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HIGHLIGHTS

o Spatial pattern of dust flux in northern China over last 30 years was simulated.
e Temporal trend of dust emissions in northern China over last 30 years was simulated.
o Climate change and human activities significantly influence dust emissions in China.
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Dust emissions caused by wind erosion have significant impacts on land degradation, air quality, and
climate change. Dust from the arid and semiarid regions of China is a main contributor to atmospheric
dust aerosols in East Asia, and their impacts can stretch far beyond the territory of China. Spatial-
temporal patterns of dust emissions in China over the last several decades, however, are still lacking,
especially during the spring season. In this study, we simulated the spatial-temporal dynamics of spring
dust emissions from 1982 to 2011 in arid and semi-arid areas of China using the Integrated Wind Erosion
Modeling System. Results showed that the most severe dust emission events occurred in the Taklimakan
Desert, Badain Jaran Desert, Tengger Desert, and Ulan Buh Desert. Over the last three decades, the
magnitude of spring dust emissions generally decreased at the regional scale, with an annual spring dust
emission of ~401.10 Tg. Among different vegetation types, the highest annual spring dust emission
occurred in the desert steppes (~163.95 Tg), followed by the deserts (~103.26 Tg). The dust emission
intensity in the desert steppes and the deserts was ~150.83 kg km~2-yr~! and ~205.46 kg km—2-yr !,
respectively. The spatial patterns of the inter-decadal variation are related to climate change and human
activities. Mitigation strategies such as returning farmland to grassland, fenced grazing, and adequate
grass harvesting, must be taken to prevent further soil losses and grassland degradation in northern
China.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

1018 Tg yr—! (Miller et al., 2004) to 3000 Tg yr~! (Tegen and Fung,
1994), which accounts for approximately 30%—50% of the total

Wind erosion is a natural geological process that includes
detachment, transport, and deposition of soil particles by strong
winds (Li et al., 2007; Hoffmann et al., 2011). It is a major soil
degradation process in arid and semi-arid areas of the world
(Gregory et al., 2004; Buschiazzo and Zobeck, 2008; Webb et al.,
2009). Global dust emissions are estimated to range from
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aerosol injections into the atmosphere (Alfaro, 2008). Dust aerosols
have significant impacts on the Earth's radiation budget, global
biogeochemical cycles, terrestrial soil formation, atmospheric
chemistry, air quality, and public health (Chadwick et al., 1999;
Reynolds et al., 2001; Jickells et al., 2005; Li et al., 2007; Alfaro,
2008; Chappell et al.,, 2012). In addition, the detachment and
transport of dust can significantly lower soil fertility and water
holding capacity in dust source areas (Li et al., 2007). The deposi-
tion of dust may also have significant beneficial effects, however,
such as the transport of organic carbon (Chappell et al., 2012, 2013),
nitrogen (Mace et al., 2003), phosphate (Eger et al., 2013), iron
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(Conway et al., 2015; Horner et al., 2015), and other essential nu-
trients from the soil to terrestrial and aquatic ecosystems that can
enhance primary productivity (Chadwick et al., 1999; Neff et al.,
2008; Field et al., 2009).

In order to assess the impacts of dust emissions on socio-
economics and the environment, it is essential to quantify the
wind erosion rates at different spatial and temporal scales. Wind
erosion is affected by complex interactions among soil properties,
climate, vegetation, and land management (Lu and Shao, 2001;
Hoffmann et al., 2011; Aubault et al., 2015). Several approaches
have been taken to measure the physical properties and driving
factors of wind erosion. For example, mathematical simulations are
used to derive the relationships between meteorological records
and interacting surface parameters (McTainsh et al., 1998). Remote
sensing and geographic information systems (GIS) are applied to
estimate the wind erosion intensity (Zobeck et al., 2000; Maman
et al., 2011; Guo et al., 2013), while further identifying dust sour-
ces (Ginoux et al., 2004). A large number of wind erosion models
have been developed to quantify wind erosion rates, soil losses, and
dust emissions at the local (Fryrear et al., 1998, 2001; Okin, 2008),
regional (Lu and Shao, 2001), and global scales (Webb et al., 2009).

In northern China, wind erosion is a serious environmental
problem, especially in arid and semi-arid regions (Chen et al., 2014)
that experience heavy and long-term grazing. The average annual
soil dust emission in East Asia is ~214 Tg (Tanaka and Chiba, 2006),
and 32% of these emissions occur in northern China (Tanaka and
Chiba, 2006). To identify dust sources and sinks in China, a wind
erosion risk map with high spatial resolution has been developed
based on remote sensing images (Reiche et al., 2012). With the
integration of remote sensing, experiments, and field observations,
Liu and Wang (2014) have explored aeolian processes and land-
scape changes of the Sonid grassland in northern China. Using
meteorological (Sun et al, 2001) and remote sensing data
(Taramelli et al., 2012; Gong et al., 2014), spatial-temporal varia-
tions of dust storms and wind erosion intensity have been exam-
ined over the last several decades in northern China.

Few studies have investigated spatial and temporal variations of
dust storms or land desertification (Sun et al., 2001; Wang et al,,
2004), however, spatial patterns and temporal trends of the
quantity of soil losses due to wind erosion over the last several
decades in northern China remain limited. To improve on this
limitation, in this study, we simulate the spatial-temporal varia-
tions of spring dust emissions during the period 1982—2011, using
the Integrated Wind erosion Modeling System (IWEMS; Lu and
Shao, 2001). Moreover, direct links between regional climate
change and dust emissions have not yet been made. Thus our study
will also attempt to discuss the interconnections that exist between
dust emissions and climate change in northern China over the last
three decades.

2. Materials and methods
2.1. Study area

This study area is located in hyper arid, arid, and semiarid re-
gions in northern China (Fig. 1), which accounts for 30% of the total
area of China, and is classified as a temperate continental climate,
including vegetation types such as grasslands, shrublands, and
deserts. The mean annual precipitation is generally less than
400 mm in research region.

2.2. Wind erosion model description

IWEMS is a process-based model developed by Lu and Shao
(2001), and consists of an atmospheric model, a land surface

scheme, a wind erosion scheme (for dust emission and sediment
drift), a dust transport and deposition scheme, and a geographic
information database (Shao et al., 2002). The atmospheric model
provides relevant data (e.g. wind velocity and eddy diffusivity) used
in driving both the wind erosion and dust transport model. In order
to compute the dust emission rate, relevant atmospheric data and
land surface data are passed to the wind erosion scheme at each
physical time step. The GIS database provides the spatially
distributed land surface data (e.g. soil properties, friction velocity)
required for the wind erosion scheme. The dust emission data
produced by the dust emission model are then passed to the dust
transport model together with atmospheric data for the prediction
of dust motion (Shao et al., 2003). The IWEMS has been extensively
used to simulate dust over East Asia (Shao et al., 2002; Mao et al.,
2011, 2013; Du et al., 2014).

2.3. Datasets

The land surface variables required by the IWEMS are soil
properties, vegetation cover, and land use. Soil variables (e.g., soil
types, soil bulk density) are obtained from the Harmonized World
Soil Database (HWSD) with a map scale of 1:1,000,000. Land use
maps with a map scale of 1:100,000 in 1980s, 1995, and 2000 are
obtained from the Data Sharing Infrastructure of Earth System
Science (http://www.geodata.cn/), which are integrated with soil
data to extract the fraction of erodible area according to the
methods in Lu and Shao (2001). The monthly vegetation cover is
calculated from the normalized deviation vegetation index (NDVI)
formula of Gutman and Ignatov (1998). The NDVI datasets for
1982—2011 are obtained from the Global Land Cover Facility, Global
Inventory Modeling and Mapping Studies (Tucker et al., 2005),
which have a spatial resolution of 8 km x 8 km. Wind field datasets
are provided by the National Centers for Environmental Prediction
and National Center for Atmospheric Research (NCEP/NCAR)
reanalysis datasets, which are updated every six hours with a
spatial resolution of 2.5° x 2.5°. To drive the IWEMS, these three
datasets are projected to the same spatial coordinate system using
the Albers map projection, and are also re-gridded to the same
spatial resolution of 8 km x 8 km.

To validate the performance of the IWEMS, simulation output is
compared to the daily spring dust storm frequency data observed at
283 meteorological stations during the period 1982—2007, which
are obtained from the meteorological network of the China Mete-
orological Administration (Zhou et al., 2006). Dust comparison data
are further used to explore the relationship between the dust storm
frequency and the dust emissions. Daily wind velocity, precipita-
tion, and temperature at 365 meteorological stations over the last
30 years in the research region are obtained from the China
Meteorological Data Center (http://data.cma.gov.cn). Meteorolog-
ical comparison data are further used to explore the impacts of
inter-decadal change of wind velocity, precipitation, and temper-
ature on dust emissions in northern China over the last three
decades.

2.4. Model simulation and validation

This study uses the IWEMS to simulate the spatial patterns of
dust flux and the quantity of dust emissions at a regional scale in
the spring season of March 1 to May 31 during the period of
1982—-2011. IWEMS is driven by atmospheric conditions that are
updated every 6 h, vegetation cover that is updated annually, and
land surface properties that are either updated on a decadal scale
(e.g., land use), or held constant (e.g., soil properties) depending on
the land surface variable. Soil moisture is not included because the
arid and semi-arid areas studied in this work experience minimal
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Fig. 1. Spatial distribution of arid intensity and deserts in northern China.

precipitation during the springtime. This simulation was restricted
to the suspension of soil particles less than 90 pum, as these particle
sizes are most readily emitted into the atmosphere from dust
source regions.

Dust emission observations are scarce in northern China, which
makes it challenging to provide a comprehensive evaluation of the
IWEMS performance. Thus we first assume that dust emissions are
correlated with dust storm frequency, while using previous studies
(Shao and Leslie, 1997; Fécan et al., 1998) that show dust emissions
are highly correlated with areas of high wind velocity and low
precipitation. Under this premise, our dust model simulations may
then be partially validated by correlative analysis between dust
emissions, dust storm frequencies, and precipitation at meteoro-
logical stations in the research region.

3. Results
3.1. Spatial patterns of spring dust emissions

The spatial distribution of annual dust flux (Fig. 2a) showed that
the most significant dust sources in northern China over the last
three decades were found in the Taklimakan Desert, Badain Jaran
Desert, Tengger Desert, Ulan Buh Desert, northwest Qinghai Prov-
ince, and northwest Gansu Province (Figs. 1 and 2a). The spring dust
flux was more than 200 g-m~2-yr~! in most of these regions. Re-
gions of enhanced wind erosion in China were in the hyper arid,

arid, and semi-arid areas (Figs. 1 and 2a) covered by desert, desert-
steppe, and gobi desert, where the vegetation cover was lower than
0.20 (Fig. 2b).

The dust flux was higher in April than in March in most regions,
including central and western Inner Mongolia, northwestern
Gansu, northwestern Qinghai, and eastern Xinjiang (Fig. 3a, b, d). In
central Taklimakan Desert, southwestern Xinjiang, and some re-
gions in Qinghai, however, the dust flux in April was in fact lower
than in March (Fig. 3a, b, d). The dust flux in May was higher than in
March in most areas of the research region (Fig. 33, c, e), except in
southwestern Xinjiang. The dust flux exhibited a seasonal decrease
in most regions, except for southeastern Xinjiang and northwest
Qinghai from April to May in northern China over the last 30 years
(Fig. 3b, ¢, f).

Spatial distributions of inter-decadal dust flux differences were
calculated by taking the annual average of spring dust fluxes during
the1980s (1982-1989), 1990s (1990—1999), and 2000s
(2000—2011) (Fig. 4). Fig. 4a, b, and d illustrated that the spring dust
fluxes in Inner Mongolia, Gansu, and most of Qinghai were higher
in the 1980s compared to the 1990s. Higher dust flux regions were
concentrated in the Taklimakan Desert, parts of northern Xinjiang,
and parts of northwestern Qinghai (Fig. 4a, b, d). The decadal dust
flux in northwestern Inner Mongolia, eastern Xinjiang and Takli-
makan Desert during the 1980s was lower compared to the 2000s
(Fig. 4a, c, e). The decadal spring dust flux in 1990s was also lower
compared to the 2000s across a most of the region (Fig. 3b, c, f),



120 H. Song et al. / Atmospheric Environment 126 (2016) 117—127

(a)

. Heilongjiang
Jilin
_Inner Mongolia .~

L hy Ligpning"

1 % ¢ Hebei
! St Shanxj
g - h rat v )V
s ST ey “ Shaanxi

~ Annual dust flux [F8 650 - 900
(g/m-mlyr) I 900 - 1,200
[ Jo-10 B 1,200 - 1,600
0 150300 600 900 1,200 __]10-200 I 1,600 - 2,200
- — — KM [ ]200-400 I 2,200 - 3,300
[ ]400-650 M > 3,300

Heilongjiang

pls

A - k. Wols o
*( Xinjiang
< . L
w
Vegetation coverage [l 0.5- 0.6
[ ]0-.05 Il 06-0.7
[ 1005-02 B o7-08
[J0.2-03 I 038-0.9
e — i K1 70304 09 1

I 04-05

Fig. 2. Spatial distribution of annual spring dust flux (a) and the annual vegetation cover (b) in northern China over the last three decades.
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Fig. 3. Spatial distributions of the dust flux in March (a), April (b), May (c), and the spatial differences of April-March (d), May—March (e), and May—April (f) in northern China from

1982 to 2011.

except for in western and eastern Taklimakan Desert, parts of
southern Xinjiang, and parts northern Shaanxi, where the dust
fluxes were higher in the 1990s.

3.2. Temporal trends of dust emissions

The annual spring average dust emissions simulated in northern
China generally declined between 1982 and 2005, however, dust
emissions increased since 2005 (Fig. 5). The observed dust storm

frequency exhibited a similar decreasing pattern from 1982 to 1997,
and generally increased until 2007. The dust storm frequency was
defined as the total number of dust storms observed at all the
meteorological stations in the research region. The maximum,
minimum, and average spring dust emissions for 1982—2011 were
463.33 Tg in 1996, 316.21 Tg in 2005, and 401.10 Tg, respectively.
The monthly average dust emissions in March, April, and May were
~122.65 Tg, ~142.48 Tg, and ~135.97 Tg, respectively. A maximum in
dust emissions for April was consistent with the spatial patterns of
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monthly dust flux (Fig. 3).

Table 1 lists the different types of vegetation cover in the
research region of northern China. The largest vegetation type in
this region is desert steppes, with an area of 1.08 x 10% km?. The
trends in dust emissions for different vegetation types (Fig. 6) were
calculated using the vegetation type dataset and the spatial dis-
tribution of annual average spring dust emissions from 1982 to
2011. The desert steppes had the largest dust emissions in northern
China (Fig. 6a), followed by the deserts and the steppes. Dust

emissions for other vegetation types were much lower than these
three vegetation types. Dust emissions in the desert steppes and
the steppes decreased slightly over the last three decades, however,
the dust emissions in the deserts had a slight increasing trend. The
dust emission intensities (Fig. 6b) were calculated for each vege-
tation type based on the amount of dust emissions divided by the
vegetation type area. We found that the deserts had the largest dust
emission intensity, followed by the desert steppes and the alpine
vegetation (Fig. 6b).
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Table 1

Areas of different vegetation types in the research region.
Vegetation type Area (km?)
Desert steppes 1.08 x 10°
Steppes 8.45 x 10°
Cultivated vegetation 8.12 x 10°
Meadows 6.27 x 10°
Deserts 5.02 x 10°
Broadleaf forests 3.82 x 10°
Shrubs 2.02 x 10°
Needleleaf forests 1.86 x 10°
Alpine vegetation 1.67 x 10°
Grasslands 0.65 x 10°
Marshes 0.52 x 10°
Needleleaf and broadleaf mixed forests 0.15 x 10°

3.3. Evaluation of simulated dust emissions

To evaluate the results from IWEMS, a comparison was made
between simulated dust flux and observed dust storm frequencies
at each meteorological station across the research region between
1982 and 2007. A linear least squares regression analysis was per-
formed using the simulated annual dust flux at meteorological
stations as the dependent variable, and the observed annual dust
storm frequency as the independent variable. The simulated dust
flux was positively correlated with observed dust storm frequencies
(Fig. 7a). The square of the correlation coefficient, R?, was high at
0.76 (P < 0.005). Furthermore, the tendency and fluctuations of
annual (Fig. 5) total spring dust storm frequencies at all meteoro-
logical stations were in good agreement with simulated dust
emissions from 1982 to 2007.

There was significantly less correlation between dust emissions
and wind velocity (Fig. 7b), with a low R? value of 0.02 (p < 0.01).
This poor correlation was due to the complex conditions of land
surface. The dust flux declined nonlinearly with the increased
precipitation (Fig. 7c). The spatial distribution of observed annual
dust storm frequencies for spring (Fig. 8) agreed well with the
simulated dust flux levels at each meteorological station.

4. Discussion

In this study, the annual average of simulated spring dust
emission in northern China was 401.10 Tg during spring, which is

much larger than the results in east Asia where the simulated dust
emissions are 214 Tg-yr~! (Tanaka and Chiba, 2006). This could
have been ascribed to the different range in soil particle diameters
used in the simulations. Our simulation focuses on soil particle
diameters that are less than 90 um, however, the dust emissions
simulated in Tanaka and Chiba (2006) limited the diameter to be-
tween 0.2 um and 24 um. The dust emissions in 1996, 1998, 2001,
and 2006 are much higher than their previous years 1995, 1997,
2000, and 2005 (Fig. 5), which could be caused by extreme
droughts in 1995, 1997, 2000, and 2005 (Wang et al., 2003, 2011;
Ma and Fu, 2006; Yu et al., 2014) in northern China. Furthermore,
a severe drought event in northern China during the winter of
2008—2009 (Gao and Yang, 2009) caused the dust emissions to
sharply increase from 352.86 Tg to 426.80 Tg in 2009, and then to
446.35 Tg in 2010 (Fig. 5). Extreme drought events can reduce the
vegetation density and coverage (Zender and Kwon, 2005), while
subsequently leading to higher dust emissions for the next few
years. The dust emissions sharply decrease from 446.35 Tg to
373.40 Tg in 2011 (Fig. 5), which could be a result of the low tem-
perature in the winter of 2010 and the spring of 2011 (Duan et al.,
2013). Lower temperatures may delay the melting of the frozen
ground, leading to decreased dust emissions.

Dust emissions are strongly under the influence of climate
change (Lambert et al., 2008) and human activities (Sokolik and
Toon, 1996; Mulitza et al., 2010). It is essential to improve our un-
derstanding of the impacts of climate change and human activities
on the spatial and temporal variations of dust emissions over the
last 30 years in northern China. The downward trend of the dust
emission simulated by IWEMS is consistent with the trend of
decreased dust storms (Qian et al., 2002; Wang, 2005), as well as
increased visibility (Mahowald et al., 2007) during this period. This
phenomenon could have been caused by the atmospheric warming
and pressure reductions over northern Asia between 1982 and
2000 (Qian et al., 2002; Grigholm et al., 2015), which may poten-
tially reduce temperature/pressure gradients and lead to lower
zonal wind velocities (Li, 2015).

Dust sources are mainly concentrated in the areas of high wind
velocity (Fig. 7b) and low precipitation (Fig. 7c). To investigate the
impacts of climate change on dust emissions, we analyzed the
inter-decadal difference of spring wind velocity (Fig. 9a), precipi-
tation (Fig. 9b), and temperature (Fig. 9c) at all meteorological
stations, compared to the dust flux change during the periods of
1980s—1990s, 1980s—2000s, and 1990s—2000s. Wind velocities
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and corresponding dust emissions generally decreased for both the
1980s—1990s and 1980s—2000s (Fig. 9a). During the period of
1990s—2000s (Fig. 9a), however, the wind velocity at numerous
meteorological stations increased, which led to increased dust
emissions at some stations. Precipitation is not the primary con-
trolling factor on dust emissions in China (Fig. 9b), although it could
partly inhibit the dust emission in some regions. At locations of
increased temperature, dust emissions are also enhanced. Thus

enhanced temperature may be a surrogate for more significant
water stresses due to higher transpiration and evaporation from
shallow soil depths (Munson et al., 2011), which would accelerate
the likelihood of dust emissions from disturbed soil surfaces.

The vegetative land cover is a major factor affecting soil wind
erosion processes and dust emissions (Engelstadter et al., 2003;
Zender and Kwon, 2005; Kurosaki and Mikami, 2007). A shift to
more grasslands land cover caused by climate change in the past 30
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1980s—1990s (triangles), 1980s—2000s (squares), and 1990s—2000s (circles).

years in northern China (Piao et al., 2003, 2006; Li et al., 2014) leads
to decreased dust emissions in the regions of steppe and desert
steppe (Fig. 6a). Various human activities (Neff et al., 2008; Xu et al.,
2014), such as land use practices, can significantly affect vegetation
(Sokolik and Toon, 1996), which can result in additional dust
emissions. The degraded land are due to desertification in northern
China has been accelerated 3600 km? yr~! from 1987 to 2000
(Wang et al., 2004; Wang, 2014), and the annual expansion rate
from 2000 to 2010 is —1375 km? (Wang, 2014). This may be a
driving factor for the increased dust emission in desert from 1982
to 1999 (Fig. 6a). The annual dust emission in the desert regions

during the 2000s was 101.53 Tg, which is lower than the 107.11 Tg
for the 1990s (Fig. 6a) suggesting that a retreat of the sandy
deserted land may have contributed to the decreased dust emis-
sions in desert regions from 2000 to 2011.

Considering dust source areas have low precipitation during the
spring, we did not include the soil moisture parameter in our
simulations. Moreover, the simulation results presented here suffer
from additional uncertainties due to the coarse spatial resolution of
2.5° x 2.5°, thus largely simplifying the complexity of the wind
field. Although the scarcity of dust flux observations in China is a
limiting factor preventing a comprehensive evaluation in this
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study, the results here provide useful spatial and temporal patterns
of dust emissions for 1982—2011 in northern China.

5. Conclusions

This study has demonstrated that dust sources are mainly
distributed in areas where the vegetative coverage is lower than
20% that spring dust emissions in the research region generally
experience a decreasing trend for 1982—2011. Our observations
suggest that climate change and human activities are significantly
impacting dust emissions over northern China. Responses of dust
emissions to climate change, however, are dependent on the re-
gions investigated. Thus it is necessary to take measures to prevent
overgrazing, grassland degradation, and soil loss in northern China,
such as returning farmland to grassland, fenced grazing, inhibiting
further grass cutting, and implementing scientific policy for
stocking capacity.
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