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Abstract
Dust activity not only influences human health through dust storms but also affects climate at local and regional scales through
the direct effects of dust aerosols on both solar and longwave radiative heating. In this study, based on dust simulations from
seven Coupled Model Intercomparison Project Phase 5 (CMIP5) models, the spatial and temporal changes in dust activity over
East Asia under a Representative Concentration Pathway 8.5 global warming scenario were examined for the periods of 2016–
2035 (P1), 2046–2065 (P2) and 2080–2099 (P3). The results show that the multimodel ensemble mean (MME) of the CMIP5
models largely captures the spatial distribution of dust emissions and dust optical depth (DOD) over East Asia during 1986–2005
(P0). The MME reproduces the increasing trend in dust emissions and DOD over dust sources in East Asia during P0.
Accompanying emission reductions during P1 to P3, the DOD simultaneously decreases, and the evident DOD decline can also
be found over downwind areas in eastern China and the Korean Peninsula. Simulations project increases in precipitation and the
LAI (leaf area index). Simultaneously, the weakened East Asian trough leads to anomalous southerly winds and lower wind
speeds at the surface. All these results indicate unfavorable conditions for dust emissions over the sources regions, resulting in a
decreased DOD over East Asia during P1 to P3.
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1 Introduction

Dust activity includes dust emissions in dust sources, dust
transport in the middle troposphere from dust sources to
downwind areas, and dust deposition over source regions

and downwind areas (Marticorena and Bergametti 1995).
Dust storms over East Asia originate from the mid-latitude
arid and semiarid areas of China and Mongolia. Dust particles
are emitted into the lower and middle troposphere by dust
storms (Zhang and Zhang 1998), which are transported by
the westerlies to downwind areas over eastern China,
Mongolia, the Korean Peninsula, Japan, the Pacific Ocean,
and North America (Chen et al. 2017; Huang et al. 2008;
Mahowald et al. 2009, 2017; Uno et al., 2006; Zhao 2003).
Dust particles affect not only human health (Chen et al. 2017)
but also regional climate through their direct effects on solar
and longwave radiation (Chen et al. 2013; Gautam et al. 2013;
Lau et al. 2000) and indirect effects on precipitation through
aerosol-cloud-precipitation interactions over Asian arid and
semiarid regions (Huang et al. 2014; Mahowald et al. 2017;
Yin and Chen 2007). The deposition of iron-bearing dust into
the ocean provides nutrients for phytoplankton growth,
impacting biological productivity, and the carbon cycle.
(Tan et al. 2016).

Many studies have examined the changes in East Asian
dust activity in the future. Land degradation and desertifica-
tion will expand in the near future in drylands over East Asia
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under the warming scenarios of Representative Concentration
Pathway (RCP) 4.5 and 8.5, which would lead to an increase
in dust sources and more dust activity in the future (Huang
et al. 2016). However, the mid-latitude circulation is likely to
result in a less dusty future due to less windy weather or more
precipitation (Rind 1998; Zhang et al. 2019) because of reduc-
ing the poleward temperature gradient at middle latitudes in
the warming scenarios. Tegen et al. (2004) projected dust
emissions in 2040–2050 and 2070–2080 and found the reduc-
tion over eastern Asia by 26% and 19%, respectively. Based
on ten models in the Coupled Model Intercomparison Project
Phase 5 (CMIP5), annual dust emissions in northeast Asia
under four warming scenarios are projected to decrease in
the future, particularly in the Taklimakan Desert and Gobi
Desert significantly (Kim et al. 2014). In addition to dust
emissions, Pu and Ginoux (2018) projected a decline in dust
optical depth (DOD) over East Asian dust sources and down-
wind areas in spring and summer by the end of the twenty-first
century using the output of seven CMIP5models and a regres-
sion model. To analyze the controlling surface factors, includ-
ing 10 m wind, bareness, and precipitation that affect CMIP5
DOD, they examined these factors in the observation and
CMIP5 models from 2004 to 2016. They found that these
three factors mostly represent variation in DOD in the present
day, and the projection of variation in DOD is more consistent
with changes in precipitation and 10 m wind than that in
bareness by the end of the twenty-first century. We mainly
focus on dust activity over East Asia and analyze large-scale
circulation, which is critical to understanding dust emission
and transport in the region and has not been studied much.
Thus, this study focuses on the change in dust activity over
East Asia in the future and its causes by using seven CMIP5
models. This paper is organized as follows. The data and
methods are described in Section 2. We first evaluated simu-
lated historical dust activity (1986–2005) by using MERRA-2
DOD in Section 3.1. In Section 3.2, changes in the dust activ-
ity in the near-term (2016–2035), the mid-term (2046–2065),
and the far-term future (2080–2099) will be examined. In
Section 3.3, we analyze the causes of future changes in East
Asian dust activity, including variations in atmospheric

circulation and local surface factors such as wind speed, pre-
cipitation flux, and leaf area index (LAI). Finally, a summary
and discussion are presented in Section 4.

2 Data and Method

The current studies were conducted for spring (March, April,
and May) because of the frequency of dust storms in spring
over East Asia (Mao et al. 2011, 2019; Qian and Shi 2002).
We used the dust simulations of seven CMIP5 models
(Table 1) following Pu and Ginoux (2018) to project the future
changes in dust activity over East Asia. The detailed informa-
tion of these models refers to the corresponding papers:
CanESM2 (Arora et al. 2011), GFDL-CM3 (Donner et al.
2011), HadGEM2-CC and HadGEM2-ES (Collins et al.
2011), MIROC-ESM, and MIROC-ESM-CHEM (Watanabe
et al. 2011) and NorESM1-M (Bentsen et al. 2013). The dust
emission projection depends on the dust emission scheme and
considers some controlling factors, such as near-surface wind,
soil types, soil moisture, and surface vegetation coverage. A
brief introduction to these seven models and their dust emis-
sion schemes is shown in Table 1 (Croft et al. 2005;
Marticorena and Bergametti 1995; Paul Ginoux 2001;
Reader et al. 1999; Seland et al. 2008; Takemura et al.
2000). In addition, Wu et al. (2018) have evaluated some of
aforementioned models and found that except the HadGEM2-
ES and HadGEM2-CCmodel, the most of models reproduced
the spatial distribution and the negative long-term trends in
dust emission flux over the major dust sources of East Asia
during 1961 to 2005. Regarding the HadGEM2-ES and
HadGEM2-CCmodel, we evaluated their performance in sim-
ulating spatial distribution of DOD and temporal changes in
DOD from 1986 to 2005 (Table 3). The HadGEM2-ES and
HadGEM2-CC simulated high DOD over eastern source dur-
ing 1986–2005. The DOD trend over eastern source was
0.001 and − 0.003 in the simulations of HadGEM2-CC and
HadGEM2-ES model, respectively. The DOD from the
HadGEM2-CC was consistent with the increasing trend in

Table 1 Information of the
CMIP5 climate models used in
this study

Model name Lat. × Lon. Dust emission scheme Model reference

CanESM2 2.8° ×2.8° Reader et al. (1999), Croft et al. (2005) Arora et al. (2011)

GFDL-CM3 2.0° ×2.5° Paul Ginoux (2001) Donner et al. (2011)

HadGEM2-CC 1.2° ×1.8° Marticorena and Bergametti (1995) Collins et al. (2011)

HadGEM2-ES 1.2° ×1.8° Marticorena and Bergametti (1995) Collins et al. (2011)

MIROC-ESM 2.8° ×2.8° Takemura et al. (2000) Watanabe et al. (2011)

MIROC-ESM-CHEM 2.8° ×2.8° Takemura et al. (2000) Watanabe et al. (2011)

NorESM1-M 1.9° ×2.5° Seland et al. (2008) Bentsen et al. (2013)
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DOD over the eastern source derived from the MERRA-2
Reanalysis dataset.

In this study, we examined the simulated dust emission
and DOD of the seven models. The CMIP5 models do not
provide DOD directly. The formula (Ginoux et al. 2012)
for calculating DOD has been used widely by many
works, including Kaufman (2005), Ginoux et al. (2012)
and Wu et al. (2019). Thus, we converted the dust load to
DOD following the formula of Ginoux et al. (2012) for all
models as a default method.

M ¼ 4ρreff
3Qext

τ ¼ 1

ε
τ ð1Þ

Equation (1) expressed the relation of DOD (τ) and mass
burden M, where reff = 1.2 μm is the effective radius, ρ =
2.6 × 106 g·m−3 is the density of dust, Qext = 2.5 is the extinc-
tion efficiency at 550 nm and for a 1.2 μm particle radius, ε =
0.6m2 · g -1 is the mass extinction efficiency, and τ is dust
optical depth at 550 nm. In this formula, the effective radius
is defined as a constant (1.2 μm). However, the effective ra-
dius range over East Asia is relatively broad (0.01 ~ 100.0 μm)
(Shao and Dong 2006). It is a simplification to apply the same
particle radius to the output of all CMIP5 models without
considering the discrepancy of radiation effect of dust, which
may deteriorate the accuracy of DOD calculation. A bilinear
interpolation method was used to unify the grid points with a
resolution of 2° × 2.5° in these models for comparative anal-
ysis among models. We used the multimodel ensemble mean
(MME) to examine the changes of DOD in the near-term
(2016–2035, P1), mid-term (2046–2065, P2), and far-term
future (2080–2099, P3). To explain the cause of changes in
East Asian dust activity in the future, we examined wind field
at 500 hPa, geopotential height at 500 hPa (Z500), wind field
at 10 m, precipitation flux, and leaf area index (LAI).

The evaluation of dust simulations is a crucial step for
future dust projections. We focused our studies on western
dust desert, and some semiarid areas in northern China. To
examine the simulated DOD from the CMIP5 models, we
used observations from the Modern-Era Retrospective analy-
sis for Research and Applications, Version 2 (MERRA-2)
Reanalysis dataset (Gelaro et al. 2017). The MERRA-2
Reanalysis dataset provides monthly dust optical thickness
(DOT) land surface variables are well constrained by obser-
vations in MERRA-2, although DOD is not directly assimi-
lated with satellite products (Randles et al. 2017). We exam-
ined the model skills in reproducing DOD during 1986–2005
by using a Taylor diagram (Taylor 2001). In addition, we used
the global Met Office Integrated Data Archive System Land
and Marine Surface Station data from 1986 to 2005
(UKMIDAS), available from the British Atmospheric Data
Center. The UKMIDAS data was used to obtain the occur-
rence frequency of different types of dust events in the spring
season based on the visibility data at 191 stations (Shao et al.

2013). For a given station, a blowing dust day is defined as a
day with a record of ww (weather code) =7 (raised dust or
sand with visibility of 1–10 km); a dust storm day is the day
with a record of ww =9 or 30–32 (strong winds lift large
quantities of dust particles, reducing visibility to between
200 and 1000 m). In this study, we used the days of blowing
dust and dust storms to indicate the occurrence of dust emis-
sion over East Asia.

3 Results

3.1 Evaluation of CMIP5 Historical Simulations (1986–
2005)

Figure 1 shows the spatial distribution of mean DOD in spring
derived by CMIP5 models and the MERRA-2 Reanalysis
dataset in the period of 1986–2005 (P0). Compared with the
spatial distribution of high DOD from the MERRA-2, most
CMIP5 models capture the spatial distribution of active dust
activity over East Asia in the MERRA-2, i.e., high DOD over
the Tarim Basin, the center of northern China, and southern
Mongolia. The annual mean DOD of MERRA-2 in spring is
0.169 and 0.103 over the Tarim Basin and the eastern sources.
Compared with the value of DOD in the MERRA-2
Reanalysis dataset, the simulated DOD over East Asia from
the CMIP5 models is underestimated, particularly in the
Tarim Basin. The multimodel ensemble mean (MME) of
DOD over the Tarim Basin derived from seven CMIP5
models is less than 0.15, and only three models have DOD
above 0.11 over the eastern source (CanESM2, HadGEM2-
CC, and HadGEM2-ES).

We evaluated performance of seven CMIP5 models in sim-
ulating the annual mean DOD in spring over the Tarim Basin
and eastern source during the P0 using a Taylor diagram
(Fig. 2). Table 2 shows the spatial correlation coefficient, the
ratio of the standard deviation, and the bias (%) and RMSE
from the comparison of DOD simulated by 7 CMIP5 models
and MERRA-2 based on a historical period (1986–2005) over
the Tarim Basin and eastern source. These seven models cor-
relate with MERRA-2 above 0.60 for DOD corresponding to
the eastern source; however, only half of the models have
DOD values over 0.60 for the Tarim Basin. The standard
deviation of DOD in the simulations is lower in the Tarim
Basin by a ratio of 0.18–0.48 compared to that in the
MERRA-2 Reanalysis dataset. In the eastern source, except
HadGEM2-CC and HadGEM2-ES, the standard deviation ra-
tio of simulated DOD is similar to that of the MERRA-2 by
0.75–1.38. The root mean square error (RMSE) of DOD be-
tween the CMIP5 models and MERRA-2 over the Tarim
Basin and the eastern source is between 0.03 and 0.18. In
general, the MME shows better performance than that of most
of the models. The ratios of the standard deviation in the
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Fig. 1 a–h mean dust optical depth (dimensionless quantity) in spring
during the historical periods (P0, 1986–2005) from seven CMIP5 models
(Table 1) and the multimodel ensemble mean (MME) over the East Asia.
The DOD in two study areas is documented in the title of each panel. For
comparison, MERRA-2 Reanalysis DOD is showed (i). Pink rectangles

over the two major sources are marked: western dust source (containing
most of Tarim Basin, 33–44°N,74–94°E) and eastern dust source (35–
49°N,94–126.5°E, mostly covered the Gobi Desert and other deserts or
desertification lands in North China)

Table 2 Spatial correlation coefficient, the ratio of standard deviation, the bias (%) from the comparison of DOD simulated by 7 CMIP5 models with
MERRA-2 based on a historical period (1986–2005) and RMES over Tarim Basin and eastern source

Model name Tarim Basin Eastern source

Cor STD Bias RMSE Cor STD Bias RMSE

CanESM2 0.84 0.48 −15.80 0.08 0.88 0.82 24.03 0.03

GFDL-CM3 0.93 0.46 −53.25 0.11 0.88 0.75 −46.49 0.05

HadGEM2-CC 0.44 0.31 −55.61 0.14 0.69 2.20 28.39 0.07

HadGEM2-ES 0.39 0.27 −57.23 0.14 0.69 1.77 8.80 0.05

MIROC-ESM 0.47 0.27 −75.59 0.16 0.77 1.38 −36.12 0.05

MIROC-ESM-CHEM 0.41 0.18 −82.84 0.18 0.69 1.17 −46.94 0.06

NorESM1-M 0.72 0.28 −66.00 0.15 0.81 0.83 −45.88 0.05

MME 0.76 0.28 −58.05 0.14 0.83 1.14 −16.30 0.03

The results of these comparison are shown in Fig. 2
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MME are 0.14 and 0.03 for the Tarim Basin and eastern
source, respectively.

Figure 3 shows the spatial distributions of annual mean
dust emission flux in spring over East Asia by the CMIP5
models. For comparison with high-value areas of dust emis-
sions from the CMIP5 models, the spatial distribution of an-
nual mean dust frequency in spring fromUKMIDAS is shown
(Fig. 3i). The UKMIDAS presents high-frequency regions of
dust events over southern Mongolia, the western part of Inner
Mongolia, and the Taklimakan Desert. Five out of seven
models capture the high dust emission areas in the observa-
tions. Except for HadGEM2-CC and HadGEM2-ES, five
models show a spatial pattern of dust emission in northern
China and southern Mongolia, consistent with high dust fre-
quency from the UKMIDAS. These fivemodels determine the
MME of dust emissions, showing two dust emission centers
and dust emissions higher in the Gobi Desert than those in the
Taklimakan Desert.

Finally, we compared the temporal variations in the simu-
lated DOD and dust emissions during P0 over the Tarim Basin
and eastern source (Table 3) with the MERRA-2 Reanalysis
dataset and dusty occurrence from UK MIDAS. The
MERRA-2 Reanalysis dataset shows an increasing DOD
trend in the Tarim Basin (0.011 decade−1) and the eastern
source (0.014 decade−1) during 1986–2005 (P0). However,
the MME shows a negative DOD tendency in the Tarim

Basin, because only two models (CanESM2 and MIROC-
ESM) reproduce the increasing DOD in the Tarim Basin dur-
ing P0 by 0.001–0.004 per decade. Five models and the
MERRA-2 Reanalysis dataset show the increasing trend in
DOD over the eastern source; the trend is 0.002, 0.001,
0.011, 0.009, and 0.0004 per decade in CanESM2, GFDL-
CM3, HadGEM2-CC, MIROC-ESM-CHEM, and
NorESM1-M, respectively. In addition to DOD, the observed
trend of dust frequency is −0.65 days per decade for the
Taklimakan Desert and 0.52 days per decade for the eastern
source. The trends of dust emissions simulated by the MME
are consistent with those of dust frequency in both study re-
gions. Three models (GFDL-CM3, HadGEM2-ES, and
MIROC-ESM-CHEM) show decreasing dust emissions in
the Taklimakan Desert by 0.10–0.21 Tg per decade. Except
for MIROC-ESM and NorESM1-M, five models show posi-
tive trends in dust emissions in the eastern source. Nearly all
models show better performance in the trends of dust emis-
sions and DOD over the eastern source than that over the
Taklimakan Desert during P0.

In summary, the MME of the seven CMIP5 models largely
captures the spatial distribution of climatological DOD and
dust emissions over East Asia with high values over the east-
ern source and the Tarim Basin. The MME reproduces the
increasing trend in DOD and dust emissions over the eastern
source and the decreasing dust emissions over the Tarim
Basin. Thus, we will use the MME of simulations under the
scenario RCP8.5 to project variations in dust activity over East
Asia in 2016–2099 under a high warming scenario.

3.2 Projection on the Changes in Future Dust Activity
(2016–2099)

Figure 4 shows the spatial pattern of changes in dust emissions
over East Asia in the future (P1, 2016–2035; P2, 2046–2065;
P3, 2080–2099). Compared with that in the historical period
(P0, 1986–2005), the MME projects less dust emission over
primary dust sources such as the Tarim Basin (−2.68 Tg·yr−1)
and eastern source (−12.81 Tg·yr−1) during P1. Six of the
seven models projected negative changes in dust emissions
during P1, by 0.35 to 13.16 Tg·yr−1 in the Tarim Basin. In
the eastern source, two models (HadGEM2-ES, MIROC-
ESM-CHEM) dominate the MME of dust emission changes
in P1, with a substantial decrease in dust emission over the
boundary between Mongolia and China and northern China.
Regarding the other five models, there are slight changes in
dust emissions in three models (CanESM2, GFDL-CM3,
NorESM1-M); HadGEM2-CC (MIROC-ESM) presents in-
creased dust emissions over the boundary between China
and Mongolia and decreases the dust emissions over northern
China and northeastern China (over central northern China).
In the NorESM1-M models, dust emission are unchanged
(Kirkevåg et al. 2013; Seland et al. 2008). In P2, the MME

Fig. 2 Taylor diagram for DOD over Tarim Basin (blue markers) and
eastern source (pink markers) among CMIP5 models (seven models and
MME) compared with the MERRA-2 Reanalysis data. REF: MEERA-2;
azimuthal position: spatial correlation coefficient; radial distance: the ra-
tio of standard deviation; distance from REF point: root mean square
error; different symbol with rank size and positive and negative direction:
percent bias (%), the minimum bias of the same models filled with back-
ground color; further, it plots standard deviations >1.65 as text at the
bottom of the figure
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(Fig. 4i) projects a more significant decrease in dust emissions
than that in P1. However, the spatial distribution of the
projected dust emissions in P2 and P3 resembles that in P1.

Most of the models show significantly adverse changes in dust
emissions over the Tarim Basin, the boundary between
Mongolia and China, northern China, and northeastern China.

Figure 5 shows the changes in DOD over East Asia during
P1 to P3. The MME projects a decrease in DOD over northern
China in the future (Fig. 5a, i), consistent with previous studies
(Pu and Ginoux 2018). Furthermore, we found a DOD decrease
over the southeastern part of Mongolia and the Korean
Peninsula affected by the weakening emission in the eastern
source. In P1, the MME shows negative changes in DOD over
the Tarim Basin, central northern China, southeastern China,
and the Korean Peninsula compared with that in P0. Six models
project a decrease in DOD in the Tarim Basin by −0.009. Three
models (HadGEM2-ES, MIROC-ESM, MIROC-EMS-
CHEM) show large areas of negative changes by 0.007–
0.032 over eastern Asia, southern Korea, and Japan. The
projected changes in DOD during P2 and P3 show a similar
spatial pattern as that during P1. The MME in P2 (P3) shows
negative changes of 0.001 and 0.016 (0.007 and 0.018) over the
Tarim Basin and a large area of the negative anomaly over
eastern China less than 0.010. Compared to that in P1, DOD
decreases more in the MME in P2 and P3 over the Tarim Basin
and the eastern source, particularly central northern China.

Fig. 3 a–h Mean dust emission flux (Tg yr−1) in spring during the
historical period (P0, 1986–2005) from 7 CMIP5 models and MME
over the East Asia. The regional dust emission of Tarim Basin and

eastern source are documented in the title of each panel. For
comparison, dots in (i) denote the number of dusty days in spring
recorded by UKMIDAS 191 stations averaged during the 1986–2005

Table 3 The modeled linear trends of Tarim Basin and Eastern source
for the DOD (unit: per decade) and Dust Emission (unit: Tg per decade),
comparing with MERRA-2 Reanalysis DOD and the dusty concurrence
of UKMIDAS for the period of 1986 to 2005

Model name Tarim Basin Eastern source

DOD Dust emission DOD Dust emission

MME −0.002 −0.01 0.002 0.87

CanESM2 0.001 0.10 0.002 0.02

GFDL-CM3 −0.002 −0.10 0.001 0.11

HadGEM2-CC −0.001 0.16 0.011 2.41

HadGEM2-ES −0.007 −0.21 −0.003 0.95

MIROC-ESM 0.004 1.79 −0.007 −4.39*

MIROC-ESM-CHEM −0.008 −1.80 0.009 7.02**

NorESM1-M −0.001 −0.00 0.000 −0.00
MERRA-2 0.011 – 0.014 –

UKMIDAS – −0.65 – 0.52

Significance levels from t-test: * P < 0.01; ** P < 0.10
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3.3 Analysis of the Mechanism of Changing Dust
Activity in the Future

We first discussed the causes of dust emissions changes by
considering wind speed at 10 m above the ground, precipita-
tion flux, and leaf area index (LAI) (Fig. 6). Compared to
those in the historical period (P0, 1986–2005), the change
percentage of precipitation and LAI gradually increase from

P1 to P3 in the Tarim Basin. The precipitation and LAI in-
crease by 4–45% and 4–72% in P1, by 15–52% and 25–225%
in P2, and by 15–66% and 16–75% in P3, respectively.
Regarding surface wind speed, except for the GFDL-CM3
andMIROC-ESMmodels, most models show decreased wind
speed at 10 m above the ground from P1 to P3. The MME
values of surface wind speed, precipitation, and LAI are
−11.9%, 12.0%, and 18.7% during the P1, −20.5%, 21.4%,

Fig. 4 a–x CMIP5 models (7 models and MME) project annual change
of dust emission flux in spring for the near-term (P1: 2016–2035), the
mid-term (P2: 2046–2065), and the far-term (P3: 2080–2099) compared

with the historical period (P0: 1986–2005) over East Asia. The dotted
area means the region where dust emission flux in the P1, P2, P3 and
reference periods(P0) area are significantly differently (p < 0.05 in t-test)
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63.0% during the P2, and − 30.5%, 26.0%, 50.244% during
the P3, respectively. Therefore, a massive increase in precip-
itation and LAI during P1 to P3, and a decrease in surface
wind speed, play a role in less dust emission. In addition,
compared to those in P0, precipitation and LAI primarily in-
crease in the eastern source by 6.8–48.6% (15.4–66.1%, 23–
60%) and 1.1–43.5% (17.0–76.0%, 34%–124%) in the
models in P1 (P2, P3). Except for three models, nearly all
models show slightly decreased wind speeds at 10 m above
the ground in P1 to P3 compared with that in P0. As a result,

theMME values of surface wind speed, precipitation, and LAI
are −12.4% (−13.9%, −37.2%), 11.4% (26.0%, 38.4%), and
18.0% (51.0%, 95.6%) during P1 (P2, P3), respectively. An
increase in the precipitation and LAI and a decrease in surface
wind speed during P1 to P3 play a role in the decrease in dust
emissions over the eastern source compared with that in P0
(Fig. 6).

The decrease in DOD over East Asia in P1 to P3 is caused
by less dust emission over the Tarim Basin and eastern source.
Besides, atmospheric circulation changes in the lower to

Fig. 5 a–x CMIP5 models (7 models and MME) project annual change
of DOD in spring for the near-term (P1: 2016–2035), the mid-term (P2:
2046–2065), and far-term (P3: 2080–2099) compared with the historical

period (1986–2005) over East Asia. The dotted area is the same as Fig. 4
(p < 0.05 in t-test)
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middle troposphere may be critical determinants for decreas-
ing DOD in the downwind regions. Figure 7 shows the chang-
es simulated by the MME in the wind field at 500 hPa (Z500)

and the wind at the surface in spring. The corresponding his-
torical data are examined in Figs. S1 and S2. As shown in the
figure, a significant decrease in surface wind speed is

Fig. 6 a–fBar plot showing the change in percentage change for the near-
term (P1:2016–2035), the mid-term (P2: 2046–2065), and the far-term
(P3: 2080–2099) compared with the reference period (P0: 1986–2005).

The legend shows the dust emission and surface controlling factors pre-
cipitation flux, 10-m wind, leaf area index (LAI)
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presented over the Tarim Basin and eastern source during P1
to P3 (Fig. 7). Weakly wind anomalies and decreased north-
westerly winds at the surface enhance the decrease in dust
emissions from the eastern sources in three studied periods.
The Z500 anomalies show weak positive height anomalies in
P1 and gradually strong positive height anomalies in P2 to P3
with a center across Mongolia. The height anomalies induce
weak winds in East Asia and southeasterly wind anomalies
over Mongolia and northern China at the 500 hPa level during
P1 to P3. The weak winds in P1 and decreased northwesterly
winds in P2 and P3 are not favorable for the transport of dust
from the source to downwind regions in East Asia, resulting in
a decreased DOD over East Asia.

4 Summary and Discussion

This study used seven CMIP5 models (CanESM2, GDFL-
CM3, HadGEM2-ES, HadGEM2-CC, MIROC-ESM,
MIROC-ESM-CHEM, NorESM1-M) to project dust activity
in the future. We first evaluated the modelling skills of these
seven models in simulating East Asian dust activity by com-
paring it with MERRA-2 Reanalysis dataset and UKMIDAS.
We found that the MME of the CMIP5 models can largely
reproduce the spatial distribution of climatological DOD and
dust emissions over East Asia with a high value over the
eastern source and Tarim Basin during 1986–2005 (P0). The
MME reproduces increasing trends in dust emissions and
DOD over the eastern source and a decreasing trend in dust

emissions over the Tarim Basin in the 1986–2005 period.
Based on the simulations of these seven models under the
RCP8.5 warming scenario, dust activity variability over East
Asia in the near-term future (2016–2035, P1), the mid-term
(2046–2065, P2) and the far-term (2080–2099, P3) were ex-
amined. Compared to that in P0, the MME projects a decrease
in dust emissions by 2.68 and 12.81 (3.39 and 22.85, 3.83 and
28.76) Tg·yr−1 over the Tarim Basin and eastern source in the
near-term (the mid-term, the far-term), respectively.
Meanwhile, a large area of the negative anomaly of DOD is
shown over eastern China, the Korea Peninsula, the Far East,
and Japan with a center over eastern China in P1 to P3 relative
to that in P0.

The decrease in dust emissions over the Tarim Basin and
the eastern source is mainly caused by local surface control-
ling factors, such as a decrease in surface wind speed (−37 ∼
−11%) and an increase in precipitation (+11 ∼ 38%) and LAI
(+18 ∼ 95%) in three studied periods. The decrease in DOD
over East Asia from P1 to P3 is related to less dust emission
over the Tarim Basin and eastern source. Besides, changes in
atmospheric circulation in the lower to middle troposphere
may be key determinants for decreasing DOD in the down-
wind regions. There is a weakened East Asian trough in the
middle troposphere during P1 to P3, compared to that in P0.
Therefore, the decrease in northwesterly winds in the middle
troposphere prohibits dust transport to the Korean Peninsula
and southeastern China.

It is worth noting that there are difference in the DOD
simulations over the Tarim Basin among the seven models.

Fig. 7 a–f Multi-model simulations for the annual change of
geopotential height, wind field at 500hPa and 10m wind above the
groundin spring for (P1: 2016–2035), the mid-term (P2, 2046–2065),

and the far-term (P3: 2080–2099) compared with the reference
period(P0: 1986–2005). The dotted area is the same as Fig. 4 (p < 0.05
in t-test)
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Moreover, the simulated DOD of models show low values
over the Tarim Basin than the eastern source which is opposite
to that derived by the MERRA-2 Reanalysis dataset. To re-
duce this inaccuracy of simulations over the Tarim Basin, we
have only analyzed models (CanESM2, GFDL-CM3) that
have good performance in simulating the higher DOD over
the Tarim Basin than the eastern sources. The CaneESM2 and
GFDL-CM3 show a reduction of dust emission in the Tarim
Basin during P1 to P3 compared to P0 (Fig. S3). Figure S4
showed a large area of decreased DOD over the Tarim Basin
during P1 and P3, and over the northern China during P2 as to
compared with that in P0. The corrected result is consistent
with the decreased dust emission over the Tarim Basin and
decreased DOD in East Asia derived from the ensemble mean
of aforementioned seven models.

Moreover, it should be mentioned that the local thermal
conditions in Tarim Basin can cause the dust devil (Han
et al. 2016; Tang et al. 2018), which affecting dust emission.
This process had not been considered in the dust emission
schemes of CMIP5 models (e.g., Marticorena and
Bergametti 1995, Takemura et al. 2000), which maybe a rea-
son for the lower DOD over the Tarim Basin in the simula-
tions as to compare with that over the eastern source. The issue
will be studied in the further work.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13143-021-00224-7.
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