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Abstract. This study compares the properties of atmo-
spheric dust from the Saharan deserts and the Asian deserts
using data from CALIPSO and AERONET during 2006
and 2007 along with simulations using a coupled climate-
microphysical sectional model. Saharan deserts are largely
south of 30◦ N, while Asian ones are primarily north
of 30◦ N, hence they experience different meteorological
regimes. Saharan dust lifting occurs all year long, primar-
ily due to subtropical weather systems. However, Asian dust
is lifted mostly in spring when mid-latitude frontal systems
lead to high winds. Rainfall is more abundant over Asia dur-
ing the dust lifting events, leading to greater local dust re-
moval than over the Sahara. However, most dust removal
is due to sedimentation. Despite the different meteorolog-
ical regimes, the same dust lifting schemes work in mod-
els for Asian and Saharan dust. The magnitudes of dust
lifted in Africa and Asia differ significantly over the year.
In our model the yearly horizontal dust flux just downwind
of the African dust source is about 1088 Tg (10◦ S–40◦ N,
10◦ W) and from the Asian dust source it is about 355 Tg
(25◦ N–55◦ N, 105◦ E) in 2007, which is comparable to pre-
vious studies. We find the difference in dust flux is mainly
due to the larger area over which dust is lifted in Africa than
Asia. However, Africa also has stronger winds in some sea-
sons. Once lifted, the Saharan dust layers generally move
toward the west and descend in altitude from about 7 km to
the surface over several days in the cases studied. Asian dust
often has multiple layers (two layers in the cases studied)
during transport largely to the east. One layer stays well
above boundary layer during transport and shows little de-
scent, while the other, lower, layer descends with time. This
observation contrasts with studies suggesting the descent of
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Saharan dust is due to sedimentation of the particles, and sug-
gests instead it is dominated by meteorology. We find the
size distributions of Asian and African dust are similar when
the dust is lifted, but the mode size can differ and secondary
size modes can develop probably due to differences in ver-
tical wind velocities during transport. The single scattering
albedo of African and Asian dust does differ, due primarily
to the imaginary parts of the refractive indexes being differ-
ent, which in turn is likely due to different dust composition.
This study is a step towards a global understanding of dust
and its properties.

1 Introduction

Airborne mineral dust is one of the major components of
atmospheric aerosols. Dust plays an important role in the
atmospheric global circulation (Dunion and Velden, 2004;
Wu, 2007), air pollution (Prospero, 1999; VanCuren, 2003),
biogeochemical processes (Duce, 1991; Martin et al., 1994;
Shinn et al., 2000), radiative budget (Sokolik and Toon,
1996; Kaufman et al., 2001), and human health (IPCC,
2007). Dust varies over short time scales and geologic time
(Rea et al., 1985).

The Saharan desert is the largest and most continuous dust
source in the world. Saharan dust can be transported across
the tropical North Atlantic and into the Caribbean region as
well as into Europe (Prospero and Carlson, 1972; Prospero,
1996; Colarco et al., 2002, 2003a, b; Toon, 2003; Liu, Z.,
2008b et al., 2008; Generoso et al., 2008). Especially in sum-
mer large amounts of Saharan dust are transported across the
Atlantic Ocean, which is dominated by the Azores High, and
arrive in the Caribbean Sea (Doherty et al., 2008).

The Taklimakan and Gobi deserts are the major dust
sources in Asia (Uno et al., 2005). Asian dust can be
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transported over the North Pacific Ocean and reach Midway
and North America (Duce et al., 1980; Shaw, 1980; Betzer et
al., 1988; Clarke et al., 2001; Husar et al., 2001; Tratt et al.,
2001; Huang et al., 2008; Eguchi et al., 2009; Su and Toon,
2009). Asian dust also can be transported over global scales
(Clarke et al., 2001; Grousset et al., 2003; Uno et al., 2009).

In this paper, we refer to all of the major dust lifting re-
gions in Africa and Asia as Saharan or Asian deserts. These
dust lifting regions for Asia can be seen from the dust flux
maps given in Su and Toon (2009).

Recently, special attention has been paid to Saharan dust
in field campaigns such as the Puerto Rico Dust Experiment
(PRIDE) (Reid et al., 2002, 2003; Maring et al., 2003; Co-
larco et al., 2003a, b), the Dust And Biomass EXperiment
(DABEX) (Osborne et al., 2008), the SAharan Mineral dUst
experiMent (SAMUM) (Heintzenberg, 2008; Knippertz et
al., 2008; Muller et al., 2008), the African Monsoon Mul-
tidisciplinary Analysis (AMMA) (Rajot et al., 2008; Heese
and Wiegner, 2008; Haywood et al., 2008), and the GERB In-
tercomparison of Longwave and Shortwave radiation (GER-
BILS) (Haywood et al., 2005; Marsham et al., 2008). Saha-
ran dust has been studied through model simulations (Mar-
ticorena et al., 1997; Colarco et al., 2002, 2003a, b; Maring
et al., 2003; Liu et al., 2008; Generoso et al., 2008), and
satellite retrievals (D. Liu et al., 2008; Z. Liu et al., 2008b;
Generoso et al., 2008; Cuesta et al., 2009).

Several field campaigns have been also conducted regard-
ing Asian dust aerosols including the Aerosol Characteriza-
tion Experiments (ACE-Asia) (Huebert et al., 2003; Seinfeld
et al., 2004), the Indian Ocean Experiment (INDOEX) (Ra-
manathan et al., 2001, Rasch et al., 2001), the TRAnsport and
Chemical Evolution over the Pacific experiment (TRACE-P)
(Carmichael et al., 2003; Jacob et al., 2003), the Interconti-
nental Chemical Transport Experiment Phase B (INTEX-B)
(Arellano et al., 2007; McKendry et al., 2008), and the PA-
Cific Dust EXperiment (PACDEX) (Stith et al., 2009). Asian
dust also has been investigated through model simulations
(Tegen and Fung, 1994; Schulz et al., 1998; Mahowald et
al., 1999, 2006; Ginoux et al., 2001; Uno et al., 2002, 2004,
2008, 2009; Carmichael et al., 2003; Chin et al., 2003, 2004;
Gong et al., 2003; Zender et al., 2003a; Shimizu et al., 2004;
Shao and Dong, 2006; Huang et al., 2009; Su and Toon,
2009), and satellite retrievals (Huang et al., 2007, 2008; Liu
et al., 2008; Uno et al., 2008).

Most studies have focused on either Saharan dust or Asian
dust. Here we investigate the differences and similari-
ties in dust lifting, dust removal processes, seasonal vari-
ations, transport mechanisms, and physical properties be-
tween Saharan dust and Asian dust using satellite data such
as CALIPSO, ground-based data such as AERONET, and nu-
merical models.

Numerous satellite observations have been made of Saha-
ran and Asian dust. Here we focus on data from the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO). CALIPSO was launched in April 2006 (Liu et

al., 2006; Winker et al., 2007). The Cloud – Aerosol Lidar
with Orthogonal Polarization (CALIOP), on CALIPSO, is
a two-wavelength (532 and 1064 nm), polarization-sensitive
(at 532 nm) instrument. CALIOP provides substantial and
unique information on vertical and geographical distributions
of clouds and aerosols. CALIOP conducts nearly continuous
observations of height-resolved attenuated backscatter over
the globe (Sassen, 2000; Winker et al., 2003, 2010).

The Aerosol Robotic NETwork (AERONET) is a glob-
ally distributed remote sensing aerosol-monitoring network
of ground-based sun photometers that measure sun and sky
radiances in 16 spectral channels (340–1640 nm) (Holben et
al., 1998). AERONET provides observations of aerosol opti-
cal depth (AOD), inversion products such as size distribution
and single scattering albedo, and precipitable water. We use
the cloud-screened and quality-assured AERONET Level 2.0
data in this study (Smirnov et al., 2000).

Numerical modeling of dust aerosols is essential for cli-
mate studies, and to better understand the behavior of the
dust aerosols in the atmosphere. We use a coupled three-
dimensional climate-microphysical sectional model, which
is capable of simulating the mineral dust aerosols (Su and
Toon, 2009) to explore the differences between atmospheric
dust from the Saharan deserts and from the Asian deserts.

The various observations and models have led to a number
of questions about Asian and African dust. It is clear from
satellite observations that the dust optical depth is generally
larger over the Atlantic, than over the Pacific. Is this differ-
ence due to more dust being lifted over Africa, to more dust
being removed over the Pacific, to seasonality in dust lifting,
or to other factors? Is the size distribution of dust downwind
of African or Asian dust sources different, or the same so
that it can be modeled using the same dust source functions?
Are the dust optical properties different between Asian and
African dust, and if so are the differences related to dust com-
position, or to particle size? Do the same mechanisms con-
trol dust transport in the two regions of the world? For in-
stance, Saharan dust is observed to descend when crossing
the Atlantic. Is this descent due to sedimentation, so Asian
dust should also descend, or to air motions which may dif-
fer? Does the different meteorology of Africa and Asia lead
to differences in the vertical distribution of the two types of
dust? We seek to answer these questions here.

Section 2 of this paper describes our three-dimensional
coupled model configuration and the dust emission scheme.
Section 3 describes the CALIPSO and AERONET data. Sec-
tion 4 evaluates the model results and provides comparisons
with observations for seasonal and geographic variation in
dust lifting and removal, for geographic differences in dust
vertical distributions, for dust size distributions, and for dust
optical properties. Section 5 presents a summary and conclu-
sions.
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2 Model description

The three-dimensional coupled climate-aerosol microphys-
ical model based on the NCAR Community Atmosphere
Model (CAM3) (Collins et al., 2004) and the University of
Colorado/NASA Community Aerosol and Radiation Model
for Atmospheres (CARMA2.3) (Toon et al., 1988; Jensen
et al., 1994; Ackerman et al., 1995) is a new numeri-
cal model that has been described in detail by Su and
Toon (2009). The coupled model we are using for the Saha-
ran and Asian dust simulations includes a three-dimensional
climate model (CAM3) and an aerosol microphysical sec-
tional model (CARMA2.3). CAM3 is driven by off-line
meteorological fields from NCAR and the National Cen-
ter for Environmental Prediction (NCEP) reanalysis pack-
age (Kistler et al., 2001). We treat CARMA2.3 as a bin-
resolved column aerosol-microphysical sectional model that
has the same domain as CAM3. We also choose the finite-
volume (FV) dynamical core for the dynamical equations of
CAM3 to conserve the mass for tracers as discussed by Lin
and Rood (1996). The coupled CAM3/CARMA2.3 model
includes dust sources, transport, removal processes, and op-
tical properties of dust aerosols (Su and Toon, 2009).

We configured the coupled CAM3/CARMA2.3 model
with a horizontal resolution of 2◦ × 2.5◦ degrees, and 28 hy-
brid vertical model layers from the surface to about 40 km.
We used 16 dust size bins with central radius covering the
range from 0.1 to 10 µm to parameterize the modified Gi-
noux et al. (2001) dust source function as discussed in Su and
Toon (2009). Briefly, the dust lifting is physically driven by
the surface stress based on the saltation-sandblasting process
(Gomes et al., 1990; Shao and Raupach, 1993; Shao and Lu,
2000; Su and Toon, 2009). We use the friction wind velocity
in the dust source function based on the atmospheric stability
and land surface conditions (e.g. surface roughness length).
We also account for the recently detected desertification in
Inner Mongolia in the dust erodibility source factor (Chin et
al., 2003, 2004; P. Ginoux, personal communication, 2007;
Su and Toon, 2009). The Weibull wind distribution that rep-
resents the subgrid-scale velocity distribution has been im-
plemented in the dust-lifting scheme to better represent the
dust lifting process by subgrid scale winds that are not rep-
resented well due to the coarse resolution of global models
(Gillette and Passi, 1988; Su and Toon, 2009).

We use the same parameterization of removal processes
(wet deposition and dry deposition) as described in Su and
Toon (2009). Dust aerosols are scavenged both by rain
and snow including below-cloud and in-cloud scavenging
for each model layer in a manner that is size and compo-
sition independent (Barth et al., 2000; Rasch et al., 2001;
Su and Toon, 2009). The dry deposition includes sedimen-
tation near the surface (which dominates for coarse mode
particles) and turbulent mix-out (which dominates for fine
mode particles). The sedimentation fall velocities are calcu-
lated in CARMA2.3 by Stokes law at low Reynold’s number

(Re < 1). Corrections are made at high Reynold’s numbers
(Re > 1) based on Prupacher and Klett (1996). We modified
the dry deposition scheme following Marticorena and Berga-
metti (1995) and Ginoux et al. (2001) to account for both the
bin-resolved dust particles and the effect of soil moisture on
dust lifting (Su and Toon, 2009).

A systematic assessment of the model simulations has
been done in Su and Toon (2009). We validated the
simulations against observations from the ACE-Asia field
campaign. We also used observational datasets including
AERONET data at six study sites as well as the NIES
lidar data to constrain the model simulations in Su and
Toon (2009).

3 The CALIPSO and AERONET data

CALIPSO was launched in April 2006 (Liu et al., 2006;
Winker et al., 2007). The Cloud – Aerosol Lidar with Or-
thogonal Polarization (CALIOP) instrument, on CALIPSO,
is a two-wavelength (532 and 1064 nm), polarization-
sensitive (at 532 nm) instrument. CALIOP provides sub-
stantial and unique information on vertical and geograph-
ical distributions of clouds and aerosols. CALIOP con-
ducts nearly continuous observations of height-resolved at-
tenuated backscatter over the globe (Sassen, 2000; Winker et
al., 2003). We use CALIPSO profile level 1B data and the
CALIPSO cloud layer level 2 data in this study.

The Aerosol Robotic NETwork (AERONET) is a glob-
ally distributed remote sensing aerosol-monitoring network
of ground-based sun photometers that measure sun and sky
radiances in 16 spectral channels (340–1640 nm) (Holben et
al., 1998). AERONET provides observations of aerosol op-
tical depth (AOD), as well as inversion products such as size
distribution, single scattering albedo, and precipitable water.
We use the cloud-screened and quality-assured AERONET
Level 2.0 data in this study (Smirnov et al., 2000).

4 Results

4.1 Comparison of dust abundance and fluxes over the
Atlantic and Pacific, and seasonal variations

Here we address the problem of why the optical depths of
dust over the Pacific and Atlantic are so different. Figure 1
shows the daily-averaged and column-integrated spectral op-
tical depth at 500 nm at Osaka in the Pacific in May 2007
(top) and at Capo Verde in the Atlantic in July 2007 (bottom)
both from our model and from AERONET data. In general,
the optical depth is higher over the Atlantic at Capo Verde
than over Pacific at Osaka at similar downwind distances
from the two dust sources even during the primary months
of dust storm activity (such as May in Asia and July in the
Sahara). The monthly-averaged optical depth is 0.382 and
0.339 over the Pacific at Osaka in May 2007 for AERONET
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Fig. 1. The daily-averaged and column-integrated spectral optical
depth (500 nm) at Osaka in May 2007 (top) and at CapoVerde in
July 2007 (bottom) both from our model and from AERONET data.

data and the model simulation, respectively. However, the
monthly-averaged optical depth is 0.613 and 0.579 over the
Atlantic at Capo Verde in July 2007 for AERONET data and
model simulation, respectively.

The dust fluxes into the two ocean basins tell a similar
story to the one told by the optical depths. Figure 2 shows
the modeled dust fluxes for the Sahara in 2007 from 10◦ S–
40◦ N latitude across four different longitude planes at 10◦ W,
55◦ W, 100◦ W, and 145◦ W. Figure 3 shows the map used
in this study for Saharan dust. The dashed lines denote the
four longitude planes (10◦ W, 55◦ W, 100◦ W, and 145◦ W)
and the latitude boundaries (10◦ S to 40◦ N) at which dust
fluxes were computed. We choose the latitude range between
10◦ S to 40◦ N based on previous studies using the GEOS-
Chem model and CALIPSO analysis (Generoso et al., 2008;
Liu et al., 2008b) suggesting that most Saharan dust plumes
occurred and were transported downwind within this area.
These longitudes span the distance from the Saharan dust
source regions, across the Atlantic, over the Caribbean and
into the Pacific. The net dust flux (orange dashed line in
Fig. 2) crossing the 10◦ W plane (10◦ S–40◦ N) at the western
edge of the Saharan Desert is about 90 Tg for each month and
is about 110 Tg per summer month when the flux is greatest.
The annual net flux is about 1088 Tg across the 10◦ W plane

 

 

Fig. 2. Modeled monthly dust flux between 10◦ S–40◦ N, across
different longitude planes (10◦ W, 55◦ W, 100◦ W, and 145◦ W) for
Saharan dust in 2007.

 

Fig. 3. Map used in this study for Saharan dust. The dashed
lines denote the four longitude planes (10◦ W, 55◦ W, 100◦ W, and
145◦ W) and the latitude boundary (10◦ S to 40◦ N). The CALIPSO
tracks are shown as lines along the asterisks.

in 2007 (orange dashed line in Fig. 2). The flux across the
10◦ W plane is about 70% of the total amount of Saharan dust
(1547 Tg) lifted in the model for the year 2007. About 6% of
the dust (93 Tg) goes north toward Europe in the model. An-
other 3% of the dust is lifted to the west of the 10◦ W plane.
The remainder of the dust (about 21% of that lifted) is re-
moved locally over the Sahara before it can reach the 10◦ W
plane.

The Saharan Desert is located in the tropics and sub-
tropics, and usually experiences deep convection through-
out the year. Strong winds embedded in the tropical trades
(northeasterly flow) continually lift dust from the surface
of Saharan Deserts. The dust outbreaks are contained in a
deep mixed layer. The deep mixed layer usually extends to
5–6 km or higher in altitude over the Saharan Deserts due
to the strong solar heating (Prospero et al., 1972; Prospero
and Carlson, 1981; Karyampudi et al., 1999; Colarco et al.,
2003b). This hot and dry air mass is advected west of Africa

Atmos. Chem. Phys., 11, 3263–3280, 2011 www.atmos-chem-phys.net/11/3263/2011/



L. Su and O. B. Toon: Saharan and Asian dust 3267

and referred to as the Saharan Air Layer (SAL). Dust lift-
ing over African can be triggered and modulated by synop-
tic systems, such as African easterly waves in the Atlantic
region (Prospero and Carson, 1972; Westphal et al., 1987;
Jones et al., 2003). The dust outbreaks usually occur in the
ridge of passing easterly waves with a period of 5–7 days
(Prospero and Carson, 1972). The African easterly waves
are identified through filtered (2.5–10 days) relative vorticity
at 700 hPa over the tropical Atlantic Ocean. About 20% of
the dust entrainment into the atmosphere is related to easterly
wave activity, and approximately 10%–20% of the seasonal
variation of Saharan Desert dust transported across the North
Atlantic Ocean is regulated by easterly waves (Jones et al.,
2003).

Figures 2 and 4 show that about 90% of the dust is re-
moved by the time it reaches 55◦ W. During most months
of the year only about 1% of the dust reaches as far as
100◦ W, the longitude of Mexico. However, in the sum-
mer of 2007 our model indicates a relatively larger dust flux
(around 1.9 Tg month−1, 3.6% of total dust flux) reached
the west coast of the Caribbean Sea (the 100◦ W plane red
curve in Fig. 2). These dust fluxes are qualitatively consis-
tent with previous studies. Colarco et al. (2003b) and Do-
herty et al. (2008) indicate each summer large amounts of
Saharan dust are transported across the Atlantic Ocean and
arrive in Caribbean Sea. The Saharan dust transport into the
Caribbean is controlled primarily by a semi- permanent high,
the Azores High (also called North Atlantic High), which
usually extends westward toward Bermuda. This anticyclone
becomes stronger and moves north in summer, and it moves
south and becomes weaker in winter. The longitudinal dis-
placement of the Azores High is highly related to the Saharan
dust transport into the Caribbean.

Figure 2 also shows that the far-most plane over the Pacific
at 145◦ W (the asterisk marked dash-line) indicates a signifi-
cant loss of dust between 100◦ W and 145◦ W in the months
of June, July and August. The amount of loss in this lon-
gitude region is related to the position of the Inter-tropical
Convergence Zone (ITCZ). During summer the ITCZ moves
into latitudes near 10◦ N, and there is significant convection
over Central America due to the frontal zone of the ITCZ
bringing the warm, moist air from the Gulf of Guinea into
the hot, dry Saharan air to the north. This convection is quite
efficient at removing the dust (Pfister et al, 2010). However,
during other parts of the year there is less convection over
Central America and our model suggests that dust is more
likely to reach the Pacific.

Figure 4 presents the modeled monthly dust flux between
10◦ S to 40◦ N for 2007 at various longitudes as a fraction of
the flux at 10◦ W. The 55◦ W to 10◦ W ratio shows a monthly
variation that may be related to the position of the Azores
High as we discussed earlier. Generoso et al. (2008) es-
timated 151 Tg of dust was deposited in 2006 in the area
bounded by 5◦ N–27◦ N and 17◦ W–100◦ W. We similarly
find that total annual dust deposition in the tropical Atlantic

 
 

Fig. 4. Modeled monthly mean dust flux between 10◦ S to 40◦ N.
The asterisk-marked line denotes the ratio of the flux as 100◦ W to
that at 10◦ W, and the blue dashed-line denotes the ratio of the flux
at 55◦ W to that at 10◦ W for Saharan dust in 2007. The dashed
lines mark 0.1 and 0.01.

in the area bounded by 5◦ N–30◦ N and 17◦ W–100◦ W is
about 163 Tg in 2007.

Figure 5 shows the modeled annual dust wet deposition be-
tween 10◦ S to 40◦ N for 10◦ W–55◦ W, 55◦ W–100◦ W, and
100◦ W–145◦ W for Saharan dust in 2007. The annual to-
tal of the dust wet deposition over 10◦ S to 40◦ N and 10◦ W
to 145◦ W is 122 Tg based on the model simulations. Over
the year there are about total 112 Tg (10% of total annual
dust flux of 1088 Tg crossing the 10◦ W plane), 9 Tg (10%
of total annul dust flux of 92 Tg crossing the 55◦ W plane),
and 0.8 Tg (8% of total annual dust flux of 11.09 Tg crossing
the 100◦ W plane) of dust removed during transport between
10◦ W and 55◦ W, 55◦ W and 100◦ W, 100◦ W and 145◦ W,
respectively, by wet deposition. Therefore the results of our
model simulation indicate that 10% of total dust crossing
10◦ W is deposited before it reaches the 145◦ W plane in
2007 by wet removal, of which about 60% of the wet de-
position occurs in summer. There is less wet deposition in
spring and autumn. Our study suggests that the wet removal
process is a minor contributor to the total dust loss over the
Atlantic (see Table 1.).

Figure 6 shows the modeled annual dust fluxes (between
25◦ N–55◦ N) across different longitude planes (105◦ E,
150◦ E, 195◦ E, and 240◦ E) for Asian dust in 2007. Fig-
ure 7 shows the map used in this study for Asian dust.
The dashed lines denote the four longitude planes (105◦ E,
150◦ E, 195◦ E, and 240◦ E) and the latitude boundaries
(25◦ N to 55◦ N). We chose the latitude range between 25◦ N
to 55◦ N based on previous modeling and observational stud-
ies showing that most Asian dust plumes occurred and were
transported downwind within this area (Eguchi et al., 2003,
2009; Huang et al., 2008). The total dust flux (orange dashed
line in Fig. 6) across the 105◦ E plane, which crosses central
Mongolia in the Asian deserts, is 355 Tg in 2007. Only about
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Fig. 5. Modeled monthly dust wet deposition between 10◦ S to
40◦ N for longitudes between 10◦ W to 55◦ W, 55◦ W–100◦ W, and
100◦ W–145◦ W for Saharan dust in 2007.

Table 1. The factors that contribute to the magnitudes of the to-
tal dust fluxes both for Asian and Saharan dust simulated from the
coupled CAM3.0/CARMA2.3 model in 2007. The % in the first
two lines (wet and dry deposition) refers to the fraction of the dust
removed before traveling 45 degrees of longitude from the sources.

Impact factors
(annual average)

Asian dust
(total dust flux
across source
plane is 355 Tg
in 2007)

Saharan dust
(total dust flux
across source
plane is 1088 Tg
in 2007)

Wet deposition 15% 10%
Dry deposition 75% 80%
Soil Erodibility Factor 0.077 0.081
Area of sources 2.07× 106 km2 8.95× 106 km2

Area lifting occurs 1.33× 106 km2 4.17× 106 km2

Power averaged wind 4.2 m s−1 5.1 m s−1

Soil moisture 0.1 mm3 mm−3 0.03 mm3 mm−3

Snow (annual total) 778 mm 0

4% of the total dust lifted over Asia comes from the east of
105◦ E. Figure 2 showed an annual dust flux across 10◦ W
from the Sahara of about 1088 Tg in 2007. Therefore, about 3
times as much dust was transported downwind of the Sahara
desert in 2007, as downwind of the Asian deserts. Unlike
the case for the Sahara, there is a strong seasonal variation
in Asian dust fluxes. We find that 62% of the 355 Tg lifted
is generated in the months March–June. Eguchi et al. (2003)
reported that the dust transported through the longitudinal
cross-plane at 90◦ E is approximately 34.1 Tg for a period of
5–15 May 2007 based on a 3-D aerosol model. Our model
estimates about 36.4 Tg within the same latitude region be-
tween 25◦ N–55◦ N.

 

 

 

 

Fig. 6. Modeled monthly dust fluxes (25◦ N–55◦ N) across different
longitude planes (105◦ E, 150◦ E, 195◦ E, and 240◦ E) for Asian
dust in 2007.

The seasonal variation of dust outbreaks over Asia is as-
sociated with variation in the wind speed (Shao and Dong,
2006), the surface vegetation (Lee and Sohn, 2009), and the
soil moisture and snow cover (Laurent et al., 2006). Strong
winds occur most frequently in spring in Asia due to the ac-
tivity of mid-latitude frontal systems. The mid-latitude cy-
clones associated with intense cold fronts from Mongolia to
northeastern China not only generate dust storms, but also
lift Asian dust into the westerly jet in the free atmosphere.
There is no equivalent of the SAL over Asia, though some of
the dust is transported in a relatively shallow boundary layer.
Deep dry convection is a major feature of Saharan Deserts
(Cuesta et al., 2009). The mixed boundary layer depth and
the tropopause altitude above the low-latitude tropical sur-
face of Africa are higher than at mid-latitudes in Asia. Thus
the springtime weather in Asia produces intense dust storm
events in which dust is transported along the direction of the
westerly winds. However, this transport is not associated
with a deep convective boundary layer, as it is for Saharan
dust.

The dust emission over the Asian dust source regions
is substantially suppressed after spring not only due to the
weaker Mongolian cyclonic activity but also because of the
increasing vegetation (Lee and Sohn, 2009). Laurent et
al. (2006) indicates that the soil moisture and snow cover in
the northern deserts of China decreases the dust emission by
94% and 84%, respectively, in winter but the dust emissions
of Taklimakan desert are not noticeably influenced by the soil
moisture and snow cover due to low precipitation and snow-
fall.

Figure 8 presents the monthly dust flux between 25◦ N to
55◦ N latitude across 240◦ E and 150◦ E longitudes as a frac-
tion of the flux across 105◦ E. Figure 8 shows that only about
10% of the dust lifted reaches the longitude of Japan (150◦ E)
and only 5% reaches the West coast of the US (240◦ E). This
large mass loss suggests that the removal processes (includ-
ing wet and dry deposition) play an essential role during the
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Fig. 7. Map used in this study for Asian dust. The dashed lines de-
note the four longitude planes (105◦ E, 150◦ E, 195◦ E, and 240◦ E)
and the latitude boundary (25◦ N to 55◦ N). The CALIPSO tracks
are shown as lines along the asterisks and cross marks.

 
 

Fig. 8. Modeled ratios of monthly dust flux between 25◦ N to 55◦ N
for Asian dust in 2007. The horizontal dashed lines are the 0.1 and
0.03 lines.

Asian dust transport to 150◦ E. Like Sahara dust there is a
low layer of Asian dust that is rapidly removed by deposi-
tion. However, the relatively small dust particles lifted from
the dust source that are entrained into air at high altitude (up
to 10 km) can be transported via upper tropospheric west-
erly jets over long distances as has been pointed out from
observations by Stith et al. (2009). Once dust passes Japan,
removal is less important. Eguchi et al. (2009) reported that
about 30% of dust crossing 140◦ E is transported eastward
and arrives in the North America based on the CALIPSO
and SPRINTARS model analysis, which is consistent with
our model simulations of 40% of Asian dust crossing 150◦ E
reaching the west coast of America.

The dust flux ratios in Fig. 8 are lowest in the months from
December to May. This seasonal variability means there is
preferential dust removal during the same period when dust
is lifted over Asian deserts. This overlap occurs because the
low pressure centers over the Asian deserts are not only re-
sponsible for the strong winds needed for the dust lifting, but
also act as sources of rain needed for dust removal. This is a
different phenomenon than for Sahara dust.

 

 
Fig. 9. Modeled monthly dust wet deposition between 25◦ N to
55◦ N for regions between 105◦ E to 150◦ E, 150◦ E to 195◦ E, and
195◦ E to 240◦ E for Asian dust in 2007.

Figure 9 shows the modeled annual dust wet deposition be-
tween 25◦ N to 55◦ N for 105◦ E to 150◦ E, 150◦ E to 195◦ E,
and 195◦ E to 240◦ E for Asian dust in 2007. The dust flux
is correlated with the wet removal. In part this is because the
same systems that lift the dust, bring rain. About 52 Tg (15%
of dust crossing the 105◦ E plane) of dust is removed during
transport from 105◦ E to 150◦ E by wet deposition on an an-
nual average. The results of our model simulation indicate
that more dust is wet deposited during spring and summer,
than in autumn and winter. This study also suggests that wet
removal process plays a larger role in dust removal for Asian
dust (15% of dust crossing the 105◦ E plane) than Saharan
dust (10% of dust crossing the 10◦ W plane). This larger loss
is due to the abundant rainfall over Asia (especially in spring
and summer) leading to greater local dust removal than over
the Sahara.

The dust mass flux from the Sahara in 2007 is about 3
times greater than that from Asia across a plane that is 45
degrees longitude from the source. Table 1 shows the fac-
tors that contribute to the differences of the total dust fluxes
between Asian dust and Saharan dust as simulated from the
coupled CAM3.0/CARMA2.3 model in year 2007. We can
see the wet and dry deposition processes have similar mag-
nitudes for Asian and Saharan dust. Although most of the
dust is removed in transport over these distances, deposi-
tion is not the major mechanism causing the differences in
the total dust fluxes between the two dust sources. The soil
erodibility factor (the fraction of the grid cell for which dust
lifting occurs if the threshold wind velocity is exceeded) is
not a function of time in the model. There are the similar
values of the area averaged soil erodibility factor (0.078 for
Asian deserts and 0.081 for Saharan deserts). The total areas
of the dust sources are 2.07× 106 km2 and 8.95× 106 km2

for Asian deserts and Saharan deserts, respectively. How-
ever, the annual averaged areas over which dust lifting oc-
curs (when wind exceeds the threshold velocity, which is re-
lated to the particle size distribution and soil moisture) are
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1.33× 106 km2 and 4.17× 106 km2 for Asian deserts and Sa-
haran deserts, respectively, based on the model simulations.
The areas over which dust lifting occurs in various seasons in
Saharan deserts are 3.97× 106 km2 (spring), 4.53× 106 km2

(summer), 4.25× 106 km2 (fall), and 3.94× 106 km2 (win-
ter). The areas over the Asian deserts are 1.67× 106 km2

(spring), 1.15× 106 km2 (summer), 1.20× 106 km2 (fall),
and 1.31× 106 km2 (winter). Therefore the different areas
over which dust is lifted contributes about a factor of 3 to
the difference in total dust lifting between the two sources
in 2007. A factor of three is also about the difference in the
spring and summer lifting between the Sahara and Asia, so
that the area over which dust is lifted dominates the differ-
ence between the amounts of dust lifted. We also calculated
the seasonal mean power-averaged wind over the dust lifting
areas. The amount of dust lifted in the source function is di-
rectly proportional to the power in the wind. The values of
the power-averaged winds are 4.9 m s−1 (spring), 5.5 m s−1

(summer), 5.3 m s−1 (fall), and 4.7 m s−1 (winter) for Saha-
ran deserts. And the values of the power-averaged winds
are 4.9 m s−1 (spring), 3.6 m s−1 (summer), 4.0 m s−1 (fall),
and 4.3 m s−1 (winter) for Asian deserts. So the annual-
averaged and power averaged winds for Asian deserts and
Saharan deserts are 4.2 m s−1 and 5.1 m s−1, respectively.
The wind speeds are the same between the Sahara and Asia
in the spring, so when Asia has most of its dust events it is
the area of the source that dominates the difference between
Asian and African dust fluxes. However in other times of the
year low winds speeds cause Asia to be a less important dust
source. Over the year, wind speed contributes about a factor
of 1.7 (the lifting depends on the third power of the wind) to
the differences of the total dust fluxes between the African
and Asian sources. Soil moisture and snow can be seen as
restricting the area of the dust sources, or the magnitude of
the dust lifting. The soil moisture (the volumetric soil water
in the model) is different between the two sources with an
annual mean value of 0.1 mm3 mm−3 for Asian deserts and
0.03 mm3 mm−3 for Saharan deserts (Table 1). The dust flux
is not linearly proportional to the soil moisture. Soil moisture
contributes about a factor of 10% to the total dust flux differ-
ences between the two sources. Other factors that affect the
dust flux differences between the two sources can be snow
and vegetation (the annual total snow is 778 mm over Asian
deserts in 2007 and it is around zero for Saharan deserts in
2007 in the model). Snow and vegetation limit the area of
dust lifting, not the magnitudes of dust lifting in our model.

4.2 Dust vertical distribution

We would like to know if Asian and African dust has the
same vertical distribution, and to understand how the verti-
cal distribution of dust impacts the downwind transport and
properties of dust. As we noted in the previous section the
removal over 45 degrees of longitude is similar for Africa
and Asia. However, because these deserts are at different lat-

itudes, the times to go these distances are shorter by about
20% for the Asian dust, assuming the wind speeds are simi-
lar. However, the mean wind speed at 30◦ N–50◦ N latitude
is higher than at 10◦ N–30◦ N latitude, so in fact the Asian
dust is traveling faster than the Saharan dust and so has even
less time to be removed. In net the Asian dust has about 25%
less time to be removed than the African dust considering
both distance and wind speed. We compare the vertical dis-
tribution of Saharan dust with that of Asian dust and explore
how each evolves downwind of their respective source. We
use data from the CALIOP instrument on CALIPSO for this
comparison.

We investigated a case study of dust transport for Saharan
dust and one for Asian dust. Over the tropical and subtropical
regions the cloud coverage is very high, which makes it hard
to acquire enough cloud-free profiles to create case studies.
Due to the availability of CALIPSO measurements, we take
17 August to 28 August of 2006 as an example of Saharan
dust, and 7 May to 10 May of 2007 as an example of Asian
dust.

CALIPSO profile level 1B data contains measurements of
Total Attenuated Backscatter at 532 nm (TAB532) and of
Perpendicular Attenuated Backscatter at 532 nm (PAB532).
Following Fernald (1984), Fernald et al. (1972), Young et
al. (2008), Liu et al. (2008b), and Cuesta et al. (2009), the
dust vertical extinction (km−1) at 532 nm can be calculated
(here we assume the aerosol layer is homogeneous along the
laser beam) by

α532=
β532t×S532

exp(−2×α532×1z)
(1)

Where β532t is the total attenuated backscatter at 532 nm
(km−1 sr−1), α532 is the vertical extinction (km−1), S532 is
the lidar ratio (44 for this study based on Liu et al. (2006)),
and 1z is the detected layer height. We also screen out
the cloud from CALIPSO profile level 1B data based on
the CALIPSO cloud layer level 2 data based on Liu et
al. (2008b). Nighttime CALIPSO measurements primarily
are used in this study because they have less noise. However
we use the daytime data for 25 and 28 August because the
nighttime data are not available. We expect additional solar
background noise in measurements on these two days.

Figure 3 shows the map of CALIPSO tracks for Saharan
dust used in this study (17 August to 28 August of 2006).
The asterisks indicate the dust transport path for Saharan
Deserts from 17 August (most easterly asterisk) to 28 Au-
gust (most westerly asterisk) of 2006. It should be noted
that there are two dust plumes on 17 August of 2006 (as
two asterisks denoted), which merged together before it be-
gins its long-range transport across the Atlantic on 18 Au-
gust of 2006. We averaged these two profiles on 17 Au-
gust. We used the Hybrid Single-Particle Lagrangian In-
tegrated Trajectory (HYSPLIT) model (Draxler and Rolph,
2003) (http://www.arl.noaa.gov) to trace the downwind evo-
lution of Saharan and Asian dust. The HYSPLIT model
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Fig. 10. Comparison of vertical distribution of Saharan dust be-
tween model simulations and CALIPSO observations in August of
2006.

can be configured to compute air parcel trajectories for com-
plex dispersion and deposition simulations based on the wind
fields from the National Center for Environmental Prediction
(NCEP) analyses. We averaged the CALIPSO data every
120-laser shots over about 40 km along the track around the
regions marked by asterisks. Figure 10 presents the results
of the comparison of the vertical distribution (extinction at
532 nm) of Saharan dust between the model (solid marked
lines) and CALIPSO data by Eq. (1) (dashed lines) from
17 August to 28 August of 2006. The simulated dust ver-
tical distribution of Sahara dust is generally consistent with
CALIPSO (lidar) retrievals. However, on some days, such
as from 19 August to 23 August the model does not capture
the sharp layer top that is observed by CALIPSO. Probably
the model lacks enough vertical resolution to fully resolve
the layer top. However, it is also possible that the upper
parts of the layer have been advected horizontally away from
the lower parts and the model has not properly captured that
transport. The Sahara dust layers descend over time with the
top altitude starting at about 7 km on 17 August and reaching
the marine boundary layer on 28 August. The typical mag-
nitude of the vertical extinction (vertical average through the
dust layer) decreases from 0.023 km−1 (averaged from the
CALIPSO data) and 0.027 km−1 (averaged from the model)
on 17 August to 0.01 km−1 (averaged from the CALIPSO
data) and 0.007 km−1 (averaged from the model) on 28 Au-
gust The dust resides in a well-mixed layer about 2 km thick
(between 1 to 3 km in altitude) as it advects west and en-
ters the Caribbean Sea on 23 August Colarco et al. (2003b)
found a similar layer over the Caribbean but located between
3 to 5 km in altitude during the Puerto Rico Dust Experiment
(June–July 2000).

The descent of the Saharan dust layers during transport
was recognized previously by Colarco et al. (2003b) who
suggested it was due partly to particle sedimentation. On
the other hand, Doherty et al. (2008) suggested the descent
is dominated by vertical air motions. The Sahara Air Layer
(SAL) is affected by the Azores High. The Azores High usu-

ally extends westward from the Azores toward Bermuda. It
becomes stronger and moves north toward the Iberian Penin-
sula in summer. Descending air in the Azores High will
cause the top of the SAL to descend as air is transported to
the Caribbean Sea from West Africa. The transport of dust in
the SAL from West Africa to the Caribbean Sea took about
one week (17 August to 25 August). The mean vertical ve-
locity of the dust descent is about 6.3 mm s−1 based on the
vertical extinction profiles of 17 August to 25 August 2006.
Liu et al. (2008b) found that the mean descending velocity
of the top of the Saharan dust layer is about 6 mm s−1 for
transport from the west coast of Africa to the Caribbean Sea
based on depolarization profiles for these same days in Au-
gust 2006. The HYSPLIT model showed that the SAL de-
scended between West Africa and the Caribbean Sea from
17 August to 27 August at about 4.0 mm s−1 (Fig. 11). The
difference between the dust descent rate (6.3 mm s−1) and the
air descent rate (4.0 mm s−1) is consistent with the fall ve-
locity of dust particles around 2 µm in size. Hence about one
third of the descent rate of the dust is due to sedimentation
and two thirds to the descent of the air in the case studied.

Figure 7 shows the map of CALIPSO tracks for Asian dust
used in this study (7 May (most westerly track) to 10 May
(most easterly track) of 2007). The asterisk and the cross
marks indicate two dust transport paths for Asian dust from
7 May to 10 May of 2007. We averaged 120-laser shots from
CALIPSO over about 40 km along the track both at the aster-
isk and cross mark points. The paths differ by the altitude of
the dust layer. The track to the south was followed by dust
below 3 km, and the track to the north by dust above 3 km.
The transport paths are tracked by the HYSPLIT model. Ver-
tical shear of the wind prevented a “SAL-like” layer from
advecting away from the dust source.

The simulated dust vertical distribution of Asian dust is
consistent with CALIPSO (lidar) retrievals (Fig. 12). Asian
dust shows multiple layers (two layers in the case stud-
ied) during transport. One layer is at the altitudes between
about 4.5–6.5 km (and is located to the north along the as-
terisks in Fig. 7) and shows little descent, while the other,
lower layer top descends with time from 3 km on 7 May to
1 km on 9 May (there are no data available below 1 km on
10 May 2007). The HYSPLIT model showed that the air be-
tween 4.5–6.5 km ascended at about 0.4 cm s−1 during trans-
port from 7 May to 10 May of 2007 along the CALIPSO
tracks (Fig. 13). Such ascent is enough to compensate for the
sedimentation of particles as large as 3–4 µm. This ascent is
consistent with the mid-latitude frontal cyclones, which not
only generate dust storms, but also lift Asian dust into the up-
per troposphere and transport it along the westerly jet. The
behavior of the upper and lower dust layers is consistent with
results from Huang et al. (2008).

The magnitude of the vertical extinction for the higher
layer decreases from 0.1 km−1 (averaged from the CALIPSO
data) and 0.12 km−1 (averaged from the model) on 7 May
to 0.04 km−1 (averaged from the CALIPSO data) and
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Sea 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Desert 

Fig. 11. Back trajectory ensemble of Sahara dust for Caribbean Sea from 27 August to 22 August in 2006 (left) and from 22 August to
17 August in 2006 (right) using HYSPLIT model for altitude 1000 m (left) and 2500 m (right). The horizontal trajectory components (top)
and the vertical components (bottom) are shown in the figures. We chose two back trajectory ensemble runs because the maximum ensemble
run time of HYSPLIT is 120 h.

 

 

Fig. 12. Comparison of vertical distribution of Asian dust between
model simulations and CALIPSO observations in May of 2007.

0.05 km−1 (averaged from the model) on 10 May 2007.
There is a larger magnitude change for the extinction in the
lower dust layer, which changes from 0.135 km−1 (averaged
from the CALIPSO data) and 0.15 km−1 (averaged from the
model) on 7 May to 0 (averaged from the CALIPSO data)
and 0.05 km−1 (averaged from the model) on 9 May 2007.

In conclusion we find the vertical distributions of Asian
and African dust are different. African dust is in a deep layer,
the SAL, which descends at about 6 mm s−1as it crosses the
Atlantic. Asian dust does not form a deep layer, but is split by
vertical wind shear into two layers in the case studied. Un-
like African dust, the top layer shows no evidence of descent
during transport.

4.3 Dust size distribution

The dust size distribution can be important for optical proper-
ties such as the wavelength dependence of the optical depth,
and the single scattering albedo. Small particles (0.1 to
1.0 µm diameter) have larger scattering and absorbing cross
sections per unit mass than large particles (Seinfeld and Pan-
dis, 1998). We would like to know if Saharan and Asian dust
particles have similar or different size distributions.

Figure 14 shows the 532-nm volume depolarization ratio
from Saharan dust (around 15.02◦ N, 6.90◦ W) measured by
CALIPSO on 21 July which goes near the AERONET site
at Dakar. The dust fills the SAL from the ground to about
6 km altitude. There are cirrus clouds around 10◦ N, 8◦ W
at 11 to 14 km altitudes that are distinguished from dust by
their height and the fact that the lidar beam is almost to-
tally attenuated beneath the cirrus. The volume depolariza-
tion ratio is computed from the total attenuated backscatter
in the CALIPSO version 1 data products following Cairo et
al. (1999) and Liu et al. (2008):

δ(r) =
β532,m,⊥(r)+β532,p,⊥(r)

β532,m,||(r)+β532,p,||(r)
(2)

Whereβ532,m,⊥(r) and β532,p,⊥(r) are the components of
the backscatter signal polarized perpendicular to the polar-
ization plane of the linearly polarized laser pulse due to the
molecular scattering and particulate scattering at ranger and
at the laser wavelength 532 nm, respectively.β532,m,||(r)

and β532,p,||(r) are the components of the backscatter sig-
nal polarized parallel to the polarization plane of the lin-
early polarized laser pulse due to the molecular scattering
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Pacific Ocean 

Asian Desert 

Fig. 13. Back trajectory ensemble of Asian dust for Pacific Ocean from 10 May to 7 May 2007 using HYSPLIT model for altitude 6500 m.
The horizontal trajectory components (top) and the vertical components (bottom) are shown in the figure. Note the back trajectory goes from
right (the black star at Pacific Ocean) to left (Asian Desert) (top) and it goes from left (the black star at 6500 m) to right (multiple levels)
(bottom).
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Fig. 14. The 532-nm depolarization ratio for Saharan dust on
21 July 2007. Red characters “c” and “d” represent “clouds lay-
ers” and “dust plumes”, respectively.

and particulate scattering at ranger and the laser wavelength
532 nm, respectively. The values of the volume depolariza-
tion ratio of dust aerosols are usually between 0.06 to 0.3,
whereas the ratio is below 0.06 (close to zero) for other
aerosol types (Liu et al., 2008). The relatively high values
of the dust depolarization ratios are due to the nonsphericity
and large size of dust particles.

Figure 15 shows the dust depolarization profile for Asian
dust on 23 May 2007. Dust extends to about 8 kilometers
over the Gobi Deserts (between 45.0254◦ N, 109.356◦ E and
40.0556◦ N, 107.684◦ E) on 23 May 2007, but does not make
a continuous layer to the surface.

We compare the dust size distributions between Saha-
ran and Asian dust during dust outbreaks. Considering the

 
 

d   c 

d 

Fig. 15. The 532-nm depolarization ratio for Asian dust on
23 May 2007. Red characters “c” and “d” represent “clouds lay-
ers” and “dust plumes”, respectively.

availability of AERONET observations, we choose Dakar
on 22 July 2007 and Xianghe on 24 May 2007, which are
close to dust sources, to represent Saharan and Asian dust,
respectively.

Figures 16 and 17 present the modeled volume size dis-
tribution of Saharan dust at Dakar and the modeled vol-
ume size distribution of Asian dust at Xianghe, respectively.
The model simulations are compared to AERONET mea-
surements in each figure. The AERONET and modeled
size distribution for Saharan dust in Fig. 16 show only one
mode located near 1.0 µm for dust with radius larger than
about 0.2 µm. The AERONET and modeled size distribu-
tions for Asian dust (Fig. 17) shows two volume modes,
one near 0.5 µm and one near 2 µm radius. It is interesting
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Fig. 16.Modeled volume size distribution of Saharan dust in Dakar
(14.39◦ N, 16.95◦ W) constrained by AERONET measurements. 

 

Fig. 17.Modeled volume size distribution of Asian dust in Xianghe
(39.75◦ N, 116.96◦ E) constrained by AERONET measurements.

that the model reproduces both of these distributions even
though it uses identical dust source functions in each case.
These volume mode radii have been verified by previous
field campaigns both in Asia and in Sahara. McNaughton et
al. (2009) indicated that the mode volume radius of the Asian
dust is around 2 µm radius based on the analysis from in-
situ sampling of tropospheric aerosol during spring of 2006
in Phase B of the Intercontinental Chemical Transport Ex-
periment (INTEX-B). Nowottnick et al. (2010) also found
that the mode volume radius of Saharan dust is around 1
micron radius based on sampling during the African Mon-
soon Multidisciplinary Analyses field campaign (August–
September 2006). It should be noted that there are fine mode
particles (such as nitrate, sulfate, and black carbon) in the
AERONET size distribution data in Figs. 16 and 17 (mode
around 0.1 µm), but such particles have not been included in
our model.

We suggest that the reason for the different numbers of size
modes and the different mode radius values between African
and Asian dust is related to the difference in mixing and in

vertical ascent of the dust in the atmosphere. Over the Sa-
hara there is strong mixing throughout the deep mixed layer.
Hence, while particles larger than about 1 µm are influenced
by sedimentation, the remainder are well mixed so the size
distribution is relatively unimodal. Over Asia, the mixing
occurs only in a shallow layer, and there is some ascent in
the cyclonic circulation which lifts the dust. Hence the size
distribution is modified as particles larger than about 2 µm
are able to fall against ascending air but smaller ones are not
able to be removed by sedimentation.

We conclude that the particle size distributions in Saharan
and Asian dust advected away from the sources likely differ,
but these differences can be modeled using the same set of
dust lifting functions. The differences are not related to sur-
face mineralology or lifting rates, but rather to different ver-
tical velocities and turbulent mixing rates during transport.

4.4 Single scattering albedo

Figure 18 compares of the single scattering albedo between
the model simulations and the AERONET retrievals both
for Asian (Gobi) Desert (Dalanzadgad (43.3◦ N, 104.3◦ E))
in April 2006 and the Sahara Desert (TamanrassetTMP
(22.5◦ N, 5.3◦ E)) in July 2006. We choose these two lo-
cations and time periods because they are close to the dust
sources (while Dakar and Xianghe which we analyzed for
size distributions are downwind of dust sources), which min-
imize potential effects from air pollution, and also have
cloud-screened and quality-assured AERONET data. Unfor-
tunately size distributions retrieved from the AERONET data
were not available for these sites on these days.

For the model, we assume the real part of the complex re-
fractive index (assumed to be 1.55) is independent of wave-
length both for Asian dust and Saharan dust based on the
AERONET retrievals (Dubovik et al., 2000; Lyamani et al.,
2005) and previous studies (Patterson et al., 1977; Diaz et
al., 2000; Liu et al., 2002). We use data on the imagi-
nary part of the refractive index from AERONET site mea-
surements at the dust source regions that should be dom-
inated by relative pure mineral dust particles. In down-
wind regions other pollutants such as nitrate, sulfate, and
black carbon may alter the single scattering albedo. The
imaginary part of the dust refractive index is constrained by
the averaged AERONET value in April of 2006 at Dalan-
zadgad (0.0027, 0.0022, 0.0017, 0.0013 with increasing
wavelength at 440 nm, 670 nm, 870 nm, and 1020 nm, re-
spectively) for Asian dust and in July of 2006 at Taman-
rassetTMP (0.0036, 0.0031, 0.0026, 0.0020 with increas-
ing wavelength at 440 nm, 670 nm, 870 nm, and 1020 nm,
respectively) for Saharan dust. Figure 18 shows that the av-
eraged single scattering albedo is larger for Asian dust than
the Saharan dust. This is consistent with previous work sug-
gesting that the dust transported from Asia to the Pacific may
not absorb as much light as the dust from the Sahara Desert
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Fig. 18. The comparison of the single scattering albedo between
the model simulations and the AERONET retrievals both for Asia
Deserts (top) (Dalanzadgad (43.3◦ N, 104.3◦ E) in April 2006) and
Sahara Deserts (bottom) (TamanrassetTMP (22.5◦ N, 5.3◦ E) in
July 2006).

(Sokolik and Toon, 1999). The Asian dust has a smaller
imaginary refractive index than Saharan dust, which is main
reason the Asian dust has a higher single scattering albedo
near the source. The single scattering albedos may depend on
size as well, particularly as the size distributions are modified
downwind of the sources as discussed previously. It should
be noted that some studies report much lower SSA values of
Asian dust that in Fig. 18 (Pandithurai et al., 2008, Ge et al.,
2010). The small SSA values ranging from 0.74 to 0.84 at
500 nm reported by Pandithurai et al. (2008) originated from
New Delhi, India, where dust is likely mixed with absorbing
anthropogenic aerosols. The Zhangye site studied in Ge et
al. (2010) is the center of the Hexi Corridor in China, which
is 618 km to the south of Dalanzadgad. The small SSA val-
ues ranging from 0.76 to 0.86 between 415 nm to 870 nm in
Zhangye reported by Ge et al. (2010) may also be explained
by the local pollution.

5 Summary and conclusions

Using our model we find that the yearly annual dust flux from
Africa is about 3 times greater than that from Asia. In gen-
eral, it is observed that the dust optical depth is higher over
the Atlantic than over the Pacific at similar downwind dis-
tances from the two dust sources. The monthly-averaged
optical depth is 0.382 and 0.339 over the Pacific at Osaka
in May 2007 for AERONET data and model simulation, re-
spectively. However, the monthly-averaged optical depth is
0.613 and 0.579 over Atlantic at Capo Verde in July 2007 for
AERONET data and model simulation, respectively. Hence
even during peak months for dust lifting in Asia, smaller dust
optical depths occur than during peak months in Africa.

The annual dust flux near the dust source is about
1088 Tg yr−1 across 10◦ W (10◦ S–40◦ N, 10◦ W) and
355 Tg yr−1 across 105◦ E (25◦ N–55◦ N, 105◦ E) for Sa-
hara and Asia in 2007, respectively. Saharan deserts are
largely south of 30◦ N, while Asian ones are primarily north
of 30◦ N. This leads them to experience different meteoro-
logical regimes. Saharan dust lifting occurs all year long,
primarily due to subtropical weather systems. The Saha-
ran dust transport into the Caribbean is controlled primarily
by a semi- permanent high, the Azores High. Dust lifting
from African dust sources can be triggered and modulated
by synoptic systems, such as African easterly waves. The
dust outbreaks usually occur within the ridge region of pass-
ing easterly waves with a period of 5–7 days. In contrast,
45% of Asian dust was lifted in spring during the modeled
year of 2007 when mid-latitude frontal systems lead to high
winds. The seasonal variation of dust outbreaks in Asia is
associated with the seasonal modulation of the wind speed.
Strong winds occur most frequently in spring in Asia due
to the activity of the mid-latitude frontal systems. The mid-
latitude frontal cyclones associated with intense cold fronts
from Mongolia to northeastern China not only generate dust
storms, but can also lift Asian dust into the westerly jet in the
upper troposphere.

Rainfall is more abundant over Asia during the dust lifting
events than over the Sahara, leading to greater local dust re-
moval than over the Sahara. However, wet removal is a small
fraction of the total removal of dust, and removal processes
do not account for the difference in annual dust flux between
the Sahara and Asia. Instead, the Sahara simply has about
three times as much area with dust lifting as Asia because
Asia has smaller deserts and also more vegetation and snow
cover, which suppresses dust lifting.

During the major lifting season the power averaged winds
over Africa and Asia are similar. However in other seasons
Africa has stronger winds than does Asia, which further con-
tributes to more dust lifting over Africa. The power-averaged
wind contributes about a factor of 1.7 to the differences of the
total dust fluxes between the two sources averaged over the
year.
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The vertical distribution of Asian and African dust also
differs in the cases we considered. The Saharan dust is pri-
marily located in a deep layer, the SAL. The top of the layer
descends during transport, which we conclude is mainly due
to descending air in the Azores High. There are two notice-
able layers of Asian dust during transport in May. One layer
stays well above boundary layer, and does not descend with
time. The other dust layer is in a shallow near surface bound-
ary layer and descends with time. The transport of Asian
dust is dominated by the westerlies at high altitudes, while it
is controlled by regional weather systems and topography at
lower altitudes. Sedimentation does not seem to play a sig-
nificant role in the descent of long lasting layers. Horizontal
wind shear can also play a role in creating elevated dust lay-
ers by moving dust horizontally, which is particularly impor-
tant over Asia.

The size distribution of Asian dust (at Xianghe) is bi-
modal while that of Saharan dust (at Dakar) is uni-modal.
The volume size distribution of Asian dust peaks around
2 microns, whereas it peaks around 1 micron for Saharan
dust. Both model simulations and the AERONET retrievals
show similar patterns. We suggest these differences originate
from mixing in the boundary layers, and the vertical winds
that occur during transport. For the case we studied, winds
over Africa were descending in a well-mixed deep boundary
layer, while those over Asia were ascending and there was no
deep boundary layer. The ascending winds may have strong
enough to loft micron sized dust.

We assume the real part of the complex refractive index
is independent of wavelength (1.55) both for Asian dust and
Saharan dust based on the AERONET retrievals and previ-
ous studies. We use data on the imaginary part of the re-
fractive index from AERONET site measurements near the
dust source regions. We find that the average single scat-
tering albedo is larger for Asian dust than the Saharan dust.
This is consistent with the refractive indecies inferred by
AERONET for the two dust sources, and with a previous
study that the dust transported from Asia to the Pacific may
not absorb as much light as the dust from the Sahara. As
the size distribution evolves downwind of the sources due to
the vertical winds experienced during transport, and as pollu-
tants are added to the dust, the single scattering albedos will
evolve.
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