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H I G H L I G H T S

• Dust emission in Gobi significantly decreased due to meteorological changes.
• There were no significant trends for dust emission in Teklimakan.
• Dust emission changes were controlled predominantly by climate variability.
• Land cover change was regionally important for dust changes in Teklimakan.
• Wind and precipitation were dominant drivers for dust emission variability.
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Mineral dust is an important player in global air quality and climate, but little is known about its variability and
trends under the simultaneous influence of climate and land cover changes, particularly in East Asia where intense
land cover change has occurred in recent decades. Here we determined the interannual variability and trends in
dust emission from the main East Asian dust sources and examined to what extent these variations and trends were
driven by climatic or land cover changes. We first optimized the dust emission module in the GEOS-Chem chemical
transport model with better representation of dust physics and dependence on vegetation and wind variability. We
then conducted simulations to quantify the impacts of climate and land cover variability and trends on springtime
dust emission over 1982–2010 from the Teklimakan Desert, Gobi Desert and the whole East Asian desert domain.
We found that dust emission from Gobi decreased substantially from the 1980s to 1990s, and then slightly increased
toward the 2000s, leading to an overall reduction by 35% over the whole period. These changes were predomi
nantly driven by meteorological changes and the effects of land cover change were negligible. Dust emission from
Teklimakan increased from the 1980s to 1990s, but decreased afterward, leading to an overall reduction by 20%,
albeit with large interannual variability. The overall trend was attributable to a consistent reduction in dust
emission due to enhanced vegetation density in the periphery of the desert, accompanied by larger but more varying
changes due to meteorological factors. Time series comparison and regression analysis indicated that in both de
serts (especially Gobi), surface wind speed, followed by total precipitation, was the most important meteorological
factor controlling dust variability and trends, with the weakening of wind playing the largest role in the overall
decline in dust emission over the whole period. Overall, the interannual variability and trends of East Asian dust
emission are largely shaped by climatic factors, with the land cover playing secondary but locally important roles,
especially in the semiarid and non-desert regions undergoing rapid land cover change and desertification.
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1. Introduction

2014; Evan et al., 2016). Zhang et al. (2003) also suggested that climatic
changes appeared to have a greater influence on East Asian dust emis
sions and associated dust storms than desertification from early 1960s to
late 1990s.
In recent decades, severe dust storms originating from the Tekli
makan Desert in the Tarim Basin and the Gobi Desert crossing the
Mongolia-China boundary have been observed to sweep through cities
of Northwest and North China and induce severe visibility, air quality,
and public health problems there (Zhang et al., 2003; Chan and Yao,
2008; Kan et al., 2012). Substantial quantities of dust from these regions
have also been observed to be transported to the Tibetan Plateau,
potentially altering the radiative balance, hydrology and monsoon cycle
in India and East Asia (Jia et al., 2015; Liu et al., 2015). East Asian dust
storms have reportedly been declining since the 1970s until around
2000 (Shao and Dong, 2006; Song et al., 2016). Such a decline has been
suggested to be related to synoptic-scale circulation and wind changes:
enhanced 500-hPa geopotential height over the Mongolian plateau and
the middle Siberia region (Wang et al., 2008), as well as the weakening
of the Siberian High (Park et al., 2011) that could be linked to Arctic
Oscillation and Pacific-North American pattern (Gong et al., 2006,
2007). Such circulation changes in turn might have contributed to the
observed, gradual weakening of surface wind speed (Xu et al., 2006;
Chen et al., 2013), although the weakening trend has been reversed
since the early 2000s (Zhang et al., 2008; Lin et al., 2013; Song et al.,
2016). Mao et al. (2013) also observed a gradual decline in dust event
frequency from 1982 to 2006 in some East Asian locations and attrib
uted it to increased vegetation. Meanwhile, other studies reported that
climate change and land cover change due to the rapid socioeconomic
growth in China have accelerated desertification (Feng et al., 2015),
which might have enhanced soil erodibility and dust emission in various
regions in Mongolia and North China (e.g., Kurosaki et al., 2011). These
apparently conflicting trends in East Asian dust highlight an incomplete
understanding of the spatiotemporal variability of East Asian dust pro
cesses and their large sensitivity to climatic and land cover conditions.
Numerical modeling is a crucial approach in the study of the impacts
of dust on climate and air quality, but many state-of-the-art models
currently still lack the capability of simulating the long-term variability
in dust emission. Most of them use static dust source functions that are
derived from topographical variables such as slope and altitude to
optimize the present emission from major source regions (Ginoux et al.,
2001; Koven and Fung, 2008). This approach, however, is not ideal for
studies of historical and future dust emission trends because land cover
characteristics, including topography, vegetation types and density, are
in reality dynamically evolving over time in response to natural and
anthropogenic forcing. Several modeling studies have attempted to
simulate dust emission with better characterization of its dynamic
sensitivity to land surface characteristics (Menut et al., 2013; Kang et al.,
2014; Kok et al., 2014b; Evans et al., 2016), but there remains much
uncertainty about the long-term covariations of dust emission with land
cover change under simultaneous climatic changes, especially in East
Asia where historical direct observations have been scarce.
In this study, we investigated the interannual variability of and longterm changes in springtime East Asian dust emission, and evaluated the
overall and relative importance of climatic and land cover changes on
East Asian dust. We first revised and optimized the dust emission module
within a global chemical transport model by including dynamic vege
tation changes and utilizing a physically based dust emission flux
parameterization and a dust size distribution suitable for East Asia. We
also remedied the resolution dependence of simulated dust emission by
taking into account subgrid wind statistics. We then used the revised
model to perform a series of model simulations examining the individual
and combined effects of climatic and land cover changes on the East
Asian dust emission budget over the period of 1982–2010. Last, we
performed regression analysis to distinguish between the impacts of
different climatic conditions based on surface wind speed, total pre
cipitation and surface temperature on dust variability. Our findings

Mineral dust is the most abundant aerosol component by mass
globally (Textor et al., 2006), comprising ~60–80% of the total atmo
spheric loading of aerosols (Kok et al., 2017). Dust source regions
including the world’s major deserts and semiarid areas are estimated to
emit 500–4000 Tg yr− 1 of dust into the atmosphere (Huneeus et al.,
2011; Shao et al., 2011; Kok et al., 2017). East Asia is one of the major
dust source regions in the world, including natural dust mostly from the
two major deserts of East Asia, the Teklimakan Desert and Gobi Desert,
and anthropogenic dust from farming, overgrazing and water usage
distributed throughout northern China (Ginoux et al., 2012). Natural
dust originating from the Teklimakan and Gobi alone contributes to
10–25% of annual global dust emission (Huang et al., 2014), with
emission peaking in spring when midlatitude cyclones sweep through
the deserts entraining large amounts of dust particles from the surface
(Shao et al., 2011; Kok et al., 2012). Many studies have examined the
historical spatiotemporal variability and long-term trends of North Af
rican dust (e.g., Cowie et al., 2014; Ridley et al., 2014), but less has been
done on the quantification and attribution of long-term East Asian dust
variability and trends until relatively recently (Chen et al., 2017). To
address this, this study used a chemical transport model with improve
ments in the dust emission representation, cross-validated with a suite of
proxy observations, to quantify and understand the climatic and
terrestrial factors that shaped East Asian dust emission and transport in
the past three decades.
Dust particles can be transported far away from where they origi
nate, modulating terrestrial and ocean ecosystems downwind, thereby
modulating global biogeochemical cycles (Okin et al., 2004; Jickells
et al., 2005; Antoine and Nobileau, 2006; Hara et al., 2009; Uno et al.,
2009) and influencing global air quality and climate (Monks et al., 2009;
Mahowald et al., 2010). For instance, in the East Asian dust outbreaks of
recent decades, dust aerosols have been shown to be transported
downwind to the US West Coast and even to the French Alps, degrading
air quality there (Grousset et al., 2003; Fairlie et al., 2007; Yu et al.,
2012). Dust particles can interact with terrestrial and solar radiation,
affecting the Earth’s energy budget. The estimated annual mean direct
radiative effect of dust at the top of the atmosphere ranges between − 0.5
and +0.2 W m− 2 (Balkanski et al., 2007; Heald et al., 2014; Scanza et al.,
2015; Kok et al., 2017). Studies of Saharan dust also showed that dust
contains a significant amount of mineral phosphorus and iron, which
can serve as nutrients for forests in the Americas and phytoplankton
growth in the Atlantic Ocean (Fan et al., 2006; Ben-Ami et al., 2010;
Eger et al., 2013), with ramifications for the global carbon cycle and
climate.
Dust emission is controlled by various meteorological and land sur
face conditions. Dust particles with the potential for long-range trans
port are usually produced in a process known as saltation followed by
sandblasting (Shao, 2008; Kok et al., 2012; Chen et al., 2017). The
saltation of soil particles requires a friction wind speed above a certain
threshold value, which depends on surface properties such as soil
moisture, roughness length, and soil cohesion. (Marticorena and Ber
gametti, 1995). The friction wind speed depends on the stress that the
wind exerts on the surface and is proportional to surface wind speed.
Furthermore, dust emission is attenuated by vegetation, which acts as a
windbreak for the surface and trapping soil moisture (Shinoda et al.,
2011). Vegetation changes including desertification can modulate dust
emission by affecting the bareness fraction, friction velocity and surface
erodibility (Mahowald et al., 2010; Kok et al., 2014a). The relative
importance of climatic vs. land cover changes for dust variability may
strongly depend on the region. For instance, recent studies have sug
gested that a decline in surface wind speed associated with large-scale
circulation changes over North Africa might have contributed to the
observed decline of Saharan dust outflows since the 1980s, whereas the
effects of precipitation and increased vegetation in the Sahel are either
insignificant or only secondary drivers (Cowie et al., 2013; Ridley et al.,
2
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Fig. 1. Schematic diagram illustrating the dust emission scheme used in this work and the related inputs. The details of the scheme are explained in Sect. 2.2.1 for
physically based dust emission flux and vegetation dependence (upper left side of the diagram), Sect. 2.2.2 for accounting for subgrid wind variability (upper right
side of the diagram), and Sect. 2.2.3 for revised dust size distribution for East Asia (lower side of the diagram).
Fig. 2. The dashed shape indicates the whole
desert domain, defined to be an overall region
with mean annual precipitation lower than
125 mm from 1982 to 2010. The regions outlined
by green and red solid lines indicate the Tekli
makan Desert and Gobi Desert, respectively, ac
cording to their respective geographical location.
The figure is also marked with AERONET sites
used for aerosol optical depth (AOD) compari
son. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the Web version of this article.)

2. Model description, development, and experimental designs

Table 1
Configurations of model experiments. For the dust emission scheme, “revised”
refers to the revisions described in Sect. 2.2.
No.

Simulation
name

Dust emission
scheme

Years of
meteorological fields

Years of LAI

0

[CONTROL]

Default

1982–2010

1
2

[MET + VEG]
[MET]

Revised
Revised

1982–2010
1982–2010

3

[VEG]

Revised

Fixed in year 1995

No LAI
dependence
1982–2010
Fixed in year
1995
1982–2010

2.1. GEOS-chem model description
We used the GEOS-Chem global chemical transport model driven by
the assimilated reanalysis meteorological product of the Modern-Era
Retrospective analysis for Research and Applications (MERRA) (htt
p://gmao.gsfc.nasa.gov/merra/) from the Goddard Earth Observing
System (GEOS) of Global Modeling and Assimilation Office (GMAO) to
perform global 3-D simulations of coupled oxidant-aerosol chemistry
and transport. We used GEOS-Chem version 10-01 at a horizontal res
olution of 2◦ latitude by 2.5◦ longitude and 47 vertical levels. The
MERRA reanalysis meteorology includes 1-hourly average, 3-hourly
average and 6-hourly instantaneous meteorological fields over
1982–2010. These meteorological fields include, but not limited to,
temperature, wind velocity, specific humidity, etc. The full list of
meteorological fields used by GEOS-Chem is available online (http
://wiki.seas.harvard.edu/geos-chem/index.php/List_of_MERRA_met_fie
lds). The GEOS-Chem model simulates concentrations of aerosol species
including mineral dust, coarse and fine sea salt, sulfate, nitrate,
ammonium, and carbonaceous aerosols. Inorganic aerosol

helped elucidate the dominant factors controlling the interannual vari
ability and trend of springtime East Asian dust over the past few
decades.
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Fig. 4. Time series of springtime (MAM)-averaged AOD for all simulated
aerosol species (as listed in Sect. 2.1) simulated from different model simula
tions and retrieved from MISR satellite over (a) the whole desert domain, (b)
Teklimakan Desert and (c) Gobi Desert (see Fig. 2 for regional definitions). The
solid lines show the spatially aggregated means, while the error bars and
shaded regions indicate the range within ±1 standard deviation over the spatial
domain. The same plot for optical depth associated with mineral dust only is
shown in Fig. S3 in the Supplement.

Fig. 3. Comparison of springtime (MAM)-averaged aerosol optical depth (AOD)
for all simulated aerosol species (as listed in Sect. 2.1) in different model
simulations with (a) MISR-retrieved AOD over all the desert grid cells in
2000–2010 (excluding 2001), and (b) the observations at the three AERONET
sites (Dalanzadgad for 1998–2010, Dunhuang for 2001, and Zhangye for 2008)
located within the whole desert domain (Fig. 1). Each data point represents the
seasonal average of a particular year in a particular grid cell. [CONTROL]
simulation and [MET + VEG] simulation correspond to the simulation using the
standard, default version of GEOS-Chem and the version with the revised dust
emission scheme and dust size distribution (Sect. 2.2), respectively. The dashed
line in each plot is the 1:1 line. The same plot for optical depth associated with
mineral dust only is shown in Fig. S2 in the Supplement.

2.2. Modification of GEOS-Chem dust emission scheme
We updated the default dust emission scheme in GEOS-Chem such
that the variability of dust emission following meteorological change
and land cover change can be better characterized. In brief, a scheme for
vegetation-dependent threshold friction velocity was incorporated; a
physically based dust emission flux following Kok et al. (2014a) was
implemented; a revised size distribution for East Asian dust was used;
and the resolution dependence of simulated dust was addressed by
making use of wind statistics as a representation of subgrid wind vari
ability, following the approach of Ridley et al. (2013). These revisions
and their rationales are explained below, and summarized in Fig. 1.

thermodynamic equilibrium calculations follow the ISORROPIA II
scheme of Fountoukis and Nenes (2007). Wet deposition scheme for
water-soluble aerosol species is described by Liu et al. (2001). Emissions
of primary aerosol and secondary aerosol precursors are based on a
variety of emission inventories, including the EDGAR3.2-FT-2000 global
inventory (Olivier et al., 2005) for carbon monoxide (CO), nitrogen
oxides (NOx) and sulfur dioxide (SO2), RETRO monthly global inventory
(Schultz et al., 2008) for non-methane volatile organic compounds
(VOCs), and global GEIA inventory (Bouwman et al., 1997) for ammonia
(NH3), but anthropogenic emissions in East Asia are replaced by the
inventory of Streets et al. (2006) as far as the species are available.
The model, based on the assumption of lognormal size distributions
of externally mixed aerosols, calculates dust emission, total aerosol
optical depth (AOD), and dust AOD online. Dust particles with a diam
eter smaller than 12 μm are partitioned into seven size bins (0.2–0.36,
0.36–0.6, 0.6–1.2, 1.2–2.0, 2.0–3.6, 3.6–6.0, 6.0–12.0 μm) for the
calculation of dust transport and dust AOD, to reflect the strong size
dependence of aerosol extinction coefficient.

2.2.1. Physically based dust emission flux and vegetation dependence
Several global dust emission models are frequently used by the at
mospheric chemistry community (Ginoux et al., 2001; Zender et al.,
2003; Klose and Shao, 2012; Kok et al., 2014a). The standard model in
GEOS-Chem (M95 scheme) utilizes a commonly used dust model
(Marticorena and Bergametti, 1995; Zender et al., 2003) that computes
dust emission with a microphysical scheme that can reproduce dust
observations well in regional simulations (Marticorena et al., 1997; Shao
and Leslie, 1997); the sensitivity to changes in vegetation cover and
anthropogenic dust emission is not represented (Evan et al., 2014). Most
4
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Fig. 5. Mean changes in simulated 5-year average springtime (March to May) East Asian dust emissions from 1983 to 1987 (labelled 1980s) to 1993–1997 (labelled
1990s) due to (a) combined effects of meteorological and land cover changes [MET + VEG], (b) changes in meteorological variables [MET], and (c) changes in the
land cover [VEG]. Panels (d)–(f) are the same as (a)–(c), respectively, except that they show the mean changes from 1993 to 1997 to 2003–2007 (labelled 2000s).
Panels (g)–(i) show the respective mean changes from 1983 to 1987 to 2003–2007. Grid cells marked with dots indicate differences, comparing model outputs for the
two time periods, that are statistically significant at α = 0.05.

of these models require auxiliary dust source functions in the form of
dust source maps derived from satellite observations and/or topo
graphical surveys (Ginoux et al., 2004; Koven and Fung, 2008) to
simulate the present-day spatial distribution of dust emission, but such
approaches can be problematic as the linkage between the proxy and
actual dust emission may lack a sound physical basis (Kok et al., 2014b).
The use of a source function is especially problematic for studies
investigating trends in dust emission due to changes in climatic or land
surface conditions, because such an empirical description of physical
processes may preclude a realistic response of these processes to dy
namic changes in the driving variables, such as climatic and land surface
properties (e.g., Kok et al., 2018).
In this study, we adopted the physically based dust emission flux
scheme (K14 scheme) from Kok et al. (2014a). The K14 scheme elimi
nates the need for an empirically derived auxiliary dust source map (Kok
et al., 2014b); instead, it implicitly defines the dust source region by
accounting for the effects of soil texture and erodibility, quantified by
the threshold friction velocity of bare land, on the emitted dust flux. This
parameterization of vertical dust flux (Fd, kg m− 2 s− 1) takes the form:
(

Fd = Cd fbare fclay

ρa u2* − u2*t
u*st

)(

u*
u*t

)Cα u*stu− u*st0
*st0

the determination of horizontal saltation flux at the surface, further
simplifying the parameterization. The values of Cd can be directly
inferred from in-situ meteorological and land surface conditions, and
Kok et al. (2014b) found them to be similar to the values used in dust
source maps of other dust emission models. Previous studies found that
the K14 scheme yields a predictive power similar to the M95 scheme,
even though it does not use a source function (Kok et al., 2014b; Ito and
Kok, 2017).
As shown in Fig. 1, the revised module takes in values of the
threshold friction wind velocity u*t to obtain the vertical dust flux Fd
under certain friction wind velocity u*. For this threshold friction wind
velocity, u*t, we used the semi-empirical parameterization from the
standard M95 scheme. We modified the scheme such that u*t can
respond to the inhibition of dust emission by enhanced vegetation cover.
The increase in u*t effectively reduces dust emission frequency and
strength because emission depends on the wind stress in excess of that at
the dust emission threshold, as shown by various field and modeling
studies (Lancaster and Baas, 1998; Shao and Yang, 2005; Okin, 2008).
We used the scheme by Raupach et al. (1993), whereby scaling factor
(fv) to apply to u*t is:

(1)

1

fv = (1 − σv mv λv )− 2 (1 + βv mv λv )−

(3)

where σv is the ratio of basal area to frontal area, βv is the ratio of
pressure drag coefficient to friction drag coefficient, λv is the roughness
density that is highly dependent on the proportion of vegetation within a
model grid cell, and mv is the tuning parameter accounting for
nonuniformity in the surface stress. All these variables are highly
dependent on the geometry and the stress applied to existing vegetation;
we adopted the parameter values suggested by previous modeling work
of East Asian dust emission: σv = 1.45, βv = 202 and mv = 0.16 for the
typical semiarid vegetation (Darmenova et al., 2009; Xi and Sokolik,
2015). To represent the dependence of roughness density, λv, on

and
(
)
u*st − u*st0
Cd = Cd0 exp − Ce
u*st0

1
2

(2)

where fbare is the bare ground fraction, fclay is the mass fraction of clay, u*
is friction velocity, u*t is threshold friction velocity, u*st is standardized
threshold friction velocity, u*st0 is the minimum standardized threshold
friction velocity, ρa is air density, and Cd0, Cα and Ce are dimensionless
coefficients estimated from dust flux measurements in Kok et al.
(2014a). Compared to the M95 scheme, the K14 scheme also bypasses
5
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2004). The Weibull probability density as a statistical representation of
subgrid wind has the following form:
{
){
)}k− 1
)}k
(
(
(
(u )
1
u
1
u
1
exp −
Γ 1+
Γ 1+
Weibull , k = k Γ 1 +
k
k
k
u
u
u
(4)

Table 2
Dust emission budgets (in Tg) for East Asia in the middle 5-year periods for three
consecutive decades under different simulated scenarios listed in Table 1. The
regional domains are defined as in Fig. 2. Interannual variability is represented
by the standard deviations of springtime dust emission over all years of
simulations.
Simulation

Period

Teklimakan

Gobi

Whole
desert
domain

East Asia

[MET +
VEG]

1983–1987

18.4
(±2.36)
22.7
(±1.68)
14.8
(±3.97)
+4.34
(+23.6%)

34.3
(±3.48)
20.7
(±2.62)
22.5
(±5.42)
− 13.6
(− 39.6%)

64.1
(±3.22)
52.6
(±3.66)
45.3
(±9.02)
− 11.5
(− 17.9%)

89.8
(±2.08)
77.2
(±5.62)
72.7
(±12.1)
− 12.6
(− 14.0%)

where k and Γ(x) are the shape parameter and gamma function,
respectively. To implement this statistical representation on the
2 ◦ × 2.5 ◦ grid, we obtained k for each grid cell by fitting Eq. (5) to
collocated surface wind speeds from MERRA at their native resolution of
1/3◦ × 2/3◦ . An example map of k can be found in the supplementary
information (Fig. S1). The modified total dust vertical mass flux, Q(u), is
obtained by integrating the mass flux, q, at friction wind velocity u* over
a range of wind speed u, noting the log-wind relationship between u and
u*:

− 7.96
(− 35.0%)

+1.74
(+8.4%)

− 7.35
(− 14.0%)

− 4.47
(− 5.8%)

Q(u, k) =

1993–1997
2003–2007
Change
from 1980s
to 1990s
Change
from 1990s
to 2000s
Change
from 1980s
to 2000s
Interannual
variability

[MET]

1983–1987
1993–1997
2003–2007
Change
from 1980s
to 1990s
Change
from 1990s
to 2000s
Change
from 1980s
to 2000s
Interannual
variability

[VEG]

1983–1987
1993–1997
2003–2007
Change
from 1980s
to 1990s
Change
from 1990s
to 2000s
Change
from 1980s
to 2000s
Interannual
variability

− 3.62
(− 19.7%)

− 11.8
(− 34.5%)

− 18.9
(− 29.4%)

− 17.1
(− 19.0%)

4.03

6.63

8.60

9.77

18.3
(±2.30)
23.0
(±1.89)
15.6
(±4.14)
+4.64
(+25.3%)

34.6
(±3.60)
20.8
(±2.48)
22.7
(±5.37)
− 13.8
(− 39.9%)

64.6
(±3.28)
53.2
(±3.57)
47.1
(±9.38)
− 11.3
(− 17.6%)

89.5
(±2.33)
78.2
(±4.88)
74.7
(±12.6)
− 11.3
(− 12.6%)

− 7.41
(− 32.3%)

+1.89
(+9.1%)

− 6.15
(− 11.6%)

− 3.52
(− 4.5%)

− 2.78
(− 15.1%)

− 11.9
(− 34.4%)

− 17.5
(− 27.1%)

− 14.8
(− 16.6%)

3.95

6.67

8.84

9.15

23.1
(±0.10)
22.9
(±0.23)
22.0
(±0.12)
− 0.24
(− 1.1%)

23.7
(±0.21)
23.9
(±0.16)
23.7
(±0.25)
+0.13
(+0.6%)

56.4
(±0.21)
56.1
(±0.54)
54.5
(±0.45)
− 0.28
(− 0.5%)

85.2
(±0.94)
83.7
(±1.33)
82.7
(±1.88)
− 1.49
(− 1.7%)

− 0.87
(− 3.8%)

− 0.15
(− 0.6%)

− 1.58
(− 2.8%)

− 1.01
(− 1.2%)

− 1.11
(− 4.8%)

− 0.02
(− 0.1%)

− 1.86
(− 3.3%)

− 2.50
(− 2.9%)

0.48

0.22

0.87

1.87

∫∞
q(u* , u*t )Weibull 

(u )
, k du
u

(5)

0

2.2.3. Dust size distribution for East Asia
Referring to Fig. 1, we modified the dust size distribution in the
model to calculate the mass of dust in the four size bins. The modifica
tion of dust size distribution was based on the theory of Kok (2011a),
who postulated that the distribution at emission predominantly arises
from the fragmentation of dust aggregates by impacts of saltating par
ticles. The volumetric particle size distribution V(D) with dust diameter,
D, is described as:
( ( / ))]
[
[ ( )3 ]
erf ln D D
dV
D
D
√̅̅̅
1+
exp −
=
(6)
dlnD cN
λ
2lnσ G
where D and σG are the median diameter by volume and geometric
standard deviation of the lognormal distribution that describes the size
distribution of fully disaggregated soil particles, cN is a normalization
constant, and λ is the propagation distance of the fragmentation process
of aggregates. We used λ = 12 μm as suggested. D and σ G were deter
mined by a compilation of North African observations (Kok, 2011a) and
observations in Lanzhou, China (Guan et al., 2010). They are shown in
Table S1 in the supplement. By considering more observations than in
Kok (2011a) to reduce the observational error, we found that D ≈ 3.3 μm
and σG ≈ 3.2 μm. The dust size distribution according to the size bins in
Kok (2011a), the GEOS-Chem default (Zender et al., 2003), the
improvement from Zhang et al. (2013), and our revision are tabulated in
Table S2 and S3. Compared to Kok (2011a) and Zhang et al. (2013),
there are more dust particles smaller than 1.0 μm diameter in the pro
posed bin distribution, while the proportion of dust particles larger than
6.0 μm decreases. We note also that the dust size distribution here does
not depend on wind speed, which is in better agreement with observa
tions (Kok, 2011b).
2.3. Description of model experiments and sensitivity tests

vegetation, we adopted the linear approximation by leaf area index
(LAI), i.e., λv = LAI (Shao, 2008).

The trend and variability of springtime (March-April-May, or MAM)
dust emission from East Asian deserts, including the two major deserts of
Teklimakan and Gobi, from 1982 to 2010 were diagnosed through
model experiments using GEOS-Chem with the revised dust emission
scheme described in Section 2.2, driven by assimilated, reanalyzed
MERRA meteorological fields as described above. To represent historical
land cover changes, an LAI data set for East Asia for 1982–2010 was
obtained from a consistent long-term global LAI product derived using a
quantitative fusion of MODIS (2000–2011) and Advanced Very High
Resolution Radiometer (AVHRR) (1981–2000) satellite data with an
original resolution of half month and 8 km (Liu et al., 2012), then
regridded to GEOS-Chem resolution. We specifically analyzed the results

2.2.2. Subgrid wind variability
Friction wind velocity u*, which depends on temporal average of
wind speed, is also utilized in finding the vertical dust flux as shown in
Fig. 1. However, using the average wind speed over a given grid cell
could cause inadequate representation of subgrid wind variability. In
theory, this generally leads to an underestimation of dust emission by
the model (Ridley et al., 2013). To remedy this issue, we made use of the
Weibull probability density function, which is based on the assumption
that the u-wind and v-wind are normally distributed (e.g., Cakmur et al.,
6
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Fig. 6. Time series of simulated springtime dust emission over 1982–2010 from each grid cell in the region of (a) Teklimakan Desert and (b) Gobi Desert, as defined
in Fig. 1, for three sets of simulations as described in Table 1.

from potential dust source regions within and surrounding the two
major deserts by identifying grid cells where mean annual precipitation
in the simulation period is lower than 125 mm, as shown in Fig. 2,
following the Holdridge life zone classification (Holdridge, 1967). To
evaluate the effects of meteorological and land cover changes, we per
formed three sets of experiments driven by different combinations of
meteorology and LAI, as summarized in Table 1.
For the first simulation, [MET + VEG], we performed a 29-year
(spring only, aerosol only) simulation over 1982–2010, accounting for
the effects of interannual variability and long-term trends of both
meteorology and LAI. To isolate the individual contributions from
meteorological and vegetation changes over the same period, we con
ducted another two sets of simulations: [MET], where we used the
meteorological fields according to the simulation years but with LAI set
in a reference year (chosen to be 1995) to drive the model; [VEG], where
we used meteorological fields for the reference year but with LAI
matching the simulation years. Hereafter, “land cover change” refers
specifically to the empirical changes in LAI over the simulation period,

which could have been driven by anthropogenic land use, CO2 and cli
matic changes (e.g., Fu et al., 2016), while “meteorological change”
refers solely to the annual variations in meteorological variables, such as
wind speed and temperature. Since the changes in meteorological var
iables were prescribed from assimilated data, they could have already
included climate-vegetation feedbacks, if any. The distinction between
“meteorological change” vs. “land cover change” in what follows,
therefore, merely reflects our aim to identify important variables driving
dust trends, and is not intended to fully resolve pathways of
climate-vegetation interactions. We also performed a simulation,
[CONTROL], where default GEOS-CHEM dust emission scheme was
utilized. The main purpose of this simulation is to assess the perfor
mance of the dust simulation after modification of the dust emission
scheme.
2.4. Model validation
To evaluate the performance of the model in capturing the present7
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Fig. 7. Time series of simulated total springtime dust emission over 1982–2010 from (a) Teklimakan Desert and (b) Gobi Desert, as defined in Fig. 1, for three sets of
simulations as described in Table 1.

day springtime dust activities over East Asia deserts, we compared the
simulated AOD with both satellite-retrieved Multi-angle Imaging Spec
troRadiometer (MISR) AOD and in-situ measurements of AErosol RO
botic NETwork (AERONET) AOD. The MISR and AERONET AODs have
been shown to be highly correlated in deserts and sparsely vegetated
areas, and together are useful for comparison with simulated AODs
(Martonchik et al., 2004). To assess the performance of model via
modification of dust emission scheme (Section 2.2 and Fig. 1), we per
formed model evaluation for both the revised GEOS-Chem model (using
the [MET + VEG] simulation in Table 1) and default model. The per
formance of the model was assessed using the mean bias for the outlined
desert grid cells and AERONET sites within the desert domain shown in
Fig. 2.
The MISR instrument has been providing a number of parameters
that are relevant to atmospheric radiative properties since year 2000, by
measuring solar radiation continuously at nine distinct zenith angles
from 70◦ backward to 70◦ forward and in spectral bands centered at 446,
558, 672, and 866 nm (Diner et al., 2005). The MISR AOD product is the
post-processing statistical product of the contrasts between solar radi
ation of 36 channels (9 × 4 channels). We regridded MISR monthly
average AOD in spring from 2000 to 2010 (excluding 2001) to accom
modate the horizontal resolution used in GEOS-Chem simulations
(2 ◦ × 2.5 ◦ ).
The AERONET program is a ground-based remote sensing aerosol
network that provides long-term aerosol measurements such as optical
path, microphysical and radiative properties for research. The

AERONET AOD of different standard wavelengths (440, 675, 870 and
1020 nm) are derived every day from sun photometer measurements of
direct solar radiation. We used level-2 AERONET AOD for 1997–2010
spring for model validation. The AERONET sites where the data were
used for comparison were chosen within our defined desert region in
Fig. 2 as marked. All available monthly AERONET AODs in spring over
1998–2010 were extracted and compared with simulated AODs in the
collocated grid cells.
2.5. Statistical methods to diagnose meteorological drivers of dust
variability
We employed correlation and regression analysis to diagnose key
meteorological factors that contribute significantly to the interannual
variability of springtime East Asian dust emission, focusing on three
particular variables: 10-m wind speed, precipitation, and surface tem
perature, all obtained from MERRA in MAM for the desert grid cells in
Fig. 2. We first considered the coefficient of determination (R2) for each
of these variables with dust emission for each grid cell to evaluate the
overall correlation with and interannual variability explained by each of
these variables. We also performed multiple linear regression (MLR) to
determine the relative importance of variables in explaining the inter
annual dust variability. To check whether multicollinearity (i.e., high
correlations among the meteorological variables themselves) may affect
the regression statistics, we computed the variance inflation factor (VIF)
for each variable applied; multicollinearity is considered a negligible
8
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Fig. 8. Time series of changes in springtime mean leaf area index (LAI) over 1982–2010 in the Teklimakan Desert. Panel (a) shows the time series of LAI in individual
grid cells and (b) shows that of the mean values (solid lines) and their ranges (shaded).

issue if VIF < 5. The fraction of variability explained by each variable in
MLR is quantified by the regression sum of squares (SSR) divided by the
total sum of squares (SST). Since SSR values may change moderately
depending on the order of regressors in the MLR model, we present the
average values of SSR/SST over all possible orders of regressors.

observations changes from − 0.067 in the [CONTROL] simulation to
+0.062 in the [MET + VEG] simulation (Fig. 3a), while the model mean
bias with respect to the AERONET observations changes from − 0.084 in
the [CONTROL] simulation to +0.039 in the [MET + VEG] simulation
(Fig. 3b). Overall, with respect to satellite-retrieved and ground-based
measurements of AOD, the default model shows reasonable agreement
but with a general underestimation. The revised model generally re
duces the biases but leads to a general overestimation.
Fig. 4 shows the time series of mean MISR AOD and simulated AOD
from both [CONTROL] and [MET + VEG] simulations averaged over the
whole desert domain, Teklimakan and Gobi. The changes in simulated
AOD are largely attributable to the increase in dust emission fluxes after
the modification and concentrations of submicron dust aerosols. Over
the whole desert domain, model revision appears to reduce the original
underestimation in the first half of the decade, but leads to an over
estimation in the latter half. For Teklimakan, we can observe a similar
pattern as the whole desert domain in that the revised model is capable
of reproducing AOD before 2006 but overestimates it afterward. For

3. Trends and variability of springtime dust emission from East
Asian deserts
3.1. Evaluation of model performance in simulating dust emission from
East Asian deserts
Fig. 3 compares the modeled AOD with the observed AOD over the
desert regions in East Asia. The model with the revised emission scheme
and dust size distribution for East Asian dust aerosols (Sect. 2.2) always
simulates higher dust emissions and thus AODs than the default model.
Model-observation comparison using both MISR and AERONET shows
generally similar results. The model mean bias with respect to the MISR
9
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Fig. 9. Times series of simulated springtime dust emission ([MET + VEG]) vs. springtime meteorological variables (all normalized by subtracting the means and then
dividing by the standard deviations) over 1982–2010 in the region of (a) Teklimakan Desert and (b) Gobi Desert.

variability, especially considering the large intra-regional heterogeneity
within the defined domains. We repeated the model-observation com
parison, same as Figs. 3 and 4 but with simulated dust AOD instead of
total AOD from the [CONTROL] and [MET + VEG] simulations as shown
in Fig. S2 and Fig. S3 in the Supplement. We found that 10–20% of
simulated total AOD is originated from non-dust aerosols. The results
using simulated dust AOD generally show better agreement with
observed AOD with much reduced biases. It is unclear however if the
overestimation (based on simulated total AOD) arises from the dust
component or non-dust components, for the observed AOD data do not
differentiate between the two.
In light of the above comparison, the model can reasonably capture
the magnitudes of observed AODs in the 2000s where observations are
available, but neither the default nor revised model has an unambigu
ously better performance in reproducing observed AODs, which them
selves suffer large uncertainties. Improved performance in some
locations is usually accompanied by poorer performance in others. We
note, however, that the revised model enables improved representation
of physical processes that are required to capture dust responses to long-

Table 3
Coefficients of determination (R2) statistics between springtime dust emission in
the grid cells covering the emission hotspots in the two deserts and springtime
mean meteorological variables from 1982 to 2010.

Mean wind
speed
Total
precipitation
Mean
temperature

Teklimakan (39–41◦ N,
81.25–91.25◦ E)

Gobi (41–45◦ N,
96.25–106.25◦ E)

0.51–0.71

0.76–0.89

0.22–0.66

0.17–0.35

0.00–0.02

0.00–0.03

Gobi, however, the revised model appears to increase the biases and
overestimate AOD throughout the whole period. We also found that
within the period of 2002–2010, the revised model does not necessarily
improve simulated interannual variability in terms of its correlation
with MISR AOD; we note however that nine years of data is generally not
sufficient for assessing model capacity in capturing interannual
10
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Table 4
Regression coefficients of dust emission on three meteorological variables in spring (MAM) from 1982 to 2010 in (a) Teklimakan Desert and (b) Gobi Desert. Caret (^)
indicates variable with coefficient that is significant with α < 0.1, an asterisk (*) indicate variable with coefficient that is significant with α < 0.05, and two asterisks
(**) indicates variable with coefficient that is significant with α < 0.05.
(a)

77.5◦ E

80◦ E

82.5◦ E

85◦ E

Wind Speed
Precipitation
Temperature
Wind Speed
Precipitation
Temperature

0.621**
− 0.246
− 0.102

0.574**
− 0.270^
− 0.032

0.765**
− 0.300*
− 0.027

0.504*
− 0.608**
− 0.118

0.355^
− 0.588**
− 0.126

0.447
− 0.615*
− 0.053

87.5◦ E

90◦ E

0.426**
− 0.381*
− 0.224

0.495**
− 0.247
− 0.154

42◦ N

0.841**
− 0.528**
− 0.132

0.739
− 0.235
− 0.044

40◦ N

Wind Speed
Precipitation
Temperature

0.738**
− 0.230
0.150

38◦ N

(b)

97.5◦ E

100◦ E

102.5◦ E

105◦ E

107.5◦ E

100◦ E

Wind Speed
Precipitation
Temperature

0.891**
− 0.116
0.089

0.961**
0.009
0.092

0.929**
− 0.030
0.042

0.823**
− 0.157
0.091

0.668**
− 0.452**
0.091

0.687**
− 0.439**
0.168

Wind Speed
Precipitation
Temperature

0.807**
− 0.220*
− 0.012

0.836**
− 0.198^
− 0.007

0.808**
− 0.239*
− 0.011

0.839**
− 0.182^
− 0.005

0.838**
− 0.164^
0.006

Wind Speed
Precipitation
Temperature

0.533**
− 0.084
− 0.185

0.527**
− 0.311
− 0.249

0.530**
− 0.237
− 0.012

0.670**
− 0.286*
− 0.062

44◦ N

42◦ N

40◦ N

significant. Considering the overall changes, land cover change reduces
dust mission (driven mostly also by changes since 1990s) by an extent
(1.1 Tg) that is smaller but comparable in magnitude with the decrease
of dust emission driven by meteorological changes (2.8 Tg).
We further examined the time series of springtime dust emission
from Teklimakan and Gobi over the whole simulation period for the
three model experiments (Fig. 6). There is large overall interannual
variability that is dominantly shaped by climate variability in both de
serts, as shown by the largely overlapping red and blue lines in Fig. 6.
The variability due to land cover change as shown by the green lines is
relatively small compared with the overall interannual variability. In the
northwestern part of Gobi (41–45◦ N, 96.25–106.25◦ E), there are large
reductions in emission from the 1980s to early 1990s, followed by more
gradual, smaller apparent increases since then, leading to an overall
reduction in dust emission from Gobi over the whole period that is also
shown in Fig. 5. In the eastern part of Teklimakan (especially the region
centered around 87.5◦ E and 40◦ N), there are noticeable and consistent
increases from the 1980s–1990s, then large decreases in emission
around early 2000s, followed by a return to the 1990s level afterward,
leading to an overall insignificant trend over the whole period in
Teklimakan (also shown in Fig. 5). These changes can also be found as
we sum up dust emissions in the corresponding grid boxes for the whole
deserts, as shown in Fig. 7.
Although interannual variability and trends of dust emissions are
mostly shaped by meteorological changes over the whole period, land
cover change has led to locally significant changes in dust emission in
several locations, especially in Teklimakan (Fig. 5 and green line in
Fig. 7). The key terrestrial factor responsible for such changes is the
changes in vegetation cover in the form of LAI. Fig. 8 shows the inter
annual variability and long-term changes in satellite-derived LAI used as
input to GEOS-Chem. Significant increases in LAI are observed in the
periphery of the Teklimakan Desert, contributing to the terrestrially
driven reductions in dust emission that partly alter the meteorologically
driven dust emission trends and variability there.
Dust emission in several regions outside the desert domain (e.g.,
northeastern China, eastern Mongolia) also experiences statistically
significant increases from the 1980s to 2000s (Fig. 5g). The increases in
eastern Mongolia are driven mostly by meteorological changes before

term climatic and land cover changes. As noted also by Song et al.
(2016), direct dust emission observations are scarce in China, rendering
a comprehensive evaluation of model performance challenging; using
proxies such as total AODs as in this study or dust storm frequencies as in
their study is less than ideal, but at least provides assurance that the
model is reasonably representing dust emission and activities in reality.
3.2. Contribution of meteorological and land cover variability and longterm changes to East Asian dust variability and trends
To examine the contribution of meteorological and land cover
changes to the long-term changes in East Asian dust emission, we
compared the simulated dust emission over the three decades from the
1980s to 2000s. To filter out interannual variability near the transition
from one decade to another, we represented the dust emission of a given
decade by the average emission over the middle five years of that
decade. Fig. 5 shows the spatial distribution of the mean changes in
springtime dust emission caused by meteorological changes only
([MET]), by land cover changes only ([VEG]), and by the combined
changes ([MET + VEG]) over the decades. The dust emission budgets for
the various scenarios and periods are summarized in Table 2. The maps
showing the actual emissions for the different scenarios and periods are
included in Fig. S4 in the Supplement as a reference to estimate the
relative changes in dust emission. In the full [MET + VEG] simulation,
the mean dust emissions in mid-1980s (defined as 1983–1987) from
Teklimakan, Gobi and the whole desert domain are 18.4 Tg, 34.3 Tg and
64.1 Tg, respectively, representing the majority of total East Asian dust
emission. Dust emission from the Gobi Desert significantly decreases
from the mid-1980s to mid-1990s by 13.6 Tg (per spring season), but
increases slightly by 1.7 Tg from the mid-1990s to mid-2000s, leading to
an overall reduction by 11.8 Tg (~35%) over the whole period. These
total changes are shaped predominantly by meteorological changes,
whereas land cover change affects dust emission from Gobi to a lesser
extent, driven mostly by changes since 1990s. Dust emission from the
Teklimakan Desert increases by 4.3 Tg from the 1980s–1990s, and then
decreases by 8.0 Tg from the 1990s–2000s, leading to an overall
reduction by 3.6 Tg (~20%) over the whole period, which is however
comparable to the overall interannual variability and not statistically
11
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the 1990s (Fig. 5b), whereas those in northeastern China are driven
mostly by land cover changes after the 1990s (Fig. 5f). We also found
that land cover changes after the 1990s reduce dust emission signifi
cantly in the Tibetan Plateau (Fig. 5i), but such decreases are largely
offset by meteorological changes (Fig. 5h), leading to overall insignifi
cant changes (Fig. 5g). The post-1990s land cover-driven changes in dust
emission in northeastern China and Tibetan Plateau coincide with
reduced LAI in northeastern China and enhanced LAI in the Tibetan
Plateau (Fig. S5), reflecting the modulating roles of land use change and
vegetation growth, respectively, in dust emission.

GEOS-Chem global chemical transport model to better represent the
dependence of dust emission on meteorological and land cover changes,
and then conducted various simulations to investigate the impacts of
meteorological and land cover variability and long-term trends on East
Asian dust emission over the period 1982–2010. Model improvements
included: (i) using a threshold friction velocity formulation that is
responsive to dynamic land cover change; (ii) removing the dependence
of dust emission flux on an empirical dust source function, (iii) ac
counting for subgrid wind variability to improve the resolution depen
dence of the model, and (iv) adapting a dust size distribution tuned by
observations specific to the East Asian dust source regions. The default
and updated models were compared and validated with MISR and
AERONET monthly AODs; while we found that neither the default nor
revised model has unambiguously better performance, the revised
model is capable of better representing the dependence of dust emission
on vegetation and wind variability.
We investigated the long-term trends and interannual variability of
East Asian dust emission by analyzing the simulation results. We found
that between 1983–1987 and 2003–2007 dust emission from Gobi
decreased substantially by ~35%, which was predominantly driven by
meteorological changes especially before the 1990s; the effects of land
cover change were negligible. Dust emission from Teklimakan decreased
by ~20%, albeit with large interannual variability; the reductions were
attributable to enhanced vegetation density in the periphery of the
desert, accompanied by larger but more varying changes due to mete
orological drivers. The interannual variability and trends of dust emis
sion in both deserts were largely shaped by climatic factors, with the
land cover playing secondary but locally important roles. Among the
climatic factors, surface wind speed, followed by total precipitation, was
found to be the most important, as revealed by an MLR analysis: surface
wind speed explained 40–55% of interannual dust emission variability
in the emission hotspot of Teklimakan, and up to ~70% for Gobi; total
precipitation explained 10–20% variability of dust emission for both
deserts.
Our findings are broadly consistent with those of the few studies on
the long-term spatiotemporal variability of East Asian dust emission and
activities. For instance, the large decline in dust emission we found,
which was mostly attributable to a weakening of wind until about year
2000, was also found by the modeling study of Song et al. (2016) and
consistent with the reductions in the observed total number of dust days
as shown by Shao and Dong (2006). The reversal of wind speed and dust
emission trend since early 2000s we found is also consistent with Zhang
et al. (2008) and Song et al. (2016). Wind speed being the dominant
meteorological factor shaping dust emission variability is also consistent
with the studies on the driver of long-term variability of North African
(Ridley et al., 2014; Evan et al., 2016) and East Asian dust (Song et al.,
2017).
Our study further shows that there is large regional variability in the
dust emission trend, and that simultaneous land cover change plays a
secondary but locally important modulating role. For instance, the
overall increasing trend of East Asian dust emission after early 2000s
was mostly driven by the trends in Gobi and northern China, but for
different reasons: the trend in Gobi was driven by rising wind speed, but
in the non-desert regions of northern China and eastern Mongolia it was
mostly driven by reduced vegetation density, consistent with the study
of Kurosaki et al. (2011) that attributed the recent decadal rise in dust
outbreaks to enhanced soil erodibility. Moreover, in the periphery of
Teklimakan and the Tibetan Plateau, enhanced vegetation density can
sizably reduce dust emission, in part offsetting or enhancing the changes
driven by meteorological factors, consistent with the findings of Mao
et al. (2013). Integrating previous findings and ours, we generalize that
for the hotspot dust source regions in the major deserts, climatic factors,
especially surface wind, are the major driver of dust emission variability
and trends, whereas rapid land cover change can have substantial im
pacts in the surrounding semiarid and non-desert regions that are
currently minor dust sources but can become increasingly important as

3.3. Meteorological drivers of variability of East Asian dust emission
In order to examine the effects of different meteorological variables
on the variability of dust emissions, we first compared the time series of
springtime mean surface wind speed, total precipitation and mean
temperature with that of dust emission. Fig. 9 shows the comparison
between normalized seasonal mean meteorological variables and dust
emission of each grid box covering the two deserts. The variations of
dust emission from Gobi mostly coincide with the variations of wind
speed at the same locations. For instance, the large decline in dust
emission from 1980s to 1990s also happen to wind speed. This is
consistent with the findings of Shao and Dong (2006) and Song et al.
(2016). The coefficients of determination (R2) between mean wind
speed and dust emission range between 0.76 and 0.89 in the western
Gobi (41–45◦ N, 96.25–106.25◦ E). For the hotspot in the central-eastern
Teklimakan, the dramatic decline of emission in the 2000s co-occurs
with weakening wind speed at places where large variability is found
(39–41◦ N, 81.25–91.25◦ E) and R2 ranges between 0.51 and 0.71.
Meanwhile, we also calculated R2 for dust emission with precipitation
and wind speed, respectively. Both of them show a lower R2 value as
summarized in Table 3, with detail of each grid box shown in Table S4.
We also conducted MLR analysis grid cell by grid cell to quantify the
relative contribution of different meteorological variables to the inter
annual variability of East Asian dust emission. We also verified that the
VIF values for our MLR analysis are smaller than 2 for all Gobi grid cells
and smaller than 2.5 for all Teklimakan grid cells, indicating that the
problem of multicollinearity is negligible. Table 4 shows the regression
coefficients of dust emission on the meteorological variables from MLR.
For both deserts, the positive relationship of dust emission with wind
speed on dust emission is highly statistically significant in almost all grid
cells, while the mostly negative relationship with temperature is statis
tically insignificant. In most grid cells, precipitation has a negative
relationship with dust emission that is generally statistically significant
but less so than wind speed.
To account for the relative contribution of each variable to dust
emission variability, we evaluated the variance explained (i.e., SSR/
SST × 100%) by each variable from the MLR model between dust
emission and meteorological variables (shown in Table S5). In the
western Gobi Desert (41–45◦ N, 96.25–106.25◦ E), wind speed contrib
utes to 64–74% of the interannual variability of springtime dust emis
sion, whereas in the Teklimakan emission hotspot (39–41◦ N,
81.25–91.25◦ E) it controls dust emission to a lesser extent, explaining
~50% of variability. Precipitation also plays a role in controlling the
interannual variability of dust emission, explaining 10–18% of vari
ability in the western Gobi Desert and 26–40% in the central-eastern
part of Teklimekan (39–41◦ N, 83.75–88.75◦ E). For both deserts, tem
perature explains only a few percent of variability, which is not statis
tically significant. We thus conclude that in spring, wind speed is the
major driver of dust emission variability in Gobi while both wind speed
and precipitation (to a slightly lesser extent) are comparably important
in explaining dust emission variability at Teklimakan.
4. Conclusions and discussion
In this study, we first optimized the dust emission scheme in the
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they undergo desertification.
Our simulations using a chemical transport model driven by histor
ical meteorological and land cover data did not account for the in
teractions and feedbacks between dust aerosols and climate, and such
feedbacks might either amplify or suppress any changes in dust emission
(Huang et al., 2014; Kok et al., 2018). Bi et al. (2016) used the obser
vations at 13 sites of AERONET to constrain the single-scattering albedo
of Asian dust aerosols, which can be used in future studies to improve
the simulations of East Asian dust radiative forcing and study how it
affects the energy balance in regional climate. Other aspects of
aerosol-climate and land-atmosphere interactions, such as the impacts of
dust iron deposition on ocean biogeochemistry and carbon uptake, were
also not accounted for or only characterized simplistically. For instance,
the increase of vegetation density due to CO2 fertilization and the
extension of plant growing season under warming (Körner et al., 2010)
may further slow down wind and reduce dust emission. The historical
land cover and meteorological observations used to drive the model in
this study were the outcomes of all such interactions. Future studies of
dust-climate-land
interactions
using
a
fully
coupled
climate-chemistry-land model will be particularly helpful in delineating
the potential impacts of various feedback pathways on dust emission,
transport and deposition in the Earth system. Despite the larger scopes
that are not addressed here, this study attests to the importance of cli
matic and, to a lesser extent, terrestrial factors in modulating the
interannual variability and long-term trends of East Asian dust emission,
with ramifications for understanding and predicting visibility, air
quality and aerosol-climate interactions in the Eastern Hemisphere at
large.
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