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Abstract We used two 150 year preindustrial simulations of the Community Earth SystemModel, one with
interactive dust and the other with prescribed dust, to quantify the impacts of changes in wind during East
Asian winter monsoon (EAWM) season on dust emissions, and the resulting consequences for interannual
variations of temperature and precipitation over East Asia. The simulated December-January-February dust
column burden and dust optical depth are lower over northern China in the strongest EAWM years than
those of the weakest years by 38.3% and 37.2%, respectively. The decrease in dust over the dust source
regions and the downwind region leads to an increase in direct radiative forcing (RF) at the surface by up to
1.5 W m�2. The effects of EAWM-related variations in surface winds, precipitation, and their effects on dust
emissions and wet removal contribute 67% to the total dust-induced variations of direct RF at the surface and
partly offset the cooling that occurs with the EAWM strengthening by heating the surface. The variations of
surface air temperature induced by the changes in wind and dust emissions between the strongest and
weakest EAWM years (strongest minus weakest) decrease by 0.4–0.6 K from eastern coastal China to Japan,
which weakens the impact of EAWM on surface air temperature by 3–18% in these regions. The warming
results from the combined effects of changes in direct RF, turbulent heat flux at the surface, and
northwesterly wind anomalies that bring cold and dry air from Siberia to these regions. Over eastern coastal
China, the variations of large-scale precipitation induced by the feedback of EAWM-related changes in
wind on dust emissions decrease by 10–30% in winter because of the reduced changes in surface air
temperature and the anomalous circulation.

1. Introduction

Dust aerosol can have adverse effects on human health and air quality, in addition to changing Earth’s energy
balance by scattering and absorbing radiation [Carlson and Benjamin, 1980; Sokolik and Toon, 1996; Sokolik
et al., 2001]. East Asia (region 1 shown in Figure 1a) includes major dust source regions, with the largest dust
concentrations originating in the Taklamakan and Gobi deserts (regions 4 and 6 shown in Figure 1a) over
northern China and Mongolia, respectively [Chen et al., 1999; Merrill et al., 1989; Sun et al., 2001; Xuan and
Sokolik, 2002; Zhang et al., 1996, 1997, 1998, 2003; Prijith et al., 2013]. Meanwhile, East Asia experiences
significant monsoon events that are characterized by cold and dry air in winter with northwesterly winds
in the lower troposphere and hot and wet air in summer with the reverse winds [Yang et al., 2014]. The effects
of the East Asian Monsoon system on dust aerosols has been investigated by a number of previous measure-
ment and modeling studies [Wu et al., 2010; Sun and Liu, 2015; Lou et al., 2016].

High dust concentrations have been observed over China and Mongolia in winter, with monthly mean
concentrations of 10–100 μg m�3 at sites located in or near northern China and episodic dust concentrations
exceeding 200 μgm�3 [Kanai et al., 2005; Jugder et al., 2011; Li and Zhang, 2012; Zhang et al., 2012;Wang et al.,
2015]. This high dust loading can change regional climate by scattering and absorbing solar and infrared
radiation (direct effect) [Miller and Tegen, 1998], heating the atmosphere and evaporating clouds (semidirect
effect) [Helmert et al., 2007], and altering cloud microphysical properties (indirect effect) [Sassen, 2002].
Observation and modeling studies have shown significant dust induced radiative forcing during winter.
Across China, Li et al. [2010] found that the daily mean net radiative forcing of dust is �0.3 ± 2.5 and
13 ± 6.7 W m�2 at the top of atmosphere (TOA) and the surface, respectively. Based on observed AOD,
Angström exponents, and SSA at four desert and semidesert stations in northwestern China, Xin et al. [2016]
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suggested the dust aerosol radiative forcing is in the range of 0.5 to 9 W m�2 at the TOA and �46 to
�55 W m�2 at the surface in winter. Simulations also showed that the dust direct radiative forcing is from
�1.5 to �15 W m�2 at the TOA and from �1 to �4 W m�2 at the surface over Taklimakan and Gobi deserts
in winter [Ju and Han, 2011; Chen et al., 2014].

Previous studies have reported significant changes in surface air temperature and precipitation associated
with the climatic effects of dust [Ju and Han, 2011; Yue et al., 2011; Sun et al., 2012; Zhao et al., 2015; Gu
et al., 2016]. Ju and Han. [2011] reported that the wintertime surface air temperature decreased by 0.5–3 K
over northwestern China due to the dust-induced direct radiative forcing by using the regional climatemodel
(Regional Climate Model version 3 (RegCM3)). Yue et al. [2011] investigated the climatic effect of mineral dust
aerosol using a GCM coupled with a mixed layer ocean model and suggested that the prescribed dust would
change the annual mean surface air temperature by 0.15 K and �0.02 K over northern and southern China,
respectively, also reducing annual mean precipitation by 0.1 mm d�1 over south China. Sun et al. [2012] used
the Regional Climate Model version 4 (RegCM4) to show that dust aerosol cools the surface by up to 0.8 K in
spring and summer in northwestern China and weakens the summer monsoon. Using the Goddard
Chemistry Aerosol Radiation and Transport model, Zhao et al. [2015] reported that the dust aerosol cools
the annual surface air temperature by 0.4–1.2 K over East Asia and decreases precipitation by up to
0.5 mm d�1 over northeastern China. Using the samemodel as Zhao et al. [2015], Gu et al. [2016] showed that
dust aerosol decreases surface temperature by up to 1 K over northern China by direct radiative forcing but
warms the surface by up to 0.5 K around the Tibetan Plateau area (region 5 shown in Figure 1d) by the semi-
direct effect during the East Asian summer monsoon season. They also suggested that precipitation would
shift northward due to the heating effect of dust over East Asia. Li et al. [2016] reviewed the interactions

Figure 1. (a) Regional map with: (1) East Asia, (2) Northern China (dotted region), (3) Southern China (dotted region),
(4) Taklamakan desert (5) Tibetan Plateau, (6) Gobi desert, (7) Loess Plateau (shaded region), (8) North China Plain (shaded
region), (9) Eastern coastal China (shaded region), (10) Eastern China (star regions), (11) Northeast China, (12) Sea of Japan,
and (13) Sea of Okhotsk (shaded region). (b) Simulated December-January-February (DJF) dust column burden (mg m�2)
averaged over 150 year IRUN simulation. (c) Simulated DJF dust optical depth (DOD) averaged over 150 year IRUN and
the AERONET coarse mode AOD (dotted) with the same color bars. (d) MISR AOD for years 2000–2014 in DJF.
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between aerosol concentrations and the Asian monsoon. They reported that a weak cooling trend induced
by aerosol over eastern China decreased the land-sea thermal contrast and weakened the East Asia
summer monsoon circulation. In addition, dust originating from the Taklamakan desert can be transported
to eastern China and the Tibetan Plateau, heating the air, altering regional atmospheric stability, and impact-
ing the monsoon circulation.

Most of the previous studies focus on the climate effects of dust in spring and summer, but little attention has
been given to the question of how dust aerosols influence interannual variations of wintertime temperatures
over East Asia. A recent study [Sun and Liu, 2015] using RegCM4 suggested that dust aerosol enhances the
East Asian winter monsoon (EAWM), cools surface temperatures by up to 1.5 K around the Taklamakan and
Gobi deserts, and reduces precipitation by 10–30% in eastern China. However, they used prescribed SST
and therefore had substantial uncertainties in their estimates of the effects of dust on climate [Miller et al.,
2004; Yue et al., 2011]. No study has considered the feedback of the winds and precipitation on the dust emis-
sion, transport and removal, and how that affects the dust-climate relationship.

In this study, we use the Community Earth System Model (CESM), which includes a simulated active ocean
temperature response, to quantify separately the role of EAWM-related changes in wind on dust emissions
in winter and the resulting consequences for temperature and precipitation. Since the changes in winter tem-
peratures are largely controlled by the strength of the EAWM [Hao et al., 2015] over China, we use an East
Asian winter monsoon index (EAWMI) [Wang and Chen, 2014] to examine the variations in temperature
between the strongest and weakest years and to identify the impact of the changes in dust emissions on
those variations.

This study expands on the work of Lou et al. [2016], who used CESM to investigate the impacts of the East
Asian Monsoon on dust concentrations and its direct radiative forcing in spring and suggested that interann-
ual variations in dust emissions enhance the impact of the East Asian Monsoon on net RF over eastern China
by about 40%. However, they did not investigate the impacts of changes in dust emissions on the tempera-
ture and precipitation in the region, which is the focus of this study. This study differs from Yang et al. [2017],
who investigated the feedback between reduced wind-related dust emissions on further decreasing winds
over eastern China, because their study was limited to the question of how the differences in dust emissions
and wind speed affected modern anthropogenic aerosol concentrations over eastern China.

The description of themodel and the numerical experiments is presented in section 2. Simulated variations in
dust concentrations and the differences in direct radiative forcing, turbulent heat flux, surface air tempera-
ture, and precipitation between the strongest and weakest EAWM years (EAWM-related differences and
strongest minus weakest) from the interactive aerosol simulation are calculated and presented in section 3.
Section 3 also examines the impacts of feedback of changes in wind on dust emissions by comparing the
EAWM-related differences between the interactive aerosol and the prescribed aerosol simulations.
Section 4 summarizes the conclusions and implications of this study.

2. Method
2.1. Model Description

CESM includes atmosphere, ocean, land surface, and sea ice components [Hurrell et al., 2013]. Here we use
CESM version 1.0.3 to simulate preindustrial conditions for 150 years, with 1.9° (latitude) by 2.5° (longitude)
horizontal resolution, and 30 vertical layers from the surface to 3.6 hPa. The ocean component is the
Parallel Ocean Program version 2 [Smith et al., 2010]. Properties and processes of aerosol species for mineral
dust, black carbon, primary organic aerosol, secondary organic aerosol, sea salt, and sulfate are included in
the aerosol module (three-mode version of Modal Aerosol Module) of CESM [Liu et al., 2012]. A trimodal log-
normal distribution for Aitken (small), accumulation (medium), and coarse (large) modes are used to repre-
sent the aerosol size distribution [Liu et al., 2012], with mass and number simulated for each mode.
Emission of mineral dust is treated following Zender et al. [2003] with both accumulation (0.1–1 μm) and
coarse (1–10 μm) modes. Dust is assumed to be internally mixed with other aerosol components within each
mode. The bulk hygroscopicity and refractive index of a single mode are calculated by volume-weighting
hygroscopicities (the hygroscopicity value 0.068 is used for mineral dust) and refractive indices (obtained
from Optical Properties of Aerosols and Clouds (OPAC) [Hess et al., 1998]) for each individual aerosol
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component. Coating with sulfate, organic components, and water enhances solar absorption by dust aerosol
through volume mixing of refractive indices. Dust optical properties are calculated as described in Ghan and
Zaveri [2007], including extinction efficiency, absorption efficiency, and asymmetry factor. Dust is transported
by the resolved winds, vertical diffusion, and cumulus mass flux, and it is removed by dry deposition, nuclea-
tion scavenging, and impaction scavenging in CAM5 [Liu et al., 2012]. OPAC overestimates dust absorption
and extinction compared to measurements over the Saharan desert, the Mediterranean Sea, and East Asia
[Xi and Sokolik, 2012; Di Biagio et al., 2014; Denjean et al., 2016], and this apparent high bias in absorption
by dust in the CESM simulations should be kept in mind.

2.2. 150 Year Simulations in Preindustrial Conditions

To identify the feedback effects of EAWM-related surface wind variability on dust emissions, we compare dust
direct RF, surface air temperature, and precipitation between the strongest and weakest monsoon years for
the following two simulations:

1. IRUN: The standard simulation for preindustrial conditions, with all of the greenhouse gases and anthro-
pogenic aerosol emissions fixed at the year 1850, and using interactive dust emissions, transport, and
removal.

2. PRUN: Same as the IRUN simulation but with prescribed rather than interactive dust emissions. Emissions
of dust aerosol are fixed to the climatological monthly mean values of IRUN, but dust is transported and
removed interactively.

Both simulations are initialized from a previous CESM simulation of 221 years with 1850 emissions, and no
changes from IRUN other than prescribing dust emissions are introduced in PRUN. Both simulations allow
dust as well as other components of the aerosol to affect radiative budgets and cloud properties at each time
step [Hurrell et al., 2013]. Comparing results from these two simulations shows the impacts of simulated inter-
annual variations in the wind fields on dust emissions and the impacts of variations in precipitation on dust
removal. Note that we compare the differences between strong and weak EAWM years in IRUN with those in
PRUN simulations in this study to examine the feedback of changes in surface wind on dust emissions.

2.3. East Asia Winter Monsoon Index (EAWMI)

In order to examine the strength of the East Asian winter monsoon, a sea level pressure (SLP)-based index is
used, which is defined byWang and Chen [2014]. This index is determined from pressure gradients as follows:

EAWMI ¼ 2�SLP1 � SLP2 � SLP3ð Þ=2
where SLP1, SLP2, and SLP3 indicate the normalized area-averaged December-January-February mean SLP
over Siberia (40°–60°N, 70°–120°E), the northwestern Pacific Ocean (30°–50°N, 140°E–170°W), and the
Maritime Continent (20°S–10°N, 110°–160°E), respectively (the regions are shown in Figure 2c). Positive (nega-
tive) values of EAWMI represent the strong (weak) EAWM years. The interannual variations of dynamic circu-
lation, temperature, and precipitation over East Asia in winter were well represented by EAWMI, because of
the high correlation between the index and the surface air temperature anomalies, the circulation (such as
Siberian high index), and the precipitation, compared to other indices [Wang and Chen, 2014].

In this study, we calculate the absolute difference between variables (i.e., dust, direct radiative forcing, and
temperature) averaged over the strongest 10% EAWM years (15 out of 150) and those averaged over the
weakest 10% EAWM years (following the definition of extreme events from Chapter 1 of the
Intergovernmental Panel on Climate Change (IPCC) [2013], section 1.3.3) from IRUN and PRUN, respectively.
The time series of EAWM index (EAWMI) are shown in Figure S1 in the supporting information; the years
above and below the red lines (around ±1.2) are chosen to be the strongest and weakest EAWM years, respec-
tively. The difference between the strongest and weakest years in IRUN represents the magnitude of the
interannual variations for winter, while the differences between IRUN and PRUN represent the effects of
the interactive changes in dust emissions and removal by the simulated winds and precipitation, respectively.

3. Results and Discussion
3.1. Dust Aerosol and Meteorological Fields in Winter

Figure 1 shows the simulated climatological mean distribution of December-January-February (DJF) dust
column burden and dust optical depth (DOD) at 550 nm wavelength over East Asia. High levels of dust
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appear in western and central China, around the dust source regions in the Taklamakan and Gobi deserts,
with a maximum column burden of 400 mg m�2 and a maximum DOD of 0.4. Simulated dust burden values
are in the range of 5 to 100 mg m�2 over eastern China, with DOD values of 0.01 to 0.1. The regional means
are 57.4 mg m�2 and 0.04 for the column burden and DOD, respectively, over northern China (75°–120°E,
35°–45°N; dotted region 2 shown in Figure 1a) and 17.8 mg m�2 and 0.01 over southern China
(100°–120°E, 22°–35°N; dotted region 3 shown in Figure 1a). The high concentrations of dust over northeast-
ern China are due to the strong northwesterlies in this region, which bring a large advected mass flux of dust
aerosol from the dust source regions (the Taklamakan and Gobi deserts) [Zhao et al., 2006].

The magnitude of simulated DOD is consistent with the AERONET (Aerosol Robotic Network) coarse mode
AOD (details in Table S1 in the supporting information) around the dust source region and the downwind
region. Moreover, since the DOD dominates the AOD in northern China close to the dust source region
(e.g., regions 4 and 6 in Figure 1a), it is reasonable to compare the simulated DOD with the satellite AOD
in these regions. The simulated DOD captures both the pattern and magnitude of the large AOD values in
the Taklamakan and Gobi deserts compared to the average wintertime distributions of AODs retrieved from
the Multi-angle Imaging SpectroRadiometer (MISR) for the years 2000 to 2012 (Figure 1d), with the largest
DOD values ranging up to 0.3. The large simulated DOD pattern over Northern China also agrees with
Ginoux et al. [2012], who retrieved seasonal DOD based on the Moderate Resolution Imaging
Spectroradiometer Deep Blue Level 2 aerosol products and other data sets (including land use) for the years
of 2003–2009. Over other regions, the simulated DOD values are clearly biased low because anthropogenic
aerosols are present in the MISR observations but missing in the preindustrial conditions, especially over
East China (star region 10 shown in Figure 1a, star region). For the surface-layer concentrations, the

Figure 2. Spatial distribution of the climatological (a and b) surface temperature, (c and d) sea level pressure, and (e and f)
wind field at 850 hPa level in DJF from IRUN simulation for 150 year (Figures 2a, 2c, and 2e) and NCEP/NCAR reanalysis data
sets for years of 1948–2014 (Figures 2b, 2d, and 2f).
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simulations overestimate the annual dust loading over China by about 37% [Lou et al., 2016]. The high biases
of simulated preindustrial dust compared with the present-day observation are partly the result of large
changes in dust source areas associated with vegetation [Tegen et al., 2002; Mahowald et al., 2006a, 2006b;
Gu et al., 2010; Xi and Sokolik, 2015]. For example, Mahowald et al. [2006a] reported that the dust loading
in preindustrial climate is 12% higher than those in current climate, because of the changes in vegetation
from changes in precipitation, temperature, and cloudiness, all of which may have been affected by anthro-
pogenic activities since preindustrial times. Perhaps more importantly, the simulated surface wind speeds are
stronger (by 6.6 and 3.2 m s�1 over the Gobi and Taklamakan deserts, respectively) in preindustrial conditions
than those in National Centers for Environmental Prediction (NCEP) reanalyses (which are 2.8 and 2.1 m s�1,
respectively) for the 2000–2012 years of the MISR observations not shown.

Although the climatological mean meteorological fields (such as SLP, temperature, and circulation) changes
from the preindustrial to present-day, the spatial distribution of high or low values is likely unchanged.
Simulated climatological mean SLP in IRUN shows a similar pattern to that of the National Center for
Atmospheric Research (NCAR)-NCEP reanalysis mean SLP from 1948 to 2014 for DJF (Figure 2d), capturing
the central positions of both the Siberian High and the Aleutian Low (Figure 2c). Northwesterlies dominate
the climatological mean wind at 850 hPa in DJF for the lower troposphere over northeastern China
(Figure 2e), while westerlies prevail over western China, with a strong bias of 1–2 m s�1 compared to the
NCAR NCEP reanalysis (Figure 2f). These SLP and wind field patterns represent fairly well the main features
of the EAWM [Zhou, 2011;Wang and Chen, 2014], indicating that the model provided acceptable simulations
of East Asian winter climatology. The simulated climatological surface air temperature in IRUN shows two
cold centers over Siberia and the Tibetan Plateau (Figure 2a), in agreement with the NCEP reanalysis
(Figure 2b). The simulated climatological mean SLP, wind fields, and surface air temperature with
1948–2014 reanalysis confirm that the model captures the structure of the EAWM system. Furthermore,
the interannual variations of wind fields, temperature, and precipitation in the same simulation [Yang et al.,
2016a, 2016b; Lou et al., 2016] provide an acceptable simulation of the interannual variations of
EAWM strength.

3.2. Interannual Variations of Dust Concentration and Its Direct Radiative Forcing Due to the
Wind-Induced Changes in Dust Emissions During Winter

In order to investigate the variations of dust during winter, the absolute differences between the dust column
burden and DOD averaged over the 10% strongest EAWM years and those averaged over the 10% weakest
EAWM years from the IRUN simulation are calculated and shown in Figures 3a and 3b, respectively, following
the definition of the highest 10% as the “extreme events” [IPCC, 2013]. The dust column burden and DOD in
the strongest EAWM years are lower than the weakest EAWM years (by 38% on average) over northern China,
with the largest reductions over the Taklamakan and Gobi deserts in the ranges of 80 to 140mgm�2 and 0.04
to 0.12, respectively. The decrease in dust and DOD correspond to the composite differences of the 850 hPa
winds between the strongest and weakest EAWM years (Figure 8e). Northeasterly anomalies are shown over
northeastern China (region 11 shown in Figure 1a) and the Gobi desert while easterly anomalies over the
Taklamakan desert in strong EAWM years, consistent with the changes in wind identified by Wang and
Chen [2014]. Therefore, the reductions in dust burdens result from the lower dust emissions associated with
easterly anomalies over the Taklamakan desert and from lower transport fluxes through the Gobi desert to
eastern China due to the changes in wind direction in these regions (dust emissions in strongest and weakest
EAWM years are shown in Figure S2). The differences in TOMS AI (Total OzoneMapping Spectrometer Aerosol
Index) in strong EAWM years compared to those in weak EAWM years (based on the NCEP reanalysis, time
series of EAWMI is shown in Figure S1) are shown in Figure 3c. Note that the TOMS AI is an indicator for all
evaluated absorbing aerosols, including biomass burning particles in addition to dust. Therefore, we chose
the period from 1978 to 1993 to compare to the preindustrial simulations, since the anthropogenic emissions
in China were lower than after 2000. The TOMS AI also showed smaller values in strong EAWM years than
those in weak EAWM years in northern China, consistent with the simulated DOD shown in Figure 3b.

To determine the radiative forcing associated with these changes in dust concentrations and distributions,
the EAWM dust direct radiative forcing is calculated as the difference in the direct radiative forcing of all aero-
sols between the 10% strongest and 10% weakest EAWM years (strongest minus weakest). The direct radia-
tive forcing of all aerosols is diagnosed for each simulation from the difference of the radiative flux with and

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027267

LOU ET AL. IMPACTS OF DUST ON IAVS OF TEMPERATURE 8766



without the scattering and absorp-
tion of solar radiation by all of the
aerosols [Ghan, 2013]. The climatolo-
gical mean direct radiative forcing
induced by dust are shown in Figure S3.
Figure 4 shows the simulated diff-
erences in all-sky dust direct radiative
forcing for the solar flux, long-wave
flux, and the net flux at the surface
(Figures 4a, 4c, and 4e) and the top
of atmosphere (TOA) (Figures 4b, 4d,
and 4f) between the 15 (i.e., 10%)
strongest and the 15 weakest EAWM
years from the 150 year IRUN simu-
lation. The simulated differences in
shortwave radiative forcing (SWRF)
are mostly positive over China, with
maximum values of 2, 3, and
3.5 W m�2 at the surface and of 1,
0.5, and 1 W m�2 at TOA over the
North China Plain (shaded region 8
shown in Figure 1d), the Gobi desert,
and the Taklamakan desert, res-
pectively (Figures 4a and 4b), result-
ing from the decreased dust
concentrations (DOD) of up to
60 mg m�2 (0.04), 100 mg m�2

(0.08), and 140 mg m�2 (0.08) for
these same regions (Figures 3a and
3b). Our results are consistent with
Sun and Liu [2015], who reported
that the dust-induced clear-sky
SWRF decreased by 6–16 W m�2 at
the surface and 0.5–4 W m�2 at
TOA due to DOD values in the range
of 0.2 to 0.3 over northwestern China
in winter for the years of 2000 to
2009 using RegCM4. There is also a
strong positive SWRF over the
Philippine Sea between the stron-
gest and weakest EAWM years
(strongest minus weakest), both at
the surface and TOA, mainly due to
the decrease in sea-salt aerosol asso-
ciated with the changes in wind
speed [Yang et al., 2016c]. Relative

to the strongest EAWM years, the long-wave radiative forcing (LWRF) is smaller in the weakest EAWM years
over a large fraction of China in the IRUN simulation (Figures 4c and 4d), due to the decrease in dust column
burden and DOD (Figures 3a and 3b), with the maximum LWRF values of �1.5 and �2 W m�2 at the surface
over the Gobi and Taklamakan deserts, respectively. The dust-induced surface total radiation change
(SW + LW) between the strongest and weakest EAWM years (strongest minus weakest) over East Asia was
positive with a magnitude of +1.5 W m�2 over the North China Plain, and the Gobi and Taklamakan deserts
(Figure 4e). The radiation change at the TOA had a similar pattern with smaller magnitude changes than
those at the surface. The simulated dust-induced changes in surface radiation in this study agree with the

Figure 3. Horizontal distributions of absolute differences in (a) dust column
burden (mgm�2) and (b) dust optical depth (DOD) between the strongest
and weakest EAWM years (strongest-weakest) in DJF calculated from IRUN.
(c) Thedifferences inTOMSAIbetweenEAWMyears calculated fromNCEP/NCAR
reanalysis data sets for years of 1978–1993. The dotted areas indicate statis-
tical significance with 95% (P value< 0.05) from a two-tailed Student’s t test.
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simulation of Chen et al. [2014], who suggested that the regional mean dust direct radiative forcings at the
surface in DJF are �2, �2.5, and �3 W m�2 over the North China Plain, the Gobi and the Taklamankan
deserts, respectively, with the dust loading (DOD) values in the range of 70–140 mg m�2 (0.06–0.12),
120–300 mg m�2 (0.12–0.22), and 180–300 mg m�2 (0.1–0.25) for DJF, based on simulations from the
Weather Research and Forecasting model with Chemistry for years 2007 to 2011. Given the decrease in sur-
face air temperatures in the strongest EAWM years in northern China, the radiative flux changes imply that
the dust aerosol partially offsets the EAWM winter cooling effect by its direct forcing.

The differences in SWRF, LWRF, and net RF at the surface and TOA induced by dust aerosol in PRUN between
the strongest and weakest EAWM years show similar patterns as IRUN but with smaller magnitudes (not
shown). To examine the impacts of feedback of the changes in surface winds on dust emissions, we compare
the variations of dust concentrations and radiative forcing in the interactive IRUN simulation to those in the

Figure 4. The direct radiative forcing differences in (a and b) solar flux, (c and d) long-wave flux, and (e and f) total flux by
dust between the strongest and weakest EAWM years (strongest–weakest) in the IRUN. Figures 4a, 4c, and 4e show
changes at the surface, and Figures 4b, 4d, and 4f show changes at the top of the atmosphere (TOA). The dotted areas
indicate statistical significance with 95% (P value< 0.05) from a two-tailed Student’s t test. Positive (negative) value refer to
net downward (upward) flux.
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prescribed dust PRUN simulation.
However, it should be noted that
there are too few samples (only four
values, the mean values of the stron-
gest years, and weakest years for
both IRUN and PRUN simulations)
for a student’s test to calculate the
significance. The composite differ-
ences in EAWM dust and direct RF at
the surface (strongest minus weakest)
between IRUN and PRUN (shown in
Figures 5 and 6, respectively) show
the contribution of the wind-induced
changes on dust emissions. Larger
reductions in EAWM (strongest minus
weakest) dust column burden and
DOD are found in IRUN compared to
PRUN over large fractions of China
(Figures 5a and 5b), with the largest
values of �60 mg m�2 and �0.06
over the Taklamakan and Gobi
deserts and of �40 mg m�2 and
�0.04 over downwind regions (such
as the North China Plain). Therefore,
the differences in SWRF between
the strongest and weakest EAWM
years are larger over almost all of
China in IRUN than those in PRUN,
with differences of up to 1.5 W m�2

both over the Loess Plateau (shaded
region 7 shown in Figure 1a) and
the North China Plain and

2.5 W m�2 over the Taklamakan desert, respectively, at the surface and of up to 0.75 and 0.5 W m�2 at
the TOA (Figures 6a and 6b). These results indicate that the effects of changes in surface winds on dust
emissions over East Asia enhance the differences in dust concentrations and its SWRF between the stron-
gest and weakest EAWM years by about 70% over China. The difference in LWRF between the strongest
and weakest EAWM years for the prescribed dust emissions (PRUN) simulation is quite small at the surface
but has small positive values over the southern part of the Taklamakan desert because of the small anom-
alous easterlies that lead to less transport of dust from this region and concentrate the dust near the
sources (not shown). The largest changes in LWRF of up to �1 and �1.5 W m�2 at the surface over the
Gobi and Taklamakan deserts (Figure 6c), respectively, and of no more than �0.25 and +0.25 W m�2 at
the TOA in IRUN compared to those in PRUN indicate that the wind-driven decreases in dust emissions
in strong EAWM years also enhance the LWRF during strong EAWM years.

The decrease in dust column burden between the strongest and weakest EAWM years (strongest minus
weakest) leads to higher dust direct radiative forcing in IRUN compared to PRUN, with maximum values

of up to 1 W m�2 at the surface and 0.75 W m�2 at the TOA over eastern central China (Figures 6e

and 6f). Over western China, RF is also positive at the surface by up to 1 W m�2, but it has small positive
or negative values at the TOA depending on the albedo [Liao and Seinfeld, 1998]. Since the changes in
dust could offset the EAWM cooling by heating the surface (as discussed above), the wind-induced
changes in local dust emissions contribute about 67% to heating during EAWM from the dust direct
radiative forcing compared to the variations of net RF in IRUN relative to those in PRUN. However, as
noted above, the dust in the simulations is likely excessively absorbing in the shortwave, so the heating
is likely overestimated.

Figure 5. Horizontal distributions of differences in EAWM (a) dust column
burden and (b) dust optical depth (DOD) calculated between IRUN and
PRUN simulations. The EAWM dust burden and DOD are the differences of
those variables between the strongest and weakest EAWM years (strongest-
weakest).
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3.3. Interannual Variations of Turbulent Heat Flux at the Surface Due to the Wind-Induced Changes in
Dust Emissions During Winter

In order to investigate the variations of energy budget at the surface, the absolute differences between the
sensible heat flux (SHFLX), latent heat flux (LHFLX), and the total turbulent heat flux (THFLX) at the surface
over the 10% strongest EAWM years and those averaged over the 10% weakest EAWM years from the
IRUN simulation are calculated and shown in Figures 7a, 7c, and 7e (the climatological mean SHFLX,
LHFLX, and THFLX are shown in Figure S4). The EAWM-related SHFLX are found to increase by 3–6 W m�2

over East China and Northeast China (Figure 7a) and indicate that the larger heat energy is transferred from
the surface to the atmosphere by conduction and convection in the strongest EAWM years than those in
weakest EAWM years in these regions. The simulated differences in THFLX (SHFLX + LHFLX; Figure 7e) are
found to be positive over central China and eastern coastal China between strongest and weakest EAWM
years (strongest minus weakest) due to the variations of SHFLX, agree with previous studies who also
reported more heat energy transferred to the atmosphere in strong EAWM years [Shiota et al., 2011; Kim

Figure 6. The same as Figure 4 but with the differences in EAWM direct radiative forcing calculated between IRUN and
PRUN simulations.
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et al., 2013] and cooling the surface. Over south China, the less THFLX are found in the strongest EAWM years
than those in the weakest EAWM years by up to 4 Wm�2 due to the negative variations in LHFLX (Figure 7c),
which illustrates the less heat energy transferred to the atmosphere with the enhanced strength of EAWM in
this region.

To examine the impacts of feedback of the changes in surface winds on dust emissions, we also compare the
variations of heat energy fluxes in the interactive IRUN simulation to those in the prescribed dust PRUN simu-
lation. The composite differences in SHFLX, LHFLX, and THFLX at the surface (strongest minus weakest)
between IRUN and PRUN (Figures 7b, 7d, and 7f) show the contribution of the wind-induced changes on dust
emissions. Relative to PRUN, the EAWM-related variations in THFLX are found to be negative over eastern
coastal China and the East China Sea in the strongest EAWM years than those in weakest EAWM years
(Figure 7f); indicate the smaller variations of surface heat energy in IRUN by up to 4 and 12 W m�2, respec-
tively; and reduces the EAWM-related cooling at the surface in these regions. The variations in surface heat
energy are found to have larger negative values in IRUN than those in PRUN around the Tibetan Plateau

Figure 7. The differences between strongest and weakest EAWM years (strongest-weakest) from IRUN and the differences
between IRUN and PRUN in (a and b) sensible heat flux, (c and d) latent heat flux, and (e and f) total turbulent heat flux at
the surface. The dotted areas indicate statistical significance with 95% (P value < 0.05) from a two-tailed Student’s t test.
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by 4–8 W m�2. The magnitude of variations in surface heat energy are much larger than the dust-induced
differences in net RF at the surface between IRUN and PRUN (Figure 6e).

3.4. Interannual Variations of Surface Air Temperature and Precipitation Due to the Wind-Induced
Changes in Dust Emissions During Winter

The simulated differences in surface air temperature between the strongest and weakest EAWM years are
shown in Figure 8a. In strong EAWM years, significant cooling is found from over central Siberia and extend-
ing to a large fraction of East Asia and the northwestern Pacific Ocean. Comparing the difference in surface air
temperatures in the IRUN and PRUN simulations shows the impacts of simulated wind fields on dust emis-
sions and the resulting variations of temperature. The differences in surface air temperature between the
strongest and weakest EAWM years (10% strongest minus 10% weakest) are calculated for both the interac-
tive and prescribed dust emission simulations to quantify the interannual variations. The EAWM-related cool-
ing effects are smaller in IRUN than those in PRUN and show positive anomalies over eastern coastal China to
the Sea of Japan (Figure 8b, region 12 shown in Figure 1a) by up to 0.4 K and over northeastern China by 0.6 K,
partly resulting from the strong positive dust-induced radiation change at the surface (Figure 6e), and the
EAWM-related smaller energy heat at the surface (Figure 7f).

Figure 8. The differences between strongest and weakest EAWM years (strongest-weakest,) from IRUN and the differences
between IRUN and PRUN in (a and b) surface air temperature (K), (c and d) sea level pressure (hPa), (e and f) horizontal
winds at 850 hPa, and (g and h) horizontal winds at 500 hPa, respectively. The dotted areas indicate statistical significance
with 95% (P value < 0.05) from a two-tailed Student’s t test.
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To investigate the variations in surface air temperature, the differences in surface-layer solar heating rate
(QRS), longwave heating rate (QRL), temperature tendency due to moist process (DTCOND), and tempera-
ture vertical diffusion (DTV) are calculated between the strongest and weakest EAWM years in IRUN (stron-
gest minus weakest) and are shown in Figure 9 (the climatological mean QRS, QRL, DTCOND, and DTV are
shown in Figure S5). Although the QRS show the largest negative values over dust source regions (such as
the Taklamakan and Gobi deserts; Figure 9a), the total heating rate at the surface-layer shows positive
values over a large fraction of China (Figure 9i) and indicates the small contribution from dust direct radia-
tive forcing to the variations of surface air temperature. Over eastern coastal China and the East China Sea,
the smaller EAWM-related changes in surface-layer heating rate are found in IRUN than that in PRUN
(Figure 9j) due to the weaker variations of DTCOND (Figure 9h) and the stronger variations of QRS
(Figure 9b). Over western and central China, the variations of DT between IRUN and PRUN are dominated
by the variation of DTV (Figures 9f and 9j). Comparing the difference in surface-layer heating rate in IRUN
and PRUN, the magnitude of variations in DTCOND and DTV are much larger than QRS, suggested that the
dynamic changes due to the feedback of wind field on dust emissions dominated the variations in surface
air temperature, not the dust-induced RF.

Therefore, the major reason for the smaller variations in surface air temperature in IRUN than those in PRUN is
the changes in SLP. The differences in SLP are lower over Mongolia and higher between northeastern China
and the Sea of Okhotsk (shaded region 13 shown in Figure 1a) in IRUN compared to PRUN (Figure 8d)
between the 15 (10%) strongest and weakest EAWM years (strongest minus weakest). The differences in
EAWM-related SLP between IRUN and PRUN show weak variations of northwesterly wind in the lower tropo-
sphere over northeastern China and eastern coastal China and show easterly and southerly anomalies that
result from the feedback of changes in wind on dust emissions (Figure 8f). Considering the larger cold advec-
tion in strongest EAWM years than those in weakest EAWM years (Figures 8a and 8e), the smaller changes in
thermal advection associated with the weaker variations of northwesterlies over northeastern China and
eastern coastal China lead to smaller variations of surface air temperature in IRUN than those in PRUN in these
regions and show positive anomalies in Figure 8b. Compared to the EAWM-related cooling effect of 1 to 3.5 K
in the interactive simulations (strongest minus weakest), the positive anomalies in surface air temperature
associated with the feedback from the changes in wind on dust emissions (Figure 8b) indicate that the inter-
annual variations in dust emissions weaken the impact of EAWMon surface air temperature by 3–18% in east-
ern coastal China and northeastern China.

The differences in surface air temperature in IRUN were found to be stronger EAWM-related cooling than
those of the PRUN simulations over a large fraction of China (Figure 8b), but the differences in dust-induced
RF at the surface are positive over most of China and heating the surface (Figure 6e). The EAWM difference
(strongest minus weakest) over the Maritime Continent Low is enhanced in IRUN compared to PRUN
(comparing Figure 8d to Figure 8c), partly due to the increased direct RF variations shown in Figure 6e.
The combined result of the weaker Siberian High and the enhanced Maritime Continent Low in IRUN is that
cold air is prevented from being transported from Siberia, Kazakhstan, western and central China to the wes-
tern Pacific Ocean because of the anomalous northerlies over central China (Figures 8f and 8h). Therefore, the
feedback of changes in surface winds on dust emissions enhances the differences in surface air temperatures
between the strongest and weakest EAWM years, which result in decreased surface air temperatures of 0.6 K
over central China and of up to 2 K over the Tibetan Plateau. Since the dust aerosols cool the surface air tem-
peratures by 0.8 to 1.5 K over central China in winter [Sun and Liu, 2015; Zhao et al., 2015], the interannual
variations in temperature show magnitudes similar to those of the wind-induced changes in dust emissions.
Moreover, the magnitude of this cooling effect is significant when compared to that of modern anthropo-
genic aerosols. For example, Jiang et al. [2015] suggested that anthropogenic aerosols cool surface air tem-
peratures by up to 1.2 K over eastern and central China, while heating the Tibetan Plateau by up to 1.8 K.
While the anthropogenic aerosols are found to increase by up to 25% over southern China but decrease in
the rest of China between the strongest and weakest EAWM years (strongest minus weakest [Jeong and
Park, 2017]), it indicates that the interannual variations of anthropogenic aerosol strengthen the aerosol-
induced cooling effect in southern China while weakening the cooling effect in other regions. Our results
illustrate that the interannual variations in natural aerosols might offset the strength of the cooling effect over
the southern part of coastal China (south of 30°N) that results from interannual variations of anthropogenic
aerosols, while also weakening the cooling effect over the northern part of coastal China (north of 30°N). Over
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Figure 9. The differences between strongest and weakest EAWM years (strongest-weakest) from IRUN and the differences
between IRUN and PRUN in surface-layer heating rate from (a and b) solar, (c and d) longwave, (e and f) temperature
tendency with moist processes, (g and h) temperature vertical diffusion, and (i and j) total of above. The dotted areas
indicate statistical significance with 95% (P value < 0.05) from a two-tailed Student’s t test. The unit is 10–4 K s�1.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027267

LOU ET AL. IMPACTS OF DUST ON IAVS OF TEMPERATURE 8774



central China, the interannual variations of dust enhance the EAWM-related cooling, while the anthropogenic
aerosols shrink the cooling.

The differences in large-scale precipitation (liquid and ice) in IRUN between the strongest and weakest EAWM
years are shown in Figure 10. In the strongest EAWM years, reduced large-scale precipitation is simulated over
the midlatitude continent from southern China to the northwestern Pacific Ocean, while increased precipita-
tion is simulated over the Maritime Continent (Figure 10a), in agreement with previous studies that
suggested that strong EAWM years have enhanced precipitation over low latitudes and suppressed precipi-
tation at midlatitudes [Wang and Chen, 2010; Wang and Feng, 2011]. The simulated reduction of large-scale
precipitation is 0.02–0.06 mm d�1 (10–60% of the climatological mean preindustrial IRUN precipitation in
winter) over southern China and less than 0.02 mm d�1 (10–50%) over northeastern China (Figures 10a
and 10c). However, the snow rate is increased over midlatitudes from the middle reaches of the Yangtze
River to Japan as a result of the cooling in those regions (Figures 8a and 10e). Comparing the differences
in precipitation between IRUN and PRUN, the feedback of the EAWM-related changes in wind on dust emis-
sions decreases variations of large-scale precipitation over eastern coastal China, with maximum values of
0.06 mm d�1 or 30% of the mean IRUN precipitation and show positive anomalies (Figures 10b and 10d).
The differences in number concentration of cloud condensation nuclei (CCN) at 0.1% supersaturation
(CCN0.1) at 915 hPa and the cloud liquid water path (LWP) in IRUN were higher than those of the PRUN over
eastern coastal China by 5–10% and 5–15 g m�2, respectively (Figures 11b and 11d). The increase (decrease)
in CCN should lead to a reduction (increase) of the precipitation efficiency with smaller (larger) cloud droplets.
Therefore, an increase in variations of precipitation efficiency should be found because of the larger differ-
ences in EAWM-related CCN in IRUN than those in PRUN. However, the decrease in variations of

Figure 10. Horizontal distributions of (a and b) absolute and (c and d) percentage differences in large-scale precipitation
(liquid + ice), and (e and f) differences in snow rate between strongest and weakest EAWM years (strongest-weakest).
Figures 10a, 10c, and 10e show the differences calculated from IRUN simulation, while Figures 10b, 10d, and 10f compare

the EAWM difference between IRUN and PRUN. The relative difference in Figures 10c and 10d calculated as 100%�
IRUNstrong�IRUNweak

IRUNmean
and 100%� IRUNstrong�IRUNweakð Þ� PRUNstrong�PRUNweakð Þ

IRUNmean
, respectively. The dotted areas indicate statistical signifi-

cance with 95% (P value < 0.05) from a two-tailed Student’s t test.
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precipitation with increasing changes in CCN and LWP in eastern coastal of China indicates that the micro-
physical effects of dust aerosol do not play an important role in this region (Figures 10b and 11d). The
decreasing changes in precipitation are the result of the reduced variations of northwesterlies over north-
eastern China and eastern coastal China in the lower troposphere which bring dry and cold air from
Siberia to these regions (Figure 8f). The EAWM-related differences in large-scale precipitation are also weaker
in central and northern China in IRUN than those in PRUN (Figure 10b). However, the differences in snow rate
show a slight increase over central China (Figure 10f), consistent with the increasing changes in surface air
temperature (Figure 8b). These results suggest that the feedback of the changes in surface winds on the inter-
active dust emissions weakens (strengthen) the dry and cold air across southeastern China in strongest
(weakest) EAWM years, thereby increasing (decreasing) precipitation in these regions.

Note that the significant reduction in EAWM-related precipitation in the interactive simulation over southern
and northeastern China (Figure 10a) should allow more dust by decreasing in the wet removal process.
However, the fact that there is less dust in these regions indicates the reduction in emissions is larger than
the reduction in wet removal.

4. Conclusions and Implications

We evaluate the magnitude of the feedback of the EAWM-related changes in wind on interactive dust
emissions over East Asia in winter, including interannual variations of surface air temperature, sea level
pressure, and precipitation using CESM. Since EAWM dominates the interannual variations in temperature
in winter, an East Asian winter monsoon index (EAWMI) [Wang and Chen, 2014] is used to identify the
EAWM-related variations. Using 150 year simulations, the climatological mean-simulated dust DOD in the
interactive dust emission IRUN captures both the pattern and magnitude of large AODs retrieved from
the Multi-angle Imaging SpectroRadiometer (MISR) during 2000–2012 over the Taklamakan and Gobi
deserts. The simulated mean temperatures, sea level pressures (SLP), and wind fields at 850 hPa are
consistent with NCEP reanalysis for 1948–2014.

Both simulated DJF dust concentrations and TOMS AI show lower (or higher) values in stronger (or weaker)
EAWM years over northern China. The regional mean differences in dust column burden and DOD between

Figure 11. Horizontal distributions of (a and b) percentage differences in cloud condensation nucleus (CCN) number
concentration at supersaturation of 0.1% (CCN0.1) at 915 hPa, and the absolute differences in (c and d) the cloud liquid

water path (LWP, unit: g m�2) between strongest and weakest EAWM years (strongest-weakest). Figures 11a and 11c show
the differences calculated from IRUN simulation, while Figures 11b and 11d compare the EAWM difference between

IRUN and PRUN. The relative difference in Figures 11a and 11b calculated as 100%� IRUNstrong�IRUNweak

IRUNmean
and 100%�

IRUNstrong�IRUNweakð Þ� PRUNstrong�PRUNweakð Þ
IRUNmean

, respectively. The dotted areas indicate statistical significance with 95% (P value< 0.05)

from a two-tailed Student’s t test.
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strongest and weakest EAWM years are 25% and 27.3% over the Taklamakan desert and 37.7% and 47.2%
over the Gobi desert, respectively. The decreases in dust concentration lead to an increase in the net radiative
forcing (RF) at the surface, with maximum values of 1.5 W m�2 over the Loess Plateau, the North China Plain,
and the Gobi and Taklamakan deserts. The EAWM-related differences in interactive IRUN dust column burden
and DOD decreased by up to 60mgm�2 and 0.06more compared to those in PRUN over the Taklamakan and
Gobi deserts, and by up to 40 mg m�2 and 0.04 more over the downwind region. Therefore, the variations of
net RF at the surface is increased by up to 1 W m�2 over the Loess Plateau, the North China Plain and the
Taklamakan desert. The differences between the interactive and prescribed dust emission simulations show
the effects of the feedback of EAWM-related changes in surface winds on dust emissions. Further, the wind-
induced changes in dust emissions contribute about 67% to the variations in dust radiative forcing during
winter and offset the cooling in the strongest EAWM years in eastern and northern China.

In the strongest EAWM years, the simulated surface air temperature cools by 1–3.5 K over eastern China
compared to those in the weakest years. The feedback of the EAWM-related changes in surface winds on dust
emissions decreases the variations of surface air temperature by up to 0.4 K from eastern coastal China to
over the Sea of Japan (Figure 8b) and 0.6 K over northeastern China, resulting partly from the strong positive
dust-induced radiation change at the surface, the weak variations of turbulent heat at the surface, and partly
from the anomalous circulation that is caused by changes in the land-sea SLP differences. These results indi-
cate that the interannual variations in dust emissions weaken the impact of EAWM on surface air temperature
by 3–18% in eastern coastal China and northeastern China.

Over central and western China, the feedback of changes in surface winds on dust emissions enhances the
differences in surface air temperature between the strongest and weakest EAWM years, which results in
decreased surface air temperatures of 0.6 K over central China and of up to 2 K around the Tibetan
Plateau. The cold air is prevented from being transported from Siberia, Kazakhstan, western and central
China to the western Pacific Ocean because of the anomalous northerlies over central China due to the
weaker Siberian High and the enhanced Maritime Continent Low in IRUN. Comparing the differences in
precipitation between IRUN and PRUN, the feedback of the EAWM-related changes in wind on dust emissions
also decreases the large-scale precipitation variations over eastern coastal China by 10–30% because of the
reduced changes in northwesterly which bring dry and cold air from Siberia to these regions. Considering the
increase (decrease) in CCN and LWP in this region during the strongest (weakest) EAWM years, the microphy-
sical effect of dust aerosol does not contribute to the decrease (increase) in precipitation over eastern coastal
China. The weaker cooling over eastern coastal China due to the feedback of changes in wind on dust emis-
sions could offset the stronger cooling and drying caused by the interannual variations of anthropogenic
aerosols over the southern part of East Asia (south of 30°N) in the strongest EAWM years than those in weak-
est EAWM years by up to 67%, while weakening the cooling over the northern part of East Asia (north of 30°N)
when the interannual variations of anthropogenic aerosols also do so with similar contributions. Moreover,
the anomalous circulation would further impact the anthropogenic aerosol concentration and distribution
[Yang et al., 2017].

The major results of this study do not change if the other EAWM index is applied. For example, with a EAWMI
calculated based on wind [Lou et al., 2016], although the interannual variations in SLP are not as significant as
those in this study (Figure S6), the EAWM-related dust concentration also decreases over dust source regions
(Figure S7a) and increases the direct shortwave radiative forcing (SWRF) over the North China Plain, the Gobi
desert, and the Taklamakan desert but with smaller variations than this study. Relative to the PRUN, the
variations of SWRF between the strongest and weakest EAWM years are larger in IRUN over the North
China Plain, indicating that the wind-induced changes in dust emissions heat the surface and offset the cool-
ing. The simulated differences in surface air temperature and wind fields at 850 hPa between the strongest
and weakest EAWM years are shown in Figures S8a and S8c, respectively, consistent with the spatial distribu-
tion shown in Figures 8a and 8e, but with smaller variations over eastern China. Compared to PRUN, the
EAWM-related surface air temperature also shows negative changes over central China in PRUN but positive
over eastern coastal China (Figure S8b), in agreement with Figure 8b. These results also show that the feed-
back of the EAWM-related changes in surface winds on dust emissions weaken the impact of EAWM on
surface temperature. Since the strongest and weakest years are different from those found with the other
index, the variations in dust emissions weaken the EAWM-related surface air temperature by up to 40%
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over east coastal and northeastern China. However, the EAWM-related large-scale precipitation is found to be
more sensitive to the EAWMI in comparing Figure S8e to Figure 10a. Therefore, the feedback of the EAWM-
related changes in wind on dust emissions shows a different pattern because of the variations in the dynamic
cycle (Figures 10b and S8f).

Wind-induced differences in sea-salt aerosol between the strongest and weakest EAWM years also impact the
radiative forcing over the northern Pacific Ocean and the Maritime Continent through both direct and indir-
ect climate effects [Ma et al., 2008; Yang et al., 2016a]. For example, the variation in sea-salt aerosol increased
over the Maritime Continent because of the anomalous circulation resulting from the differences between
the interactive and prescribed dust emission simulations. The difference between the strongest and weakest
EAWM years in direct RF due to aerosol in IRUN compared to PRUN increased at the surface over the Maritime
Continent, with a maximum value of 0.75 Wm�2 (Figure 6e). The increase in RF caused heating of sea surface
temperatures and enhancement of the Maritime Continent Low. The weaker Maritime Continent Low with its
impacts on sea salt and RF leads to a strong anomalous circulation, which brings warm air from the ocean to
the continent. As a result, the variations in temperature would be smaller if interannual variations of only dust
emissions were separately taken into account. Moreover, a recent study suggested that the dust in the atmo-
sphere is substantially coarser than represented in the CESM model [Kok et al., 2017], which implies a larger
negative radiative forcing of dust if the lifetime changes are not taken into account. Based on the interactive
IRUN simulation in this study, the global mean radiative forcing at TOA is�1.15 Wm�2, obviously beyond the
range of �0.48 to +0.2 W m�2 reported by Kok et al. [2017]. Meanwhile, the dust absorption simulated by
CESM is higher than observed in modern records [Di Biagio et al., 2014; Denjean et al., 2016]. Since our model
underestimates the dust size and overestimates the dust absorption, the direct radiative forcing induced by
dust aerosol over eastern China simulated at the surface is also biased high.

Previous studies suggested that the precipitation reduces dust emissions mainly through suppressing emis-
sions when snow covers the potential dust source areas and increasing soil moisture when snow melts
[Tanaka et al., 2011; Lee and Kim, 2012]. Therefore, the slight increase in snow rate over Taklamakan and
Gobi deserts in the strongest EAWM years than those in the weakest EAWM years (Figure 10e) further reduces
the dust emissions in the interactive simulation. The effects of the feedback of EAWM-related changes in
surface wind on dust emissions decreases (increases) the large-scale snow rate around dust source regions
during the strongest (weakest) EAWM years (Figure 10f), which enhance the interannual variations of dust
concentrations. Further, the feedback of the EAWM-related changes in wind on dust emissions leads to an
increase (decrease) in precipitation over eastern coastal China in the strongest (weakest) EAWM years, a
decrease (increase) in the dust concentrations through the wet removal process, and enhanced changes in
dust radiative forcing.
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