occur mainly in the atmospheric
layer below the cloud layer, with temperatures above 0◦C;
they participate only in precipitation below the clouds, and
only as water nuclei.

Among all desert dusts, Gobi and Taklamakan dusts have
the relatively largest impact on the clouds and precipitation
over coastal East Asia. Furthermore, Gobi dust can even im-
pact climate change in coastal East Asia by affecting spring
water clouds at higher latitudes.
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