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Owing to global warming, extreme precipitation events in the arid regions of Central Asia have increased, resulting in significant consequences for water resources and ecosystems. Hence, to address the features and corresponding physical mechanisms of these rainstorms, we examined the rainstorm that occurred in Hotan, Xinjiang in June 2021 as a case study. We employed multiple datasets, including meteorological stations, sounding observations, satellite precipitation data, and reanalysis datasets. The results indicate that the Global Precipitation Measurement satellite precipitation product accurately captured the temporal and spatial variations in this rainstorm, as verified against hourly in situ observation data. Some meteorological stations recorded values greater than twice their historical records, such as Luopu, Pishan, Moyu, and Hotan. Moreover, the duration of the precipitation was longer than 2 days. For the physical mechanisms of this rainstorm, the water vapor in this rainstorm is sourced from the 45°–65°N region of the North Atlantic Ocean crosses the Ural Mountains and the West Siberian Plain to southern Xinjiang. The low-pressure levels (e.g., 700 hPa and 850 hPa) have the more water vapor flux and specific humidity than the high-pressure levels. Our findings can aid the understanding of extreme precipitation events in Central Asia and provide a reference for dealing with meteorological disasters, including extreme precipitation, in the context of global climate change.
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1 INTRODUCTION
Rainstorms are a common weather disaster and often lead to soil erosion and flooding (Wang et al., 2020; Wu et al., 2021), resulting in casualties and property loss. Thus, mechanistic investigations and numerical forecasts regarding rainstorms have received extensive attention over the past few decades. Moreover, owing to global warming, extreme weather phenomena, including severe droughts and heavy precipitation, have occurred more frequently and with greater intensity during the past decade (Kunkel et al., 2013; Duan et al., 2015); furthermore, extreme precipitation has begun to occur in arid and semi-arid areas (Rinat et al., 2019, 2021; Dayan et al., 2021). The arid regions of Central Asia, which are in the hinterland of Eurasia, have complex terrain, geomorphic features, and an arid and semi-arid climate system controlled by westerly circulation (Lioubimtseva and Cole, 2006; Chen and Zhou, 2015; Hu et al., 2018; Hu et al., 2021a). In these regions, moisture fluxes are mainly sourced from the Atlantic and Arctic Oceans (Schiemann et al., 2008; Chen et al., 2018). Evaporation is much higher than precipitation, causing vulnerability in ecosystems and lake water resources, which is exacerbated by changes in temperature and precipitation (Hu et al., 2021b; Hu et al., 2022a).
In recent decades, the temperature has shown a significant positive trend, and precipitation has increased overall (Hu et al., 2014; 2016a, 2017). Variations in precipitation in Central Asia have been proven to significantly impact terrestrial water resources (Hu et al., 2021a; 2021b; 2022a; Zhou et al., 2022) and the spatiotemporal patterns in vegetation coverage and biomass (Yin et al., 2016; Zhang et al., 2016). However, owing to global warming, extreme climate events, including extreme precipitation, are increasing (Tank et al., 2006; Gessner et al., 2014; Hu et al., 2016b). Therefore, investigating the characteristics and factors contributing to extreme precipitation events, including rainstorms, is necessary to gain a better understanding of the water circulation and ecosystems.
Xinjiang Province in China is an important part of the arid regions along the Silk Road in Central Asia (Hu et al., 2019a). It is located inland and far from any oceans, has complex mountains and basins, is adjacent to the Qinghai-Tibet Plateau, and receives minimal precipitation. Southern Xinjiang is particularly dry all year because the potential evaporation is much higher than precipitation (Hu et al., 2021b). Owing to global warming, extreme weather events, including severe droughts and heavy precipitation, have become more frequent and intense during the past decade, and extreme precipitation has begun to occur in arid areas (Zhang et al., 2012; Wang et al., 2013). Yang et al. (2022) examined the characteristics of warm-season rainstorms in southern Xinjiang over the past 60 years, and their results showed increased frequencies, expanded ranges, and strengthened intensities.
In the past decade, approximately 36% of meteorological disasters in Xinjiang were caused by local rainstorms, which annually resulted in as many as 45 flood disasters on average (Xie et al., 2018). In the desert ecosystems of Xinjiang, extreme precipitation primarily increases the above-ground net primary production by increasing the density, rather than the height and species richness, of the ephemeral community (Zang et al., 2021).
Recent studies have explored the characteristics of rainstorms in Xinjiang Province and their corresponding physical mechanisms. Generally speaking, synoptic systems that cause rainstorms in Xinjiang include the “two-ridge-and-one-trough” circulation background in middle and high latitudes (Zhang et al., 2018; Huang et al., 2020) and the “double-high” South Asian High in the upper troposphere (Huang et al., 2019, 2020; Feng et al., 2021; Li et al., 2022), while necessary water vapor primarily originates from the Caspian Sea, Aral Sea, and Lake Balkhash (Zhang et al., 2018; Huang et al., 2019; Xirenayi et al., 2020Li et al., 2022). A study of three different rainstorms (Yang et al., 2012) indicated an non-negligible role played by the low-level easterly jet (LLEJ) blowing from Gansu Province, the coverage and strength of which contributed to various features of those precipitation cases by controlling the horizontal vapor transportation. Similar conclusions were summarized in the comparative analysis of two extreme storms at Kunlun Mountains (Li et al., 2022), as well as in the research of different rainstorms in southern Xinjiang during warm seasons (Yang et al., 2022). In contrast, two events investigated by Zhang et al. (2018) were triggered under the low-level westerly jet (LLWJ) which strengthened the upward vapor transportation on the windward slope, while the easterly jets on low and middle levels enhanced the moist convergence during one of those events. Upper-level jets have also been proved capable of creating dynamically favorable conditions (Zhuang et al., 2022), and their coupling with low-level jets is another interesting mechanism for rainstorm occurrence, where enhanced upper-level atmospheric suction apparently fastens low-level convergence (Feng et al., 2021). Low-level wind shear could dynamically boost moist convergence and convection as well (Huang et al., 2020; Zeng et al., 2020). Xirenayi et al. (2020) also described positive influences of earlier local precipitation that moistened the air and led to stronger vapor exchange. As stated above, however, a comprehensive and systematic analysis of rainstorms in Xinjiang has not been conducted, meanwhile complex topography and underlying surfaces in this province could generate various impacts during different events (Zeng and Yang, 2020).
Therefore, this study comprehensively investigated the characteristics and corresponding physical mechanisms of a rainstorm that occurred in the southern Taklimakan Desert on June 15 and 16, 2021, which covered most of Hotan and parts of Kashgar. The mesoscale synoptic processes leading to this extreme rainstorm were analyzed, including detailed investigations concerning the synoptic features, temporal distribution of the maximum precipitation rate, spatial distribution of precipitation, development of precipitation rate, correspondence between moisture convergence and precipitation, contributions of various isobaric levels, water vapor flux and its convergence at 700 hPa and 500 hPa, and relationships among moisture, temperature, pressure, and heavy rainfall. The remainder of this paper is organized as follows. The second section introduces the study area, datasets, and methodologies. The third section details the characterization of the results and analysis of the rainstorm process, including the corresponding physical mechanisms. In the last section, conclusions are presented.
2 MATERIALS AND METHODS
2.1 Study area
Xinjiang, an important area within Central Asia, has an arid to semi-arid climate. Its complex topography includes three mountain ranges: the Altain Mountains in the north, Tianshan Mountains in the middle, and Kunlun Mountains in the south. Two basins are situated between the mountain ranges which are, from north to south, the Junggar Basin and Tarim Basin (Figure 1, Hu et al., 2021b).
[image: Figure 1]FIGURE 1 | Study area, topography, and the major weather stations therein. The mountains and basins are marked as follows: Altain Mountainous (ATM), Junggar Basin (JGB), Tianshan Mountainous (TSM), Tarim Basin (TRB), and Kunlun Mountainous (KLM). The weather stations are marked with red circles and blue text.
The dominant arid and semi-arid climate includes very low precipitation and strong evaporation. The average annual precipitation is less than 200 mm, which accounts for less than 25% of the annual precipitation in China (Chen et al., 2012). Large-scale temporal and spatial distributions of precipitation are notable, specifically, increased precipitation during spring and summer and in mountainous areas. This precipitation has a significantly positive impact on the terrestrial water resources in Xinjiang (Hu et al., 2019b; Zhou et al., 2022). Southern Xinjiang is generally defined as the southern region of the Tianshan Mountains, and the annual precipitation is less than 100 mm with 65% precipitation falling from May to August (Wang and Wang, 2021).
2.2 Datasets and methods
This study used meteorological observations from the Hotan meteorological station, Global Precipitation Measurement (GPM) satellite precipitation products, and the European Centre for Medium-Range Weather Forecasts (ECMWF) Atmospheric Reanalysis 5 (ERA5) to investigate the features of the Hotan rainstorm, including the precipitation intensity, spatial and temporal distributions of precipitation, and development of the related synoptic processes and meteorological elements, as shown in Table 1. Daily precipitation during 2021, together with hourly and daily precipitation from June 15 to 16 June 2021, at the nine national meteorological stations located in the area covered by the Hotan rainstorm, were used to describe its characteristics and provide references for future rainstorm forecasts in Hotan.
TABLE 1 | Datasets used in this study.
[image: Table 1]The GPM precipitation satellite was developed after the Tropical Rainfall Measuring Mission (TRMM) satellite and has better performance regarding precipitation observations, including higher observation accuracy and higher spatial and temporal resolutions than TRMM. The sensing load in the GPM is extended compared with that in the TRMM and contributes to its improved capabilities. The dual-frequency radar carried by the GPM Core Observatory can detect very weak echoes (Ku band) and use high-sensitivity staggered sampling (Ka band). In addition, the microwave radiometer in the GPM has four more high-frequency bands than that in the TRMM, which enhances its ability to detect minimal and solid precipitation. Thus, compared with TRMM satellites, which focus on observing normal-to-heavy precipitation in the tropics and subtropics, GPM satellites can capture light precipitation (<0.5 mm h−1) and solid precipitation more accurately, both of which are non-negligible components of precipitation in middle and high latitudes. Therefore, GPM observations are critical for studying precipitation in Hotan (Li et al., 2021; Pradhan et al., 2022). In this study, the spatial distribution of hourly GPM precipitation in Hotan was analyzed to investigate the development of precipitation centers and precipitation intensity throughout the rainstorm.
Prior to utilizing the GPM data to describe the rainstorm process, the nine weather stations were used to evaluate its accuracy. The correlation coefficient (CC), absolute error (AE), and root-mean-square error (RMSE) were employed to quantify the accuracy. Previously, we proposed a novel comprehensive index, Distance between Indices of Simulation and Observation (DISO) (Hu et al., 2019c; Zhou et al., 2021; Hu et al., 2022b), which has been widely used (Cui et al., 2020; Hu et al., 2020; Wang et al., 2021). Therefore, in this study, DISO was employed to describe the comprehensive performance of the GPM. The equations for CC, AE, RMSE, and DISO are as follows:
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In the DISO equation, [image: image] is the relative bias, and [image: image] is the normalized [image: image]. The details of DISO can be founded in Hu et al. (2022b).
The ERA5 data is the fifth generation ECMWF (European Centre for Medium-Range Weather Forecasts) atmospheric reanalysis of the global climate, which was assimilated multi-source observations with high-resolution. The horizontal and temporal resolutions of the ERA5 products are 0.25 ° × 0.25 ° and 1 h, respectively. The ERA5 products include diverse variables, such as geopotential height, surface pressure, vorticity, and wind, and are commonly used for weather analysis and mechanism research (Hoffmann et al., 2019; Li et al., 2021) This study utilized them to further analyze the features of critical variables related to heavy precipitation in Hotan.
3 RESULTS
3.1 Rainstorm process and corresponding weather conditions
The general distribution of the Hotan rainstorm was determined via in situ observations at various weather stations. The Hotan area, where the heavy precipitation occurred, is located on the northern slope of the Kunlun Mountains and to the south of the Tarim Basin.
Based on observations from the national meteorological weather stations (Table 2 and Figure 2), the heavy precipitation began at 12:00 on June 15 and lasted approximately 12 h (in Beijing time). Table 2 lists nine national meteorological weather stations with a total rainfall of more than 20 mm from June 15 to 16 June 2021; for half of them, the total rainfall exceeded 39 mm. Furthermore, among the nine meteorological stations, the rainfall at two stations, Luopu and Cele, primarily occurred during 19:00–23:00 on June 15, whereas the rainfall at the other stations primarily occurred during 00:00–19:00 on June 16.
TABLE 2 | Precipitation from June 15 to 17 June 2021, at weather stations in Hotan and Kashgar region.
[image: Table 2][image: Figure 2]FIGURE 2 | Hourly precipitation (mm) in Hotan during June 15–17, 2021 (A)∼(B).
Daily precipitation measurements of 58.3 mm in Luopu weather station on June 15, 53.1 mm in Pishan weather station and Moyu weather station on June 16, and 46.3 mm in Hotan weather station, broke the historical records for largest daily precipitation at these stations and exceeded their annual averages. In particular, the precipitation recorded in Luopu weather station was approximately 1.3 times its annual average (43.5 mm). Moreover, the precipitation in Pishan weather station broke the historical record values for the spring and summer precipitation at that station.
According to the accuracy evaluations, the CC values were larger than 0.6, and the average bias value was 0.2 mm. The average DISO value was 0.79. The smallest DISO value was 0.45 at Cele station, and the largest was 1.11 at Shache station (Table 3). Therefore, the GPM satellite precipitation data accurately reflects the spatial and temporal characteristics of the Hotan rainstorm with high spatial and temporal resolutions.
TABLE 3 | Distance between Indices of Simulation and Observation (DISO) for GPM data and meteorological station observations.
[image: Table 3]The half-hourly GPM precipitation data were accumulated to obtain hourly and daily precipitation data. The spatial distribution of the daily precipitation (Figure 3) revealed that the heavy precipitation on June 15 and 16 was concentrated near Hotan and Kashi on the northern slope of the Kunlun Mountains, and it was more concentrated and severe on June 16.
[image: Figure 3]FIGURE 3 | Daily precipitation (mm) in Hotan on June 15 (A) and 16 (B) June 2021.
Apparent continuous precipitation at Hotan and Kashgar began at approximately 18:00 on June 15 and gradually strengthened. At 23:00, the intensity and extent expanded significantly. During 02:00–06:00 on June 16, the hourly rate increased to its maximum, exceeding 10 mm h−1 at the center of the precipitation area. Subsequently, the spatial extent increased minimally. However, rainfall intensity continued to vary with time, decreasing rapidly after 07:00 on June 16 and finally falling to nearly 0 mm h−1 at approximately 15:00 on June 16, indicating the end of the rainstorm (Figure 4 and Figure 5).
[image: Figure 4]FIGURE 4 | Hourly precipitation (mm) from 18:00 to 23:00 (A–F) on 15 June 2021.
[image: Figure 5]FIGURE 5 | Hourly precipitation (mm) from 00:00 to 15:00 (A–H) on 16 June 2021.
3.2 Physical mechanism analyses: Energy variations
Meteorological stations commonly use T-lnP diagrams in meteorology investigations to analyze the vertical distribution of local meteorological elements (such as pressure, temperature, and humidity), to determine the stability of atmospheric stratification, determine the height of the tropopause by analyzing cloud layers, and examine the characteristics of temperature and humidity data. In the T-lnP diagrams in this paper, a dark black solid line (state profile) depicts the variations in temperature with height for an air mass that rises adiabatically. The first intersection of the state profile and the temperature stratification profile is the lifting condensation level, which is defined as the height at which the moist air rising adiabatically will become saturated and begin to condense.
The T-lnP diagram was used to analyze the atmospheric stratification during the rainstorm in Hotan based on twice-daily (08:00–20:00) sounding observations at Hotan and Kashgar on June 15 and 16, 2021. The T-lnP diagrams display the vertical distribution of meteorological elements, such as temperature and humidity. Atmospheric stability directly affects convection strength. The convective available potential energy (CAPE) is the work done by buoyancy on an air mass that rises adiabatically to the level of free convection and is a parameter for basic evaluations of atmospheric instability. CAPE is positively related to the probability and intensity of convection and is therefore an important indicator of convection development. The sounding observations and CAPE calculations at Hotan and Kashgar on June 15 and 16, 2021, show that instability began to increase prior to the precipitation. On June 15, the CAPE values at Hotan and Kashgar were 24 J kg−1 and 57 J kg−1, respectively, at 08:00 and 89 J kg−1 and 18 J kg−1, respectively, at 20:00. At 08:00 on June 16, CAPE had increased to 179 J kg−1 and 23 J kg−1, respectively; however, by 20:00, it had decreased to 113 J kg−1 and 0 J kg−1, respectively, indicating the decay of the unstable energy and convective system and the end of the precipitation (Figure 6 and Figure 7).
[image: Figure 6]FIGURE 6 | The T-lnP diagrams at 08:00 and 22:00 for the sounding stations at (A,C) Hotan (ID 51828) and (B,D) Kashgar (ID 51709) on 15 June 2021. The dark black solid lines indicate state profiles. The red solid lines are temperature stratification profiles. The green solid lines are dew point stratification profiles. The blue dashed lines are wet adiabatic profiles. The orange dashed lines are dry adiabatic profiles. The green dashed lines are iso-saturated specific humidity profiles. The gray sloping solid lines are isothermal profiles.
[image: Figure 7]FIGURE 7 | The T-lnP diagrams at 08:00 and 22:00 for the sounding stations at (A,C) Hotan (ID 51828) and (B,D) Kashgar (ID 51709) on 16 June 2021. The dark black solid lines indicate state profiles. The red solid lines are temperature stratification profiles. The green solid lines are dew point stratification profiles. The blue dashed lines are wet adiabatic profiles. The orange dashed lines are dry adiabatic profiles. The green dashed lines are iso-saturated specific humidity profiles. The gray sloping solid lines are isothermal profiles.
Figures 6, 7 show that the environmental temperature profile fits well with the dew point profile at 850 hPa, indicating the saturation of low-level atmospheric vapor. Several structures between 900 hPa and 300 hPa indicate that the upper air was drier and, therefore, heavier than the lower air, creating favorable conditions for low-level moist air to rise and release unstable energy, which thereby strengthened the entire convective system. The 200 hPa dew point depression was 5 K at minimum, reflecting generally high moisture, even over 300 hPa. The differences among 850 hPa weak southeasterly, 550 hPa weak westerly, and 300 hPa strong southwesterly winds indicated a generally clockwise vertical shear in the low-level atmosphere, thereby signaling warm advection with high thickness where the unstable energy decreased with height.
3.3 Physical mechanism analyses: Atmosphere circulation
Generally, the atmosphere circulation can describe the water vapor source and water transportation path. In this section, the wind field, geopotential height and specific humidity are discussed in Figures 8–10. Specifically, the wind field variations on 500  h Pa from 12:00 15 June 2021 to 00:00 16 with 4 hours interval June 2021 show the similar transportation paths of the Atlantic Ocean → Ural Mountains → West Siberian Plain → southern Xinjiang (Figure 8), which can illustrate the water vapor source and water transportation of this rainstorm.
[image: Figure 8]FIGURE 8 | Wind field on 500 hPa from 12:00 15 June 2021 to 00:00 16 June 2021 (BJT).
Moreover, the geopotential height, wind field and specific humidity on 500 hPa, 600 hPa, 700 hPa and 850 hPa pressure level at 00:00 16 June 2021 are provided in Figure 9. According to the geopotential height, there are consistent high-pressure center in West Siberian and low-pressure region in southern Xinjiang for the four pressure levels. For the specific humidity, the lower pressure levels have the larger values than the upper pressure levels, which suggest that the water vapor of this rainstorm focus on the lower pressure levels.
[image: Figure 9]FIGURE 9 | Geopotential Height, Wind field and specific humidity on 500 hPa, 600 hPa, 700 hPa and 850 hPa pressure level at 00:00 16 June 2021 (BJT).
3.4 Physical mechanism analyses: Water vapor transformation
A sufficient water vapor supply and strong upward motion are necessary for the occurrence and development of rainstorms. The profiles of the atmospheric moisture and vertical wind during the Hotan rainstorm were analyzed using the ERA5 data to investigate the water vapor flux and its convergence. Specific humidity is the ratio of the mass of water vapor to the total moist air, which remains constant without mass exchange between moist air and the surrounding environment and phase changes of water vapor. It is given in units of g g−1 or g kg−1 and is commonly less than 40 g kg−1. In numerical analysis, downward vertical motion is usually described as positive, and vice versa. If the water vapor content remains unchanged, an air mass can bring low-level water vapor to the upper levels through upward motion. Low-level moist convergence typically corresponds with precipitation; upward transportation from low levels due to low-level heating or upper-level cooling increases water vapor condensation and contributes to heavy rainfall. Additionally, near-surface vertical transportation can extend upward to the tropopause owing to significantly strengthened low-level moist convection.
Water vapor flux, also known as water vapor transport volume, refers to the mass of water vapor along a vertical velocity vector in units of time and cross-sectional area. It indicates the strength and direction of water vapor transport. A region with positive water vapor flux represents outward divergence and is considered a water vapor source; these conditions are unfavorable for precipitation. In contrast, a region with negative flux indicates the convergence of water vapor from the surrounding regions, which is termed a water vapor sink, and is favorable for precipitation. The formula is as follows:
[image: image]
where [image: image] is the horizontal water vapor flux (g cm−1 s−1 hPa-1), [image: image] is the three-dimensional wind vector [image: image] (m s−1), q is the specific humidity (g g−1 or g kg−1), and g is gravitational acceleration (m s−2).
Figure 10 shows the height-time cross section of specific humidity (g Kg−1) between 900 hPa and 200 hPa at Hotan from 00:00 on June 15 to 23:00 on June 16, and indicates the variations in atmospheric water vapor content with time. The vapor was primarily concentrated under 500 hPa (approximately 5,500 m above sea level); this was the main water vapor source for the precipitation. In contrast, the humidity above 500 hPa was less than 3 g kg−1 and, therefore, was beyond the focus of this study. The humidity began to increase at 00:00 on June 15 and reached its maximum between 20:00 on June 15 and 03:00 on June 16. It reached a moisture concentration of approximately 10 g kg−1 at 800 hPa, which is consistent with heavy rainfall. The humidity decreased rapidly after 18:00 on June 16, and the precipitation decreased.
[image: Figure 10]FIGURE 10 | Height-time cross section of specific humidity (g kg−1) between 900 hPa and 200 hPa at Hotan from 00:00 on June 15 to 23:00 on 16 June 2021.
Figure 11 shows the height–longitude cross section of the relative humidity (%) and wind vector between 900 hPa and 200 hPa near Hotan (37°N) at 01:00 on June 16. Apparent vertical transportation from low to upper levels was present at 75°E–85°E; this was supplied by westward water vapor transportation from the east, which was induced by downward moisture motion under 500 hPa. Therefore, continuous water vapor convergence provided favorable conditions for the rainstorm.
[image: Figure 11]FIGURE 11 | Height-longitude cross section of relative humidity (%) and wind vector between 900 hPa and 200 hPa around Hotan (37°N) at 01:00 16 June 2021. (A) (left) has larger longitude range than (B) (right) which mainly covers the heay rainfall area.
Water vapor supply is necessary for rainstorm occurrence; however, local evaporation alone was insufficient to develop such a severe convective system. Thus, the water vapor flux and its divergence were analyzed for convergence, which could have enabled heavy rainfall to occur.
Figure 12 shows the total water vapor flux and its total divergence at 00:00 and 05:00 (Beijing time) on June 16 from 200 hPa to 850 hPa. In particularly, convergence of water vapor occurred along the Kunlun Mountains in a west-east orientation, which continuously provided water vapor for the rainstorm (Figures 12A,B). Moreover, the water vapor flux divergence had reached its maximum, covering central Kashgar and most of Hotan. The direction of the water vapor transportation was consistent with that of the horizontal wind (Figures 12C,D). The total water vapor flux of the rainstorm area at 05:00 are larger than the total water vapor at 00:00, which indicates the rainstorm becomes strong with time (Figures 12C,D and Figure 5). This reflects the source of the water vapor and the intensity of the water vapor transportation and is consistent with the spatial and temporal distributions of the rainfall (Figures 3–5). The increase in water vapor flux indicates increased water vapor convergence and matches the intensity of the rainfall, and the decrease in water vapor flux and its divergence matches the decay of the rainfall.
[image: Figure 12]FIGURE 12 | Total water vapor flux divergence at 00:00 16 June 2021 (A) and 05:00 16 June 2021 (B) (BJT) and Total water vapor flux at 00:00 16 June 2021 (C) and 05:00 16 June 2021 (D) (BJT).
To have a further investigation the impacts of the water vapor flux divergence and water vapor flux on this rainstorm, we analyze the water vapor flux divergence and water vapor flux at the single pressure level with 500 hPa, 600 hPa, 700 hPa and 850 hPa (Figure 13 and Figure 14). The water vapor convergence mainly occurred on the lower pressure level (e.g., 700 hPa and 850 hPa) (Figures 13C,D), and the corresponding water vapor flux reached the larger magnitude than the upper pressure level (Figure 14C).
[image: Figure 13]FIGURE 13 | Water vapor flux divergence on 500 hPa (A), 600 hPa (B), 700 hPa (C) and 850 hPa (D) pressure level at 00:00 16 June 2021 (BJT).
[image: Figure 14]FIGURE 14 | Water vapor flux on 500 hPa (A), 600 hPa (B), 700 hPa (C) and 850 hPa (D) pressure level at 00:00 16 June 2021 (BJT).
4 CONCLUSION
To address the features and physical mechanisms of rainstorms in the arid regions of Central Asia, we comprehensively investigated the temporal and spatial characteristics and corresponding substance and energy variations of a rainstorm that occurred on June 15 and 16, 2021, in the Hotan region of Xinjiang. Multiple datasets were used, including meteorological observations, sounding observations, satellite precipitation data, and reanalysis data. The precipitation amounts, locations, and durations were analyzed using various observation data. The energy variations and water vapor transformations were described to illustrate the physical mechanisms of this rainstorm. Our major findings are as follows.
The GPM satellite precipitation product accurately captured the temporal and spatial variations of this rainstorm compared with the in situ observation data at an hourly scale based on the statistical indexes. This rainstorm had the largest precipitation values among historical extreme precipitation events according to the in situ observations at some meteorological stations. Precipitation amounts were larger than twice the historical values at Luopu, Pishan, Moyu, and Hotan. The precipitation duration of this rainstorm was longer than 2 days, and the precipitation centers, from east to west, were Pishan and Hotan.
The water vapor was primarily concentrated from 700 hPa to 850 hPa, according to the height-longitude cross section. Moreover, from the atmosphere circulation anlysis, we obtain that the water vapor resource of the rainstorm of southern Xinjiang are from the 45°–65°N region of the North Atlantic Ocean. The water vapor transportation path is the Atlantic Ocean → Ural Mountains West Siberian Plain → southern Xinjiang. Sufficient water vapor and favorable thermal and dynamic conditions resulted in this rainstorm. Specifically, clockwise wind shear and the change in wind vectors from weak southeasterly to strong westerly winds in the middle-low atmosphere indicated warm advection, which provided favorable thermal conditions for the development of convective systems and convective instability. Strong divergence at the upper levels and strong convergence at the lower levels contributed to strengthened vertical transportation, which was dynamically favorable for atmospheric convection.
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