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e Long-range transported dust triggered
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Editor: Jianmin Chen In recent decades, the Beijing-Tianjin-Hebei city cluster is experiencing rapid urbanization along with economic

booming. Meanwhile, these cities are suffering the influence of extreme precipitation and dust storms. In this
study, the impact of dust aerosol on extreme precipitation that occurred in Beijing during 19-21 July 2016 is
investigated using both satellite retrievals and Weather Research and Forecasting model coupled to Chemistry
(WRF-Chem) model simulations. Results reveal that the dust particles can increase extreme precipitation by
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promoting the formation of ice clouds and enhancing convections. The dust is lifted into the upper troposphere
(>10 km) via strong convection and affects the physical process of precipitation after long-range transport. It

further transforms the supercooled water into the middle and high levels of ice nuclei (IN). These promote the
formation of ice clouds according to the decreased effective radius of IN and increased ice water path, respec-
tively. Along with sufficient water vapor transport and strong convergence, the formation of IN could release
more latent heat and further strengthen convection development. Thus, the precipitation amount in southern
Beijing is almost enhanced by 40 % (>80 mm). This study will provide a deep insight into understanding the
causes of urban extreme precipitation.

1. Introduction

Precipitation extremes frequently occur in many regions of the world
with global warming (Wang et al., 2021; Nashwan and Shahid, 2022; Ma
et al., 2022a, 2023a). Generally, precipitation extremes are usually
caused by a short-term heavy rainfall or a large cumulative rainfall in
the long duration (Wu and Luo, 2019). For example, the amount of
precipitation reached >70 mmin 1 h, 100 mm in 6 h, or 150 mm in 24 h
is defined as extreme precipitation in Beijing areas (https://www.be
ijing.gov.cn/zhengce/zwmc/202202/t20220221_2613323.html). In
recent decades, many cities in China have been affected by extreme
precipitation events (Trenberth et al., 2003; Liu et al., 2009; Shiu et al.,
2012; Ma et al., 2019, 2022b, 2023b) with the decrease of light pre-
cipitation (Su et al., 2020). More than that, the extreme hourly precip-
itation and maximum hourly precipitation in summer over North China
present an increasing trend (Xiao et al., 2016), which indicates that the
extreme precipitation events occurring in North China will increase.

At present, the causes and influencing mechanisms of extreme pre-
cipitation are not very clearly and remain to be further studied (Emori
and Brown, 2005; Li et al., 2016; Li et al., 2019). Aerosols and urbani-
zation are recognized as two major factors causing extreme precipita-
tion. Firstly, urbanization caused by human activities significantly
changes surface characteristics and makes cities not only heat sources
but also aerosol sources. The accelerated urbanization obviously in-
fluences the local weather, including precipitation (Shem and Shepherd,
2009; Sun and Zhao, 2021; Sun et al., 2023). Moreover, the related
urban heat island effect can alter regional evaporation (Wienert and
Kuttler, 2005), wind field (Hjelmfelt, 1982; Shen et al., 2019, 2021) and
atmospheric circulation (Shepherd and Burian, 2003; Baik et al., 2007;
Lei et al., 2008). In addition, urban geomorphology also affects the
formation of thunderstorms (Haberlie et al., 2015), and changes the
amount and location of precipitation (Shepherd et al., 2002; Niyogi
et al., 2011), which results in increasing intensity of extreme precipi-
tation (Miao et al., 2011).

Secondly, with the development of urbanization, emitted aerosols
affect precipitation through radiation (Charlson et al., 1992; Hansen
et al., 1997) and cloud microphysics (Khain et al., 2009; Tao et al.,
2012). The sixth Assessment Report of the Intergovernmental Panel on
Climate Change has stated that aerosols have significant impacts on
precipitation mainly via two aspects: aerosol-cloud interaction (ACI)
and aerosol-radiation interaction (ARI) (IPCC, 2021). Rosenfeld (1999)
reported that aerosols affected the vertical development of mixed-phase
in warm clouds and inhibit precipitation (Li et al., 2011), while the ef-
fect of aerosol on precipitation is complex in deep convective clouds.
When aerosols inhibit precipitation, smaller cloud droplets are lifted by
updrafts and form ice particles, which leads to more latent heat releasing
and enhances convection related with cloud condensation nucleus
(CCN) concentration (Lin et al., 2006; Fan et al., 2007; Rosenfeld et al.,
2008). In particular, black carbon emitted from urbanization can in-
crease precipitation at night through “aerosol-enhanced condition
instability” (Fan, 2018). Besides, the effect of aerosol radiation on pre-
cipitation in three different megacities in eastern China is also evident,
which is worthy of attention too (Sun and Zhao, 2021). Thus, aerosols
play a key role in the intensity and uncertainty of extreme precipitation
(Fan et al., 2015; Lee et al., 2016). The increased spatial variability of

aerosol concentration with urbanization will likely increase the fre-
quency and intensity of extreme precipitation events (Lee et al., 2018).

Mineral dust is one of the main components of aerosols in the at-
mosphere (IPCC, 2021; Hu et al., 2019a, 2020, 2023), which is recog-
nized as the most important source of ice-nucleating particles due to
their high ice-nucleating efficiency (Engelstaedter et al., 2006; Heyms-
field, 2007; Husar et al., 2001; Uno et al., 2009; Zhang et al., 2019; Che
et al., 2021; Zhao al., 2022). Previous studies proved that mineral dust
aerosol contributed to ice nuclei (IN) concentrations and improved
precipitation efficiency (Fan et al., 2014; Muhlbauer and Lohmann,
2009) in many regions, even though these areas were far away from the
dust sources (DeMott et al., 2003; Richardson et al., 2007). The cloud
model also suggested that dust affected IN could accelerate the ice-
forming process and promote the development of precipitation when
the dust presents above the —5 °C level (Yin and Chen, 2007). The dust
aerosol reduced the radius of ice particles in deep convective clouds but
increased the cloud ice water path (IWP) and cloud optical depth, which
could further promote the development of clouds and leads to extreme
precipitation in India (Yuan et al., 2021). More research emphasized
that the dust aerosol over the Tibetan Plateau could affect the devel-
opment of convective clouds and the expansion of the IWP, and further
lead to the precipitation over downstream regions (Liu et al., 2019; Zhao
et al., 2020). However, the effects of dust aerosol on urban extreme
precipitation still need to be examined.

During 19-21 July 2016, an extreme precipitation event occurred in
North China. Before the extreme precipitation occurred, a dust plume
was observed, which may affect the convective cloud mixing process.
Moreover, sufficient water vapor provided beneficial conditions for this
event (Sun, 2017; Tian et al., 2017), which could significantly increase
the precipitation under the influence of dust aerosol (Creamean et al.,
2013). In this event, Beijing suffered severe damage on 20 July 2016
(Beijing “7.20” extreme precipitation), which became another record-
breaking extreme precipitation event after the “7.21” rainstorm in
2012. What's worse, the precipitation amount reaching exceeded the
“7.21” event and the influenced areas were more wide. In addition,
Beijing-Tianjin-Hebei was experiencing urbanization with rapid eco-
nomic development. To what extent, therefore, did the dust aerosol
contribute to the extreme precipitation event in 2016 under the back-
ground of urbanization? Addressing the question is essential for
enhancing our understanding of the formation and development of
extreme precipitation in urbanized regions of North China. This study
employed the WRF-Chem model to examine the effects of aerosols and
urbanization on extreme precipitation. Combined with reanalysis and
satellite data, the influencing mechanism of dust aerosols on precipita-
tion was emphatically studied. The model has been widely used to
investigate the mechanisms through which different aerosols influence
precipitation (Zhao et al., 2012; Naeger, 2018). The study also used
Emission Reduction Impacts (ERI) methods to compare simulation dif-
ferences between scenarios with full and reduced emission sources
(Thunis et al., 2019). Similar approaches have been applied successfully
in previous study to aerosols effects on precipitation (Zhong et al.,
2015).
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2. Data and methodology

2.1.1. WRF-Chem model

The WRF-Chem model (v3.5.1) updated by the University of Science
and Technology of China (USTC) (Hu et al., 2022) is used in this. A
single-layer Urban Canopy Model (UCM) has been coupled, which is
conducted to represent the momentum and energy exchange between
the atmosphere and urban surface (Chen, 2011). The Model for Simu-
lation Aerosol Interactions and Chemistry (MOSAIC) aerosol scheme
(Zaveri et al., 2008) has been coupled with the Carbon Bond Mechanism
(CBM-Z) photochemical mechanism (Zaveri and Peters, 1999), which is
applied to simulate the aerosol radiative properties and complex
photolysis rates (Fast et al., 2006). Both the aerosol interaction with
radiation (Zhao et al., 2011, 2013a) and aerosol impacts on cloud
microphysics (Gustafson Jr. et al., 2007) are considered. Besides, the
meteorological and chemistry/aerosol fields are simultaneously simu-
lated in the WRF-Chem model (Fast et al., 2006; Qian et al., 2010; Zhao
et al.,, 2013b; Hu et al., 2016, 2019b). The Rapid Radiative Transfer
Model (RRTMG) longwave and shortwave radiation solutions (Mlawer
et al., 1997; Iacono et al., 2000) are used to represent aerosol radiative
feedbacks (Zhao et al., 2011), and the Kain-Fritsch (new Eta) cumulus
scheme is applied for cumulus parameterization. The YSU (Yonsei Uni-
versity) boundary layer scheme (Hong et al., 2006) and Noah land
surface process scheme (Chen and Dudhia, 2001) are used. The Morrison
double-moment microphysical schemes described by Morrison et al.
(2009) are also applied. In this case, the two one-way nested domains
configured in the model are DO1 and D02 (Fig. s1). DO1 covers most
areas in China, the north Indian Ocean, and the western Pacific; D02
covers Beijing and surrounding provinces. The model simulations are
performed at 24 km x 24 km, and 4 km x 4 km horizontal resolution
with 400 x 260 and 385 x 379 grid cells, respectively. The simulation
time was from 0000 UTC (Coordinated Universal Time) 16 July to 0000
UTC 23 July 2016. The data for the initial field and the boundary field
are from the global atmospheric reanalysis data, European Centre for
Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-
Interim).

In this study, the anthropogenic emissions used in the WRF-Chem
model supplied from Asian emission inventory (Zhang et al., 2009).
The biomass burning emissions with a monthly temporal resolution (van
der Werf et al., 2010) were provided by the Global Fire Emissions
Database Version 3 (GFEDv3) and vertically distributed following the
injection heights were selected from Aerosol Comparison between Ob-
servations and Models (AeroCom) project (Dentener et al., 2006). The
Goddard Chemical Aerosol Radiation Transport (GOCART) dust emis-
sion scheme (Ginoux et al., 2001) provided vertical dust emission fluxes
and the emitted dust particles were distributed into the MOSAIC aerosol
size bins (Kok, 2011).

2.1.2. Model experiment setting

This study uses WRF-Chem with two nested domains (Fig. s1). The
default urban surface is replaced by remote sensing retrieval and the
aerosol influence is considered in the control experiment (STD). In the
noA test, the default urban surface is replaced by remote sensing
retrieval without considering the aerosol effect. In the noAU test, neither
the remote sensing retrieval nor the aerosol effects are considered

Table 1
Model test design.

Name Land-use category Aerosol effect
STD New Yes
noA New No
noAU Default No
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(Table 1). Extreme precipitation in Beijing and its surrounding areas
(39.45°N-41.1°N, 115.4°E-117.4°E) is selected for evaluation in
different experiments. The simulation results in the innermost area on
19-20 July are analyzed in detail.

2.2. HYSPLIT model description

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model, developed by the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory, is designed for rapid
response in diagnostic case studies or climatological analyses. The
model uses the Lagrangian approach for trajectory calculations,
employing a moving frame to calculate advection and diffusion as air
parcels move from their initial positions (Stein et al., 2015). Recently,
thousands of researchers have gained access to run HYSPLIT trajectory
simulations for their research projects through the Real-Time Environ-
mental Applications and Display System (READY) (Fan et al., 2020,
2021a,b), a web-based system maintained by ARL (ready.arl.noaa.gov/)
(Rolph and Draxler, 1993). In this study, we use products generated
from READY to trace the transport pathways of dust aerosols based on
archived three-dimensional meteorological data produced by the Na-
tional Centers for Environmental Prediction Global Data Assimilation
System. Multiple locations within the Taklimakan Desert are selected as
the initial region to reduce uncertainty in determining atmospheric
transport pathways compared to using a single location (Fleming et al.,
2012). The forward trajectory simulation is selected, which the simu-
lation time was from 0000 UTC 16 July to 2400 UTC 18 July 2016. It is
worth noting that the air parcel heights are relative to the topography
since the profiles of meteorological data are linearly interpolated to a
topography-following coordinate system (Draxler and Hess, 1998).

2.3. Observation data

The hourly gridded precipitation dataset (version 1.0) was obtained
by fusing the China automatic station and Climate Prediction Center
(CPC) morphing (CMORPH) precipitation products which are provided
by the China Meteorological Data Network and used to evaluate the
model simulations (Zhao et al., 2020; Yang et al., 2021a,b,c). The
datasets combine the observed hourly precipitation from 30,000 to
40,000 automatic weather stations nationwide after quality control and
the global precipitation inversion product of the CMORPH satellite with
a resolution of 8 km every 30 min developed by the U.S. Climate Pre-
diction Center. The temporal resolution is 1 h and the spatial resolution
is 0.1° x 0.1°.

2.4. Reanalysis data

The Modern-Era Retrospective analysis for Research and Applica-
tions, Version 2 (MERRA-2) is developed by Global Modeling and
Assimilation Office, which is the latest NASA atmospheric reanalysis
dataset (Gelaro et al., 2017). MERRA-2 products show high reliability
and wide application prospects for aerosol concentration and distribu-
tion (Sun et al., 2019; Ma et al., 2021). At the same time, MERRA-2 data
are widely used in aerosol related studies (Zhao et al., 2018a,b; Feng
et al., 2020; Yang et al., 2021a,b) and are often selected to evaluate the
results of WRF-Chem model (Ukhov et al., 2020; Pistone et al., 2021). In
this research, the hourly dust aerosol optical depth (AOD), daily po-
tential height at 500 hPa, and daily wind field at 850 hPa derived from
MERRA-2 with a resolution of 0.5° x 0.625° were used to explore the
spatial-temporal evolution of dust aerosol transport process, and eval-
uate model simulations.

2.5. Satellite observations

The Clouds and the Earth's Radiant Energy System (CERES) in-
struments provide global observations for cloud and radiative flux by
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matching the cloud properties from Moderate Resolution Imaging
Spectroradiometer (MODIS) onboard Aqua and Terra and geostationary
(GEO) satellites (Wielicki et al., 1996). The Synoptic top-of-atmosphere
(TOA) and surface fluxes and clouds (SYN) products contain hourly
gridded liquid and ice cloud properties such as IWP, ice particle radius
(IPR), and cloud phase with a resolution of 1° x 1°.

MODIS is a key instrument aboard Terra and Aqua satellites which
are viewing the entire Earth's surface every 1 to 2 days, acquiring data in
36 spectral bands or groups of wavelengths. The Absorbing AOD
(AAOD) at 500 nm embedded in MODIS true color image has been
chosen to represent the distribution of dust aerosol, which is derived
from ozone monitoring instrument (OMI) near-ultraviolet (UV) aerosol
algorithm (OMAERUYV) product retrieved by OMI onboard Aura satellite
(Torres, 2008). Moreover, the MODIS Land Cover Type Yearly Global
500 m (MODIS MCD12Q1) products (Friedl et al., 2002), Cropland
Extent 1 km Crop Dominance and Global Food-Support Analysis Data
(GFSAD1000; Thenkabail et al., 2012) are also used in this study.

2.6. Cloud phase identification

The CALIPSO satellite carried the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) instrument was launched in April
2006. This Lidar primarily retrieves the vertical profile of aerosols and
clouds by providing attenuated backscatter at 532 nm and 1064 nm
(Cesana et al., 2016). In this study, the orbits crossing central China at
0612 UTC on 17 July 2016 was selected. The CALIPSO level 2 vertical
feature mask (VFM) data provides the vertical distribution of water, ice,
and oriented ice crystal cloud along the CALIPSO orbit. Previous
research found the relationship between cloud mid-layer temperature
and Supercooled Water Cloud (SWC) fraction developed an algorithm
for SWC by utilizing CALIPSO cloud products (Hu et al., 2010). Based on
the relationship between the cloud mid-layer temperature and Super-
cooled Water Cloud (SWC) fraction, an algorithm for SWC was devel-
oped using CALIPSO cloud products (Hu et al., 2010). The algorithm
parameterized with Eq. (1) and relevant parameters are listed in Table 2.

P(Tyia) = Co+ ¥ KiThy (i =0,1,2,3,4) M

1

T 1t er® &)

f(T)
where p(T) is a polynomial fitting function between cloud mid-layer
temperature and CALIPSO SWC fraction f(T). Therefore, the SWC frac-
tion can be estimated by Eq. (2). Here, we followed Wang et al. (2019)
who used the CALIPSO cloud layer mid-temperature to replace the
original mid-layer cloud temperature in Hu et al. (2009) and viewed the
cloud with SWC fraction >80 % as SWCs.

3. Results
3.1. The simulation and evaluation of extreme precipitation

The “7.20” rainstorm in North China lasted more than three days,
and the spatial distribution and intensity of precipitation varied
throughout the entire precipitation process. Observational data in-
dicates that (Fig. 1a), on 19 July, there was only sporadic convective
precipitation in North China. Subsequently, systematic precipitation
<50 mm occurred in the southern part of China and gradually moved
from east to north. Subsequently, extreme precipitation occurred in

Table 2
Formula parameter.
Co K; unit: 1/°C
5.3608 i=0 i=1 i=2 i=3 i=4
0.4025 0.08387 0.007182 2.39 x 107* 2.87 x 107°
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most parts of North China, with the rain belt stretching from southwest
to northeast. From 19 to 20 July, precipitation was mainly occurred at
the junction of Yanshan and Taihang Mountains, with the maximum
precipitation exceeding 125 mm and concentrated near the Taihang
Mountains in a strip distribution. Precipitation gradually affected the
south-central region of Beijing on 20 July, with the amount exceeding
150 mm and the rain belt turning to a north-south direction. Meanwhile,
the precipitation area decreased and the intensity of precipitation
increased. After that, the rain belt gradually moved eastward. Fig. 1b
indicates that the STD simulation effectively captures the spatial dis-
tribution of observed precipitation and accurately reproduces its in-
tensity. Especially in Beijing, the entire precipitation process is basically
reproduced.

The spatial evolution characteristics of this precipitation can be
divided into three stages. In the first stage, the rain belt turned in a
north-south direction and the main precipitation area was Taihang
Mountains and its surrounding areas from 2000 UTC 18 to 0200 UTC 20
July. The second stage was from 0200 UTC to 2000 UTC 20 July, as the
precipitation moved from east to north. And the main precipitation area
gradually leaved the North China while the weather system continued to
move from the east to the north. The third stage was from 2000 UTC 20
to 0800 UTC 21 July, when the main precipitation process in North
China was basically ended. This study focuses on the “7.20” extreme
precipitation in Beijing and simulates the precipitation process in Bei-
jing from 19 to 20 July.

3.1.1. Model evaluation: wind and circulation field

Before the occurrence of this extreme precipitation, the subtropical
high pressure extends west and north, and its ridge line confrontation
with the deep low vortex formed by the low trough extending southward
to the Taihang Mountains in the eastern part of North China. The cir-
culation system shows an “east-high, west-low” pattern which favors
precipitation in North China. The 500 hPa potential height field indi-
cated (Fig. s2a) that a closed vortex with a central value below 5800gpm
appearing at the junction of Hebei and Shanxi on 20 July. In addition,
previous studies shown that there was a closed low pressure occurring
over both 700 hPa and 850 hPa, indicating that this was a deep vortex
system from low to high levels, which was also one of the characteristics
of the “7.20” extreme precipitation in Beijing. The extreme nature of this
precipitation is attributed to the existence of a large-scale system and its
slow movement. As the low-pressure system formed and moved north-
ward, the isobars on its east and north sides intensified, especially near
Hebei and Beijing, resulting in obvious easterly and southeasterly winds
(Zhao et al., 2018a,b).

The STD simulation results exhibited that the upper-air trough
(Fig. s2b) was relatively similar to the real situation (Fig. s2a) which was
located in the western part of North China on 19 July. The amount of
precipitation in a given location is determined by both the precipitation
rate and the duration time (Lin, 2007). In the case of this precipitation
event, the weather system moved slowly and persisted for an extended
period, resulting in a substantial total precipitation accumulation, even
though the precipitation rate was relatively low (Fig. 1). However, the
simulated trough tilted northeast-southwest more obviously and slightly
westward located, which indicated the rain belt from the simulations on
19 July shifted to the west of the real pattern and the trough was deeper
with better dynamic conditions. Hence, the intensity of the simulated
low vortex shear was stronger than the observation and the precipitation
was more concentrated near the shear line (Fig. 1b).

The simulation results of the West Pacific subtropical high indicate
that the upper trough continued to move westward and gradually
developed into a low vortex, which was located more eastward and
northward than in observation. At the lower level, the low vortex was
guided by the upper trough and moved northeastward while developing
(Fig. s2). The simulated position and intensity of the upper trough
differed from the observation, resulting in a more eastward and stronger
low vortex in the simulation. Thus, precipitation occurred near the low



T. Feng et al.

Science of the Total Environment 901 (2023) 165890
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Precipitation [mm day™]

Fig. 1. Daily precipitation and 48-hour accumulated precipitation in DO2 region of Beijing from 19 to 20 July 2016 (a) observation results (b) Simulation results of

STD test. The coloring represents accumulated precipitation (mm).

vortex shear. However, due to the difference in location, morphology,
and intensity of the low vortex, Beijing was near the shear line (warm
shear) and influenced by easterly winds in observation (Fig. s3a), while
it was controlled by northeasterly winds in the STD simulation. The
simulated lower-level low vortex was closer to Beijing, causing its
impact on precipitation in addition to the shear line (Fig. s3b). This
discrepancy may explain the slightly higher simulated precipitation in
Beijing compared to the observation (Fig. 1).

3.1.2. Dust aerosol transport processes

This dust is mainly emitted from the Taklamakan Desert and the
northwest Gobi desert. Before the start of this precipitation process,
there was a significant dust event process in the Taklamakan Desert in
China. The MODIS RGB synthetic cloud map shows that the frontal cloud

I NonSmoke Finb MoBE"

system reached central Inner Mongolia as well as Gansu province and
formed zonal distribution, while a thicker cloud layer was present on 17
July 2016 (Fig. 2). Both the aerosol type and absorptive aerosol optical
depth (AAOD) indicated that the dust aerosol was mainly distributed in
the Taklamakan Desert, and partly in central Inner Mongolia and north-
central Gansu province (Fig. 2a, filled in brown). Due to the influence of
satellite temporal resolution and the existence of clouds, satellites
cannot observe the dust within the frontal clouds. The MERRA-2 rean-
alysis further indicates that the dust from the Taklamakan Desert was
transported eastward across Gansu and Shaanxi on 14-17 July, and
reached North China on 16-17 July when the dust mass decreased to
0.05-0.1 g m~2 (Fig. s4).

We further used the HYSPLIT model to track the transport of dust
aerosol (Fig. 3). Fig. 3b shows that dust from the Taklamakan Desert is

Fig. 2. The corresponding aerosol types obtained by VIIRS deep blue algorithm and AAOD obtained by OMI satellite inversion from the MODIS synthetic cloud image
on 17 July 2016. The area in the black box is the dust aerosol assessment area on 17 July.
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NOAA HYSPLIT MODEL
Forward trajectories starting at 2200 UTC 15 Jul 16
GFSG Meteorological Data

Source % at multiple locations

Meters AGL

> ' T -
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Tra'jljectory Direction: Forward
Vertical Motion Calculation Method:

07/16 07/17 07/18
Job ID: 140475 Job Start: Thu Mar 3 09:05:37 UTC 2022
Source 1 lat.: 35.500000 lon.: 82.000000 height: 100 m AGL

Duration: 72 hrs
Model Vertical Velocity
Meteorology: 0000Z 15 Jul 2016 - GDASO0pS

Fig. 3. The forward trajectory simulation of HYSPLIT model with starting positions located in the Taklimakan Desert from 2200 UTC 15 to 2200 UTC 18 July 2016.

mainly transported eastward and divided into three main paths. The first
path goes through the Tibetan Plateau and its northern edge to south-
eastern China and the eastern part of the Tibetan Plateau and Sichuan
Basin. The second path goes eastward through Inner Mongolia in Gansu
and turns to the southeast of China in central Inner Mongolia. This study
mainly analyzes the impact of dust transport on clouds and precipitation
in North China (Fig. 3b red line). Within the first few hours, the trans-
port height did not exceed 2 km and was basically concentrated within
the boundary layer. Due to the strong sensible heat of the desert, the dust
aerosol gradually was lifted to 4-5 km and continuously delivered to the
east. At 1800 UTC 17 July, the dust aerosol was lifted rapidly again,
reaching 8 km at 0000 UTC 18 July, and over 10 km 6 h later (Fig. 3).
Previous analysis of the weather situation of this precipitation had
shown that there was an obvious divergence area at 100 hPa height over
North China on 20 July, and the strong divergence was conducive to the
strengthening of the ascending motion. Therefore, the transport and
uplift of dust may be related to the strong upward flow.

3.2. Impact of aerosols and urbanization on extreme precipitation

As shown in Table s1, the effects of aerosols (A), urbanization (U),
and urbanization and aerosols (AU) can be quantified by analyzing the

differences among noA-noAU, STD-noA, and STD-noAU, respectively.

There are significant differences between aerosols and urbanization
on the spatial distribution of extreme precipitation (Fig. 4). Aerosols
contributed to the increase of >80 mm (20-40 %) in precipitation in
southern Beijing. But in northern regions of Beijing, although urbani-
zation has a promoting effect on precipitation (Fig. 4cl, c2), the inhi-
bition of aerosols on precipitation is more obvious, with a decrease of
>80 mm in most areas, accounting for >40 % of the total precipitation
reduction (Fig. 4b1, b2). Urbanization had a suppressive effect on pre-
cipitation in southern Beijing, reducing precipitation by 50-80 mm in
some areas, and decreasing total precipitation by 10 %-40 % (Fig. 4cl1,
c2).

The combined influence of aerosols and urbanization (AU) had a
notable impact on precipitation in southern Beijing. While urbanization
reduced the range of increased precipitation compared to the effect of
aerosols alone, it still led to an increase of over 80 mm in some areas in
the south and a total precipitation increase of over 40 % (Fig. 4al, a2).
The model results, shown in Fig. 4al, were consistent with observations,
indicating that the main precipitation was concentrated in southern
Beijing. Overall, the inhibitory effect of urbanization on precipitation
weakened the promoting effect of aerosols, resulting in an increase in
precipitation mainly concentrated in southern Beijing. This led to a
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limited precipitation process under the combined effect of aerosols and
urbanization.

3.3. Effects of dust on extreme precipitation

3.3.1. Observational analysis of the effects of dust aerosol on IN and IWP

According to Yuan et al. (2021), strong convective processes can lift
water vapor to heights above the 0 °C isentropic surface under suitable
dynamical conditions and strong water vapor transport. Dust aerosol
may play an important role in the development of these clouds. How-
ever, due to the lack of IN and condensation nuclei, most of the water
vapor forms super-cooled water clouds. When the convective system lifts
the dust aerosol to the upper level, some of them are activated into IN,

(a) (b)

CAL_LID_L2_VFM-Standard-V4-20.2016-07-17T05-48-13ZD.hdf
Aerosol Type at Altitude = 2500m

rapidly transforming SWCs into ice clouds. This results in a decrease in
ice cloud radius and an increase in albedo, releasing latent heat and
further enhancing the convective system. More water vapor and dust
entering the convective clouds can eventually promote convective cloud
development.

CALIPSO satellite data showed that dust presented at an altitude of
7.5-12.5 km in Inner Mongolia at 0612 UTC 17 July, especially at an
altitude of 7.5 km, 40°N, where dust, SWCs, and ice clouds were present
simultaneously (Fig. 5b). From Fig. 2a, the dust aerosol has been
transported to Inner Mongolia and Gansu area on the 17 July, which was
consistent with the geographic location of dust transport on the 17 July
as simulated by the forward trajectory shown in Fig. 3b. Since dust can
be the main source of nucleating particles for IN, in addition, the long-
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range dust transport impacted IN (DeMott et al., 2003; Richardson et al.,
2007). Therefore, the CERES satellite information in the black box
assessment area shows that dust aerosol has a significant impact on IPR
and IWP over central Inner Mongolia (Fig. 6). From 0800 UTC to 1100
UTC 17 July, over central Inner Mongolia, the IPR within the whole
cloud was affected by dust transport and varied more significantly in the
region north of 40°N, which was consistent with the transport path re-
gion simulated by the HYSPLIT model on the 17 July. In the 40°N-45°N,
105°E-110°E region, the IPR gradually decreased from 0800 UTC
(42-46 pm) to 1100 UTC (below 30 pm). In contrast, the increase in IWP
was extremely significant (Fig. 6b). At 0800 UTC, the IWP was only
200-1000 g m~2 over the central Inner Mongolia, but after 3 h, the WP
increased to >2200 g m~2 and gradually approached North China with
the weather system. The aforesaid suggested that dust particles may act
as IN to condense supercooled water and lead to increased ice clouds.

3.3.2. Model simulation analysis of dust aerosol

Observation data are difficult to accurately demonstrate the evolu-
tion of dust and clouds. The STD simulation showed that the dust was
continuously transported to northern of China during the whole pre-
cipitation process. Fig. s5 demonstrates the spatial and temporal eval-
uation of dust mass loading. During 19 to 20 July, the dust mass in
clouds decreased at first and then increased (Fig. s5). At 0000 UTC-1800
UTC 19 July, the dust mass gradually decreased within the clouds
around Beijing, at 1800 UTC 19 July, only small amount of dust aerosol
existed within clouds over northeastern Hebei (about 0.005-0.02 mg
m~2). On 20 July, with the influence of the weather system, the pre-
cipitation gradually increased and the dust within the clouds over Bei-
jing and surrounding areas increased rapidly. From 1800 UTC to 0600
UTC 20 July, the dust within the clouds in northern Hebei increased
significantly, and the mass had exceeded 0.1 mg m~2. In the following 6
h (0600 UTC-1200 UTC 20 July) the dust located in northern Hebei
sharply decreased and almost disappeared (dust mass below 0.0001 mg
m~2). However, during 1200 UTC-2400 UTC 20 July, the dust mass in
Beijing and Hebei gradually increased again (0.001-0.02 mg m™2).
These indicate that dust continued to transport to the Beijing area during
precipitation.

Combined with the effect of aerosols on the rate of ice nuclei uplift
and latent heat release in Fig. 7a. It can be found that the rate of ice
nuclei uplift increased and latent heat was released at 6 km during 0000
UTC-12:00UTC 19 July. On 0000 UTC-0600 UTC 20 July, the ice nuclei
uplift rate increased and latent heat was released in the whole atmo-
sphere, especially at 8-12 km, which was consistent with variations of
dust mass in Beijing and its surroundings in the model. The height with
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the fastest increase in ice nuclei uplift rate (10-12 km) was also
consistent with the HYSPLIT results (reaching 10 km altitude in North
China).

Therefore, dust aerosol played a key role in the formation of the IN in
extreme precipitation. During ice-formation, the released latent heat
enhanced convection, the convergent, the uplift of water vapor and dust,
which resulted the increased precipitation. However, the effect of dust
aerosol on the rate of ice nuclei uplift was not always constant during
precipitation. Before the precipitation, dust aerosol results in the in-
crease in IN, the release of latent heat, the enhancement of convection
and convergence, which eventually increased precipitation. After that,
dust aerosol continued to be transported to the northern China, and no
longer acted as effective IN in weak convective systems. Instead, they
participated in the precipitation process as cloud condensation nodules.
During this precipitation, excessive dust aerosol (1200 UTC-2400 UTC
20 July) reduced the cloud droplet size and suppressed precipitation
(Fig. 7a).

In model results, from 0600 UTC to 1200 UTC 20 July, the effect of
urbanization on precipitation on the altitude of 4-10 km, played a
suppressive role on the rate of IN uplift and latent heat release, which
could be assumed that urbanization inhibited the production of IN. In
addition, urbanization increased the rate of uplift of low-altitude IN and
the release of the latent heat (Fig. 7b). Regarding to the combined in-
fluence of urbanization and aerosols, the latent heat released and the
increased uplift rate of IN were concentrated in two periods, which were
similar to the effect of aerosols on precipitation (Fig. 7a). In contrast,
urbanization enhanced the inhibition of the ice nucleation process and
reduced the release of latent heat at the end of the precipitation.

4. Discussion and conclusions

In general, Emission Reduction Impacts (ERI) methods, Mass-
Transfer methods, and Incremental methods are commonly used for
source-apportionment in studies (Thunis et al., 2019; Kranenburg et al.,
2013; Kiesewetter et al., 2015). The selection of an appropriate source
allocation method is crucial in this study to gain a better understanding
of the influence of various aerosols on extreme precipitation. It is
important to note that the effects of different aerosol types in the models
often exhibit nonlinearity, implying that the impact of an individual
aerosol cannot be simply extrapolated linearly to represent the overall
aerosol effect. This nonlinearity is similar to that seen in air quality
planning research (Thunis et al., 2019). To remove the nonlinearity
associated with aerosol effects, the noA test set was employed in this
study to eliminate all aerosol influences on the extreme precipitation
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Fig. 6. CERES data from 0800 UTC to 1100 UTC 17 July 2016 (a) IPR (pm) and (b) IWP (g m2).
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event. However, due to limitations in the selection of the model simu-
lation area, a separate discussion on the influence mechanism of dust
aerosols was not conducted. In addition, further detailed investigation is
required to distinguish the influence mechanisms of different types of
dust aerosols on precipitation (Fan et al., 2014). Future studies will use
Mass-Transfer methods to conduct a more comprehensive and detailed
analysis.

It is important to consider the uncertainty of the data as it can affect
our conclusions. Although CALIOP has been validated with ground-
based Lidar in China and has shown reasonable agreements with
ground measurements, uncertainties still exist in the vertical profile of
aerosol (Wu et al., 2011). The interference of sunlight leads to less
reliability of CALIPSO daytime products compared to the nighttime
counterparts (Li et al., 2009). The selection of cloud screening and
aerosol size distribution models contributes to the large regional dif-
ferences between MODIS aerosol and cloud products (Jeong, 2005; Li
et al., 2009). In addition, significant discrepancies in cloud phase, liquid
water path, cloud top height and other parameters in CERES will
introduce uncertainties into our results (Minnis et al., 2011a,b).
Although AOD assimilation can reduce the bias between MERRA-2 and
the observed results, it has limited effectiveness in constraining the
aerosol species, absorbability and vertical structure, and does not
significantly improve systematic biases (Buchard et al., 2017). There-
fore, to comprehensively evaluate the role of dust aerosol in extreme
precipitation within an urbanized context, we use WRF-Chem model to
further discuss the influence mechanism of dust aerosol during precip-
itation process. This approach allows for a more comprehensive un-
derstanding of the impact of dust aerosols on extreme precipitation.

The results show that the effects of local aerosols and urban surface
changes on precipitation are mainly concentrated within the lower at-
mosphere. Long-range transport results in lower concentrations of dust
aerosol in the atmosphere and higher uplift heights. Therefore, long-
range transported dust from the Taklamakan Desert plays a crucial
role in the formation of IN and the development of ice clouds during this
extreme precipitation. The effect of dust as IN on SWCs and ice clouds is
also examined.

Prior to precipitation, dust aerosols that were transported over long
distances were gradually lifted to altitudes of >7 km due to surface
sensible heat and suitable dynamic conditions. This causes supercooled
water clouds to rapidly condense into IN, promoting the formation of ice
clouds and resulting in the reduction of IPR and the increase of IWP,
which in turn promotes the development of cloud systems. During pre-
cipitation, strong convective uplift makes more water vapor and dust
aerosol lifted to the condensate layer (above 10 km), which favors the
formation of dust IN. The latent heat released from this process further
enhance the development of the convection system. However,

urbanization inhibited the production of IN. Braham and Spyers-Duran
(1974) pointed out the existence of the deactivation of IN over cities,
which may be related to higher temperatures and solarization. More-
over, Chen et al. (2018) showed that none of the urban anthropogenic
pollution aerosols contributed to IN concentrations. Therefore, the for-
mation of IN and latent heat release can be considered as the influenced
by dust aerosol in this extreme precipitation. At the end of precipitation,
the large amount of dust aerosol increases cloud condensation nuclei
and reduces cloud droplet particle size, thus inhibiting precipitation. In
summary, dust aerosol can enhance extreme precipitation in the context
of urbanization, posing a greater threat to urban property and public

safety.
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