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Abstract: Cloud microphysical processes significantly impact the time variation and intensity of
precipitation. However, due to the high altitude of the Tibetan Plateau (TP) and the lack of observa-
tional data, the understanding of cloud microphysical processes on the TP is relatively insufficient,
affecting the accuracy of precipitation simulations around the TP. To further reveal the characteristics
of convective precipitation and cloud microphysical structure over the TP, the mesoscale numerical
model, WRF, and various observational data were used to simulate and evaluate typical convective
precipitation in the Yushu area, which was recorded from 11 to 12 August 2020. The results showed
that the combination of the Lin scheme in the WRF model could effectively reproduce this case’s
characteristics and evolution process. In the simulation process, the particles of each phase were
distributed at different altitudes, and their mass and density over time reflected the characteristics of
surface precipitation changes. Among the particles mentioned above, rainwater contributed the most
to the initiation and growth of graupel particles. Further research established that the initiation of
graupel was mainly affected by the freezing effect of rainwater and cloud ice, while the growth of
graupel was influenced primarily by the collision of graupel particles and rainwater. On the whole,
from the evolution characteristics of microphysical processes over time, it was found that the ice
phase process plays an essential role in this typical convective precipitation.

Keywords: Tibetan Plateau; convective precipitation; cloud microphysical process; simulation

1. Introduction

The Tibetan Plateau (TP) is a large landform with the highest average altitude and
largest area in the world. As the “roof of the world” and “third pole”, it has significant
dynamic and thermal effects on the East Asian climate, the Asian monsoon process, and
the northern hemisphere’s atmospheric circulation [1–3]. At the same time, as the “water
tower of the world”, its land–sea–air interaction profoundly impacts the global natural and
climatic environment [4]. In summer, the warm and humid airflow over the TP provides
sufficient water vapor to cause the frequent occurrence of convective precipitation over
the TP, then changing the vertical profile of atmospheric temperature and humidity over
the TP, resulting in abnormal water and heat exchange and circulation over the TP [5–7].
Therefore, it is significant to carry out research on convective precipitation over the TP.

The rainy weather seen over the TP is usually related to water vapor transported by the
warm southward current [8]. Precipitation on the TP gradually decreases from southeast
to northwest, and summer precipitation accounts for about 60–70% of the total annual
precipitation [9]. The TP convective system (CS) plays an important role in precipitation
over the TP and its adjacent areas. The CS is strong in summer and weak in winter.
Therefore, the frequency of convective precipitation peaks during the summer monsoon
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season from May to September. During this period, the TP is dominated by low-level
monolayer and stratiform clouds [10]. Even in winter, the CS contributes up to 70% of
precipitation in the central and eastern TP [11,12]. Surface heating essentially leads to the
high frequency of afternoon convection, and the cloud top of the CS is positively correlated
with the intensity of surface heat flux [13]. Most of the summer precipitation over the TP
circulates through local evapotranspiration, and the land-atmosphere interaction has a
more significant impact on summer precipitation than in winter [14].

Convective clouds can gather denser and larger ice particles than stratiform clouds,
causing twice as much precipitation as stratiform clouds [15]. During weak convection,
the warm rain process in the rainfall center produces more significant precipitation than
the cold rain process [16]. On the TP, the main ice-crystal microphysical processes are the
depositional growth and self-transformation of ice crystals into snow. The sedimentation of
graupel plays a crucial role in the formation of precipitation, but the melting of snow is less
significant, which is quite different from other regions [17]. Although the direct contribution
of warm-cloud microphysical processes to ground precipitation is small, they make an
essential contribution to the formation of supercooled raindrops, which is a necessary
precondition for forming graupel embryos through a non-uniform freezing process. The
growth of graupel particles mainly depends on the aggregation of water and snow particles
in the riming process of supercooled clouds [18].

Numerical models are widely used in the study of cloud precipitation processes
because they can successfully describe the process of cloud development and precipitation
generation. Among the various models, the weather research and forecasting (WRF) model
considers multiple physical processes in detail and has relatively rich parameterization
schemes, so it is the most widely used model. Studies have shown that the optimal scheme
is highly dependent on the weather or climate state and application scale, for which no
one scheme generally performs best [19]. The choice of TP regimen also depends on the
specific purpose of the study [20]. The comparison of different microphysical schemes
shows that the Thompson scheme is superior to the simulations of other schemes in terms
of the temporal and spatial variation of precipitation from 1 week to 3 months [21–23].
Compared with the Kesser, Ferrier, and WRF single-moment 3-, 5-, and 6-level schemes,
the Lin scheme performs the best in the simulation of TP heavy precipitation events [24].

Study of the microphysical processes over the TP is of great significance for an in-depth
understanding of TP precipitation and the water cycle and for improving the numerical
prediction level. Based on this consideration, the current paper selects a typical convective
precipitation process for numerical simulation research, using the TP’s observation data in
the Yushu area. Based on the results, the structure of typical convective clouds in the TP
summer and the water transformation process in the clouds were analyzed and studied,
and the microphysical mechanism of TP cloud precipitation was explored.

2. Data and Methods
2.1. Observational Data

Yushu Tibetan Autonomous Prefecture, located in the southwest of Qinghai Province,
China, is the study area of this paper. This paper uses site observation data, FY-2G satellite
product data, and Ka-band millimeter-wave cloud radar data for comparison with the WRF
simulation results. A detailed introduction follows.

2.1.1. Regular Observational Data

Observational data from China’s surface meteorological stations were used to evaluate
the model’s accumulated precipitation. As shown in Figure 1, there are six stations, namely,
Yushu (marked as 1), Qumalai (marked as 2), Zhiduo (marked as 3), Zaduo (marked as 4),
Nangqian (marked as 5), and Qingshuihe (marked as 6).
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Figure 1. Site geographic distribution information (the red five-pointed star represents Yushu, and
the black origin represents Qumalai, Zhiduo, Zaduo, Nangqian, Qingshuihe, respectively) (left) and
Ka-band millimeter-wave cloud radar system (photo from Yushu meteorological station) (right).

2.1.2. Satellite Data

FY-2G is from the third batch of operational geostationary satellites in the FY-2 series,
launched on 31 December 2014. The subsatellite point of FY-2G changed from 99.5◦ E to
105◦ E and finally changed to 99.2◦ E over the equator in April 2018. FY-2G is the latest
satellite to have Class 2 and 3 products since 2015. So far, FY-2G has carried the best
performing radiometer of any FY-2 family of operational satellites. Compared with the
second batch of satellites, such as FY-2E, FY-2G can scan specific areas with more flexibility
and higher temporal resolution. Its use is essential in meteorological disaster monitoring,
early warning, prevention, and disaster reduction [25,26]. The FY-2G blackbody brightness
temperature TBB data were used here.

2.1.3. Radar Data

The radar data was sourced from the Ka-band millimeter-wave cloud radar (Ka-
MMCR) in Yushu Meteorological Bureau, Qinghai. This radar uses a solid-state, Doppler
system to obtain cloud echo and motion information from the air by transmitting pulsed
electromagnetic waves and receiving backscattered signals from cloud particles, thereby
obtaining reflectance, radial velocity, velocity spectrum width, and other data [27]. The
peak power is greater than 100 W, the operating frequency is 33.44 GHz (wavelength is
8.9 mm), the dynamic range is 75 dB, and the pulse repetition frequency is 8333 Hz. The
radar takes readings toward the zenith, the antenna beam width is 0.3◦, the time resolution
is 5 s, the spatial resolution is 30 m, and the detection height range is 0.12–15.8 km. Based
on this radar detection, a number of studies have revealed the characteristics of the vertical
structure of clouds and the diurnal variation of precipitation on the Qinghai-Tibet Plateau
in summer [28–31].

2.2. Mode Settings

The model version 4.2.1 of WRF was used, and the CFSR reanalysis data were used
as the initial and boundary forcing fields. The simulation time was from 00:00 UTC
on 10 August 2020 to 00:00 UTC on 12 August 2020. As shown in Figure 1, the mode
adopts three layers of nesting, with the Yushu meteorological station acting as the center
of the simulation area. The model was vertically divided into 38 layers with unequal
spacing; the number of nested grid points was 181 × 181, 301 × 301, and 361 × 361. The
horizontal resolutions were 9 km, 3 km, and 1 km, respectively. The time steps were
27 s, 9 s, and 3 s, respectively. The following parameterization schemes were selected
during the simulation: the rapid radiative transfer model (RRTM) long-wave radiation
scheme [32], the Dudhia short-wave radiation scheme [33], and the Grell–Devenyi cumulus
parameterization scheme (only used in the outermost layer) [34], the MYJ boundary layer
parameterization scheme [35,36], and the RUC land surface process [37]. To compare
the difference between microphysics parameterization schemes, six cloud microphysics
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parameterization schemes were selected to evaluate the simulation ability of different cloud
microphysics parameterization schemes; these are Lin, WSM5, WSM6, New Thompson,
Morrison, and Eta, which have worked well in previous studies [38–40].

2.3. Statistical Methods

Statistical indicators, such as the correlation coefficient (R), average relative error
(MRE), and relative deviation (BIAS) are selected to evaluate the simulated results. The
relevant statistics are calculated as follows:

R =
∑n

i=1(x − x)(xobs − xobs)√
∑n

i=1(x − x)2 ×
√

∑n
i=1(xobs − xobs)

2
(1)

MRE =
1
n

n

∑
i=1

∣∣∣∣ xobs − x
xobs

∣∣∣∣ (2)
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3. The Case Description

As shown in Figure 2, the TBB value recorded by the Yushu meteorological station
was lower than −60 degrees Celsius at 17:00, 11 August 2020, indicating that the cloud top
was very high and the convection was strong. Figure 2 shows the reflectivity factor time
series of the Ka-band millimeter-wave cloud radar fusion product. Figure 2 shows that
the period from 16:00 to 17:00 on that day was before the occurrence of precipitation; the
reflectivity continued from 3 km to 12 km above the ground, indicating convection at that
time. The cloud layer was thick and the convection behavior developed vigorously; the
peak appears at 16:50 at 3–6 km, and the maximum value of the reflectivity factor was close
to 25 dbz, indicating that a large amount of water was generated in the convective cloud
at this time. Under the influence of intense convective weather, convective precipitation
occurred in Yushu City from 16:47 to 18:58, from which hail appeared from 16:56 to 16:59,
and the diameter of the hail reached over 5 mm in size. The rain intensity peaked at 17:00
on that day, at 30 mm/h, and continued until after 18:00.

Figure 2. The model domain and topography (unit: m). The first nested area contains most of the TP
area, the second nested area is located in the eastern part of the TP, and the third nested area focuses
on the concentration of observation sites in the eastern part of Yushu Tibetan Autonomous Prefecture
in southern Qinghai Province. The area average of the black dashed area in the figure is used for
comparison with the radar profile.



Atmosphere 2022, 13, 1311 5 of 14

4. Verification of Model Simulation

Figure 3 showed the spatial distribution of the 24h precipitation, from 08:00 on
11 August to 08:00 on 12 August, simulated by six cloud microphysics parameteriza-
tion schemes, and the precipitation was observed by six meteorological stations (Yushu,
Qumalai, Zhiduo, Zaduo, Nangqian, and Qingshuihe) that are also marked on the Figure.
In the figure, the precipitation generally shows a decreasing trend from south to north.
As shown in Figure 3, the six cloud microphysics parameterization schemes simulate the
north–south block precipitation distribution in the Yushu area. For each precipitation center,
the simulation results of the six schemes are not significantly different. In the north region,
the WSM5 scheme and the new Thompson scheme simulate more precipitation, while in
the south part, the rainfall simulated by the Morrison scheme is too small. The simulation
results of the Lin scheme, the WSM6 scheme, and the Eta scheme are relatively consistent
with the observed results.

Figure 3. (a) The blackbody brightness temperature (TBB) at 17:00 on 11 August 2020, (b) the reflec-
tivity factor in Yushu, (c) the time variation of precipitation intensity in Yushu, and (d) photograph of
the observed hail.

The evaluation indexes of the simulation results are shown in Table 1. In terms of
the correlation coefficient, the Lin scheme and Morrison scheme have the highest degree
of linear correlation, and the New Thompson scheme has a little correlation. The WSM5
scheme and the New Thompson scheme perform poorly in terms of average relative error.
From the perspective of relative deviation, the Morrison scheme and the Eta scheme have
serious negative biases, which means that these two schemes seriously underestimated the
precipitation and rainfall at this time.
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Table 1. Cumulative spatial precipitation error index of six microphysical schemes.

Lin WSM5 WSM6 New
Thompson Morrison Eta

R 0.8489 0.5467 0.6220 −0.0864 0.8580 0.5618
MRE 0.7358 1.0438 0.5434 1.3317 0.8692 0.5640
BIAS 0.1567 0.1403 −0.1135 −0.0242 −0.8650 −0.5691

Figure 4 shows the temporal and spatial distribution of radar reflectivity factors, as
simulated by six cloud microphysics parameterization schemes, from 16:00 to 18:00 on
11 August. The simulation results of different schemes are quite variable. In terms of spatial
distribution, the WSM6 scheme and the Eta scheme cannot simulate reflectivity of more
than 6 km. In terms of the peak time, the peak time of the simulation results of the WSM5
scheme is behind, while the simulation results of the New Thompson scheme are far ahead.
On the whole, the simulation results of the Lin scheme and Morrison scheme are closer to
the actual results in time and space. In comparison, the Lin scheme can better describe the
precipitation for some time after the peak.

Figure 4. The simulated spatial distribution of the 24h precipitation results from 08:00 on 11 August
to 08:00 on 12 August; (a–f) show the Lin, WSM5, WSM6, New Thompson, Morrison, and Eta results,
respectively (unit: mm).

In terms of the simulation of the spatial distribution of cumulative precipitation, the
Lin scheme and the WSM6 scheme have the best performance. In terms of the simulation of
the reflectivity factor, the Lin scheme and the Morrison scheme have the best performance.
Among them, the Lin scheme in the WRF model can reasonably simulate the convective
precipitation process in the Yushu area at this time, indicating that the WRF model is
reliable for studying the convective precipitation process in the Yushu area.

5. Analysis of the Microphysical Process
5.1. Spatiotemporal Distribution

In Figure 5, the time–height distribution of the mass densities of various phase particles
showed that the distribution of solid hydrometeors is relatively high and cloud ice is located
in the highest layer, with a distribution range of 300–100 hPa, while its maximum-value
center is concentrated at about 150 hPa; snow appears in the middle and high layers, with
a wide distribution range, and the top value center is concentrated at 250–200 hPa; graupel
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is mainly distributed in the middle and high layers, with high particle content and deep
vertical distribution; cloud water appears in the middle layer and the maximum-value
center is concentrated at 500 hPa; the rainwater seems to appear in the medium and low
layers, and the top value center is below 500 hPa; the water vapor is evenly distributed,
and the maximum value is concentrated in the lower layer.

Figure 5. The simulated reflectivity factors (a–f) were for Lin, WSM5, WSM6, New Thompson,
Morrison, and Eta, respectively (unit: dbz). This figure is obtained by the regional averaging of the
black dashed area (32.5–33.5◦ E, 96.5–97.5◦ N) in Figure 2.

In terms of the extreme value of the mixing ratio, water vapor shows the highest
mixing ratio, followed by cloud water and rainwater, and, finally, graupel, snow, and ice.
Figure 6 shows that gaseous hydrates have the highest mixing ratio, liquid hydrates have
the second highest, and solid hydrates have the lowest mixing ratio. From the perspective
of time distribution, the maximum value center of cloud water appears at 12:00–14:00, the
other various phase particles have top value centers from 16:00–18:00, while the extreme
value center is at 16:00. This shows that the plateau’s convective precipitation begins to
develop in the afternoon, growing strongest in the evening, and the maximum precipitation
value is concentrated around the evening period. This is consistent with the conclusions
obtained in previous studies [41,42]. The maximum cloud-water mass density value is
about two hours earlier than those for the changing trend of the extreme value center of
other phase particles.
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Figure 6. The mixing ratios of particles in each phase: (a) ice, (b) snow, (c) graupel, (d) cloud water,
(e) rainwater, (f) water vapor (unit: 10−6 kg/kg). This figure is obtained via regional averaging of the
black dashed area (32.5–33.5◦ E, 96.5–97.5◦ N) in Figure 2.

5.2. Source Term Analysis

The Lin microphysics parameterization scheme considers the mixing ratio of water
vapor, cloud water, rainwater, cloud ice, snow, and graupel. In the Lin microphysics
parameterization scheme, there are four sources of rainwater: graupel melts to form rain
(GMLT), while snow melts to form rain (SMLT), cloud water automatically gathers to form
rainwater (RAUT) and the collision of rain and cloud water growth (RACW). There are
five kinds of source terms of snow: the sublimation growth of snow (SDEP), the Bergeron
process transformation of cloud ice into snow (SFI), ice crystals aggregate to form snow
(SAUT), and the collision between snow and cloud ice. There are nine sources of graupel:
snow gathers to form graupel (GAUT), cloud and ice collide with supercooled rainwater
to form graupel (IACR), with collision and growth to graupel (RACS), supercooled water
freezes to form graupel (GFR), graupels collide with cloud water and grow (GACW),
graupels collide with rainwater (GACR), graupel and ice crystals collide and grow (GACI),
grain and snow collide with growth (GACS) along with grain glide growth (GDEP). To
better reveal the transformation of microphysical quantities in the convective precipitation
process, the model’s source-sink transformation rates are analyzed here. The area averaged
(32.5–33.5◦ E, 96.5–97.5◦ N, the dashed area in Figure 2) the vertical distribution of the
rainwater source, snow source, graupel primary source, and graupel growth source at 17:00
on 11 August.

From the vertical distribution of the conversion rate of the rainwater source term, it can
be seen that the rainwater mainly comes from the RACW and the RAUT. The conversion
rate of SMLT is very close to 0 and is negligible. It is worth noting that the GMLT has a very
negative value, which indicates that the conversion of rainwater to graupel is powerful at
this time.

From the vertical distribution of the conversion rate of the snow source item, it can be
seen that, unlike the rain source item, the snow source item shows significant differences at
different heights. The top centers of SAUT and SACI appear at 150 hPa. The SFI and SDEP
have a large center distribution at 400 hPa. The SACR dominates the snow source term,
with its top center at 500 hPa, and the conversion rate is more than three times that of the
second-largest conversion rate. This indicates that snow is produced at multiple heights
but mainly comes from the collision and growth of snow and rain at the altitude of 500 hPa.
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From the primary source term of graupel particles, it can be seen that the IACR is
the largest value, RACS is the second-largest value, and the center of the maximum value
of the two appears at 500 hPa. Conversion rates for the rest of the process are negligible
compared to the first two. This indicates that in the initial stage of graupel, the IACR and
the RACS are the main processes.

From the growth source term of graupel particles, it can be seen that most of the
microphysical processes of graupel growth reach a peak at 500 hPa, the GACR is extremely
large, and the maximum conversion rate occurs at 500 hPa. The GACW is about 1/5 of the
former, and the ultimate conversion rate also appears at 500 hPa. Conversion rates for the
rest of the process are negligible. This shows that in the growth process of graupel particles,
the GACR dominates. At the same time, the GACW also has a particular contribution to
the growth of graupel.

To sum up, rainwater has an inevitable growth, but most of it is involved in trans-
forming into graupel particles. The development of snow is relatively insignificant in
magnitude. In the initial stage, graupel particles are mainly affected by cloud ice, freezing,
supercooled rainwater, and rainwater and graupel particles. The snow collision and growth
process have an impact, but the magnitude of the conversion rate is not significant. In its
growth stage, the collision and growth of graupel and rain significantly impact the growth
of graupel particles, which is also an essential precipitation process.

5.3. Evolutionary Characteristics

From the evolution characteristics of the main microphysical processes in Figure 7, it
can be seen that an intense precipitation process occurred in the Yushu area from midnight
on 11 August to midnight on 12 August. In the desublimation and Bergeron processes, the
GDEP plays a significant role. The SFI takes second place, while the SDEP is not significant.
In the process of ice-phase particle aggregation, the RAUT is the most significant. The
SAUT has a particular contribution. The main microphysical processes of collision and
growth can be seen, the GACR and the GACW are the main processes and the GACS and
the SACR are not significant. During the melting process, the GMLT and the SMLT both
show negative values, which means that the freezing process is underway, that is, the
conversion of rainwater to graupel and snow, of which the transformation of rainwater to
graupel particles accounts for a large part. Only a tiny amount of rain is converted into
snow. From the point of view of the magnitude of the conversion rate, the growth and
coagulation processes are the most significant. Among them, the interaction of graupel
particles with rainwater and cloud water is more critical in terms of collision and growth.
During the condensation process, most of the graupel comes from rainwater condensation.
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Figure 7. Conversion rate of the water source item to a horizontally averaged figure: (a) rainwater
source item, (b) snow source item, (c) graupel primary source item, (d) graupel growth source item.
This figure is obtained by the regional averaging of the black dashed area (32.5–33.5◦ E, 96.5–97.5◦ N)
in Figure 2.

Therefore, it can be seen from the evolution characteristics of the precipitation micro-
physical process over time (Figure 8) that water vapor forms ice crystals, snow, and graupel
through desublimation; in the coexistence area of supercooled water and ice particles, ice
particles pass through aggregation, the Bergeron process, coagulation, and collision and
are transformed into each other, while rain is formed by melting and falling. It can be seen
from the whole process that the coagulation and collision processes play a significant role
in the plateau’s precipitation, while the condensation of rainwater also plays an important
role in forming graupel particles.
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Figure 8. Microphysical process timing characteristics. (a) Sublimation and Bergeron, (b) ice phase
particle aggregation, (c) coagulation, and (d) melt (unit: 10−5g·kg−1·s−1). This figure is obtained by
regional averaging of the black dashed area (32.5–33.5◦ E, 96.5–97.5◦ N) in Figure 2.

6. Conclusions and Discussions

In this paper, a convective precipitation process in the Yushu area of the Tibetan
Plateau, monitored from 11 to 12 August 2020, is analyzed using multiple observational
data, reanalysis data, and WRF simulation data. The conclusions are as follows:

(1) The WRF model with a Lin microphysics parameterization scheme was able to simu-
late the convective precipitation process in the Yushu area of the TP.

(2) The spatiotemporal distribution of the phase particles shows that the three-phase
particles of solid, liquid, and gas are distributed over different height layers. The
gaseous particles are mainly distributed in the lower layer. The liquid particles are
distributed primarily in the middle and low layers, and the solid particles are mainly
distributed on the upper floors. Gaseous hydrates have the highest mixing ratio,
liquid hydrates the second highest, and solid hydrates have the lowest mixing ratio.

(3) In the cloud microphysics process, the contribution of rainwater to precipitation is
the largest, and it collides, grows, and solidifies. This process is the primary process
for the growth of graupel particles and is also essential for producing precipitation.
From the evolution characteristics of the microphysical process, it can be seen that
the ice particles play a significant role in the TP precipitation process. Condensation
contributes less to the formation of hail.
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Numerical models such as WRF are widely used in the study of cloud microphysical
processes. The above conclusions confirm the results of previous studies [43]. This study
reveals the microphysical process of convective cloud and the transformation law of hy-
drometeors over the Plateau, which is of great significance for further understanding of
the microphysical mechanism of precipitation formation and water-cycle characteristics
over the Plateau, improving the parameterization of modeled cloud physical processes,
and improving the level of numerical prediction. However, due to data discretization,
initial and boundary conditions, and parameterization uncertainty [44], the determinis-
tic prediction of the WRF model has a large error. Among them, the uncertainty of the
parameterization scheme has a great impact on precipitation forecast technology because
the microphysics scheme, convection scheme, radiation scheme, and PBL scheme in the
parameterization schemes have a great impact on the accuracy of simulation of temperature,
humidity, and wind field [45]. In addition, this paper only explores a case of convective
cloud precipitation over the TP in summer. However, the plateau area is vast, and the
terrain is complex and changeable. The conclusions drawn from this process may not
be widely representative. Besides, this experiment only selects a small part of the many
parameterization schemes; there are many schemes that have not been compared, such as
those of Kesser and Ferrier. Therefore, the results of this experiment are not enough to show
that the selected scheme is better than other schemes at any time and in any place. On the
contrary, each parameterization scheme has its own advantages and disadvantages, and for
different occasions and moments, the simulation results are also different. Therefore, it is
necessary to study the TP in the future. More simulations of cloud precipitation processes
must be performed to obtain robust microphysical mechanisms that further enhance the
capabilities of the models.
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