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A statistical analysis is conducted on the hourly precipitation at 105 national meteorological stations in the Xinjiang region of China from 2011 to 2020. The purpose of this analysis is to determine the total quantity of precipitation during the warm and cold seasons, as well as the precipitation frequency at each station. The results of the analysis indicate that there is a more pronounced inter-annual variation in precipitation during the warm and cold seasons in Xinjiang, where the total amount of precipitation during the warm season is significantly higher than that during the cold season, with the warm season experiencing at least twice as much precipitation. In terms of the inter-annual incremental amount of precipitation, both the warm and cold seasons exhibit a trend of increasing and then decreasing over the years. However, the curvature change is more prominent in the cold season compared to the warm season, suggesting that the inter-annual variation in precipitation during the warm season remains relatively stable. The spatial distribution characteristics of the total precipitation in Xinjiang indicate that warm-season precipitation is more scattered, while cold-season precipitation is mainly concentrated in the northern region of the territory. This pattern holds true at low, medium, medium–high, and high altitudes. The cumulative precipitation during the warm season is always higher than that in the cold season, and this difference becomes more prominent with increasing altitude. This indicates that warm-season precipitation in Xinjiang is closely related to its complex topographic structure, particularly the convective weather generated by topographic clouds. On the other hand, precipitation in the cold season is mainly concentrated in the low- and medium-altitude stations, and there is not much correlation between precipitation and altitude. Precipitation is mainly affected by the mesoscale and the direct influence of large-scale weather systems. Analysis of precipitation in extreme moments reveals that during the warm season, extreme precipitation events occur mainly from the evening to early morning (19:00–03:00 the next day), accounting for 75.24% of the 105 stations. In contrast, during the cold season, extreme precipitation events occur between 03:00 and 18:00, corresponding to 74.29% of the stations. The relationship between precipitation and altitude differs in the warm and cold seasons. In the warm season, there is a linear relationship between precipitation and altitude, with a slope of 0.72 and a correlation coefficient of 0.52, indicating that precipitation increases with increasing altitude. However, in the cold season, the linear relationship between precipitation and altitude is very inconspicuous, with a slope of −0.05 and a correlation coefficient of −0.05, suggesting that there is no significant relationship between precipitation and altitude during this season. These findings provide valuable insights into the changing patterns of precipitation gradients at different altitudes and seasons in Xinjiang. This information can be used for the site selection of smokestack operations in high-altitude areas and for ground and air weather modification operations in low-altitude areas. Additionally, these data contribute to the understanding of precipitation patterns in Xinjiang, further improving the effectiveness of weather modification efforts and increasing the utilization of airborne water resources.
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1 INTRODUCTION
Changes in weather events, including extreme temperatures and rainfall, result from excessive emissions from the agricultural, livestock, and industrial sectors (Peng et al., 2019; Abbas et al., 2021; Ehsan et al., 2022; Abbas et al., 2023a; Elahi et al., 2023). In particular, precipitation is an important component of the global hydrological cycle. The United Nations Intergovernmental Panel on Climate Change (IPCC) in the Sixth Assessment Synthesis Report (IPCC, 2023) clearly pointed out that due to human activities and high-speed industrial development in recent years leading to a yearly increase in the concentration of greenhouse gases, the average global surface temperature increased by approximately 1.09°C in just 10 years (2011–2020), global warming will certainly accelerate the hydrological cycle, extreme precipitation events are bound to become more frequent (Adnan et al., 2022; Awais Naeem et al., 2022; Muhammad et al., 2022; Wijeratne Vithana et al., 2022; Abbas et al., 2023b; Waheed et al., 2023), and the average precipitation will increase slightly. With global warming, precipitation events are often prone to intensifying in some regions. This study investigates the long-term trend of annual and daily extreme precipitation in China during 1960–2010 based on daily observations from 539 meteorological stations and data from a land cover map with impervious information (Li et al., 2019). Alaska observes very large differences in precipitation throughout the state; Southeast Alaska experiences consistently wet conditions, while northern Arctic Alaska observes very dry conditions (Wendler et al., 2017). Using daily precipitation records from 151 stations, the Mann–Kendall nonparametric test, and the rotated empirical orthogonal function, this study examined trends in precipitation and precipitation extremes and underlying mechanisms in the U.S. Great Basin during 1951–2013 (Xue et al., 2017). A record-breaking heavy-rainfall event that occurred in Zhengzhou, Henan Province, during 19–21 July 2021 is simulated using the Weather Research and Forecasting Model, and the large-scale precipitation efficiency (LSPE) and cloud microphysical precipitation efficiency (CMPE) of the rainfall event are analyzed based on the model results (Lei et al., 2023). Analysis of precipitation trends and the observed trends in precipitation concentration can be useful tools for the identification of natural hazards. This study aimed to analyze the trends in precipitation and precipitation concentration at the seasonal and annual levels in Mexico from 1960 to 2010 (Nunez-Gonzalez Gerardo, 2020). Based on the hourly precipitation data from four observation stations in Xining city from June to September during 2005–2011, the temporal and spatial distribution characteristics of short-time precipitation are analyzed (Liang and Yongling, 2023). The impacts of climate change are being felt in Louisiana in the form of changing weather patterns that have resulted in changes in frequencies of occurrence and magnitude of floods, hurricanes, and tornadoes, among others, resulting in flooding (Yaw et al., 2022). This study investigates the possible causes for the precipitation of Guangdong during the dragon-boat rain period (DBRP) in 2022, which is remarkably more than the climate state, and reviews the successes and failures of the prediction in 2022 (Dong et al., 2023).
Blizzards are one of the most important weather disasters during winter in northern China, which have a serious impact on transportation, power communication, agriculture and animal husbandry, and urban development, restricting its efficient development. Northern Xinjiang is a frequent snowfall area in China, situated in the Yili River Valley, Tacheng, Altay, and the northern slopes of the Tian Shan Mountains along the main economic zone (Wang et al., 2020). The blizzard weather on three dates, namely, 8 December 2014, 11 December 2015, and 23 January 2021, showed that the amount of daily snowfall in Urumqi exceeded the historical extremes since 1990; the characteristics of these snowfalls, including quantity, intensity, thickness, and duration, have not only had a huge impact on individuals’ lives but have also restricted the efficient and sustainable development of the northern economic zone in Xinjiang. Therefore, they have become one of the most concerning weather and climate events for the government and public every winter, and they are also the subject of focus and difficulty for the meteorological department’s forecasting efforts. Urumqi, as the capital city of Xinjiang, is a pivotal transportation hub on the Silk Road, the absolute core of commerce, trade, and logistics; a center of culture, science, and education; and an important gateway for opening to the outside world in western China. With the triumph of the 20th National Congress of the Communist Party of China (CPC), economic and social development has stepped up to a new level, and China’s meteorological industry has gradually pushed forward high-quality development, which has put forward a higher demand for precise monitoring, accurate forecasting, and fine service; however, due to the limitations of the instrumentation of solid precipitation observation in winter, relevant research on the characteristics of the change of the hourly snowfall in winter is still relatively little, which is not enough for the scientific and technological support of the snowfall prediction service and the numerical model evaluation and test.
The southern Tianshan region of Xinjiang is located in the Eurasian hinterland, centered on the Tarim Basin, surrounded by mountains on three sides (the Kunlun Mountains in the foothills, the Pamir Plateau in the west, and the Tien Shan Mountains in the north), with complex topography and geomorphology. The region is uniquely influenced by the special atmospheric circulation and water vapor conditions, and precipitation in the southern region has its uniqueness. Although the inter-annual precipitation amount is less than 60.0 mm, the variability of precipitation is high, and short-term heavy precipitation occurs from time to time (Yang and Liu, 2018). During 24–28 June 2019, in Bazhou, Hotan, and other places, more than 50 observation stations reported heavy rainfall. The Hotan national observation station’s daily precipitation broke through the historical extreme. During 14–15 January 2020, Turpan city in Shanshan County ushered in the New Year’s first snowfall, and the snowfall amount reached 10.5 mm, which is the largest snowfall value for the county in more than 40 years. The county of Kumtag Desert was covered with a layer of white snow, and the desert turned into a “sea of snow,” exceptionally crystalline and magnificent. During 13–14 May 2021, Tazhong station in the southern region of Xinjiang reported a 12-h precipitation amount of 34.0 mm, the first in history, while breaking the spring and monthly maximum daily precipitation extremes. As the Tianshan region in southern Xinjiang is in the Eurasian hinterland, coupled with fragile ecosystems and vegetation area elimination, once a natural calamity occurs, it is often easy to trigger landslides, urban flooding, snowmelt flash floods, and other disasters, which cause irreversible and serious impacts on the safety of human lives and properties and socio-economic development (Wang and Xu, 2021; Lü et al., 2021).
Many scholars in China have carried out a lot of research on the formation mechanism of snowstorms. A blizzard is the result of a multi-scale system configuration and kinetic–thermal and water vapor conditions (Huang and Hairong, 2007; Zhao et al., 2010; Chen and Cui, 2012; Zhang et al., 2013; Zhao et al., 2013; Liu et al., 2018). For snowstorms in Northeast China, studies have shown that the direct cause of snowstorms is the low vortex, with the southeast rapids or low-level easterly providing water vapor transport (Liu et al., 2013; Xu et al., 2015; Yang et al., 2018). Snowstorms in North China are established to maintain convective unstable laminar knots, form convergences, and produce uplift in the presence of sufficient water vapor provided by the southwest rapids (Huang and Hairong, 2007; Zhao et al., 2010; Chen and Cui, 2012; Zhang et al., 2013; Zhao et al., 2013; Liu et al., 2018; Yang and Liu, 2018; Wang et al., 2020; Wang and Xu, 2021; Lü et al., 2021; Yaw et al., 2022; Dong et al., 2023). The systems affecting snowstorms in northern Xinjiang are the Central Asian long-wave trough, Central Asian low eddies, Ural long-wave trough, and Western Siberian trough (Yang et al., 2020). In recent years, climate change in southern Xinjiang and the short-term heavy precipitation in summer have directly affected the “Belt and Road” construction pattern. Heavy-rainfall research is not only a major scientific issue in climate change but also an urgent need for a national strategy that is more related to national security and socio-economic stability and development. Since the 1990s, the arid zone on the northwestern side of the Qinghai–Tibetan Plateau has been changed to a warm and humid type, especially in Xinjiang, and the increase in the number of heavy-rainfall events caused by the disaster accounted for approximately 40% of the meteorological disasters in Xinjiang (Yafeng et al., 2002; Yang et al., 2011).
In the last decade, the rapid development of meteorological observation equipment, meteorological grid big data, and high spatial and temporal resolution applications has sprung up, enabling researchers to better understand and analyze the detailed characteristics of precipitation and extreme precipitation in different regions. However, at present, weather and climate models still face limitations in forecasting short-term heavy precipitation. So, with the help of high temporal and spatial precipitation resolution, we can not only improve the numerical model test and evaluation but also conduct in-depth investigations into the characteristics of extreme precipitation changes in the north and south of Xinjiang and their impact on the mechanism. Through the universal law, we can provide better service to forecasting products, reduce secondary disasters due to short-term precipitation, and maximize the protection of people’s lives and safety. Second, combining the spatial and temporal patterns of change in precipitation and its path is more conducive to the development of weather modification rain (snow) operations, such as aircraft and groundwater work operations. By exploring different seasonal patterns of change in the precipitation gradient, particularly in the three major mountain systems in Xinjiang (Altai Mountains, Tian Shan Mountains, and Kunlun Mountains), we can better understand the distribution characteristics of precipitation gradients. The reasonable play of the deployment of man-made shadow operation equipment (mountainous areas of the smokestacks) can be more efficient to enhance the conversion rate of airborne cloud water resources, improve the modernization of the level of operation of artificial weather impact for disaster prevention, mitigation, and restoration of ecological environmental protection, and provide a strong guarantee.
2 DATA AND METHODS
2.1 Data source
The hour-by-hour precipitation data used in the article are obtained after strict quality control by the National Information Center. The scope of the data includes hourly precipitation data from 105 national surface meteorological observation stations in Xinjiang, spanning the entire decade from 2011 to 2020. Among these stations, 57 are located in the Tian Shan Mountain and its northern region (northern Xinjiang), while the remaining 48 stations are located in the southern part of the Tianshan Mountain (southern Xinjiang) (Figure 1). The 105 national ground meteorological stations in Xinjiang are selected reasonably. First, only national ground meteorological stations that are currently installing and operating solid-state precipitation automatic observation instruments are included; second, the data from this equipment have only begun to enter the operational data system on a large scale since 2011, so the hour-by-hour precipitation data from the national meteorological ground stations in Xinjiang for the period of 2011–2020 are selected for the statistical analysis and study. All the hour-by-hour data are screened to exclude any observed anomalous values and missing observations.
[image: Figure 1]FIGURE 1 | Spatial distribution of the 105 meteorological stations in Xinjiang.
2.2 Research methods
First, the warm season is defined as May–September each year, and the cold season is defined as October of each year to April of the following year; the daily precipitation R is considered the cumulative total of precipitation ≥0.1 mm from 20:00 of the previous day to 20:00 of the current day; the hourly precipitation refers to the cumulative total of precipitation from a certain point to the next point in 1 h. If the hourly precipitation is ≥0.1 mm, it will be recorded as one hourly precipitation frequency, and the precipitation intensity is the ratio of hourly precipitation to the corresponding hourly precipitation frequency; continuous precipitation events with hourly precipitation ≥10.0 mm are defined as short-term heavy precipitation events; continuous precipitation events with hourly precipitation are defined as short-term strong precipitation events. The precipitation intensity is the ratio of the hourly precipitation amount to the corresponding hourly precipitation frequency; a continuous precipitation event with an hourly precipitation amount of ≥10.0 mm is defined as a short-duration heavy-precipitation event. The 105 national meteorological ground observatories throughout the territory are categorized according to the altitude of each station in order of 26 at low altitude (below 600 m), 24 at medium altitude (600–1,000 m), 28 at medium–high altitude (1,000–1,300 m), and 27 at high altitude (above 1,300 m).
The hourly precipitation of 105 national meteorological stations in Xinjiang, China, from 2011 to 2020 is statistically calculated to find out the total amount of cold and warm seasonal precipitation and the frequency of precipitation for all the stations that meet the required hourly requirements. The average number of months in different seasons is calculated for each station, the ratio of which is to get the PA and PF of each station, and then PI = PA/PF is obtained; as for the daily change in PA and PF, the precipitation and precipitation hours of each station are also counted, and the maximum PA and PF of each station are counted according to the corresponding moments of the PA and PF of each station. For the daily changes in PA and PF, the precipitation amount and hours of precipitation at each station are counted first, and according to the moments corresponding to the PA and PF at each station, the extreme moments corresponding to the maximum PA and PF at each station are counted. The trend of precipitation paths in cold and warm seasons in northern and southern Xinjiang is plotted in combination with the moments of the strongest precipitation in the daily changes. Second, 105 national stations throughout the territory are divided into four echelons according to altitude, and PA and PF corresponding extreme values and extreme moments are fitted to different station altitudes to analyze whether seasonal differences exist, analyze the changing principle of the precipitation gradient in different seasons at different altitudes, match the line similarity and classify them, and discuss whether their correlations are consistent with the changes in the precipitation gradient.
3 RESULTS AND ANALYSIS
3.1 Basic characteristics of precipitation in warm and cold seasons in Xinjiang
In order to better understand the characteristics of precipitation distribution and its gradient change in Xinjiang, we first understand the inter-annual variation characteristics of total precipitation in the last 10 years. Figures 2A, B show that the annual variation of precipitation in warm and cold seasons in Xinjiang is obvious. The total precipitation in the warm season is significantly higher than that in the cold season, and the precipitation in the warm season is at least twice that in the cold season. The maximum value (310.7 mm) in the warm season appeared in 2016, and the minimum value was 170.7 mm in 2014. The cold season maximum also occurred in 2016, but the minimum was only 57.6 mm in 2014. From the perspective of the annual change rate of the total precipitation in the warm and cold seasons, the change rate of total precipitation in the warm season reached extreme values (57.60% and −33.76%) in 2014 and 2015. The maximum value of the change rate of the total precipitation in the cold season appeared in 2012, the peak value reached 63.49%, and the minimum value was −22.81% in 2020. According to the change rate of the total precipitation in the cold season, there is no obvious correlation between the annual change rates of the warm and cold seasons, so it is concluded that there are some differences in the precipitation in the warm and cold seasons, which should be discussed separately. According to the curve fitting calculation of the inter-annual water increase in the warm and cold seasons in Xinjiang in the past 10 years by using the Polyfit function, it is found that the overall trend of the warm and cold seasons increased first and then decreased, and the peak value appeared in 2015 or 2016, but the curvature change is significantly higher in the cold season than in the warm season, indicating that the inter-annual change trend of precipitation in the warm season is relatively stable.
[image: Figure 2]FIGURE 2 | Inter-annual variation and distribution of the total precipitation in Xinjiang.
The spatial distribution of total precipitation in the whole Xinjiang region (Figures 2C, D) shows that the distribution of the warm season is relatively decentralized and that of the cold season is mostly concentrated in the northern Xinjiang region. The top three precipitation totals in the warm season are found in Urumqi Tianshan Daxigou, Changji Tianchi, and Urumqi Xiaoquzi meteorological stations, with the cumulative precipitation exceeding 370.0 mm, and the top three accounted for 10.22% of the total; the maximum value of the total precipitation in the cold season is found in Yili Xinyuan, with 248.0 mm, and the second to fourth peaks (in Yining County, Nilgor, and Yining) are all in the Yili area, with the top three accounting for 10.27% of the total precipitation. The proportion of the first three peaks is 10.27%. Combined with the above spatial distribution of precipitation, for the different characteristics of the warm and cold seasons, weather modification water augmentation work in the above areas can be appropriately increased, such as ground-launched rocket and high-altitude artillery operations in the warm season and aerial aircraft operations in the cold season, which not only improves the conversion rate of water resources from aerial clouds but also enhances the comprehensive capability of fine-tuning the scientific and technological modernization of weather modification operations.
The 105 national meteorological ground observation stations in the whole territory are categorized according to their altitude: 26 low-altitude stations (below 600 m), 24 medium-altitude stations (600–1,000 m), 28 medium–high-altitude stations (1,000–1,300 m), and 27 high-altitude stations (above 1,300 m). From Figures 3A–D, it is easy to conclude that the cumulative precipitation in the warm season is always higher than that in the cold season from 2011 to 2020, irrespective of whether it is at low, middle, middle–high, or high altitudes, and the proportion of precipitation in the warm season is especially obvious with the increase in altitude. The percentages of warm-season precipitation for the four categories of different elevation stations are 61.13%, 58.50%, 78.57%, and 81.81%, respectively, which further indicates that the warm-season precipitation is closely related to the complex topographic structure of Xinjiang, especially the strong convective weather generated by topographic clouds, which is directly generated in small-to-medium-scaled systems and has the characteristics of strong localization, suddenness, and rainfall. The average annual precipitation in the cold season at the four different altitude stations is 103.3 mm (38.87%), 137.5 mm (41.50%), 49.6 mm (21.43%), and 74.6 mm (18.19%), and the precipitation in the cold season is mainly concentrated in the low- and middle-altitude stations, which is mainly influenced by the mesoscale and large-scale weather systems. On the other hand, although the proportion of cold-season precipitation at the high-altitude stations is very small, only half of that at the low-altitude stations, the precipitation value is much higher than half of that at the low-altitude stations, which indicates that the cold-season precipitation is not directly affected by the elevation rise and fall, and the precipitation and its proportion further illustrate the difference between the warm- and cold-season precipitation.
[image: Figure 3]FIGURE 3 | Inter-annual variability of precipitation totals at different altitudes in Xinjiang during the warm and cold seasons.
3.2 Characteristics of precipitation in warm and cold seasons in Xinjiang
From the statistical distribution of the extreme moments corresponding to the hour-by-hour precipitation maximum at each station across the territory, it can be concluded that there are more obvious differences between the warm (Figure 4A) and cold (Figure 4C) seasons of precipitation across the territory. Overall, the warm-season precipitation moments are mainly concentrated from the evening to early morning (19:00–03:00 the next day), accounting for 75.24% of the 105 stations, while the cold-season precipitation moments are significantly different, with the extreme values occurring during 03:00–18:00 in the corresponding stations accounting for 74.29% of the total number of stations. In the northern region of Xinjiang, the peak of precipitation in Yili Kazakh Autonomous State (“Yili State”), Bortala Mongol Autonomous State (“Bo State”), and Shihezi City is mainly concentrated in the period from 19:00–23:00, while in Tacheng State and Altay State, the peak occurred slightly earlier, in the late afternoon and early evening. The warm-season precipitation trend in the northern Xinjiang region generally develops from west to east; the warm-season precipitation in the southern regions of Kizilsu Kyrgyz Autonomous State (“Kizilsu” for short), Aksu, and Hotan still mainly focuses on the evening to early morning hours, and the overall trend of precipitation in the southern Xinjiang region is not obvious compared with that in the northern Xinjiang region due to the special topography of the region and the relative lack of centralized distribution of the stations. In most areas of northern Xinjiang, the peak of cold-season precipitation is in the daytime, and the peak of cold-season precipitation in Altay, which is known as “China’s snow capital,” is 06:00–15:00, while the cold-season precipitation in Urumqi is mainly in the evening, and the precipitation trend is similar to that of the warm season in northern Xinjiang in the cold season. The trend in southern Xinjiang is still not obvious, but the spectrum of precipitation duration is significantly higher than the warm season in the cold season. The distribution of the cold season is significantly higher than that of the warm season, indicating that the duration of precipitation in the cold season is greater than that in the warm season.
[image: Figure 4]FIGURE 4 | Distribution of extreme precipitation moments in warm and cold seasons in Xinjiang.
Yili State is located in the northwestern corner of Xinjiang, China, with a mild and humid climate, a temperate continental climate, and mountains to the north, south, and east, constituting the geomorphological profile of “three mountains and two valleys,” with superior natural conditions and, therefore, with obvious advantages for the development of the agricultural and animal husbandry industries. The river valley is nearly 360 km long from east to west and 275 km wide from north to south, presenting a semi-enclosed topography (opening toward the west), which is conducive to the formation of precipitation in the valley, with the annual precipitation having the highest value in Xinjiang, making it the wettest region in Xinjiang. The frequent influence of the westerly wind belt system leads to the frequent occurrence of localized precipitation in the warm season and large-scale continuous precipitation in the cold season. Understanding the characteristics of precipitation and the path of precipitation in the region is not only beneficial to the local meteorological forecast service but also plays an important role in guiding ground-based weather modification and water augmentation in the warm season and snow-boosting aircraft operations in the cold season. In this paper, ten national-level ground meteorological observation stations in Yili State, Xinjiang, are chosen, and based on the hourly cumulative precipitation extreme moments, it is found that the precipitation moments in the warm season (Figure 4A) are very concentrated, with eight precipitation moments in the range of 19:00–23:00. The starting station (Figure 4B), Huocheng station, is at an elevation of 624.3 m, and the paths of precipitation are mainly from the west to the east, moving from low elevation to high elevation. Similar to the warm season, the precipitation in the cold season is also concentrated in the range of 07:00–12:00, accounting for nine ground meteorological observation stations, with the starting station (Figure 4D), Tekes Station, at an altitude of 1,210.6 m. In addition to the starting point, the path of precipitation is mainly from west to east, but the direction of movement can be considered to be moving from high altitude to low altitude. Combined with the concentrated precipitation in the warm and cold seasons, weather modification augmentation work is carried out scientifically and effectively; taking into account the precipitation paths in the warm and cold seasons, the layout of the smokestack operation is optimized to effectively improve the service capacity of the local weather modification. Compared with other means of operation, ground-based smokestacks have the advantages of low operating costs, are not subject to the limitations of airspace, and have a small coefficient of danger.
3.3 Spatial and temporal distribution characteristics of precipitation days in warm and cold seasons in Xinjiang
The daily variation of warm and cold season precipitation in Xinjiang is extremely obvious. The warm-season precipitation hour-by-hour daily changes (Figure 5A) show a “V" type change, in which the high-altitude station is particularly prominent, and the whole-day full-time precipitation is greater than the low-, medium-, and medium–high-altitude stations. At the high-altitude station, precipitation reached a maximum value of 10.4 mm at 20:00, and at 12:00, there is a minimum value of 4.7 mm, a difference of approximately 1.2 times. It is not difficult to discover that its value is still higher than the maximum value of the remaining three stations. The low-, medium-, and medium–high-altitude stations’ hour-by-hour changes are extremely distinctive. The difference is approximately 1.2 times, and it is not difficult to realize that its value is still higher than the maximum value of the remaining three stations; the hour-by-hour change trend of the low-, medium-, and medium–high-altitude stations is generally consistent with the fluctuating change, and the minimum value of precipitation occurs at 14:00 or 15:00 in the afternoon. From the viewpoint of the four types of stations’ afternoon precipitation change, all of them have experienced a rapid increase in precipitation, and the rate of increase at the high-altitude station is the most significant. Compared with the warm-season precipitation change pattern, the cold-season daily variability characteristic pattern (Figure 5B) is an inverted “V" type. The four types of stations’ time change principle is very similar, but the different altitude stations’ precipitation by time difference is obvious, and the altitude is not directly proportional to the value of the order from low to high as follows: medium–high-, high-, low-, and medium-altitude stations are very different from the warm season;
[image: Figure 5]FIGURE 5 | Temporal and spatial distributions of cold- and warm-season precipitation days in Xinjiang.
for medium-altitude stations in the cold season, precipitation maximum values appear at 10:00 and 17:00 with values of 5.0 mm and 3.3 mm, respectively, with the values in the warm season being very different; for medium-altitude stations in the cold season, precipitation maximum values appear at 10:00 and 17:00 with values of 5.0 mm and 3.3 mm, respectively, with the values in the warm season being very different. The values in descending order are medium–high-, high-, low-, and middle-altitude stations, which are very distinct from those in the warm season. The highest values of precipitation at the middle-altitude stations in the cold season occur at 10:00 and 17:00, respectively, with values of 5.0 mm and 3.3 mm, which is a difference of approximately 0.6 times. From the analysis of precipitation frequency distribution in the warm and cold seasons (Figures 5C, D), the daily variation of precipitation frequency is basically consistent with the daily variation of precipitation, and there still exists a “V”-type or inverted “V”-type characteristic. The high-elevation stations still dominate the warm season, with the all-day full-time precipitation frequency still larger than that in the other three stations. The frequency of precipitation is still greater than that in the other three stations, and the maximum and minimum precipitation frequencies occur at 20:00 and 13:00, respectively, 1.7 times and 0.9 times, with a difference of approximately 0.9 times, which is very similar to the time-to-time change of precipitation. The daily trend of precipitation frequency and precipitation at each altitude station is almost the same in the cold season, and the precipitation frequency at the middle-altitude station is still higher than that of the other three stations. The maximum frequency occurs at 12:00 and 19:00, respectively, with a difference of approximately 0.9 times. 19:00, respectively, 1.7 and 1.2 times, a difference of about 0.4 times. Comprehensively, although the difference between the daily time-varying precipitation in the warm and cold seasons at each altitude station is obvious and the time-varying precipitation in the warm season is obviously higher than that in the cold season, the difference in the daily variation of precipitation frequency is not large. The amplitude of the average number of times is relatively stable, which also indicates that precipitation in the warm season has a higher contribution rate compared with that in the cold season and that under the condition of the same number of times of precipitation, the output in the warm season is greater than that in the cold season. The contribution rate of precipitation can be taken as a starting point. From the precipitation contribution rate as a starting point, it is possible to set up more artificial water-boosting operation bases at high-altitude stations in the warm season, carry out artificial ground water-boosting operations for longer durations in combination with the concentrated precipitation periods, or appropriately increase the number of ground smokers in high-altitude areas so as to promote the maximization of the effect and benefit of AIW work in disaster prevention and mitigation, increase water resources, and increase agricultural production.
3.4 Variation characteristics of precipitation gradient in warm and cold seasons in Xinjiang
As different regions are located in climatic conditions with relatively large differences, factors such as temperature, humidity, wind direction, wind speed, and other factors will have a direct impact on the size of precipitation. Xinjiang has the most complex topography and geomorphology in China. Its mountain and basin terrain is dominated by the Altai Mountains in the north, the Tianshan Mountains in the central part, and the Kunlun Mountains in the southern part. The basins between these mountains are unique because of their topography and geomorphology, earning them the name “three mountains sandwiched between the two basins.” These mountains are located between the Talimu Basin, the Tianshan Mountains, and the Kunlun Mountain system. In its territory, Xinjiang encompasses both the lowest point in China, Aydin Lake, which lies 155 m below sea level, and the world’s second-highest peak, Chogori Peak, towering at an elevation of 8,611 m. Far away from the sea, the deep inland has become synonymous with Xinjiang, and the north and south mountain blockade makes it difficult to reach either the Pacific Ocean or Arctic Ocean water vapor, so the lack of water resources seriously restricts the development of Xinjiang’s various undertakings. Complex geomorphology and topographic elevation changes lead to the rise or fall of the air, which is one of the main reasons directly affecting the precipitation amount and precipitation gradient.
Linear regression in statistics is a process of fitting data utilizing a linear relationship between one or more independent variables and one or more dependent variables, describing the relationship between the variables through a linear fitting for explaining and predicting the dependent variable. The [image: image] and [image: image] constitute the parameters of a linear regression model between two variables. The correlation coefficient [image: image] is a value between −1 and 1, which measures the strength and direction of the linear relationship between the two variables, and the closer it is to 1 or -1, the stronger the linear relationship between the two variables; the standard error [image: image] indicates the difference between the predicted and observed values, and the smaller the value, the finer the fitted linear regression model. From the linear regression equations and correlation coefficients in different seasons (Figures 6A, B), it can be easily concluded that there is a linear and positive relationship between precipitation and altitude in the warm season at 105 ground meteorological stations across the territory, with a corresponding slope of 0.72 and a correlation coefficient ([image: image]) greater than 0.5; on the contrary, in the cold season, the linear relationship between precipitation and altitude is very inconspicuous, with a slope of −0.05 and a correlation coefficient [image: image] of −0.05. After analyzing the performance of the four different altitude stations in the warm and cold seasons, it can be concluded that the correlation coefficients between the low altitude in the warm season (Figure 7A, [image: image]), high altitude in the warm season (Figure 7G, [image: image]), and low altitude in the cold season (Figure 7B, [image: image]) are all greater than 0.5, which can be regarded as having a linear and positive relationship. From Figures 7E, F, it can be seen that the corresponding relative coefficients, r, are the lowest among the mid- and high-elevation stations in both warm and cold seasons, which are only 0.04 and 0.1, respectively. Overall, the linear regression model establishes the linear distribution of precipitation at different altitudes in different seasons in Xinjiang, gives the slope and intercept of the linear regression model (Figures 7C, D, H), and determines the strength and significance of the linear relationship by calculating the relevant covariates, which powerfully portrays the varying rules of precipitation gradient in different seasons at different altitudes in Xinjiang, provides scientific and technological support for the siting of smokestack furnace operation in high-altitude areas, provides a reliable data guarantee for the ground and air weather modification operation in low-altitude areas, further enriches the artificial influence on the weather technological means to increase the coverage of precipitation, and enhances the conversion rate of airborne water resources.
[image: Figure 6]FIGURE 6 | Characteristics of the overall precipitation gradient changes in the cold and warm seasons in Xinjiang.
[image: Figure 7]FIGURE 7 | Characteristics of the cold- and warm-season precipitation gradient changes at different altitudes in Xinjiang.
4 DISCUSSION AND CONCLUSION
Restricted by the weather and climate models at the level of short-term heavy-precipitation forecast, the use of high temporal and spatial precipitation resolution can not only improve numerical model verification and assessment but also enable an in-depth investigation of the extreme precipitation feature changes and their impact mechanism in China’s Xinjiang’s northern and southern regions. By understanding universal principles, we can provide better service to forecasting products and reduce the occurrence of secondary disasters caused by short-term precipitation. The next aim of this research will be to extend the time-series data in such studies to capture and analyze trends more accurately. In this paper, based on the statistical analysis of hour-by-hour precipitation at 105 national meteorological stations in the Xinjiang region of China from 2011 to 2020, the total amount of precipitation in the cold and warm seasons as well as the frequency of precipitation at each station are acquired. Through analysis, it is concluded that the inter-annual trend of precipitation in the warm and cold seasons in the Xinjiang region is more obvious, the total amount of precipitation in the warm season is obviously higher than that in the cold season, the value in the warm season is at least twice as much as that in the cold season, and the maximum and minimum values in the warm and cold seasons both appear in 2016 and 2014, respectively; from the perspective of inter-annual incremental precipitation, the overall trend of the warm season and the cold season is to increase first and then decrease, and the inter-annual incremental precipitation in warm and cold seasons of the Xinjiang region in the last 10 years is calculated with a curve fitting. A curve fitting of the inter-annual water increment in the warm and cold seasons in Xinjiang over the past 10 years was performed, and it was found that the overall trend of the warm and cold seasons was increasing and then decreasing, but the curvature change was obviously higher in the cold season than in the warm season, which indicated that the inter-annual trend of precipitation in the warm season was relatively stable. The spatial distribution characteristics of the total precipitation in the whole territory illustrate that the distribution in the warm season is relatively decentralized, and the distribution in the cold season is mostly concentrated in the northern region. Combined with the spatial distribution of precipitation and in view of the different characteristics of the warm and cold seasons, it is possible to appropriately increase ground-launched rocket and anti-aircraft operations during the warm season and airborne aircraft operations during the cold season in the above-mentioned areas so as to improve the conversion rate of airborne cloud water resources. Regardless of low, medium, medium–high, or high altitudes, cumulative precipitation in the warm season is always higher than that in the cold season, and the proportion of warm-season precipitation is especially obvious with the increase in altitude, indicating that the warm-season precipitation is closely related to the complex topographic structure of Xinjiang, especially the strong convective weather generated by topographic clouds; the cold-season precipitation is mainly concentrated in the low- and medium-altitude stations, and the correlation between precipitation and elevation is not significant and is mainly directly affected by mesoscale and large-scale weather systems. The precipitation in the cold season is mainly concentrated in the low- and middle-elevation stations, with little correlation between precipitation and elevation, and is mainly affected by the direct influence of mesoscale and large-scale weather systems. From the statistics of extreme precipitation moments, the warm-season precipitation moments are mainly concentrated in the evening to early morning (19:00–03:00 the next day) period, accounting for 75.24% of the 105 stations, while the cold-season precipitation moments are significantly different, with the extreme values occurring at 03–18 h, corresponding to 74.29% of the total number of stations.
The 105 ground meteorological stations in Xinjiang have a linear relationship between precipitation and altitude in the warm season, with a slope of 0.72 and a correlation coefficient ([image: image]) of more than 0.5; on the contrary, in the cold season, the linear relationship between precipitation and altitude is very inconspicuous, with a slope of −0.05 and a correlation coefficient of −0.05. Overall, the data strongly depict the changing pattern of the precipitation gradient in different altitudes and different seasons of the region, providing scientific and technological support for the site selection of smoker operations in high-altitude areas and further enriching the reliable data for ground and air shadow operations in low-altitude areas. In general, these parameters strongly depict the changing principle of the precipitation gradient in different seasons in Xinjiang, which provides scientific and technological support for the siting of smokestack operations in high-altitude areas and provides reliable data guarantee for ground and aerial operations in low-altitude areas, which further enriches the technical means of weather modification, increases the coverage of precipitation, and improves the conversion rate of airborne water resources.
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