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� A comprehensive evaluation of long-term simulations of dust emissions using surface data.
� Spatial-temporal variations of dust emissions in East Asia over the past four decades were simulated.
� Correlations between dust emissions and changing climate over East Asia were analyzed.
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a b s t r a c t

Dust particles have been long recognized to affect the atmospheric radiative balance and are influenced
by climate change. Impacts of climate change on dust emissions in East Asia, however, are not well
understood. In this work, we conduct an evaluation of meteorological variables and dust emissions using
the Weather Research and Forecasting model coupled with chemistry (WRF-Chem) and examine the
relationships between dust emissions and meteorological variables (wind speed, precipitation, and
temperature) over East Asia during the period of 1980e2015. Model simulated surface meteorological
variables compared well overall with surface-based observations, consistent with other WRF studies.
Compared to observations, the coarse particulate matter (PM10-2.5) concentrations were underpredicted
for most dust source regions of East Asia with a domain-wide mean bias and correlation of �40.2 mg m�3

and 0.5 against observations, respectively. Dust particulate concentrations simulated by WRF-Chemwere
found to reproduce the observed spatial variability in surface dust particulates over East Asia. The
average annual dust emission (0 < r < 20 mm) is around 67.4 Tg yr�1 and the dust emission increased with
the trend of 0.173 Tg yr�1 (R2 ¼ 0.03, P ¼ 0.32) in China and Mongolia over the past four decades. The
spatial and temporal variations of dust emissions in China and Mongolia indicate that the annual dust
flux has increased in desert areas of China and Mongolia, but decreased in most Gobi regions of China.
Dust emission is significantly positively and negatively correlated with wind velocity and precipitation at
the regional scale. Spatial patterns of seasonal correlations between dust flux and climate varies greatly
during the period of 1980e2015.

© 2017 Elsevier Ltd. All rights reserved.
d Planning, Henan University,
ina.
te Drive, Raleigh, NC 27695-

Song), yzhang9@ncsu.edu
1. Introduction

Aeolian dust can modify the Earth's climate by altering the
global energy budget (Lambert et al., 2013; Allen et al., 2016), in-
fluence global biogeochemical processes via nutrients transport
(Wang et al., 2015), and affect air quality and human health
(Lelieveld et al., 2015). Mineral dust in the atmosphere influences
the radiative balance by directly scattering and absorbing incoming
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solar radiation (Haywood et al., 2005) or indirectly changing the
optical properties of clouds (Fiedler et al., 2015). Changing radiative
balance can in turn alter regional winds and precipitation (Evan
et al., 2014) and thus dust emissions, transport, and deposition
processes (Zender and Kwon, 2005; Evan et al., 2016).

Dust storm is a type of severe natural disaster that frequently
occurs in East Asia. During East Asian dust storm, large amounts of
dust particles are emitted from arid and semiarid regions such as
the Taklimakan Desert in northwestern China and the Gobi Desert
in southern Mongolia (Yang et al., 2007), and frequently trans-
ported over long distances to the North Pacific Ocean, Korea, Japan,
and as far as to the United States (Lee and Sohn, 2011; Pointing and
Belnap, 2014; Nagashima et al., 2016). The amount of dust emitted
from East Asia is approximately 20% of the global dust emissions
(Nagashima et al., 2016). Dust storms occur most frequently during
springtime in East Asia when surface conditions are dry and winds
are strong (Sun et al., 2001; Kurosaki and Mikami, 2005). Under-
standing the linkages between dust and climate in the past will be
crucial to predict dust emissions in East Asia under future climate
conditions.

Dust emissions are generally controlled by the threshold friction
velocity that is influenced by the combination of regional atmo-
spheric and surface conditions, such as atmospheric stability,
winds, precipitation, soil composition, soil moisture, and vegeta-
tion (Natsagdorj et al., 2003; Ravi et al., 2004; Ishizuka et al., 2005;
Kok, 2011; Cowie et al., 2013; Kim and Choi, 2015). Numerous
studies have been conducted to explore linkages between dust
activities and climate (Lambert et al., 2008; Hoffman et al., 2014;
Kim and Choi, 2015). Spatial and temporal patterns of dust storm
frequency were generated from observed visibility and their link-
ages to climate changes based on meteorological observations have
been investigated over the past several decades in China (Qian
et al., 2002; Liu et al., 2004; Lim and Chun 2006; Yang et al.,
2007; Lee and Sohn, 2011; Lee and Kim, 2012). Dust storm fre-
quency used in past studies is a semi-quantitative indicator of dust
emissions because it cannot continuously capture the strength of
dust emissions during the whole study period and has limitations
of observed accuracy. The surface measurements of visibility are
not purely indicative of the dust particles nor are they always
spatially and temporally homogeneous (Mahowald et al., 2007).
However, the sensitivity of dust emissions to climate change and
the underlying mechanisms in East Asia remain unclear over the
past several decades.

This study simulates and extensively evaluates meteorological
variables and particulate matter concentrations, and then analyzes
the spatial patterns and temporal trends of the simulated vertical
dust emission fluxes and meteorological variables (e.g., tempera-
ture, wind velocity, and precipitation) in China and Mongolia dur-
ing the period of 1980e2015. The impacts of the changing climate
variability on dust emissions are also examined through analyzing
the relationships of simulated temperature, wind velocity, and
precipitation with simulated dust emissions.

2. Materials and methods

2.1. Model description and setup

Shao et al. (2011) proposed a new size-resolved dust emission
scheme (S11):

Fðdi; dsÞ ¼ cyhf spð1þ smÞg Qds

u2*
(1)

where F(di, ds) is the dust emission rate for particles of size di
generated by the saltation of particles of size ds, cy is a
dimensionless coefficient, hf is the fraction of dust that can be
emitted, sp is the ratio between the fraction of free dust and that of
aggregated dust, sm is the bombardment efficiency, g is the accel-
eration due to gravity, Qds is the saltation flux of particles of size ds,
and u* is friction velocity. The dust emission of size di is the esti-
mation of aweighted average over the particle size range from d1 to
d2:

FðdiÞ ¼
Zd2

d1

Fðdi; dsÞ psðdÞdd (2)

where ps(d) is the minimally disturbed particle size distribution of
the parent soil to constrain the size distribution of the airborne
sand and dust particles. The S11 scheme is a simplification of Shao
(2004) dust emission scheme (S04). Comparisons show that per-
formances of the full scheme (S04) and the simplified scheme (S11)
are equally effective (Shao et al., 2011). Both the Air Force Weather
Agency (AFWA) and S11 schemes have been used to simulate dust
emissions over East Asia, but the AFWA scheme omits almost the
entire Gobi Desert and produces low dust emissions. However, the
S11 scheme has better performance in reproducing surface partic-
ulate matter 10 mm or less in diameter (PM10) concentrations than
the AFWA emission scheme, especially at those stations near the
Gobi Desert (Su and Fung, 2015).

The S11 scheme has been implemented in theWeather Research
and Forecasting model with chemistry (WRF-Chem) since 2013 (Su
and Fung, 2015). Five dust size bins (0e2 mm, 2e3.6 mm, 3.6e6 mm,
6e12 mm, and 12e20 mm) are considered in the S11 scheme from
WRF-Chem version 3.7.1. In this work, S11 is adopted to simulate
dust emissions simultaneously with the meteorological fields in
China and Mongolia (Fig. S1) from 1980 to 2015. The Goddard
Chemistry Aerosol Radiation and Transport (GOCART) chemical
model and S11 dust emission scheme are used in this study. Dust is
simulated as a tracer using the tracer option available inWRF-Chem
without considering anthropogenic emissions and chemistry. The
tracer option only simulates emissions, transport, and removal
processes of dust particles.

The simulation domain is defined on the Lambert projection.
The model domain is centered at 100� E, 41� N, and covers nearly
the entire East Asia region. All simulations are conducted using a
horizontal grid resolution of 36-km with a vertical grid resolution
of 28 levels. The model domain has 140 and 100 grid points in the
west-east and south-north directions, respectively. Geographical
data including elevation dataset, soil properties, albedo, land use,
etc. are interpolated primarily from USGS (United States Geological
Survey data) at 10-min resolution.

To parameterize the atmospheric processes, six model setting
options (Table 1) are conducted for the period of 1 January 2010 to
31 December 2010. The best performance of wind speed among the
six model settings is adopted to simulate dust emissions over East
Asia for the period of 1 December 1979 to 31 December 2015. The
first month of outputs are considered as model spin up and
excluded from the analysis to minimize the effect of initial condi-
tions on the results. The instantaneous model output was stored
every hour and has been used for the analysis.

The initial and lateral boundary conditions for the meteorolog-
ical fields were provided from the National Centers for Environ-
mental Prediction (NCEP)-National Center for Atmospheric
Research (NCAR) Reanalysis Project (NNRP) (Kalnay et al., 1996).
These data are available every 6 h with a spatial resolution of 2.5�

and 17 pressure levels. To limit the errors in the WRF-simulated
meteorology, four-dimensional data assimilation (FDDA) has been
applied. In the FDDA, temperature is nudged at all the vertical levels



Table 1
WRF-Chem configuration options of meteorological evaluation experiments.

Model options SIM1 SIM2 SIM3 SIM4 SIM5 SIM6

Longwave radiation RRTM LW RRTM LW RRTM LW RRTM LW RRTM LW RRTM LW
Shortwave radiation RRTM SW RRTM SW RRTM SW RRTM SW RRTM SW RRTM SW
Surface layer Revised MM5 MO Revised MM5 MO Revised MM5 MO MO Revised MM5 MO MO
Microphysics Morrison 2-mom Morrison 2-mom Morrison 2-mom Morrison 2-mom Morrison 2-mom Morrison 2-mom
Land Surface Noah LSM Noah LSM Noah LSM Noah LSM Noah LSM Noah LSM
Cumulus

Parameterization
Grell-Freitas
ensemble

Multi-scale Kain-
Fritsch

Multi-scale Kain-
Fritsch

Multi-scale Kain-
Fritsch

Multi-scale Kain-
Fritsch

Multi-scale Kain-
Fritsch

Wind correction Jimenez Jimenez UW Off UW Off
Urban surface Off Off Off MLBEP MLBEP MLBEP
Planetary Boundary Layer Yonsei University Yonsei University Yonsei University Mellor-Yamada- Janjic Yonsei University Mellor-Yamada- Janjic

RRTM LW, the Rapid Radiative Transfer Model longwave radiation model; RRTM SW, the Rapid Radiative Transfer Model shortwave radiation model; Revised MM5 MO,
Revised fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5) Monin-Obukhov; MO, Monin-Obukhov; Morrison
2-mom, Morrison Two-Monent Stratiform Cloud Microphysics scheme; Noah LSM, Noah Land Surface Model; UW, Bretherton and Park scheme; MLBEP, Multi-layer, Building
Environment Parameterization scheme.
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with a nudging coefficient of 0.0003. The horizontal winds are
nudged at all vertical levels, except within the planetary boundary
layer (PBL), with the nudging coefficient of 0.0003. The nudging
coefficients for temperature and winds have been chosen following
previous studies (Liu et al., 2012; Mar et al., 2016). The time step for
the simulations has been set at 120 s.
2.2. Observational datasets

We begin by evaluating the modelled meteorological fields
against observations which are driving the simulations of dust
emissions due to WRF-Chem couples the meteorology simulations
online with the chemistry. In this study, the WRF-Chem-simulated
meteorological fields are evaluated against the 3-hourly in situ
measurements of 2 m temperature (T2), 10 m wind velocity and
direction (WSP10 and WDR10, respectively), and precipitation
(PCP) at 469 meteorological stations (Fig. S1) from the National
Oceanic and Atmospheric Administration (NOAA) - National Cli-
matic Data Center Surface (NCDC). These meteorological variables
were selected for the evaluation as these are expected to have
significant influences on dust emissions, which is the main focus of
this study. Moreover, the simulated meteorological datasets are
also used to analyze the impacts of the changing climate on dust
emissions.

Since the scarcity of observational surface dust emissions, the
simulated PM (particulate matter) concentrations, including PM10,
particulate matter 2.5 mm or less in diameter (PM2.5), and coarse
particulate matter with diameter between 2.5 and 10 mm (PM10-2.5),
are evaluated against the in situ measurements of PM concentra-
tions from the Ministry of Environmental Protection of the People's
Republic of China. PM10 concentrations during the period of
2000e2013 are derived from Air Pollution Indexes (API) because
only the PM10 concentrations are observed and delivered in API in
most cities of China before 2014. The API is defined as a semi-
quantitative measure for uniformly reporting air quality, and it is
based on a set of atmospheric constituents that have implications
for human health (Qu et al., 2010). For the days when PM10 was
reported as primary, daily PM10 concentrations can be derived from
the APIs using the following equation:

C ¼
ðI � IlowÞ

�
Chigh � Clow

�
Ihigh � Ilow

þ Clow (3)

where C is the concentration of PM10, I is the API reported. Ilow and
Ihigh represent API grading limits that are lower and larger than I,
respectively. Chigh and Clow denote the PM10 concentrations cor-
responding to Ihigh and Ilow, respectively. Further details of API and
the conversion between API and PM10 concentrations can be found
in Qu et al. (2010). Observed PM10, PM2.5, and PM10-2.5 concentra-
tions are used to evaluate the model performance of dust simula-
tions during the period of 2014e2015 is due to the PM10 and PM2.5
concentrations are observed and released after 2014 in most cities
of China.

To minimize the impact of background concentrations and
anthropogenic sources, this study assumes that dust event out-
breaks occur when simulated surface PM10 and PM2.5 concentra-
tions are greater than 20 mg m�3 and 10 mg m�3, respectively. Only
the PM10 and PM2.5 concentrations of dust events are included in
the model evaluations. Moreover, PM10-2.5 concentrations are also
used to evaluate the model performance due to the dust emission is
the main contributor to coarse particles.
2.3. Evaluation methodology

Stations are adopted to evaluate the performance of dust sim-
ulations over dust source regions. Spatial distributions of the sur-
face meteorological and chemical sites are shown in Fig. S1.
Evaluations of meteorological variables, PM10, PM2.5, and PM10-2.5
concentrations are conducted using the protocol introduced by
Wang et al. (2009). The statistical measures used here include the
mean bias (MB), the normalized mean bias (NMB), the normalized
mean error (NME), the root mean square error (RMSE), and corre-
lation coefficient (R) (Zhang et al., 2006). Further details of their
calculation method can be referenced in Liu et al., 2016. Six WRF-
Chem experimental simulations with different configurations
(Table 1) are evaluated against the observational data at 469
meteorological stations from NCDC over China and Mongolia for
the period of 1 Janurary 2010 to 31 December 2010, and then the
dust concentrations simulated by WRF-Chem are initialized on 1
December 1979 and run through 31 December 2015 using the
configuration of the best performance for wind velocities among
the six experimental simulations. The performance of meteoro-
logical simulations (T2,WSP10,WDR10, and PCP) are also evaluated
by using the 3-hourly in situ observations at 469 sites (Fig. S1) in
China and Mongolia during the study period of 1980e2015.
3. Results and discussion

3.1. Evaluation of meteorology

Wind velocity is the primary driving factor for dust emissions
(Kim and Choi, 2015). Performance statistics for meteorological
variables in 2010 (Table S1) indicate that wind velocities from all
the six sensitivity simulations are overpredicted. Such
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overpredictions have also been reported in other studies (Liu et al.,
2016). Model setup options of SIM3 (Table 1) give the lowest MB
(0.4 m s�1), NMB (12.4%), NME (56.5%), and RMSE (2.2 m s�1) and
the highest R (0.5) (Table S1) among the six sensitivity simulations.
This study uses the configurations of SIM3 in WRF-Chem to simu-
late dust emissions over the past four decades due to its better
performance of wind velocities than other sensitivity simulations
(Table S1). Table 2 shows a summary of domain-wide statistics
evaluating the seasonal model simulation against observations in
meteorological variables of T2, WSP10, WDR and PCP during the
period of 1980e2015.

The spatial distribution of seasonal average T2 in the model and
observations is shown in Fig. S2, along with the spatial variation in
mean bias and temporal (3-hourly) correlation. Overall, the spatial
variability in observed T2 is found to be well reproduced by WRF-
Chem during all the seasons. The absolute values of mean biases
in T2 were generally found to be lower than 1.5 �C (Fig. S2). T2 is
often underpredicted in most parts of the research domain, but it is
overpredicted over southern parts of China during spring and
northern parts of China and Mongolia during summer. The R values
are generally found to be more than 0.9 in all the seasons and show
no significant geographical variation except parts of northern China
in winter, indicating that the model is able to reproduce the hourly
variations in near-surface temperature. The mean bias in T2
varies �1.1 to �0.2 �C depending on the seasons (Table 2).

The spatial variations of wind speeds, including the seasonality,
with strongest winds in winter, have been reproduced by WRF-
Chem (Fig. S3). However, the model tends to overpredict and
underpredict wind speeds with absolute large biases (1 m s�1 or
more) during the winter and autumn in southern and northern
parts of the domain, respectively. The temporal correlation of wind
speed is generally above 0.6 in most parts of the research domain.
However, the temporal correlation is lower (<0.4) in some regions
of the domain, including southern parts of the domain during the
autumn and winter, some areas of northern parts of the domain
during the spring and summer. Similar behaviour for simulated
wind speed are also reported by some previous studies (Zhang
et al., 2013; Liu et al., 2016; Mar et al., 2016). These studies attrib-
uted the uncertainties in wind speeds primarily to the poor rep-
resentation of the surface drag caused by the unresolved
topographical feature with a coarse grid resolution of 36-km.

Statistics for wind direction at the research domain is presented
in Table 2, with the spatial distribution shown in Fig. S4. Wind di-
rection over northern parts of East Asia is predominantly fromwest
Table 2
Domain-wide seasonal statistical performance of WRF-Chem against 3-hourly meteorolo

Variables Seasons MeanObs MeanSim

T2 (�C) DJF �0.8 �1.9
MAM 6.1 5.2
JJA 21.9 21.7
SON 18.7 17.8

WSP10
(m s�1)

DJF 1.9 3.2
MAM 2.5 3.5
JJA 2.2 3.2
SON 1.9 2.9

WDR10 (degree) DJF 210.5 190.1
MAM 206.4 185.2
JJA 201.5 167.3
SON 211.4 172.7

PCP
(mm day�1)

DJF 0.9 0.7
MAM 2.8 2.4
JJA 3.5 4.3
SON 1.8 2.1

DJF-winter, MAM-spring, JJA-summer, SON-autumn.
and north during the winter, spring, and autumn, but it is pre-
dominantly from east and south in southern China during these
seasons. However, the wind direction is from east and south over
most parts of the domain in summer. The mean bias of wind di-
rection in most areas of the domain is between �30 and 30�

depending on the seasons. In southern China, the wind direction
has largest biases and the lowest temporal correlations that may be
caused by the complex topography in these areas. Although the
temporal correlation of the WSD10 is lower (<0.7) during all the
seasons, simulated wind velocity, including wind speeds and wind
direction, can be reasonably used to drive the dust emission model
because the wind speed on the land surface is the primary driving
force for the dust emission.

The spatial distribution of seasonal mean precipitation in the
model andmeasurements is shown in Fig. S5, alongwith the spatial
variabilities in mean bias and temporal correlation. The precipita-
tion is lower in northern parts of this domain. The lowest and
strongest precipitation during the winter and summer have been
reproduced by the model, respectively. In most regions, however,
the model tends to overestimate the precipitation with biases
(0e2 mm day�1) except some areas of southern parts of China
depending on the seasons. The temporal correlation of precipita-
tion is generally above 0.3 over most parts of the domain, but
Mongolia region has the lowest correlation may be caused by the
lower precipitation and uncertainties of the observational precip-
itation in this region. Overall, theWRF-Chemmodel adopted in this
study is capable of reproducing the spatial and temporal variations
in the East Asia meteorological conditions reasonably well over the
past four decades.

3.2. Evaluation of dust concentrations

To evaluate the performance of dust concentrations simulated
by WRF-Chem, the API (2000e2013) at 8 sites and observational
PM (PM10 and PM2.5) concentrations (2014e2015) at 18 sites are
adopted due to the scarcity of the dust emission rate observations.
These sites are in dust source regions and the anthropogenic
emissions are lower than other sites in eastern China (Fig. S1)
(Zhang and Fang, 2015), which means that the impacts of back-
ground concentrations and anthropogenic sources are weaker than
the sites in other regions. Both the surface PM10 (Fig. 1; Table 3) and
PM2.5 (but do not show here) concentrations are underpredicted.
Averaged MB, NMB, NME, RMSE, and R of PM10 and PM2.5 con-
centrations are �56.5 and �29.1 mg m�3, -44.0% and �55.4%, 2.4%
gical observations from NCDC during the period of 1980e2015.

MB NMB(%) NME(%) RMSE R

�1.1 �0.5 2.6 3.5 0.9
�0.9 �15.1 37.9 3.4 0.9
�0.2 �0.1 8.9 3.3 0.9
�0.9 �4.6 9.3 3.1 0.9

1.3 69.0 76.1 1.7 0.4
1.0 43.0 51.1 1.5 0.5
1.0 42.1 49.8 1.3 0.5
1.0 49.4 56.4 1.3 0.5

�20.4 �12.7 46.9 189.0 0.2
�21.3 �13.4 47.3 165.2 0.2
�34.2 �15.6 47.3 194.7 0.2
�38.7 �16.3 48.6 192.7 0.2

�0.2 �10.6 107.3 6.4 0.5
�0.4 �17.2 97.8 9.5 0.4
0.8 12.2 139.7 7.3 0.5
0.3 7.2 123.6 8.5 0.3



Fig. 1. Series of observed (>20 mg m�3) (blue circles) and simulated (red lines) surface PM10 concentrations at eight sites (red stars in Fig. S1.) in China during 2000e2015. X axises
denote days of simulated PM10 concentrations are greater than 20 mg m�3 from 2000 to 2015. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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and 63.5%, 115.4 and 56.6 mg m�3, and 0.2 and 0.2, respectively. The
best performance of PM10 concentrations is at Karamay with MB,
NMB, NME, RMSE, and R of �11.7 mg m�3, -14.7%, 58.9%,
70.4 mg m�3, and 0.3, respectively (Table 3). The large discrepancy
between simulations and observations of PM10 and PM2.5 may be
attributed in part to the potential errors of meteorological simu-
lations, such as the underpredicted or overpredicted wind velocity
and precipitation would contribute to the uncertain of particulate
Table 3
Model performance statistics of surface PM10 concentrations at eight observation
sites during 2000e2015.

Observation
Sites

MeanObs MeanSim MB NMB(%) NME(%) RMSE R

Baotou 131.3 79.9 �51.4 �39.1 69.1 122.0 0.1
Hohhot 135.3 71.2 �64.1 �47.4 70.1 122.8 0.1
Jinchang 119.4 63.2 �56.2 �47.1 61.6 106.8 0.2
Karamay 79.5 67.8 �11.7 �14.7 58.9 70.4 0.3
Lanzhou 162.3 62.7 �99.6 �61.4 69.2 143.2 0.1
Shizuishan 119.6 83.3 �36.3 �30.3 64.5 101.2 0.2
Urumqi 142.7 41.4 �101.4 �71.0 72.3 129.9 0.3
Yinchuan 119.1 81.3 �37.8 �31.8 67.5 106.5 0.1
matters. This model cannot well represent the effect of precipita-
tion on vegetation coverage, which would result in uncertainties of
dust emissions. Moreover, the simulations without anthropogenic
emissions, the default dust boundary conditions, and biases in the
dust emission scheme adopted in this study could also result in the
uncertain of particulate matter simulations.

Similar to the simulations of PM10 and PM2.5, all the coarse
particulates of PM10-2.5 concentrations are underpredicted at the 18
measurement sites (Fig. 2; Table 4). However, the R value of cor-
relations between simulated PM10-2.5 concentrations and observed
PM10-2.5 concentrations are greater than 0.4 (Table 4). The domain-
wide of the MB, NMB, NME, RMSE, and R of PM10-2.5
are �40.8 mg m�3, -45.1%, 62.0%, 83.5 mg m�3, and 0.5, respectively.
The WRF-Chemwithout the anthropogenic emissions can simulate
better PM10-2.5 concentrations than concentrations of PM10 and
PM2.5, and it also indicates that the dust emission is the main
contributor to the coarse particulate matter. This is consistent with
the results reported in several previous studies (Reid et al., 2003;
Achilleos et al., 2016). Although the surface PM concentrations
are underpredicted to some extent, the S11 in WRF-Chem can
simulate well the PM10-2.5 concentrations which is mainly caused
by the dust emissions and it can well simulate the spatial and



Fig. 2. Series of observed (blue circles) and simulated (red lines) PM10-2.5 concentrations at 18 sites (black triangles in Fig. S1.) in China during 2014e2015. X axises denote days of
simulated PM10 concentrations during 2014e2015. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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temporal variations of dust emissions.

3.3. Trends in dust emissions and meeteorology

Fig. 3 illustrates the interannual variations in annual mean dust
emissions (0 < r < 20 mm), wind velocity, precipitation, and tem-
perature over dust source regions (Fig. 5a) during 1980e2015. At
the regional scale, the average annual dust emission is ~67.4 Tg yr�1

and the dust emission insignificantly increased with the trend of
0.173 Tg yr�1 (R2 ¼ 0.03, P ¼ 0.32) (Fig. 3a) in China and Mongolia
over the past four decades. The maximum and minimum annual
dust emissions are 95.38 Tg in 2001 and 45.94 Tg in 2003 (Fig. 3a).
There are three clearly distinct periods of 1980e1991, 1992e1999,
and 2000e2013 over the entire study period although the trends
are not statistically significant. The annual dust emissions generally
decreases by �0.45 Tg yr�1 (P ¼ 0.41) between 1980 and 1991, but
slightly increases from 60.03 Tg in 1991 to 72.98 Tg in 1992 and
then declines by �0.56 Tg yr�1 (P ¼ 0.66) until 1999. However, the



Table 4
Model performance statistics of surface PM10-2.5 concentrations at 18 observation
sites during 2014e2015.

Observation
Sites

MeanObs MeanSim MB NMB(%) NME(%) RMSE R

Alashanmeng 75.9 57.0 �18.9 �24.9 59.2 62.3 0.4
Baotou 68.3 44.0 �24.3 �48.3 65.2 66.0 0.6
Jiayuguan 113.8 48.8 �64.9 �57.1 67.5 120.1 0.5
Jinchang 98.2 52.5 �45.7 �46.5 57.5 101.9 0.6
Jiuquan 116.9 53.6 �63.3 �54.1 66.4 108.9 0.5
Karamay 59.7 40.2 �19.5 �32.6 64.6 62.5 0.4
Ordos 53.7 41.4 �12.4 �22.8 57.7 40.2 0.6
Shihezi 56.5 22.5 �34.0 �60.1 62.8 47.1 0.7
Shizuishan 104.3 52.7 �51.6 �49.5 62.9 99.3 0.4
Urumqi 92.1 27.3 �64.8 �70.3 72.3 86.2 0.6
Wuhai 109.1 54.6 �54.5 �49.9 65.1 92.2 0.7
Wuwei 88.2 37.1 �51.1 �57.9 61.9 93.5 0.6
Wuzhong 84.2 53.5 �30.7 �36.5 56.1 67.1 0.4
Yanan 87.0 50.8 �36.2 �41.6 54.3 57.1 0.4
Yinchuan 77.9 49.9 �28.0 �35.9 57.0 65.2 0.5
Yulin 74.7 49.7 �25.0 �33.3 52.1 51.1 0.6
Zhangye 76.4 41.7 �34.7 �45.3 66.3 73.2 0.5
Zhongwei 98.1 69.6 �28.5 �29.1 63.3 80.2 0.4
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annual dust emission steadily increases by 0.51 yr�1 (P¼ 0.52) from
1999 to 2013 and then decreases during 2013e2015.

Both wind velocity (R2 ¼ 0.13, P < 0.05) (Fig. 3b) and precipi-
tation (R2 ¼ 0.11, P < 0.05) (Fig. 3c) increase significantly with
trends of 0.0023 m s�1 yr�1 and 0.97 mm yr�1 in dust source re-
gions over the past four decades. Increasing dust emission is par-
allel with increasing wind velocity (Fig. 3b). Dust emission is
positively correlated with wind speed (R ¼ 0.49, P < 0.01) (Fig. 4a),
but it is negatively correlated with precipitation (R ¼ �0.34,
P < 0.05) (Fig. 4b) across the dust source regions. This is consistent
with previous studies (Kim and Choi, 2015; Largeron et al., 2015;
Webb et al., 2016), suggesting that wind and precipitation can
stimulate and inhibit dust emissions, respectively. Our results
suggest that at the regional scale, dust emission is more strongly
regulated by wind velocity (R2 ¼ 0.24, P < 0.01) (Fig. 4a) than by
precipitation (R2 ¼ 0.12, P < 0.05) (Fig. 4b). The temperature slightly
increases by 0.008 �C yr�1 during the study period (R2 ¼ 0.02,
P ¼ 0.357) (Fig. 3d) and the correlation between dust emission and
temperature is not significant (R ¼ 0.13, P ¼ 0.46) (Fig. 4c).
Fig. 3. Inter-annual variations of dust emissions (a), wind speed (b), precipitation (c),
and temperature (d) over dust source regions in China and Mongolia during the period
of 1980e2015. Solid lines indicate linear fit during the period 1980e2015; dashed lines
in (a) indicate linear fit during the period of 1980e1991, 1992e1999, and 2000e2013.
3.4. Spatial patterns of trends in dust flux

Dust source regions are mainly located in northwestern China
and southern Mongolia, including Taklimakan Desert, Badain Jaran
Desert, Tengger Desert, Ulan Buh Desert, Hexi Corridor in Gansu,
and Gobi Desert in Xinjiang, Gansu, western Inner Mongolia, and
southern Mongolia (Fig. 5a). The vegetation cover and precipitation
in these regions are lower than 20% and 400 mm yr�1 (Song et al.,
2016), respectively. The simulated annual dust flux is more than
20 g m�2 yr�1 in most severe dust source regions during
1980e2015. The annual dust flux in areas of Badain Jaran Desert,
Tengger Desert, and Ulan Buh Desert can be up to >150 g m�2 yr�1.
Lower dust flux in Taklimakan Desert is due to the lower percentage
of the simulated particles with diameter�20 mm in the particle size
distribution of this region. The largest and lowest seasonal dust
fluxes occur in spring and winter, respectively (Figs. S6 and S7).

Dust emissions increase (P < 0.25) (Fig. S8) in Taklimakan
Desert, southeastern Mongolia, and western Inner Mongolia, but
decrease in Gobi areas of eastern Xinjiang, northwestern Gansu,
and western Inner Mongolia (Fig. 4b) during 1980e2015. Spatial
patterns of trends in seasonal dust fluxes vary greatly in dust source
regions over the past four decades (Figs. 5cef). Dust emissions
mainly occur in spring in China andMongolia (Figs. S6 and S7). Dust
flux increase (P < 0.25) (Figs. 5c, 5e, and S9a) over most dust source
regions both in spring and autumn, but decrease over regions of
Hexi Corridor and parts of eastern Xinjiang in spring (Fig. 5c). In
summer, however, the dust flux declines in most parts of dust
source areas and increases in parts of Xinjiang and Hexi Corridor
(Fig. 5d). Although the dust flux is lowest inwinter (Figs. S6 and S7),
it shows an upward tendency in northwestern Inner Mongolia and
southeastern parts of Taklimakan Desert (Figs. 5f and S9d).

3.5. Spatial patterns of trends in meteorology

Although increasing trends of annual mean wind velocity, pre-
cipitation, and temperature are apparent over dust source areas at
the regional scale, we find a high degree of spatial heterogeneity
that varies seasonally (Fig. 6). Wind speed tends to increase in most
dust source regions in seasons of spring (Fig. 6a), autumn (Fig. 6g),
and winter (Fig. 6j), but decreases in southeastern Mongolia and
most regions of Inner Mongolia in summer (Fig. 6d). Precipitation
tends to elevate in most dust regions (Figs. 6b and h) in spring and
autumn, especially in areas of southern Inner Mongolia and Hexi



Fig. 4. Correlations between (a) annual dust emissions and wind speed, (b) annual dust emissions and precipitation, and (c) annual dust emissions and temperature over dust
source regions in China and Mongolia from 1980 to 2015.

Fig. 5. Spatial patterns of (a) annual mean dust fluxes, (b) annual dust flux trends, trends of the dust flux in (c) spring, (d) summer, (e) autumn, and (f) winter over China and
Mongolia from 1980 to 2015.
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Fig. 6. Spatial patterns of trends of wind speed in (a) spring, (d) summer, (g) autumn, and (j) winter, precipitation in (b) spring, (e) summer, (h) autumn, and (k) winter, and
temperature in (c) spring, (f) summer, (i) autumn, and (l) winter in China and Mongolia during 1980e2015.
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Corridor in autumn, but declines significantly in parts of Mongolia
(Figs. 6b, 6h, and S11). In summer, however, precipitation declines
significantly in most regions of Mongolia (Figs. 6e and S11b). The
temperature increases in most dust regions during seasons of
spring (Fig. 6c), summer (Fig. 6f), and autumn (Fig. 6i), but de-
creases in parts of Mongolia in spring and northwestern Xinjiang in
summer (Figs. 6c, 6f, 6i, and S12). In winter, however, the temper-
ature decreases in most dust source regions (Figs. 6l and S12d) from
1980 to 2015.

3.6. Spatial patterns of correlations between dust emission and
meteorology

To analyze effects of regional climates on seasonal dust
emissions, correlations between dust flux and climate (wind speed,
precipitation, and temperature) were showed for seasons of spring,
summer, autumn, and winter (Fig. 7). Strong significantly (P < 0.05)
(Fig. S13) positive correlations are identified between seasonal dust
flux and wind velocity (Figs. 7a, d, g, and j) for all four seasons, but
dust emission in summer is more strongly and positively correlated
with wind speed (Figs. 7d and S13) than in other three seasons.
Moreover, we also identify that the correlation between dust
emission and wind speed is more strongly in eastern dust source
regions than in western dust source areas for all four seasons. This
indicates that wind velocity could be the primary driving force for
the dust emissions across dust source areas of China and Mongolia.
This result is consistent with the finding of Kim and Choi (2015)
that surface wind speed is the main factor determining the



Fig. 7. Spatial patterns of correlations between dust emission and wind speed in (a) spring, (d) summer, (g) autumn, and (j) winter, between dust emission and precipitation in (b)
spring, (e) summer, (h) autumn, and (k) winter, and between dust emission and temperature in (c) spring, (f) summer, (i) autumn, and (l) winter in China and Mongolia.
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mobilization of sand and dust in dust source regions.
Spatial patterns of seasonal correlations between dust flux and

precipitation varies greatly during the period of 1980e2015 (Figs.
7b, e, h, and k). In spring, dust emission is negatively correlated
with precipitation (P < 0.05) (Fig. S14a) in western Inner
Mongolia, Ningxia, and parts of Mongolia (Fig. 7b). Precipitation
has negative impacts on dust emissions in regions of most Xin-
jiang province except Taklimakan Desert, southwestern Mongolia,
and parts of Hexi Corridor (Figs. 7e and S14b). In autumn and
winter, however, dust emission is not significantly correlated
with precipitation over most dust source regions (Figs. 7h, 7k,
S14c, and S14d). Most dust source regions are arid areas with
mean annual precipitation less than 200 mm. In western China,
precipitations mainly occur in summertime and precipitation
increase has been observed over the past several decades (Zhai
et al., 2005). Precipitation has no or weak impacts on dust
emissions across most dust source regions in spring, autumn, and
winter is due to precipitation cannot significantly shift the soil
moisture and general surface characteristics that can directly
prohibit dust emissions (Yang et al., 2007; Munkhtsetseg et al.,
2016). In summer, however, precipitation can inhibit dust emis-
sions in Gobi areas of China is due to surface sandy soils in Gobi
regions mixed with bare rocks and soil moisture could be easily
changed by summer precipitation. Moreover, vegetation in Gobi
areas is highly sensitive to precipitation and small changes in
precipitation can significantly alter the vegetation cover (Xu et al.,
2006). The dust outbreaks exponentially decrease by increasing
the minimum threshold wind friction velocity due to increasing
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soil moisture (Kim and Choi, 2015; Bergametti et al., 2016) and
vegetation cover (Tegen et al., 2004), which could be the main
mechanism of the negative impact of precipitation on dust
emissions in Gobi Desert areas of China in summer.

Numerous studies have demonstrated that wind speed and
precipitation can directly impact dust emissions in dust source
regions (Tegen et al., 2004; Kim and Choi, 2015), but the mech-
anism of impacts of temperature on dust emission is not clear
although several studies have conducted to explore the rela-
tionship between dust emission and temperature (Yang et al.,
2007; Lee and Sohn, 2011). Here we analyzed the relationship
between dust flux and temperature and identified that the tem-
perature has negative impacts on dust emissions in southern
Mongolia, western Inner Mongolia, and Hexi Corridor in spring
and autumn, but the dust flux in parts of Xinjiang is positively
correlated with temperature (Figs. 7c, 7i, S15a, and S15c). Similar
to autumn, dust flux is negatively correlated with temperature in
western Inner Mongolia and southeastern Mongolia and is posi-
tively correlated with temperature in summer (Fig. 7f). Although
the mechanism of impacts of the temperature on dust emission is
not definitely known, significant (P < 0.05) correlations
between the dust emission and temperature has been discovered,
such as western Inner Mongolia in spring and autumn. Several
studies reported that the temperature change can indirect/direct
shift the patterns of wind speed, precipitation, soil moisture
(Shukla and Misra, 1977; Aldrian and Dwi Susanto, 2003;
Trenberth and Shea, 2005), and thus dust emissions. This may
be one mechanism of the relationship between dust emission and
temperature.
4. Conclusions

This study simulates and evaluates the performance of WRF-
Chem in meteorological variables and particulate matter concen-
trations without anthropogenic emissions, and then simulates
spatial and temporal variations of dust emissions in China and
Mongolia from 1980 to 2015. Based on simulations of the dust
emission and meteorology, correlations between dust emissions
and wind velocity, precipitation, and temperature are examined
over the past four decades. The annual dust flux increases in Desert
areas of China and southern Mongolia, but decreases in most parts
of Gobi Desert of China during the period of 1980e2015. These
results demonstrate the model's capability in simulating dust
emissions and the impact of the changing climate on changes in
dust emissions over East Asia. Although uncertainties in dust
emission simulations remain due to the use of fixed land use
dataset, not well represent the effect on precipitation and vegeta-
tion coverage in WRF-Chem, uncounted interactions between dust
emissions and anthropogenic emissions, and the uncertain of wind
velocity and precipitation, several significant impacts of meteoro-
logical factors on dust emissions in dust source regions are iden-
tified over the past four decades.
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