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Abstract We use 150 year preindustrial simulations of the Community Earth SystemModel to quantify the
impacts of the East Asian Monsoon strength on interannual variations of springtime dust concentrations over
China. The simulated interannual variations in March-April-May (MAM) dust column concentrations range
between 20–40% and 10–60% over eastern and western China, respectively. The dust concentrations over
eastern China correlate negatively with the East AsianMonsoon (EAM) index, which represents the strength of
monsoon, with a regionally averaged correlation coefficient of �0.64. Relative to the strongest EAM years,
MAMdust concentrations in theweakest EAM years are higher over China, with regional relative differences of
55.6%, 29.6%, and 13.9% in the runwith emissions calculated interactively and of 33.8%, 10.3%, and 8.2% over
eastern, central, and western China, respectively, in the run with prescribed emissions. Both interactive run
and prescribed emission run show the similar pattern of climate change between the weakest and strongest
EAM years. Strong anomalous northwesterly and westerly winds over the Gobi and Taklamakan deserts
during the weakest EAM years result in larger transport fluxes, and thereby increase the dust concentrations
over China. These differences in dust concentrations between the weakest and strongest EAM years
(weakest-strongest) lead to the change in the net radiative forcing by up to�8 and�3Wm�2 at the surface,
compared to�2.4 and +1.2Wm�2 at the top of the atmosphere over eastern andwestern China, respectively.

1. Introduction

Dust is a prominent atmospheric aerosol that adversely affects human health, air quality, and atmospheric
visibility. Through scattering and absorbing shortwave (SW) and longwave (LW) radiation, dust can also
change the Earth’s energy balance [Carlson and Benjamin, 1980; Sokolik and Toon, 1996] and hence influence
the climate [Ahn et al., 2007; Jin et al., 2014; Bangalath and Stenchikov, 2015]. Asian dust mainly originates in
the arid and semiarid regions in northwestern China and deserts of Mongolia, with the largest production
during spring [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]. Mineral dust is then transported over the Asian continent by
northwesterly winds near the surface and over the Pacific Ocean by westerly winds in the free troposphere
[Duce et al., 1980; Holzer et al., 2003; Husar et al., 1997, 2001; Uematsu et al., 1983; Uno et al., 2003]. High
concentrations of dust have been observed over many locations in China, with monthly mean concentrations
of 30–200 and 200–400μgm�3 in spring over eastern and western China, respectively, with episodic dust
concentrations exceeding 500 and 1000μgm�3 [Wang et al., 2008; Li and Zhang, 2012; X. Y. Zhang
et al., 2012].

Previous observational andmodeling studies have shown that variations in winds, temperature, soil moisture,
and precipitation can influence dust emissions, transport, and deposition, as well as dust concentrations in
East Asia [Xuan and Sokolik, 2002; Wang et al., 2004; Gong et al., 2006; Hara et al., 2006; Kimura, 2012; Tan
et al., 2012; Abulaiti et al., 2014] and in other parts of the world [e.g., Doherty et al., 2014; DeFlorio et al.,
2015]. The interannual variation of winds is known to be the most important factor that influences dust
concentrations over China. Hara et al. [2006] reported that the variation of dust days in the Gobi desert
region was controlled by the frequency of strong winds, based on the Regional Atmospheric Modeling
System/Chemical weather Forecasting System and visibility observations by Chinese and Japanese
Meteorological Agencies during spring from 1972 to 2004. Gong et al. [2006] analyzed the interannual
variability of spring Asian dust emissions, concentrations, deposition, transport, and budgets over the period
of 1960 to 2003 using the Northern Aerosol Regional Climate Model. They found that surface wind speed has
a more significant impact on dust production than precipitation and surface temperature. For other factors,
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previous studies suggested that the regional dust storms in northern China are negatively correlated
with prior winter temperature [Qian et al., 2004]. While precipitation reduces dust emissions mainly
through suppressing emission when snow covers the potential dust source areas and increasing soil
moisture when snow melts [Tanaka et al., 2011; Lee and Kim, 2012], precipitation also reduces dust
emissions in other seasons by impacting soil moisture and vegetation conditions over dust source regions
[Liu et al., 2004].

Spring winds show significant interannual variations over China [Zhao et al., 2007; Guo et al., 2011], which are
partially associated with the East AsianMonsoon (EAM). Gong et al. [2006] pointed out that the strength of the
East Asian Monsoon could not influence the dust production directly but could impact the dust transport.
Yumimoto and Takemura [2015] found that the dust outflow was negatively correlated with the East Asian
Monsoon index (EAMI). These previous studies have not systematically examined the impacts of the EAM
strength on interannual variations of springtime dust in China.

The interannual variations of dust can further influence the clear-sky radiative energy budget. Mineral dust
reduces the downward shortwave radiation at the surface through scattering and absorption of solar
flux [Miller and Tegen, 1998; Ahn et al., 2007; Shell and Somerville, 2007; Park et al., 2010], while the
impact of dust on solar radiation in the upper troposphere depends on the regional albedo [Liao and
Seinfeld, 1998; Satheesh et al., 2007; Yue et al., 2010]. Dust longwave radiative forcing was found to
increase the downward radiative flux at the surface [Cautenet et al., 1991; Markowicz et al., 2003] and reduce
the outgoing radiative flux at the top of the atmosphere [Ackerman and Chung, 1992; Haywood et al.,
2005]. The net radiative forcing over China is in the range of �5 to �15Wm�2 at the surface and �5
to +5Wm�2 at the top of the atmosphere (TOA) during spring [Zhang et al., 2009], with a smaller
annual radiative forcing of �1 to �10Wm�2 and �3 to +2Wm�2, respectively [Yue et al., 2010;
Zhao et al., 2013].

The studies cited above were not able to isolate the effects of the EAM on Asian dust because causality could
not be demonstrated. The goal of this study is to systematically isolate the EAM impacts of wind fields on dust
concentrations over China using the Community Earth System Model (CESM). Considering the wind variation
as an annual cycle, we use a unified East Asian Monsoon index (EAMI) [Li and Zeng, 2002] to examine the
interannual variations in wind field that result from the competition between East Asian winter and summer
monsoon in spring. The EAM strength thus serves as a useful metric for the interannual variations of dust
concentrations and radiative effects in spring. The model description, numerical experiments, and method
for calculating EAMI are described in section 2. Section 3 presents simulated impacts of EAM strength on
interannual variations of dust concentrations, and section 4 examines the influence of changes in dust
concentrations on radiative forcing.

2. Method
2.1. Model Description

We simulate preindustrial conditions for 150 years using the Community Earth SystemModel (CESM), which is
composed of atmosphere, ocean, land surface, and sea ice components [Hurrell et al., 2013]. The atmospheric
model has a horizontal resolution of 1.9° latitude by 2.5° longitude and 30 vertical layers from the surface to
3.6 hPa. The ocean component using the Parallel Ocean Program version 2 [Smith et al., 2010] is coupled with
a three-dimensional active model. CESM includes the properties and processes of aerosol species (sulfate,
black carbon, primary organic matter, secondary organic matter, sea salt, and mineral dust) in the modal
aerosol module [Liu et al., 2012]. The aerosol size distribution is represented by a trimodal lognormal distribu-
tion for Aitken, accumulation, and coarse modes. The optical properties of aerosols are calculated as
described in Ghan and Zaveri [2007].

Mineral dust is emitted in both accumulation (0.1–1μm) and coarse (1–10μm) modes following the treat-
ment of Zender et al. [2003]. Within a single mode, dust is assumed to be internally mixed with other aerosol
species. The bulk hygroscopicity and refractive index are calculated by volume-weighting hygroscopicities
and refractive indices of each individual aerosol species. Solar absorption by dust aerosol is enhanced by
coatings of sulfate, organics, and water. The hygroscopicity of mineral dust is assumed to be 0.068, while
the dust refractive indices are obtained from Optical Properties of Aerosols and Clouds (OPAC) [Hess et al.,
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1998]. Dust is transported by the vertical diffusion, resolved winds, and cumulus mass flux, as well as removed
by dry deposition, nucleation scavenging, and impact ion scavenging schemes in CAM5 as described by Liu
et al. [2012].

2.2. 150Year Simulations in Preindustrial Conditions

To identify the relative importance of variations in emission, transport, and deposition that influence dust
concentrations in different dynamical normalized seasonality monsoon years, we perform the following
simulations:

1. IRUN: The standard simulation for preindustrial conditions (all the greenhouse gases and anthropogenic
aerosol emissions are fixed at the level of the year 1850) uses interactive emissions and removal.

2. PRUN: Same as the IRUN simulation but with prescribed emissions for dust aerosols. Emissions of dust
aerosol are fixed to climatological monthly mean values of IRUN, which therefore eliminates interannual
variability of dust emissions in this simulation.

All simulations are initialized from a previous CESM simulation of 221 years with 1850 emissions, and no
changes other than prescribed emissions are introduced. Simulated global mean surface temperature
fluctuated between 276.2 K and 277.2 K during the 150 year simulation (Figure S1 in the supporting informa-
tion), reaching an equilibrium state. From the time series it is clear that the adjustment period at the start of
the simulation is quite short, namely, only a few years. Comparing results from these two simulations will
reveal the influence of interannual variations in emissions on the simulated dust distributions.

2.3. The Calculation of East Asian Monsoon Index (EAMI)

Due to the strong seasonal variation in wind over East Asia resulting from the monsoons [Webster and Yang,
1992], we use the East Asian Monsoon index (EAMI) to quantify the variations in wind fields, which is
defined by Li and Zeng [2002]. This index is based on the seasonal mean intensity of wind fields and has been
adopted as the real-time monsoon index for East Asia by the National Oceanic and Atmospheric
Administration (NOAA, http://www.cpc.ncep.noaa.gov/products/Global_Monsoons/Asian_Monsoons/
monsoon_index.shtml). The index is also intensively used in analyzing ozone and aerosols [He et al., 2008;
Zhu et al., 2012; Zhou et al., 2013]. Since spring is the transitional season between the East Asian
winter and summer monsoon, the wind field over northeastern China is dominated by northwesterlies
in the lower troposphere during the winter monsoon [Zhou, 2011], while over southeastern China it is
dominated by southwesterlies during the summer monsoon [Yang et al., 2014]. The competition
between northwesterly and southwesterly winds impacts the dust emission and transport, indicating
that changes in transfer winds play an important role in affecting interannual variations of dust
concentrations.

For a given grid point (i, j) and pressure level, the EAMI on the mth month of the nth year is formulated as

δnm i; jð Þ ¼ Vw i; jð Þ � Vnm i; jð Þ�� ��
V i; jð Þ�� �� � 2 (1)

whereVw is the climatological mean wind vector in winter, Vnm is the monthly wind vector on themth month
of the nth year (here we use the mean of March-April-May for each year in the Northern Hemisphere and
September-October-November in the Southern Hemisphere to represent spring), and V ¼ Vw þ Vs

� �
=2 is

the climatological mean wind vector, where Vs is the climatological mean wind vector in summer. We
assume Vw ¼ V January and Vw ¼ V July in the Northern Hemisphere, whereas Vw ¼ V July and Vw ¼ V January

in the Southern Hemisphere. According to Li and Zeng [2002], the value 2 in formula (1) is the critical
value of significance of the quantity. In the Northern Hemisphere, for example, δ< 0 (or δ> 0) represents
the angle between Vnm and Vw less than (or larger than) 90° and characterized as winter (or summer)
monsoon.

The CESM long-term simulation of temperature, precipitation, and wind fields is similar to National Center for
Atmospheric Research/National Centers for Environmental Prediction (NCAR/NCEP) reanalyses (Figure S2)
[Small et al., 2014;Wang et al., 2015]. The CESM interannual variations of temperature, precipitation, and wind
fields in the same simulation [Yang et al., 2016a, 2016b] provide an illustration of the interannual variations in
EAM strength. The modeled EAMI is calculated from wind fields at the pressure level of 850 hPa using the
150 year simulations of IRUN and PRUN. We also calculate the EAMI using the NCEP/NCAR reanalysis data sets
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during the period from 1948 to 2014 for
comparison. Negative values of EAMI
represent the winter monsoon, indicat-
ing weak EAM years, while positive
values represent the summer monsoon,
indicating strong EAM years. Physically,
weak (or strong) EAM over China during
springtime is characterized by strong
(or weak) westerlies and northerlies over
north China and by weak (or strong)
southerlies over south China.

3. Results
3.1. Simulated Interannual Variations
of Springtime Dust in China

Figure 1a shows the climatological mean
spatial distribution of March-April-May
(MAM) dust column burden southeast
Asia from the 150 year IRUN simulation.
Simulated dust burden exhibits a
maximum value up to 1000mgm�2 in
western China, around the dust source
regions in Gobi and Taklamakan deserts.
The high dust concentrations in western
and central China are consistent with
previous observations and modeling
studies [Gong et al., 2003; Wang et al.,
2004, 2008; Zhao et al., 2006; Zhang
and Liao, 2016]. Over eastern China,
simulated dust burden values are
200–1000mgm�2 in northeastern China
and 20–200mgm�2 in southeastern
China, with a surface-layer (the lowest
atmospheric layer in the model) dust
concentration of 50–300 and 5–50μg
m�3 (Figure S3). This pattern of higher
dust concentrations in northeastern
China relative to southeastern China is a
result of the regional-scale transport
dominated by surface level northwes-
terly winds associated with the East
Asian winter monsoon from the Gobi

desert [Zhao et al., 2006]. It should be noted that the dust concentrations in preindustrial conditions are larger
than those in the current climate. The simulated climatological annual mean surface-layer dust concentra-
tions in IRUN are 37% higher than observations compared to the measurements taken at 15 sites over a large
fraction of China during the period of 2006–2007 from X. Y. Zhang et al. [2012] (Figure S4). This result agrees
withMahowald et al. [2006a, 2006b], who suggested that the globally averaged dust loadings in preindustrial
conditions are 31% larger than current conditions, due to the changes in dust source regions associated with
vegetation, precipitation, temperature, and cloudiness.

Figures 1b and 1c show the standard deviation (SD) and relative standard deviation (RSD) of dust column bur-
den during springtime. The pattern of SD of dust burden is similar to the climatological mean spatial distribu-
tion of dust, with higher SD values associated with the higher mean dust burden. The largest values exceed

Figure 1. (a) Simulated MAM dust column burden (mgm�2) averaged
over 150 year IRUN simulation. (B) Standard deviation (SD, mgm�2)
and (c) relative standard deviation (RSD, %) calculated for 150 year IRUN
simulation.
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300mgm�2 over the Gobi and Taklamakan deserts. SD and RSD values of dust burden are in the range of
50–200mgm�2 and 20–40% over northeastern China (north of 35°N) and 5–50mgm�2 and 30–50% over
southeastern China (south of 35°N), respectively. These interannual variations of dust concentrations in
eastern China are significant compared to the changes in aerosol concentrations caused by anthropogenic
activities. For example, Yang et al. [2015] showed the outflow fluxes of sulfate from East Asia increased by
up to 50% due to both changes in meteorology and increased SO2 emission (up to 100%) from 1986 to 2006.

3.2. Impacts of the EAM on Interannual Variations of Springtime Dust in China

In order to investigate the interannual variability of springtime wind field and its impact on dust aerosol
concentrations in China, we calculated the correlation coefficients between local EAMI and dust burden
during March-April-May for the 150 year interactive simulation (IRUN). As shown in Figure 2a, the simulated
dust burden anomaly correlates negatively with the EAMI over a large fraction of China, with maximum
negative correlation coefficients up to �0.7 over central China around the Gobi desert and with weak posi-
tive correlations up to 0.5 over central Mongolia and the Taklamakan desert. Over central and eastern China
(105°E–120°E, 25°N–45°N), the averaged correlation coefficient is �0.64, which is statistically significant with
95% confidence (P value< 0.05). This region with the largest negative correlation (black box in Figure 2a) is
chosen to calculate the averaged EAMI; the bars in Figure 2b are the time series of the normalized EAMI,
which represent the interannual variation of the strength of the EAM. A similar pattern was found in
Figure 2c when we calculated the correlation coefficients between EAMI (based on the NCEP reanalysis
data) and TOMS AI (Total Ozone Mapping Spectromenter Aerosol Index) anomaly, with a smaller averaged
correlation coefficient value of �0.25 over central and eastern China (Figure 2d) and +0.2 over Mongolia.
The difference between simulated and observed values may be partly due to the contribution from anthro-
pogenic aerosols, such as black carbon and brown carbon, which also contributes to AI values [Wang, 2013].
Although we choose the period between 1979 and 1993, which contained low anthropogenic emissions in
China, the concentrations of black carbon and brown carbon in these years are still much higher than the
preindustrial period that we simulated in this study. The negative correlation coefficient between the dust
transport flux over the western Pacific and EAMI is also reported by Yumimoto and Takemura [2015],
consistent with our results.

Figure 2. (a) Spatial distribution of the correlation coefficients between the EAMI and the dust burden anomaly in MAM
both calculated from IRUN and (c) the EAMI calculated from NCEP/NCAR reanalysis data sets and the TOMS AI anomaly.
The dotted areas indicate statistical significance with 95% (P value< 0.05) from a two-tailed Student’s t test. The normalized
time series of EAMI (blue bars, left y axis) and (b) the simulated averaged MAM dust burden anomaly (red line, right y axis,
mgm�2) for 150 year simulations and (d) EAMI from NCEP/NCAR reanalysis data sets and averaged monthly TOMS AI
anomaly (red line, right y axis) in spring for years of 1979–1993.
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In order to quantify the impacts of EAM on dust concentrations over China, the absolute and percentage
differences between dust column burden averaged over the 10% weakest EAM years and those averaged
over the 10% strongest EAM years (follows the definition of extreme events from Intergovernmental Panel
on Climate Change [2013]) from IRUN simulation are calculated and shown in Figures 3a and 3c, respectively.
The weakest (or strongest) EAM years are selected within the 150 year simulation based on the 15 most nega-
tive (or positive) values of the normalized EAMI over eastern China as shown in Figure 2a. Relative to the
strongest EAM years, the dust column burden in the weakest EAM years is higher over a large fraction of
China, with the maximum value exceeding 300mgm�2 over northern China around the high dust source
regions, and is slightly lower over Mongolia. Over eastern China (110°E–120°E, 20°N–45°N), the simulated dust
column burden averaged in the weakest EAM years is higher than that averaged in the strongest EAM years
by 50–250mgm�2 (or 30–80%), with an averaged value of 171.0mgm�2 (or 54.1%).

We also use an empirical orthogonal function (EOF) analysis of monthly anomalies of the simulatedMAM dust
column burden to explore the interannual variations of spring dust burden from IRUN. The EOF analysis is
often used to reveal independent spatiotemporal modes of variability of a particular data field. The leading
EOF mode, which explains the largest variance of dust burden in MAM from IRUN, represents 51.2% of the
interannual variations of the simulated spring dust (Figure 3e). The leading EOF of dust in MAM shows a
positive pattern over the eastern and northern China but displays a weak negative pattern over Mongolia.

Figure 3. Horizontal distributions of (a and b) absolute and (c and d) percentage differences in MAM dust column burden
between the weakest and strongest EAM years (weakest–strongest). (e and f) The leading mode EOF of spring anomalies
of dust column burden, with the variance explained by the leading mode EOF given at the upper right corner of the
bottom plot. Results of the left and right column are from IRUN and PRUN simulations, respectively, and the units used are
shown on top of each panel. The dotted areas indicate statistical significance with 95% (P value< 0.05) from a two-tailed
Student’s t test.
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A similar pattern was found from the difference in dust between the weakest and strongest EAM years
(Figure 3a). The correlation coefficient between the leading EOF principal component and normalized EAM
over central and eastern China is found to be �0.54, indicating that the changes in wind field dominate
the interannual variations of dust in MAM.

Figures 3b and 3d show the absolute and percentage differences between dust column burden averaged
over the 10% weakest EAM years and those averaged over the 10% strongest EAM years from PRUN
simulation, respectively. The averaged differences in dust column burden for PRUN between the weakest
and strongest EAM years are simulated to be 67.9mgm�2 (or 32.5%) over eastern China, due to contribu-
tions from transport from dust source regions. A similar pattern of differences in dust column burden was
found when the dust emission was fixed in PRUN, indicating the sensitivity of interannual variations of dust
to wind direction. The leading EOF of spring dust burden in PRUN explains 32.5% of interannual variations,
with a positive pattern over eastern and northern China, and a strong negative pattern over Mongolia
(Figure 3b).

To see the vertical distribution of the EAM influence on dust, Figure 4 presents pressure-longitude plots of
the differences (weakest-strongest EAM) in accumulation (Figures 4a and 4b) and coarse (Figures 4c and
4d) mode dust concentration averaged over the latitude range 25–45°N from the IRUN and PRUN
simulations. As shown in Figures 4a and 4c, dust concentrations of accumulation mode and coarse mode
in the weakest EAM years are higher by up to 7 and 110μgm�3, respectively, over 105–110°E near the
surface of the major Asian dust sources (Figure 5c) and by up to 3 and 30μgm�3 over 120–125°E
further away from high dust source regions at 850 hPa, relative to the concentrations in the strongest
EAM years. Figures 4b and 4d show a similar pattern but with smaller values of 2–3.5 and 20–40μgm�3

over 105–110°E and of 1–2 and 10–20μgm�3 over 120–125°E, respectively. Considering the fixed dust

Figure 4. Pressure-longitude cross sections averaged over 25–45°N for absolute differences in (a and b) accumulation
mode and (c and d) coarse mode of dust concentrations in MAM between the weakest and strongest EAM years
(weakest-strongest). Results of the left and right column are from IRUN and PRUN simulations, respectively, and the units
are μgm�3. The dotted areas indicate statistical significance with 95% (P value< 0.05) from a two-tailed Student’s t test.
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emissions in the PRUN simulation, we conclude that these differences are mainly due to the changes in
transport and removal processes.

To understand the EAM impact on the dust mass budget, Table 1 shows the differences in dust burden, emis-
sion, and deposition between the weakest and strongest EAM years over China from the IRUN and PRUN
simulations. Relative to the average dust burden, the difference between the weakest and the strongest
EAM years over western China is 13.9% and 8.2% from the IRUN and PRUN, respectively. Considering the fixed
dust emissions in the PRUN, the large increase in dust concentrations in the weakest EAM years is mainly due
to the transport and deposition processes, which contribute 59% of the total difference (8.2% in PRUN
relative to 13.9% in IRUN). Dust emission changes by only 4.9% in IRUN between the weakest and strongest

Figure 5. The MAM mean for (left column) 150 year simulation and (right column) differences between weakest and
strongest EAM years (weakest-strongest) from IRUN in (a and b) horizontal winds at 850 hPa, (c and d) dust emissions,
(e and f) dust dry deposition, and (g and h) dust wet deposition, 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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EAM years because of the small variation in wind speed over the Taklamakan desert (TD) in western China
(Figure 5b). Dry and wet deposition in IRUN increase over south of TD with increased dust concentrations
in weak EAM years (Figures 5f and 5h) but decrease over north of TD because of the changes in emission
region and less precipitation, respectively. The total dust deposition increases by 5.1% (IRUN) and 5.5%
(PRUN) in the weakest EAM years than those in the strongest EAM years, respectively. We also follow

Textor et al. [2006] to calculate the regional residence time for dust by τ ¼ burden
sinks and the effective removal

rate coefficients for dry and wet deposition by ki ¼ massfluxsink iX
massfluxsinkið Þ�

1
τ , where i is the number of sinks

considered and massflux_sinki represents the regional mass flux of individual sink i. Over western China,
the residence time for dust is about 2 days in IRUN, which is shorter than the global model average of about
4 days, but falls within the range of 16 AeroCom models given in Textor et al. [2006]. The simulated shorter
lifetime of dust is because of the large magnitude of dry deposition near the source region, with a larger
dry removal rate coefficient of 0.41 day�1 in IRUN compared to that of 0.23 day�1 in Textor et al. [2006].
The effective removal rates for both dry and wet scavenging in IRUN are always lower in the weakest
EAM years than those in the strongest years, partially due to the smaller wet deposition (Figure 5h). The
lower removal rates indicate a longer lifetime of dust during the weakest EAM years in western China.

In central China, the difference in dust burden between the weakest and strongest EAM years is found to be
29.6% in IRUN. The difference in dust concentration is mainly due to the variations in dust emissions by up to
37.4% relative to the regional mean value. The transport and deposition processes lead to a 10.3% difference
between the weakest and strongest EAM years. The effective removal rates for wet scavenging are also lower
in weak EAM years compared to strong EAM years, with values of 0.10 and 0.13 day�1, respectively. However,
the effective removal rate for dry deposition is higher in weak EAM years, because of large gravitational
settling near the dust source region (Figure 5f). It should be noted that the difference in total deposition
processes between the weakest and strongest EAM years is only 0.1% in the PRUN, suggesting that the
deposition does not play an important role in central China.

The difference in dust burden between the weakest and strongest EAM years over eastern China is found to
be 55.6% in the IRUN relative to the regional mean value, with a 33.8% contribution from the stronger trans-
port of dust associated with strong northwesterly winds (Figure 5b) and deposition processes in the PRUN,
which contributes 60.7% of the total difference. Relative to the mean value, the change in dust emissions

Table 1. Simulated MAMDust Burden, Emissions, Deposition (Tg Season�1), Lifetime (Days), Dry andWet Removal Rates (day�1) Over Eastern China (110°E–120°E,
20°N–45°N), Central China (100°E–110°E, 25°N–45°N), and Western China (75°E–100°E, 30°N–45°N) in the Weakest and Strongest EAM Years, as Well as the Absolute
and Relative Difference

IRUN PRUN

Mean Weak Strong Diff.a Mean Weak Strong Diff.a

Eastern China Dust burden 0.94 1.16 0.64 55.6% 0.61 0.69 0.48 33.8%
Emis. 23.90 28.62 19.59 37.8% - - -
Dep. 28.95 35.76 21.01 50.9% 23.65 24.45 21.17 18.1%

Life time 2.99 2.98 2.67 2.37 2.49 2.09
Dry remov 0.22 0.23 0.24 0.31 0.29 0.34
Wet remov 0.11 0.10 0.14 0.12 0.11 0.14

Central China Dust burden 0.96 1.07 0.79 29.6% 0.77 0.79 0.71 10.3%
Emis. 87.69 103.72 70.90 37.4% - - -
Dep. 44.40 50.52 37.97 28.2% 54.07 53.73 53.68 0.1%

Life time 1.99 1.95 1.91 1.31 1.35 1.22
Dry remov 0.39 0.41 0.39 0.66 0.64 0.69
Wet remov 0.11 0.10 0.13 0.10 0.10 0.13

Western China Dust burden 1.22 1.30 1.13 13.9% 1.22 1.26 1.16 8.2%
Emis. 120.97 122.90 116.93 4.9% - - -
Dep. 60.60 61.91 58.84 5.1% 73.05 73.62 73.21 5.5%

Life time 1.85 1.93 1.77 1.54 1.57 1.46
Dry remov 0.41 0.40 0.42 0.56 0.55 0.57
Wet remov 0.13 0.12 0.15 0.09 0.09 0.11

aAbsolute difference (Tg season�1) and relative difference (100%× (weakest-strongest)/average).
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in IRUN over eastern China between the weakest and strongest EAM years is 37.8%, highlighting the contri-
bution from the variations in wind speed. Over eastern China, the residence time for dust is about 3 days in
IRUN; the simulated shorter lifetime of dust is because of the large magnitude of wet scavenging downwind
of high source regions, with a larger wet removal rate coefficient of 0.11 day�1 in IRUN compared to that of
0.08 day�1 in Textor et al. [2006]. The effective removal rates in IRUN for both dry and wet scavenging are also
lower in the weakest EAM years over eastern China, with values of 0.23 and 0.10 day�1, relative to the values
of 0.24 and 0.14 day�1, respectively, in the strongest EAM years.

4. Discussion

Figure 6a shows the simulatedmeanMAMdust aerosol optical depth (AOD) in the IRUN simulation. The simu-
lated mean dust AOD values are in the range of 0.05–0.3 over a large fraction of China, with maximum values
of up to 1.1 over the Gobi and Taklamakan deserts. The mean MAM distributions of AODs retrieved from the
Multiangle Imaging Spectroradiometer (MISR) during 2000–2012 are shown in Figure 6b, with larger AODs in
the range of 0.3–0.7 over eastern China than those in the IRUN as a result of the high concentrations of
anthropogenic aerosols in this region [X. Y. Zhang et al., 2012; Lou et al., 2014], which we did not included
in the simulation. Although the MISR also captures the pattern of large AOD values over western and central
north China, the AOD values are much smaller around dust source regions, with values in the range of 0.3–0.7.
The high biases of simulated AOD in dust source regions can be explained by the overestimation of dust aero-
sol burdens in that region because of the large changes in dust source area associated with vegetation, pre-
cipitation, temperature, and cloudiness due to the anthropogenic activities [Mahowald et al., 2006a, 2006b;
Gu et al., 2010; Jiang et al., 2015], as well as a higher relative humidity over the Gobi desert in the preindustrial
scenario (Figure S5) relative to the current days.

The impacts of variations in wind field on dust AOD are evaluated by examining the difference in AOD
between the weakest and strongest EAM years (weakest-strongest) (Figure 6c). Relative to the strongest
EAM years, the AOD is higher by up to 0.20, 0.28, and 0.16 over eastern, central, and western China in the
weakest EAM years, respectively, which is in agreement with the largest increment in dust aerosol concentra-
tions (Figure 3a). The differences in MISR AOD values between year 2011 and 2003 (weakest and strongest

Figure 6. Comparisons of (left column) simulated dust optical depth (AOD) with (right column) the MISR AOD. The top plot
averaged MAM AOD for (a) 150 year simulation and (b) years 2000–2014. The bottom plot shows (c) the differences in AOD
between the weakest and strongest EAM years (weakest-strongest), and (d) the differences between year 2011 (weakest)
and 2003 (strongest). The dotted areas indicate statistical significance with 95% (P value< 0.05) from a two-tailed Student’s
t test. The simulated AOD are from IRUN.
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EAM year) show even larger increases in AOD of up to 0.3 over eastern China (Figure 6d), partially due to the
increase in anthropogenic emissions in recent decades [Q. Zhang et al., 2012]. Without impacts from anthro-
pogenic aerosols, the differences in MISR AOD values over western China have a similar pattern to simulated
AOD, indicating increased dust concentrations in weak EAM years.

To determine the radiative forcing by the changes in the dust distributions, we have calculated the EAM dust
direct radiative forcing as the difference in the direct radiative forcing of all aerosol between weak and strong
EAM years. The direct radiative forcing of all aerosol is diagnosed from the difference between the radiative
flux calculated with all aerosol and with no aerosol, for the same clouds, water vapor, and temperature
distributions [Ghan, 2013]. Figure 7 shows the EAM dust direct radiative forcing for the solar flux, long-wave
flux, and net flux at the top of the atmosphere (TOA; Figure 7, left column) and at the surface (Figure 7, right
column) in the IRUN. Over eastern China, the differences in short-wave radiative forcing (SWRF) at both the
TOA and surface are mostly negative, with values of up to �3.5Wm�2 (TOA) and �14Wm�2 (surface) in
the area downwind of source regions, resulting from the increased AOD (dust concentrations) of up to 0.2
(210mgm�2), due to the dominant contribution of reflection in the short-wave spectrum [Shell and
Somerville, 2007]. Our results are consistent with the changes in total dust radiative forcing with dust AOD
or dust concentrations of Zhang et al. [2009] and Park et al. [2010]. Zhang et al. [2009] found that the dust
aerosol SWRF at the TOA and at the surface are in the range of �2.5 to �5Wm�2 and �5 to �10Wm�2,
respectively, with dust AOD values of 0.1–0.2 over eastern China during February-March-April-May, based
on a 10 year simulation with the Regional Climate Model RegCM version 3 model. Park et al. [2010] reported

Figure 7. 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 weakest and strongest EAM years (weakest-strongest) in the IRUN. Left column shows changes at the top
of the atmosphere, and right column shows changes at the surface. The dotted areas indicate statistical significance with
95% (P value< 0.05) from a two-tailed Student’s t test. Positive (negative) value refers to net downward (upward) flux.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD024758

LOU ET AL. IMPACTS OF MONSOON ON DUST 8147



the SW forcing at the surface between �10 and �20Wm�2 over eastern China due to dust column concen-
trations in the range of 200–1000mgm�2 on 19 March 2002, using the MM5 model and the Asian Dust
Aerosol Model. It should be noted that the differences in SWRF between the weakest and strongest EAM
years over western China are still negative at the surface due to the scattering and absorption of sunlight
by mineral dust, but positive at the TOA over the Taklamakan desert because of the relatively high albedo
(Figures 7a and 7b), with maximum values of �8 and +1Wm�2, in agreement with previous studies [Liao
and Seinfeld, 1998; Yue et al., 2010]. The differences in SWRF at the TOA and surface by dust aerosol in the
PRUN between the weakest and strongest EAM years show a similar pattern (Figures 8a and 8b), with values
of up to�2Wm�2 (TOA) and�8Wm�2 (surface) in the area downwind of source regions, smaller than those
in the IRUN. These results indicate that the interannual variations in dust emissions enhance the impact of
EAM on SWRF over eastern China by about 43%. Excluding the effects of the differences in dust size distribu-
tions between IRUN and PRUN would make the impact of EAM on SWRF even larger.

Relative to the strongest EAM years, the long-wave radiative forcing (LWRF) is larger in the weakest EAM
years over a large fraction of China in the IRUN (Figures 7c and 7d) because of the large increase in dust
column burden (Figure 3a), with the largest LWRF values of +1.2 and +7Wm�2 over the Gobi desert at
the TOA and at the surface, respectively. Over western China, the LWRF increases by +0.6 and +4Wm�2

over the Taklamakan desert resulting from the increment of dust AOD by up to 0.16. The increased
LWRF between the weakest and strongest EAM years is found to be even larger with prescribed dust emis-
sions over western China (Figures 8c and 8d) than that in the IRUN, suggesting that the interannual varia-
tions in dust emissions offset the impact of EAM on LWRF over western China because of the changes in
dust source regions (Figure 5d).

Figure 8. The same as Figure 7 but in the prescribed emission run (PRUN).
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The results from the differences in net RF between the weakest and strongest EAM years indicate cooling at
the surface in the weakest EAM years. At the TOA, there is still cooling over eastern China, but warming over
the dust source region in central and western China in the weakest EAM years compared to the strongest
EAM years. The cooling due to the net RF is in the range of �0.4 to �2.4Wm�2 at the TOA and of �1 to
�9Wm�2 at the surface, while the warming is in the range of +0.4 to +1.2Wm�2 and +0.8 to +2.4Wm�2

at the TOA over the Taklamakan and Gobi deserts, respectively. This pattern in net RF agrees with that found
by Liao et al. [2004] and Zhang et al. [2009]. Compared to the PRUN (Figures 8e and 8f), the interannual varia-
tions in dust emissions significantly enhance the impact of EAM on net RF over eastern China both at the TOA
and surface by about 40%, but slightly offset the influence over western China.

It should be noted that the OPAC overestimates the dust absorption at both shortwave and longwave spec-
tral ranges compared to measurements of Saharan mineral dust and over the Mediterranean [Di Biagio et al.,
2014; Denjean et al., 2016]. Since dust absorption is overestimated, the direct radiative forcing induced by
dust aerosol over eastern China simulated by the model is larger at the surface but smaller at the TOA than
it should be. Moreover, anthropogenic aerosols have been shown to increase surface temperature, precipita-
tion over northwestern China, and also weaken the northwesterly winds from Gobi desert to eastern China in
spring [Gu et al., 2010; Jiang et al., 2015], all of which would reduce both dust emissions and the transported
mass flux of dust. Therefore, the change in direct radiative forcing due to changes in dust is reduced when
anthropogenic aerosols are also included in the model.

5. Conclusions

We consider the wind variation as an annual cycle and examine the impacts of the East Asian Monsoon (EAM)
on interannual variations of springtime dust concentrations over China using the Community Earth System
Model (CESM). The interannual variations of dust concentrations are quantified by values of standard devia-
tion (SD) and relative standard deviation (RSD) based on 150 year simulations. The SD values of dust column
burden are in the range of 20–200mgm�2 over a large fraction of China, with the largest values exceeding
300mgm�2 around the Gobi and Taklamakan deserts. The RSD values of MAM dust concentrations
are 20–40% in northeastern China, 10–20% in northwestern China, 30–50% in southeastern China, and
50–70% over the Tibetan Plateau.

Both simulated MAM dust concentrations and Total Ozone Mapping Spectromenter Aerosol Index (TOMS
AI) show a strong negative correlation with the East Asian Monsoon Index (EAMI) over a large fraction of
China, with regional averaged correlation coefficients of �0.64 and �0.25 over eastern China (105–120°E,
25–40°N), respectively, indicating that the changes in dust burden result from the internanual variations
of the wind field. The MAM dust concentrations are higher (or lower) in weaker (or stronger) EAM years over
almost all of China. The regional mean dust burden in the weakest EAM years is higher than those in the
strongest EAM years by 55.6%, 29.6%, and 13.9% in the interactive simulation in eastern, central, and
western China, respectively, and by 33.8%, 10.3%, and 8.2% with prescribed dust emissions in PRUN simu-
lation. These results indicate that the transport and deposition processes contribute about 60% of the total
difference in dust burden, while the variation in dust emissions contributes about 40%. The anomalously
high northwesterly winds through the Gobi desert and westerly winds through the Taklamakan desert lead
to significant changes in both dust emissions and transport flux, which cause variations in dust concentra-
tions in China.

Both simulated dust AOD and those from the Multiangle Imaging Spectroradiometer (MISR) show larger AOD
values in weak EAM years than in strong EAM years over a large fraction of China. The increase in AOD by up
to 0.2 changes shortwave radiative forcing (SWRF) by up to �16 and �8Wm�2 at the surface and �4 and
+1Wm�2 at the TOA over eastern and western China, respectively. Simulated differences in longwave radia-
tive forcing (LWRF) between the weakest and strongest EAM years are +6 and +4Wm�2 at the surface and +1
and +0.6Wm�2 at the TOA over eastern and western China, respectively. The net RF is always negative in
eastern China, with maximum values of�9 and�2.4Wm�2 at the surface and TOA, respectively, and is posi-
tive in western China at TOA, by up to +1.2Wm�2. The interannual variations in dust emissions enhance the
impact of EAM on SWRF by about 43% over eastern China but offset the impact of EAM on LWRF over western
China. Therefore, the impact of EAM on net RF over eastern China is enhanced by about 40% but is slightly
offset over western China due to the interactive dust emissions.
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