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HIGHLIGHTS

o Effects of Taklimakan dust on the cloud and rainfall surrounding the TP are simulated.
e Taklimakan dust can decrease the CER but increase the COD, LWP and IWP over the TP.
e Eastward movement of the dust-polluted clouds over the TP can intensify the rainfall over the northern area.
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In our previous study (Li et al., 2019a), using observational data, we found some evidences of Taklimakan dust
effects on the convective clouds over the Tibetan Plateau (TP) and then causing heavy rainfall in the downstream
region. Here, a simulation study is performed to quantify the effects of Taklimakan dust on the cloud properties
over the TP and downstream rainfall using the Spectral Radiation-Transport Model for Aerosol Species

Dust
Cluos uds (SPRINTARS) coupled to the Nonhydrostatic Icosahedral Atmospheric Model (NICAM). The results indicate that
Rainfall the dusts in Taklimakan desert can be lifted to the northern slope of the TP. The dust aerosols transported to the

TP can diminish the cloud effective radius (CER), but they can increase the cloud optical depth (COD), liquid
water path (LWP) and ice water path (IWP) over the TP. The maximum impact of the dusts on the CER lags
behind the peak of aerosol optical depth (AOD). Meanwhile, the dusts show a more profound impact on the ice-
cloud optical depth (ICOD) than liquid-cloud optical depth (LCOD), which implies a more significant impact on
the ice particles than liquid drops in convective clouds over the TP. Overall, due to the indirect effects of
Taklimakan dust aerosols, the clouds are developed further over the TP. The eastward movement of the clouds
polluted by Taklimakan dust can delay the occurrence of heavy rainfall for 12 h but intensify the rainfall over the
northern area. This modeling study verified and quantified the indirect effect of Taklimakan dusts on the cloud
properties over the TP and further impacts on the rainfall over the northern area.

1. Introduction

Atmospheric aerosols are intrinsically linked to climate change, air
quality and human health (Segal et al., 1989; Feingold et al., 2005;
Garrett and Zhao, 2006; Zhang, 2010; Xie et al., 2013; Liu et al., 2014;
Zhao and Garrett, 2015; Zhu et al., 2018; Li et al., 2019; Zhao et al.,
2020). Aerosols can change the energy balance of the earth-atmosphere
system by interacting with solar radiation (Sokolik and Toon, 1996; Lau
etal., 2006; Liu et al., 2011, 2013; Huang et al., 2014; Yang et al., 2016a,
2018a), which can change the thermal structure of atmosphere and
further affect cloud properties and precipitation (Ramanathan et al.,

2005; Meehl et al., 2008; Benedetti et al., 2009; Jin et al., 2014; Yang
et al., 2016b, 2018b; Zhao et al., 2018). Some aerosols produced by
fossil fuel combustion and biomass burning, such as black carbon and
organic carbon, can change relative humidity and evaporate clouds, and
thus affect precipitation due to their absorption properties (Huang et al.,
20064, 2010; Fan et al., 2008; Sakaeda et al., 2011; Jiang et al., 2018; Lu
et al., 2018). Meanwhile, aerosols can also affect the cloud microphys-
ical properties and precipitation by interacting with clouds (Twomey,
1977; Albrecht, 1989; Ackerman et al., 2000; Feingold et al., 2005;
Huang et al., 2006b; van den Heever et al., 2006; Morrison and Gra-
bowski, 2011; Guo et al., 2014; Liu et al., 2019a, 2019b). Indeed,
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Fig. 1. (a) Spatial topographical in meter (above mean sea level) and (b)
NICAM defined regions. The purple and red lines in panel (a) indicate the main
areas of the TP in NICAM and geophysical data, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 1
Coefficients of dust emission and critical values of soil moisture for the regions in
this study.

Region Coefficients of dust emission Soil moisture
1 0.0 0.1

5 2.0 x107° 0.1

6 1.85 x 1077 0.2

7 4.0 x107° 0.15

10 0.0 0.1

aerosol-radiation-cloud interaction is an important issue in the research
of atmospheric physical process and climate change.

On the impact of aerosols on the rainfall, much effort has been made.
Basing on observations and model simulations, Guo et al. (2016) and Lee
et al. (2016) reported that the reduction of solar radiation at the surface
under heavy pollution conditions can delay the occurrence of strong
convection and postpone heavy precipitation over southern China. Fan
et al. (2015) found that aerosols can increase atmospheric stability and
inhibit convection by absorbing solar radiation during daytime, which
could generate strong convection and trigger extremely heavy precipi-
tation at night because of the moisture transport to mountain area. On
the other hand, it was found that the aerosol-cloud interaction can
change the rainfall location, intensity, and type (Tao et al., 2012; Zhao
et al., 2018). Rosenfeld et al. (2011) found that the dust aerosols and air
pollution in East Asia have impacts on ice precipitation. Fan et al. (2014)
found that dust and biological aerosols over California can enhance the
accumulated precipitation by 10-20%. Besides, many other studies have
pointed out that due to the effects of aerosols, the drizzle and light rain is

Atmospheric Environment 234 (2020) 117583

suppressed (Rosenfeld et al., 2001; Andreae et al., 2004; Khain et al.,
2008; Li et al., 2016) and heavy rain is enhanced (Zhang and Gao, 2007;
Min et al., 2009; Li et al., 2011; Koren et al., 2012).

The Tibetan Plateau (TP), acting as an important role in adjusting the
weather and climate at regional and global scales (Liu et al., 2020), is
surrounded by several important natural and anthropogenic aerosol
sources (Jia et al., 2015; Zhao et al., 2020). Driven by meteorological
circulations, the aerosols can be transported over long-distance. So, they
can affect the weather and climate not only in source area but in
transport areas (Rajeev et al., 2000; Huang et al., 2014; Liu et al., 2019c,
2019d; Zhu et al., 2020). Previous studies have found that aerosols can
be transported to the TP (Huang et al., 2007; Jia et al., 2018, 2019; Fan
et al., 2020; Pokharel et al., 2020), where dust is the major type of
aerosols over the northern TP (Zhang et al., 2001). Moreover, satellite
observations and model simulations have shown that dust aerosols over
northern slope of the TP mainly originate from the Taklimakan desert
(Huang et al., 2007; Jia et al., 2015; Liu et al., 2015). These dust aerosols
would affect the radiation budget (Huang et al., 2009; Kuhlmann and
Quaas, 2010; Lau et al., 2010) and further affect meteorological fields
over the TP (Yang et al., 2017; Yuan et al., 2019). Recent studies indicate
that due to the special topography of the TP, the effect of aerosols on
clouds over the TP is stronger than that over northern China (Zhou et al.,
2017), and the eastward movement of polluted-clouds by dusts over the
TP can further alter the rainfall in the downstream region (Liu et al.,
2019a). However, there exist some uncertainties in separating out the
impacts of Taklimakan dusts on the cloud properties over the TP and
subsequent impacts on the downstream rainfall.

To quantify the impact of Taklimakan dusts, we perform two groups
of experiments for a dusty event accompanied rainfall in the vicinity of
the TP using the Nonhydrostatic Icosahedral Atmospheric Model
(NICAM) coupled with the Spectral Radiation-Transport Model for
Aerosol Species (SPRINTARS). The Moderate Resolution Imaging Spec-
troradiometer (MODIS) data, China Meteorological Administration
(CMA) data and Copernicus Atmosphere Monitoring Service (CAMS)
reanalysis data are used to evaluate the simulative ability of model. This
paper is organized as follows, the data and model used in this study are
described in Section 2 and Section 3, respectively; the simulations from
NICAM are evaluated by comparing with the observations and rean-
alysis data in Section 4, and the impacts of aerosols on the cloud prop-
erties and downstream precipitation are analyzed in Section 5; In
Section 6, the conclusions are summarized and discussed.

2. Observational and reanalysis data
2.1. Moderate resolution imaging spectroradiometer (MODIS) products

MODIS instruments aboard the two earth observing system satellites
Terra and Aqua provide global aerosol and cloud observations (Platnick
et al., 2003; Remer et al., 2005). In this study, the dark target and deep
blue combined aerosol optical depth retrievals from the MOD04_L2 and
MYDO04_L2 products with a spatial resolution of 10 x 10 km are used to
evaluate the aerosol distribution simulated by the model over study
area, both kinds of products are combined to fill the spatial gaps left by
one another during satellite passes. Cloud parameters including cloud
fraction (CF) and cloud optical depth (COD) derived from MOD08 D3
product with a horizontal resolution of 1° x 1° during 15-19 July 2016
are used to evaluate the simulated cloud property over the study area.

2.2. China meteorological administration (CMA) products

The China Meteorological Data Service Center (http://data.cma.
cn/en) which provides meteorological data across China and the
world is an authoritative and unified shared service platform of CMA
(Ying et al., 2014). In this study, hourly precipitation, integrated by
China automatic stations and the climate prediction center morphing
method (Joyce et al., 2004) with a resolution of 0.1° x 0.1° during
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Fig. 2. Distributions of daily mean AOD derived from (al-el) MODIS observation, (a2-e2) CAMS reanalysis data and (a3-e3) NICAM simulation during 15-19

July 2016.

15-19 July 2016 is used to compare with the simulated precipitation by
model.

2.3. Copernicus Atmosphere Monitoring Service (CAMS) products

CAMS, which is operated by the European Centre for Medium-Range
Weather Forecast (ECMWF), provides reliable products regarding the
composition and variations of the atmosphere. Among these products,
the reanalysis product of AOD at 550 nm is provided by the forward
model C-IFS, assimilating data from the MODIS instruments on the Aqua
and Terra satellites (Benedetti et al., 2009). In this study, the data of
AOD at 550 nm with a spatial resolution of 0.5° x 0.5° during 15-19
July 2016 are used to compare the simulated AOD by model.

3. Model description
3.1. NICAM and SPRINTARS

The NICAM (Tomita and Satoh, 2004; Satoh et al., 2008, 2014)
coupled online with the SPRINTARS (Suzuki et al., 2008) is used in this
study. Using a non-hydrostatic dynamic core and an icosahedral grid
configuration, NICAM can be adapted to run with flexible horizontal
resolutions of low (approximately 200 km) to high (approximately 1
km) (Miyamoto et al., 2013; Dai et al., 2014a). Higher resolution grids
are stretched from a coarser resolution grid (Dai et al., 2014b; Goto
et al., 2017), which can enable NICAM to simulate at high resolutions in
specific areas (Goto et al., 2015a).

The aerosol module called SPRINTARS reconciled with NICAM is a
global 3-D aerosol radiation transport model (Takemura et al., 2000,
2002, 2009). In order to study the effects of aerosols on radiation and
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Fig. 3. Distributions of daily mean cloud fraction derived from (al-el) MODIS observation and (a2-e2) NICAM simulation during 15-19 July 2016.

cloud properties, the direct and indirect effects of aerosols are taken into
account in this aerosol-coupled version of NICAM (Suzuki et al., 2008,
2011). In NICAM-SPRINTARS, aerosol mass of sulfate and carbonaceous
aerosols (black carbon and organic carbon) are predicted by considering
the emission, transport, and deposition processes (Dai et al., 2015;
Takemura et al., 2000). The emission inventories used in this model are
from the AeroCom-II ACCMIP datasets (Lamarque et al., 2010). Sea salt
is tracked in 4 bins and the emissions are calculated online mainly
depending on the near-surface wind speeds (Takemura et al., 2009). The

dust aerosols are divided into 10 bins ranging from 0.1 to 10 pm
(Takemura et al., 2000). The emission of dust is calculated according to
the following conditions: (1) wind speeds at the 10-m height are greater
than 2.5 m/s, (2) soil relative moisture is less than threshold moisture for
specific regions, (3) emission factors for specific regions and (4) surface
snow amount is less than 1 kg/m?.
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Fig. 4. Same as Fig. 3, but for cloud optical depth.

3.2. Experimental set up The model divides the world into 10 regions to set the emission co-
efficient and critical values of soil moisture respectively (Dai et al.,
In this study, global coarse grids are set as 56 km, center position is 2018), the indices of the dust emission regions used in this study are 1, 5,

set at 35°N, 110°E and the stretching factor is 64, which results in a 6, 7 and 10 (Fig. 1b). The corresponding emission factors and soil
resolution of about 7 km in the study area (Fig. 1a). Vertically, a total of moisture are listed in Table 1. The cloud microphysics module used in
40 levels are established from the surface to approximately 40 km this study is a single-moment type with six categories (NSW6) including
altitude. water vapor, cloud water, rain, cloud ice, snow, and graupel (Tomita,
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Fig. 5. Daily mean (a) AOD from CAMS product and NICAM simulations, (b) cloud fraction and (c) cloud optical depth from MODIS observations and NICAM

simulations over the TP during 15-19 July 2016.

2008a). This scheme can simulate the convective systems, so no cumulus
parameterization is used (Tomita, 2008a; Roh and Satoh, 2014; Goto
et al., 2017). Besides, the indirect effect of the aerosols is switched on.

The 6-h Final Analysis (FNL) dataset from National Centers for
Environmental Prediction (NCEP) is used for the initial conditions, the
simulated results are output at half-hour intervals from 12:00 UTC on 14
July to 23: 00 UTC on July 19, 2016, and the first 12 h are used for the
spin-up. More details about NICAM and SPRINTARS models can be
obtained from Goto et al. (2011a, 2011b, 2012 and 2015b), Niwa et al.
(2011a, 2011b), Tomita (2008b) and Uchida et al. (2016).

To verify and quantify the impact of Taklimakan dust on the cloud
properties and precipitation, we carried out a control simulation (C_SIM)
and a sensitivity simulation (S_SIM) in this study. In the C_SIM experi-
ment, all kinds of aerosols in the study area were taken into account. In

the S_SIM experiment, the dust aerosols emitted in the Taklimakan
desert were removed by setting the dust emission factor in region 6
(Fig. 1b) as zero. The difference between C_SIM and S_SIM experiments
can be considered as the contribution of Taklimakan dusts.

4. Model evaluation

Fig. 1a shows the study area containing the TP covering the region of
25-40°N, 74-104°E. The purple and red lines in Fig. la indicate the
main areas of the TP derived from NICAM simulation and geophysical
data of the National Oceanic and Atmospheric Administration (NOAA),
respectively. Comparison shows that NICAM can almost exactly figure
out the topography of the TP. The geophysical data can be obtained from
the website: (https://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2
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Fig. 6. Distributions of daily mean AOD simulated by NICAM during 15-19 July 2016. (al-el) from C_SIM experiment and (a2-e2) for S_SIM experiment.

/ETOPO2v2-2006/ETOPO2v2g/netCDF/).

Focusing on an observed event (15-19 July 2016) of Taklimakan
dust lifting and affecting convective clouds over the TP and downstream
rainfall (Liu et al., 2019a), we performed the simulations to verify the
contribution of Taklimakan dust and investigate the mechanisms. The
control simulation (C_SIM) is conducted by including all kinds of aero-
sols in the model. Fig. 2 shows the comparison of spatial distributions of
daily mean AOD at 550 nm derived from MODIS (left column)

observation, CAMS product (middle column) and simulations under
C_SIM experiment by NICAM (right column) from 15 July to July 19,
2016. Due to the influence of cloud cover, MODIS missed some obser-
vations of AOD (Fig. 2 al-el) during this period. However, the high-AOD
areas over Taklimakan desert and Thar desert were detected by MODIS.
The CAMS product also shows high values of AOD in Taklimakan desert
and Thar desert. In addition, the product shows there exist high AODs in
North China (Fig. 2 a2-e2), which were not detected by satellite due to


https://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOPO2v2g/netCDF/

Y. Liu et al.

a1) AOD

Atmospheric Environment 234 (2020) 117583

2016-07-15 b1) CER
40N N | 4ON =

-

2016-07-15 c1) LCOD 2016-07-15
N rezs T

40N

2016-07-16

=S

-50 40 -30 20 -10 0 10 20 30 40 50

<50 -40 30 -20 <10 ¢ 10 20 30 40 50

Fig. 7. Distributions of daily mean differences of (al-a2) aerosol optical depth, (b1-b2) cloud particle effective radius, (c1-c2) liquid cloud optical depth, (d1-d2) ice
cloud optical depth, (el-e2) liquid water path and (f1-f2) ice water path from C_SIM and S_SIM simulations on 15 July and July 16, 2016. The red lines indicate the
main area of the TP. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cloud cover. Consistent with CAMS product, the C_SIM experiment by
NICAM show high values of AOD over Taklimakan desert, Thar desert
and North China (Fig. 2 a3-e3). In CAMS and NICAM, the aerosol types
are divided into five categories: organic carbon (OC), black carbon (BC),
sulfate, sea salt and dust. NICAM simulations and CAMS products show
that the aerosols in Taklimakan desert and Thar desert are dust aerosols,
and those in North China are sulfate aerosols during the event from 15 to
19 July 2016 (Figures omitted). Overall, the simulated AODs by NICAM
are considered to be relative accurate based on the comparisons with
satellite observations and reanalysis data.

Fig. 3 gives the distributions of daily mean CF derived from MODIS
observations and simulated under C_SIM experiment by NICAM. As
shown in Fig. 3, the spatial distributions of daily mean CF simulated
under C_SIM experiment (Fig. 3a2-e2) are consistent with those from the
MODIS product (Fig. 3al-el). Especially, over North India, South and
North China and the TP, the simulations by NICAM are in good agree-
ment with the satellite observations. During 17-19 July 2016, the CFs
simulated by NICAM over Xinjiang province in China and the areas in
Mongolia are slightly smaller than those observed by MODIS. In general,
NICAM can represent the spatial distribution of CF over study area.
Similar to the simulations of CF, the spatial distributions of the COD
under C_SIM experiment (Fig. 4a2-e2) are in good agreement with those
derived from satellite observations (Fig. 4al-el) in North India, North
China and the TP.

To give a quantitative evaluation for the model simulation, the
regional average AOD, CF and COD over the TP are further calculated
and compared with the observations and reanalysis data. Fig. 5 presents
the comparisons of daily mean AOD and cloud properties from the
simulations under C_SIM experiment over the TP during 15-19 July
2016. As shown in Fig. 5a and b, it indicates that, besides giving
reasonable patterns (Figs. 2 and 3), NICAM can quantify well the values
of AOD and CF. In addition, although NICAM underestimates the COD in
some degree, the mean deviation of simulation by NICAM from MODIS
observation is below 25% (the maximum is 29.9% on 19 July). There-
fore, NICAM is overall deemed reliable for investigating the values and
distributions of AOD and cloud properties in the study area. Moreover,
although there are some deviations in the cloud properties of the sim-
ulations for high latitudes, such as Xinjiang province of China and
Mongolia, it does not affect the main conclusion of this study because
satellite observations indicate clouds over these regions have no
contribution to downstream precipitation (Liu et al., 2019a).

5. Impacts of Taklimakan dust on northern rainfall

In the previous study based on observations for the same event by Liu
et al. (2019a), it was found that the dust aerosols originating from the
Taklimakan desert can be lifted to the TP and consequently affects the
convective clouds over the TP during 15-19 July 2016. The continuous
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Fig. 8. Time series of every-half-hour differences (red lines) of (a) aerosol optical depth, (b) cloud particle effective radius, (c) liquid cloud optical depth, (d) ice
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Fig. 9. Distribution of daily cumulative rainfall (unit: mm) derived from (al-el) CMA reanalysis data, (a2-e2) C_SIM and (a3-e3) S_SIM simulations during 15-19

July 2016.

eastward movement of dust-polluted convective clouds from the TP
could trigger the heavy rainfall over North China and the Yangtze River
basin. To verify this process, the S_SIM experiment is carried out and
compared with the simulation under C_SIM experiment to reveal the role
of Taklimakan dusts in this event.

Fig. 6 presents the distributions of simulated AOD under C_SIM and
S_SIM experiments by NICAM. The difference between C_SIM and S_SIM
experiments is evident from Fig. 6 across the Taklimakan desert region
as the dust emissions are removed over there in S_SIM experiment.
Furthermore, Fig. 7 shows the difference (C_SIM minus S_SIM) of AOD
(Fig. 7al and a2) and responses of cloud properties, including cloud
particle effective radius (CER) (Fig. 7b1 and b2), liquid cloud optical
depth (LCOD) (Fig. 7c1 and c2), ice cloud optical depth (ICOD) (Fig. 7d1
and d2), liquid water path (LWP) (Fig. 7el and e2) and ice water path
(IWP) (Fig. 7f1 and f2), due to the dust aerosols from the Taklimakan
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desert on 15 July and July 16, 2016.

On July 15, 2016, there are small amounts of dust aerosols over the
northern slope of the TP (Fig. 7al), and the CER over the northern TP
becomes smaller (Fig. 7b1), which indicates that these dust aerosols can
affect the development of clouds by acting as cloud condensation nuclei
and ice nuclei (Huang et al., 2006b; Wang et al., 2010). Correspond-
ingly, due to the reduction of particle radius, the cloud albedo is
enhanced, resulting in an increased COD (Fig. 7c1 and d1); meanwhile,
more cloud condensation nuclei and ice nuclei increase water content in
the clouds (Fig. 7el and f1) (Koch and Genio, 2010; Saito and Hayasaka,
2014). With the movement and development of the clouds, they cover
the entire TP, and the impacts of dust aerosols on clouds still exist on
July 16, 2016 (Fig. 7b2-f2).

Fig. 8 shows the half hour time series of differences of dust AOD and
cloud properties between the results under CSIM and S_SIM
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experiments over the TP from 15 to 16 July 2016. The results indicate
that the AOD gradually increased and peaked with a value of 0.33 at
19:00 UTC on 15 July and then gradually decreased (Fig. 8a). Corre-
sponding to the change in dust aerosols, the CER over the TP reached a
maximum at 20:30 UTC on 15 July (Fig. 8b); the LCOD, ICOD, LWP and
IWP all increased initially and then decreased gradually after reaching
their peak values (Fig. 8c—f). The change of each cloud parameter is
consistent with the change of dust AOD. Comparing the responses of ice
cloud properties (ICOD and IWP) and liquid cloud properties (LCOD and
LWP), it is observed that the responses of ice clouds to dust aerosols are
more obvious, which is consistent with our previous study through
satellite observations (Liu et al., 2019a), especially the maximum
response of ICOD and IWP can reach to 1.91 and 42.74 g/m?, respec-
tively. A series of changes in dust aerosols and cloud properties suggest
that the dust aerosols can promote the development of clouds mainly
through indirect effect after they are lifted to the TP, which can also
prolong cloud lifetime (Myhre et al., 2007; Rosenfeld et al., 2008). Ac-
cording to previous studies (Rosenfeld et al., 2008; Guo et al., 2016,
2017;2019; Lee et al., 2016; Jiang et al., 2018; Wang et al., 2018), under
the conditions of lower aerosol loading (0 < AOD < ~0.3), the direct
and semi-direct effects of aerosols are weak in altering cloud properties,
while the indirect effect on clouds is significant and dominant. In this
study, the indirect effect of the aerosols is included in simulations. Thus,
based on the range of AOD values (0 < AOD < 0.33) and the response of
cloud properties to dust aerosols, it can be determined that aerosols

affected clouds mainly through the indirect effect during this event.

Furthermore, to reliably extract the influence of dust-polluted clouds
on the downstream rainfall, we firstly compared the simulated rainfall
(Fig. 9a2-e2 and a3-e3) with the observations (Fig. 9al-el). On the
whole, the C_SIM (Fig. 9a2-e2) and S_SIM (Fig. 9a3-e3) experiments in
NICAM can accurately capture the location and intensity of the rainfall
during this event. On 15 July (Fig. 9a1-a3), the NICAM can capture the
rainfall over North India, the TP and Eastern China to the Korean
peninsula. On 16 and 17 July, the NICAM still has a great performance
for precipitation simulation over the TP and North India except South-
east China (Fig. 9b1-b3 and c1-c3). On 18 and 19 July, the rainfall over
Central China and North China is successfully simulated by NICAM
(Fig. 9d1-d3 and el-e3).

Fig. 10a and b presents the difference of daily cumulative precipi-
tation between the C_SIM and S_SIM experiments over the north area
(red rectangles in Fig. 9) on 18 and July 19, 2016. Due to the changes in
cloud properties, the location of rainfall has changed. Fig. 10c shows the
regional averaged daily cumulative precipitation over the north area
obtained by CMA observations and NICAM simulations. As indicated in
Fig. 10c, the C_SIM can effectively capture the precipitation on 18 July.
However, for 19 July, there are some deviations between the simula-
tions and the observations, mainly because the coverage of rainfall
simulated by NICAM is relatively small (Fig. 9e1-e3). According to the
classification of rainfall level by CMA, the observed and simulated
rainfall have reached the level of heavy rain (rainfall>25 mm/day) on
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18 and 19 July. Comparing the rainfall simulated by C_SIM with that by
S_SIM, it can be found that when the Taklimakan dusts are considered in
the NICAM, the simulations are closer to the observations. Additionally,
comparison of the results from C_SIM and S_SIM simulations indicates
that the rainfall simulated by the experiment containing Taklimakan
dusts is greater than that free of Taklimakan dusts both on 18 and 19
July (Fig. 10c).
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Based on hourly regional averaged precipitation of north area, a
more detailed analysis of precipitation simulated by C_SIM and S_SIM on
18 and July 19, 2016 are performed (as shown in Fig. 11). Though the
observed heavy rain from 03:00 to 09:00 UTC on July 18, 2016 over
north area (Fig. 11al) is not successfully simulated by C_SIM and S_SIM,
both experiments have captured the gradually increase in precipitation
after 13:00 UTC on18 July 2016 (Fig. 11al-c1). Relatively, compared
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with S_SIM, C_SIM experiment can better figure out the gradual increase
in precipitation and more heavy rain after 13:00 on 18 July (Fig. 11b1-
cl). For the precipitation on the July 19, 2016, both experiments can
capture the time variation of precipitation, but there is an underesti-
mation for the rainfall intensity (Fig. 11a2-c2). Compared with the ob-
servations, C_SIM can capture the peak precipitation well at 10:00 UTC
onl9 July 2016 (Fig. 11a2 and b2). Similarly, the C_SIM performs better
in capturing the increase in precipitation and the continued heavy rain
after 13:00 on 19 July. The hourly differences of precipitation from
C_SIM and S_SIM are shown in Fig. 10d, which indicates that the impacts
of aerosols on clouds can change the spatial and temporal distribution of
precipitation over downstream region. The rainfall intensity decreased
in the first 12 h (00:00 to 11:00 UTC on 18 July) and showed a signif-
icant increase during the next 25 h (12:00 UTC on 18 July to 12:00 UTC
on 19 July, green rectangle in Fig. 11d), especially during 12:00 to 20:00
UTC on 18 July and 04:00 to 14:00 UTC on19 July. The maximum value
of precipitation variation can reach to 0.64 mm/h. The change of pre-
cipitation shows that dust aerosols can promote the development of
clouds, delay the occurrence of heavy rainfall and increase the intensity
of precipitation.

6. Conclusions and discussions

In this study, using an aerosol-coupled model, the impacts of Takli-
makan dusts on the cloud properties over the TP and downstream pre-
cipitation are investigated. Dust aerosols over the TP can reduce the CER
and increase ICOD and IWP. The dust aerosols promoted the develop-
ment of clouds and prolonged cloud lifetime; correspondingly, influ-
enced the downstream precipitation. The developed clouds enhanced
the intensity of heavy rainfall and delayed the occurrence of heavy
rainfall over north area, which is similar to the conclusion that aerosols
have an invigoration effect on heavy rain (Petters et al., 2006; Rosenfeld
et al., 2008). Therefore, when the dust aerosols originating from the
Taklimakan desert reach the TP, it could affect the downstream pre-
cipitation by affecting the cloud properties. Meanwhile, the spatial
distribution of dust aerosols simulated by NICAM indicates that no dust
aerosols appeared in the downstream region, so it can be concluded that
no dust aerosols are directly transported from the Taklimakan desert to
the downstream. Thus, in this case study, the downstream precipitation
is dominantly influenced by the Taklimakan-dusts-polluted clouds out-
flowing from the TP instead of local dust aerosols along the clouds
moving path.

In the previous study, the evidence of aerosols affecting clouds over
the TP and influencing downstream precipitation was observed by sat-
ellites. Although the effect of aerosols on cloud properties and precipi-
tation is quantified in this study, there is still some uncertainty in the
model: the resolution of the mode is about 7 km which may be the reason
why the precipitation in Southeast China is not successfully simulated
(Fig. 9c1-c3). In the future, upon improving the computing resources, a
higher-resolution simulation will be performed. Meanwhile, although
the deviations in the cloud properties of the simulations for high lati-
tudes have no impact on the main conclusions in this case study, the
model still needs further optimization.

On the whole, this study demonstrates the mechanism of Taklimakan
dust effects on cloud properties over the TP and downstream rainfall,
which may provide a new perspective to study the impact of the TP on
the surrounding droughts.
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