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Abstract

Precipitation over the Qinghai-Tibetan Plateau is complex and primarily affected by the interaction between
atmospheric circulation and the complicated topography due to the high altitude. The impacts of the in-
creased altitudes on precipitation over the Qinghai-Tibetan Plateau remain largely unknown. This study
designs numerical simulation experiments in the Weather Research and Forecasting (WRF) model, with
actual altitudes reduced by 1000 m, 2000 m, and 3000 m, to simulate convective precipitation on the Qinghai-
Tibetan Plateau. Furthermore, the effects of high altitude on convective precipitation were revealed by
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analyzing the buoyancy effect combined with the dynamic and thermal effects on precipitation. The results
show that altitude has played a crucial role in modulating both convective precipitation intensity and
precipitation amount on the Qinghai-Tibetan Plateau. At high altitudes, the water vapour on the Qinghai-
Tibetan Plateau was regulated by the high plateau-induced dynamic blocking effect. The high plateau also
affects atmospheric lifting conditions through thermal effects, and the atmospheric pressure at the level of
free convection was lower due to the decreased atmospheric density and lower atmospheric pressure,
forming less energy and weaker buoyancy effects, resulting in a low intensity of convective precipitation and
insufficient precipitation amount on the plateau. In the future, it is necessary to add factors such as at-
mospheric aerosols and atmospheric chemical processes to improve the simulation accuracy and analyze the
process of cloud-forming rain caused by convective precipitation on the high-altitude Qinghai-Tibetan

Plateau.
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Introduction

The Qinghai-Tibetan Plateau is an important geo-
morphic region with an average altitude exceeding
4000 m, known as the ‘third pole of Earth’. The uplift
of the Qinghai-Tibetan Plateau is the result of con-
tinental collision. Since the end of the Pliocene, the
Qinghai-Tibetan Plateau has reached an altitude of
3500-4000 m (Li et al., 1979; Zhong and Ding,
1996). The rise of the Qinghai-Tibetan Plateau sig-
nificantly changed the surrounding climate system,
forming the most powerful Asian monsoon system
on Earth (Li and Fang, 1998). The impact of the
Qinghai-Tibetan Plateau on climate is mainly man-
ifested in dynamic blocking and thermal effects
(Ding, 1991). The primary dynamic effect of the
Qinghai-Tibetan Plateau is the mechanical obstruc-
tion and friction of atmospheric airflow caused by the
high altitude of the plateau terrain, which results in
changes in atmospheric dynamic processes. The
thermal effect of the Qinghai-Tibetan Plateau is the
higher or lower air temperatures on the plateau than
in the surroundings during different seasons. In the
1950s, studies focused on the branching and merging
effects of Qinghai-Tibetan Plateau dynamics on
westerly winds (Bolin, 1950; Gu, 1951; Ye and Gu,
1955). Further studies have found that the dynamic
blocking effect of the Qinghai-Tibetan Plateau plays
a key role in altering atmospheric circulation,
blocking water vapour transport, and causing

drought over the plateau (Ye et al., 1979; Yang et al.,
1979; Manabe and Terpstra, 1974; Manabe and
Broccoli, 1990).

The Qinghai-Tibetan Plateau can have a signifi-
cant impact on Asian and global climates through
thermal effects (Pan and Li, 1996; Liang et al., 2005).
Previous studies have also found significant thermal
effects on the Qinghai-Tibetan Plateau over the last
few decades. Ye et al., 1957 showed that the Qinghai-
Tibetan Plateau was a heat source in summer, with a
basic upwards motion, and a cold source in winter,
with a downwards motion, based on upper-air and
ground data. Later, Ye et al. concluded through a
turntable experiment that the East Asian atmospheric
circulation and the southwest monsoon were closely
related to the thermal effects of the plateau (Ye and
Zhang, 1974). Moreover, numerous studies have
demonstrated that the thermal effect of the Qinghai-
Tibetan Plateau has significantly enhanced the in-
teraction between the lower troposphere and upper
troposphere circulation, as well as the interaction
between subtropical and tropical monsoon circula-
tion, as a result, the East Asian summer monsoon has
intensified, while the South Asian summer monsoon
has weakened, and the dry and hot desert climate in
Central Asia has experienced further intensification
(Duan and Wu, 2005; Wu et al., 2012a; 2012b).

The Qinghai-Tibetan Plateau not only affects the
surrounding climate system but also forms a unique
plateau climate system. Due to the high altitude, the
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air mass above the Qinghai-Tibetan Plateau is only
60% of the sea level (Smith and Shi, 1992), and the
precipitation patterns are significantly different from
those of low-altitude areas (Li et al., 2012; Luo et al.,
2011; Romatschke et al., 2010; Tang et al., 2018a;
Yue et al., 2018). The precipitation on the Qinghai-
Tibetan Plateau is mainly characterized by convec-
tive precipitation, which is much more frequent than
that in plain areas at the same latitude due to active
convective activities, but its intensity is weak (Ueno
et al., 2002; Liu et al., 2002; Xu and Chen, 2006).
The daily precipitation on the plateau in summer is
often below 10 mm. The weather processes have very
few days of daily precipitation exceeding 20 mm
(Chang and Guo, 2016; Yan et al., 2016). Studies
have shown a correlation between altitude and the
frequency and mean intensity of precipitation
through statistical data (Zhang, 2019, 2021; Dong
and Ni, 2022). Precipitation frequency and mean
precipitation intensity likely depend on altitude.
Research suggests that the impact of the Qinghai-
Tibetan Plateau on precipitation is driven by dynamic
and thermal forcing and aerosols changes (Manabe
and Terpstra, 1974, Manabe and Broccoli, 1990; Ye
et al., 1957; Duan and Wu, 2005; Wu et al., 2012a,
2012b; Lau and kim, 2006; Xu et al., 2009). Previous
studies have rarely focused on the impact of atmo-
spheric buoyancy on plateau precipitation. This ar-
ticle aimed to gain a deeper understanding of the
relationship between precipitation and altitude ef-
fects on the Qinghai-Tibetan Plateau and to analyze
and explore the relationship between altitude and
precipitation from the perspective of high altitude
and sparse atmosphere.

Data and methods

Meteorological station data

In this study, the multiyear precipitation data of
meteorological stations on the Qinghai-Tibetan
Plateau were selected based on the Daily Values of
Basic Meteorological Elements from National
Weather Stations in China (V3.0) and Hourly Pre-
cipitation Data from National Weather Stations in
China (V2.0). The data time in the Daily Values of
Basic Meteorological Elements from National

Weather Stations in China (V3.0) was 1951-2020,
and the data time range in the Hourly Precipitation
Data from National Weather Stations in China (V2.0)
was 1951-2015. However, there was a large amount
of missing data throughout the year at stations on the
Qinghai-Tibetan Plateau. To ensure data compara-
bility among stations, the daily data from 1991 to
2020 were selected. For the hourly dataset, the period
from June to September of 2007 to 2015 was se-
lected, and the sites with missing data throughout the
year that still existed in this time period were
removed.

According to the classification of precipitation
by the China Meteorological Administration,
light rain is defined as daily precipitation less than
10 mm, but the precipitation intensity on the
Qinghai-Tibetan Plateau is often small, and
precipitation over 10 mm is rare. Most studies use
the number of days with daily precipitation
greater than 10 mm, the number of days with daily
precipitation greater than 20 mm, and the maxi-
mum daily precipitation to indicate extreme
precipitation on the Qinghai-Tibetan Plateau
(You et al., 2008; Wang et al., 2013; Sigdel and
Ma, 2017). Based on existing research, this study
selected the annual average precipitation, mul-
tiyear maximum daily precipitation, multiyear
extreme daily precipitation frequency, multiyear
maximum hourly precipitation intensity and
multiyear extreme hourly precipitation frequency
as precipitation indicators to analyze the rela-
tionship between precipitation and altitude.

WRF mode setting

In this study, the WRF 4.1 was implemented in
conducting the sensitivity experiment. Here we
used FNL (Final Operational Global Analysis)
data as the meteorological data input and MODIS
(Moderate-resolution Imaging Spectro-
radiometer) 2020 land use data and SRTM
(Shuttle Radar Topography Mission) altitude data
as static geographic data. The FNL data have a
temporal resolution of 6-h and a spatial resolution
of 1 °x 1 ° and were obtained from the National
Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/
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NCAR, https://rda.ucar.edu/datasets/d083002/#!
). The MODIS data have a spatial resolution of
500 m and were sourced from National Aero-
nautics and Space Administration (NASA,
https://modis.gsfc.nasa.gov/data/). The SRTM
data have a spatial resolution of 90 m and were
obtained from the United States Geological

Table |. Parameterization scheme used for the tests.

WREF 4.1 dol do2
Number of grids 146 x 95 313 x 199
Grid spacing 27 km 9 km
Time step 120s 40s
Vertical layers 45

Microphysics Goddard 4-ice
Longwave radiation RRTM

Shortwave radiation Dudhia

Land surface Noah-MP

Surface layer Eta Similarity scheme
Planetary boundary layer MY]

Cumulus parameterization Kian-Fritsch(new eat)

Survey (USGS, https://Ipdaac.usgs.gov/products/
srtmgl3v003/). The grid design and parameter
scheme are shown in Table 1. The simulation area
was divided into two layers (Figure 1). The
outermost region (d0l) covered the Qinghai-
Tibetan Plateau and its periphery of approxi-
mately 5°, with 146 grids in the east-west di-
rection and 93 grids in the north—south direction,
with a grid spacing of 27 km. The second region
(d02) covered the entire Qinghai-Tibetan Plateau,
with 301 grids in the east-west direction and
190 grids in the north—south direction, with a grid
spacing of 9 km. The simulation area is shown in
Figure 1. One-way nesting was used between the
two layers. To minimize the impact of model
errors, a large-scale and high-intensity convec-
tive precipitation event that occurred on June 16th
on the Tibetan Plateau was specifically selected
for analysis. Convective precipitation on June 16,
2020, was selected as a simulation case. On that
day, strong convective precipitation occurred on
the Qinghai-Tibetan Plateau under the influence
of plateau shear at 500 hPa in the middle and high

dol
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Figure I. Testing range of WRF model. For interpretation of the references to colours in this figure legend, refer to the

online version of this article.
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latitudes of the Eurasian continent (Deji et al.,
2021).The simulation time was from 00:00 June
15 to 00:00 June 17, 2020 (UTC), where the first
day was used as the model spin-up time.

In this study, four groups of tests were con-
ducted (Table 2), in which Test 1 was the control
group using the altitude data of the actual situ-
ation in both nested areas, and Test 2, Test 3 and
Test 4 were the experimental groups. In these
three groups, the first nested area keeps the actual
altitude data, and the second nested area sub-
tracts 1000 m, 2000 m and 3000 m from the
actual SRTM data as the altitude data, respec-
tively. As the altitude decreases, some low-
altitude regions may yield negative values. To

Table 2. Four sets of nested altitude data for the second
layer of experiments.

maintain model stability, we set these negative
altitudes to zero.

Results

Statistical analysis of the relationship between
altitude and precipitation

Recent studies (Chen et al., 2024; Dai et al., 2024;
Wang et al., 2024) have evidenced that precipitation
exerts increasingly pronounced impacts on agricul-
tural crops and ecosystems under extreme climatic
conditions, while the mechanistic uncertainties asso-
ciated with precipitation-related processes demand
further in-depth investigation. Altitude has a crucial
effect on precipitation but varies in different regions
and scales. The multiyear precipitation amount, pre-
cipitation intensity and extreme precipitation fre-
quency of meteorological stations on the Qinghai-
Tibetan Plateau significantly declined with increas-

Test Altitude data ing altitude (Figure 2). This indicates that precipitation
Test] Shuttle Radar Topography Mission(SRTM) in the Qinghai-Tibetan Plateau is affected by the
Tost2 SRTM. 1000 m pography changed altitude. However, there is no direct causal
Test3 SRTM-2000 m relationship between altitude and precipitation. The
Test4 SRTM-3000 m altitude effect influences precipitation by altering the
moisture content and thermal conditions in the
(a) (b)
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Figure 2. Relationship between precipitation and altitude over the Qinghai-Tibetan Plateau. (a) The relationship
between annual precipitation and altitude. (b) The relationship between maximum daily precipitation and altitude. (c)
The relationship between the frequency of daily precipitation exceeding 10 mm and altitude. (d) The relationship
between the frequency of daily precipitation exceeding 20 mm and altitude. (e) The relationship between maximum

hourly precipitation intensity and altitude.
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atmosphere. Early studies also indicated that the re-
lationship between altitude and precipitation varies
across different regions (Zhang, 2019, 2021; Dong and
Ni, 2022). When analyzing the annual precipitation
statistical data of the Qinghai-Tibetan Plateau, we
reduced the original altitude by 1000 m, 2000 m, and
3000 m and examined the relationship between alti-
tude and precipitation indicators. We found that the
relation between the altitude and the average annual
precipitation and the maximum daily precipitation
over the years become weak gradually (Figure S1).

Correlation between altitude changes and
single precipitation revealed by numerical
simulation

Inspired by the aforementioned statistical results, this
study chose a single convective precipitation event to
further explore the impact of altitude on precipitation
by conducting sensitivity experiments in the WRF
model.

The changes in precipitation and precipitation
intensity with altitude were analyzed by calculating
the maximum 24-h cumulative precipitation, the
precipitation area where the 24-h cumulative pre-
cipitation exceeded 25 mm and 50 mm, the maxi-
mum hourly precipitation intensity, the precipitation
area where the maximum hourly precipitation in-
tensity exceeded 16 mm/h, the maximum average
hourly precipitation intensity and the precipitation
area where the average hourly precipitation intensity
exceeded 5 mm/h. Statistics of precipitation indi-
cators under different tests are shown in Table 3. The
results (Figure 3 and Table 3) showed that the
maximum 24-h cumulative precipitation in Test
1 decreased by 139.27 mm, 225.05 mm and
234.7 mm compared with Test 2, Test 3 and Test 4,

respectively; the precipitation area with 24-h cu-
mulative precipitation over 25 mm in Test 1 de-
creased by 40,581 km?, 90,072 km” and 87,075 km?
compared with Test 2, Test 3 and Test 4, respectively;
and the 24-h cumulative precipitation area exceeding
50 mm in Test 1 decreased by 14,337 km?,
34,911 km? and 37,989 km? compared with Test 2,
Test 3 and Test 4, respectively. With increasing al-
titude (Test 4 to Test 1), the maximum 24-h cumu-
lative precipitation decreased by 3.2%, 31.5% and
77.4%, respectively. Furthermore, another case on
July 14, 2019 also shows a similar pattern of pre-
cipitation in various tests (Figure S2), indicating the
robustness of the effect of elevation changes on
precipitation.

The indicators associated with maximum hourly
precipitation intensity in 24 hours are shown in
Table 4. The results (Figure 4 and Table 4) showed
that with increasing altitude, the maximum hourly
precipitation intensity of Test 1 decreased by
22.36 mm/h, 43.04 mm/h and 56.32 mm/h relative
to the precipitation of Test 2, Test 3 and Test 4,
respectively; the precipitation area with maximum
hourly precipitation intensity exceeding 16 mm/h
decreased by 17,577 km?, 26,325 km? and
42,120 kmz, compared with Test 2, Test 3 and Test
4, respectively. With increasing altitude (Test 4 to
Test 1), the maximum hourly precipitation intensity
decreased by 14.1%, 36.0% and 59.6%,
respectively.

The relevant indicators of average hourly pre-
cipitation intensity in 24 hours are displayed in
Table 5. The average hourly precipitation intensity
result (Figure 5 and Table 5) showed that with in-
creasing altitude, the maximum average hourly
precipitation intensity in Test 1 decreased by
4.74 mm/h, 11.21 mm/h, and 19.24 mm/h compared

Table 3. Convective precipitation index of the Qinghai-Tibetan Plateau under different tests.

24-h accumulated precipitation
over 25 mm area (km?)

Maximum precipitation (mm)

24-h accumulated precipitation
over 50 mm area (km?)

Test | 68.48 59,211
Test 2 207.75 99,792
Test 3 293.53 149,283
Test 4 303.18 146,286

1539
15,876
36,450
39,528
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Figure 3. 24-h cumulative precipitation in different tests on June 16, 2020. For interpretation of the references to

colours in this figure legend, refer to the online version of

this article.

Table 4. Maximum hourly precipitation intensity index of convective precipitation in the Qinghai-Tibetan Plateau under

different tests.

Maximum hourly precipitation
intensity (mm/h)

Area with maximum hourly precipitation
intensity exceeding 16 mm/h (km®)

Test | 38.11
Test 2 60.47
Test 3 81.15
Test 4 94.43

2349
15,228
28,674
44,469

with Test 2, Test 3, and Test 4, respectively; the
precipitation area with an average hourly precipita-
tion intensity exceeding 5 mm/h in Test 1 decreased
by 7290 km?, 17,739 km?, and 36,855 km?* compared
with Test 2, Test 3, and Test 4, respectively. With

increasing altitude (Test 4 to Test 1), the average
hourly precipitation intensity decreased by 32.9,
59.4% and 79.5%, respectively.

The comparison implied that the increase in al-
titude of the Qinghai-Tibetan Plateau led to a
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Figure 4. Maximum hourly precipitation intensity for different tests on June 16, 2020. For interpretation of the
references to colours in this figure legend, refer to the online version of this article.

Table 5. Average hourly precipitation intensity index of convective precipitation in the Qinghai-Tibetan Plateau under

different tests.

Maximum average hourly
precipitation intensity (mm/h)

Precipitation area with average hourly precipitation
intensity exceeding 5 mm/h (km?)

Test |
Test 2
Test 3
Test 4

5.16
9.90
16.37
24.40

324
7614
18,063
37,179

decrease in both the amount and the intensity of
convective precipitation, and the high altitude was
likely the primary driver of this convective precip-
itation characteristic on the Qinghai-Tibetan Plateau.

This dependence of precipitation on altitude over the
Qinghai-Tibetan Plateau has also been shown in
other studies (Tang et al., 2018b; Dong and Ni, 2022;
Zhang et al., 2023).
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Figure 5. Mean hourly precipitation intensity for different tests on June 16, 2020. For interpretation of the references to
colours in this figure legend, refer to the online version of this article.

Verification of model simulations

To verify the simulation effect of the model for these
precipitation events, the results of Test 1 (actual
altitude) were compared with the observation data of
meteorological stations and reanalysis data. The
results are shown in Figure S3 by comparing the
cumulative precipitation observed at the meteoro-
logical station on June 16, 2020, with the simulation
results. The correlation coefficient between the
simulation and the observation was 0.64 (p < .01).
The root mean square error was 6.33, and the average
absolute error was 4.53.

The hourly precipitation distribution from the
precipitation fusion product of the China Meteoro-
logical Administration Land Surface Data Assimi-
lation System (CLDAS) was compared with the
hourly precipitation distribution from Test 1 (actual

altitude) to verify the reliability of the simulations,
which are shown in Figure S4. First, the precipitation
from CLDAS formed and gradually intensified in the
northeastern part of the plateau and then formed in
the central part of the plateau at approximately 12:
00 a.m. The precipitation gradually weakened in the
eastern part at 18:00 p.m. and mostly weakened and
stopped on the Qinghai-Tibetan Plateau by 22:
00 p.m. In the WRF simulation results (Figure S4),
WREF basically simulated the process of this pre-
cipitation. Compared with the observations, the
precipitation was more extensive and intense, es-
pecially in the central part of the plateau. However,
the occurrence and end time of the precipitation
basically coincided, so the model could reproduce
the process of this precipitation.

Furthermore, the hourly precipitation area in the
WREF simulation was statistically compared with the
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hourly results of CLDAS. The results showed that
(Figure S5) the WRF and CLDAS in the main areas
of precipitation (eastern, central and northeast of the
plateau) showed a significant correlation (r> 0.8, p <
.05). There was a negative correlation between the
WRF and CLDAS in some regions because there was
an error in precipitation time between the WRF and
CLDAS. Overall, most regions showed a significant
positive correlation.

Physical processes behind altitude induced
precipitation changes

The water transport on the windward slope of the
plateau plays an important role in the precipitation of
the plateau (Li et al., 2024). The dynamic processes
of the Qinghai-Tibetan Plateau affect the water va-
pour transfer of the plateau by blocking atmospheric
circulation. By calculating the difference in precip-
itable water in the four groups of tests, it was found
(Figure 6) that with the decline in altitude, the pre-
cipitable water in the whole Qinghai-Tibetan Plateau
increased, and the increase in precipitable water in
the southeastern part was much larger than that in the
northwestern part. By calculating the water vapour
flux at the lowest level of the model, it was observed
(Figure 7) that the transport of water vapour in the
near-surface region of the Qinghai-Tibetan Plateau
increased gradually with decreasing altitude. The
decrease in altitude not only increases the atmo-
spheric thickness below 5 km, but also weakens the
plateau’s dynamic barrier, allowing more water

(a) Test 2 minus test |

(b) Test 3 minus test |
e o . .

WE 100F 108 o

“
-
n
3N
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vapour from the sea to enter the interior of the
plateau. The increase in precipitable water provided
more water vapour for convective precipitation,
which was also an important factor for the increase in
convective precipitation with decreasing altitude.

By calculating the variations in sensible heat flux
and latent heat flux between different tests, it was
found that with decreasing altitude, the sensible heat
flux in most regions of the Qinghai-Tibetan Plateau
gradually decreased (Figure S6), while the latent heat
flux increased (Figure S7). The enhancement of
sensible heat flux over the Qinghai-Tibetan Plateau
can strengthen the upwards movement of air masses
(Zhang and Klein, 2010; Tang et al., 2023). By
calculating the distribution of the maximum vertical
wind speed on June 16th, 2020 in four groups of
tests, the changes in convective precipitation uplift
conditions at different altitudes were explored. The
presence of more extensive updrafts creates fa-
vourable thermodynamic conditions for convective
initiation, thereby driving the development of spa-
tially expansive convective systems. The results
(Figure 8) showed that the Qinghai-Tibetan Plateau
produced a wider range of updrafts through the
thermal effect of high altitude, which played a key
role in convective precipitation.

The dynamic and thermal effects on the Qinghai-
Tibetan Plateau are a fundamental research direction
in the study of weather and climate on the plateau. In
addition to these two effects, the high altitude of the
Qinghai-Tibetan Plateau will change the physical
properties of the atmosphere. For example, an in-
crease in altitude will reduce the atmospheric density,
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Figure 6. Difference in hourly average precipitable water in four groups of tests on June 16, 2020. For interpretation of
the references to colours in this figure legend, refer to the online version of this article.
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Figure 7. Average bottom vapour flux in four groups of tests on June | 6th, 2020. For interpretation of the references to
colours in this figure legend, refer to the online version of this article.

make the air thinner, and reduce the atmospheric
pressure, which will lead to a change in the
buoyancy effect of the atmosphere. Therefore, this
article analyzed the results of different tests
through level of free convection and convective
available potential energy and explored the in-
fluence of buoyancy on precipitation and precip-
itation intensity.

Figure S8 shows the average level of free con-
vection of all grid points in four sets of tests on June
16™, where negative buoyancy acted below the level
of free convection and positive buoyancy acted
above the level of free convection. According to the
results (Figure S8), with the altitude increased, the
level of free convection also increased. Level of free
convection was detected in the southern part of the

plateau where the precipitation area was located.
Therefore, convective precipitation on the Qinghai-
Tibetan Plateau at high altitudes had a higher level of
free convection from the ground, and air masses
needed to rise to a higher height to enter a state of
positive buoyancy.

The entire atmospheric conditions between the
level of free convection and the equilibrium level
determine the magnitude of the energy. By con-
verting the level of free convection into the corre-
sponding atmospheric pressure, we can explore the
changes in the atmosphere above the level of free
convection. As shown in Figure S9, with increasing
altitude, the atmospheric pressure at the level of free
convection gradually decreased, indicating that the
atmospheric pressure above the level of free
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Figure 8. The hourly average maximum vertical wind speed in the four groups of tests on June |6th, 2020.
For interpretation of the references to colours in this figure legend, refer to the online version of this article.

convection was lower, and the buoyancy was also
smaller.

The convective available potential energy reflects
the magnitude of the action done by positive
buoyancy. The calculation of convective available
potential energy specifically shows how the action of
positive buoyancy changes with increasing altitude
and further delves the buoyancy change into the
energy change. Figure 9 shows that the convective
available potential energy decreased and became
more dispersed as the altitude increased. Buoyancy
analysis indicates that increased altitude raises the
height of free convection, reducing atmospheric
pressure above this level. This decrease in buoyancy
lowers convective available potential energy,
weakening energy conditions in the atmosphere and
hindering the formation of unstable stratification and
strong convection. By modulating energy, buoyancy

directly influences convective precipitation intensity,
making it a key factor in high-altitude precipitation
on the Qinghai-Tibetan Plateau.

Discussion

In this study, the dynamic, thermal and buoyant
effects of the Qinghai-Tibetan Plateau represented
the physical mechanism of the altitude effect on
precipitation. These three processes affected the
convective precipitation of the Qinghai-Tibetan
Plateau by changing the water vapour conditions,
uplift conditions and unstable stratification of con-
vective precipitation. This study only demonstrated
the influence of buoyancy on plateau precipitation
through comparative numerical simulations, but did
not delve into the atmospheric physical processes of
buoyancy affecting precipitation. While various
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factors influencing precipitation patterns are being
examined, the specific significance of each factor has
not been quantified and warrants further investiga-
tion. Note that a resolution of 9 km may not accu-
rately capture the dynamics of wupdrafts and
downdrafts, leading to convective processes largely
overlooking entrainment processes. Furthermore,
many anthropogenical factors can also affect con-
vective precipitation on the Qinghai-Tibetan Plateau
but were not considered in our study. The important
factor was the influence of atmospheric aerosols and
related atmospheric chemical processes on precipi-
tation. Atmospheric aerosols cannot only provide
necessary condensation for precipitation but also
affect the formation of precipitation by changing
atmospheric composition, atmospheric visibility
and solar radiation. Extensive research has dem-
onstrated that aerosols significantly influence the
climate of the Qinghai-Tibetan Plateau (Lau and
Kim, 2006; Xu et al., 2009; Fang et al., 2015).
Further research on the role of atmospheric aerosols
in convective precipitation over the Qinghai-
Tibetan Plateau is strongly needed. Our study re-
tained the original terrain of the Qinghai-Tibetan
Plateau in the simulation process and only changed
the altitude, while the internal terrain of the
Qinghai-Tibetan Plateau is complex. Whether the
impact of altitude on convective precipitation will
exist within the plateau due to the terrain also needs
further study.

Given that the initial fields remain unchanged, any
adjustment in altitude results in discrepancies in the
altitudes of meteorological elements at the domain
boundaries, thereby introducing biases into the
simulations. Such altitude differences between the
inner and outer domains are an inherent limitation of
regional models. However, exploring these issues in
the global models could be a potential avenue for
future research. Due to the high altitude and complex
topography on the Qinghai-Tibetan Plateau, there
was a certain uncertainty between the simulation
results and the actual situation. The static geographic
data (land use, soil, etc.) used in the simulation were
quite different from the actual situation, the terrain
undulation was large and the resolution was insuf-
ficient, the WRF simulation driving data had a certain
error, and when WRF simulated lake temperature, it

did not consider altitude, and the parameter scheme
of WRF had difficulty reflecting the actual physical
process. Note that the current simulation setup pri-
oritizes a large spatial domain with coarser resolution
(27 km), which necessitated a compromise in strictly
adhering to the 1:3 nesting ratio between domains.
This may potentially introduce some bias into the
downscaling process. Future high-resolution mod-
elling investigations can systematically address and
optimize these scaling considerations to further en-
hance the accuracy and reliability of the simulation
results.

Conclusion

This study designed four sets of convective precip-
itation experiments on the Qinghai-Tibetan Plateau at
different altitudes. From the 24-h cumulative pre-
cipitation, maximum hourly precipitation intensity,
and average hourly precipitation intensity, it can be
seen that as the altitude increased, the 24-h cumu-
lative precipitation and hourly precipitation intensity
of convective precipitation on the Qinghai-Tibetan
Plateau showed downwards trends. High altitude can
respond to the insufficient and low intensity of
convective precipitation on the Qinghai-Tibetan
Plateau. Based on the analysis of the dynamic,
thermal, and buoyancy effects on the Qinghai-
Tibetan Plateau, this study summarized the poten-
tial causes behind the decrease in precipitation and
intensity of convective precipitation over the
Qinghai-Tibetan Plateau with increasing altitude
from the changes in convective precipitation water
vapour conditions, uplift conditions, and unstable
stratification at different altitudes. The mechanism is
shown in Figure 10. First, the dynamic blocking
effect of the Qinghai-Tibetan Plateau resulted in
insufficient precipitable water and insufficient water
vapour on the plateau. Second, the thermal effect of
the Qinghai-Tibetan Plateau led to the widespread
prevalence of updrafts. Meanwhile, due to its high
altitude, low atmospheric pressure, low atmospheric
density, insufficient positive buoyancy work, and
low convective effective potential energy, the com-
bined effect of thermal and buoyancy makes it dif-
ficult for the Qinghai-Tibetan Plateau to develop
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stronger convection despite having certain uplift
conditions. The combined effects of dynamics,
thermal, and buoyancy have led to the convective
precipitation characteristics of the Qinghai-Tibetan
Plateau. The buoyancy effect caused by the increase
in altitude and the thinning of the atmosphere is an
important driver of the frequent but insufficient in-
tensity of convective activities in the Qinghai-
Tibetan Plateau. At the same time, we think the
weak buoyancy caused by high altitude may also
affect the concentration of condensation nuclei in the
atmosphere, leading to insufficient condensation
nuclei, making it difficult to form stronger and more
precipitation. This is also the focus of our next
research direction. The importance of buoyancy in
meteorological research on the Qinghai-Tibetan
Plateau should be emphasized.
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