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Abstract

:

Variations in precipitation have a great influence on human society and the natural environment. Existing studies have provided substantial information regarding variations in the magnitude, frequency, and intensity of precipitation. However, little is known about how the start and end dates of precipitation change, which could offer crucial insights for related studies in agriculture, hydrology, and other related disciplines. Here, we present an analysis of variations in the start date, end date, and frequency of different precipitation intensities, using a widely used gauge-satellite-reanalysis-based merging product, during the latest period, 1980–2022, across China. The results show that the spatial–temporal variations in the start date, end date, and frequency of different precipitation intensities were complex among regions. For example, in northeast and northwest China, light precipitation (LP) started earlier and increased in frequency during the study period. In the Tibetan Plateau, precipitation at different intensities levels started earlier, heavy precipitation (HP) and violent precipitation ended earlier, and the frequency of LP and moderate precipitation increased significantly. The start date of HP shifted earlier in Southeast China (−0.28 days/year). Our findings could be helpful in providing a comprehensive understanding of precipitation changes under global warming and highlight the need to pay close attention to these precipitation changes in the future.
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1. Introduction


Precipitation is essential for the hydrologic cycle and is a crucial indicator in climate change research, with significant impacts on agriculture, ecosystems, and hydrology [1,2,3]. The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report [4] indicates that we are now warming at an unprecedented rate, around 2.0 °F (1.1 °C) higher than in 1850–1900. This warming, caused by increasing atmospheric radiation and alterations in energy partitioning, is expected to affect precipitation and evaporation in the hydrological cycle [5]. According to the Clausius–Clapeyron equation, for every 1 °C rise in temperature, there could be an approximate 7% rise in precipitation, due to increased humidity-holding capacity in the atmosphere [6]. Changes in precipitation show clear regional characteristics [7,8], resulting in distinct disasters in different climatic regions and posing major challenges to socio-economic systems, but these have not yet been fully understood.



Precipitation changes encompass various aspects including extent, intensity, frequency, and duration beyond the total amount. Variations in any of these aspects may have impacts on both natural ecosystems and human societies. For example, precipitation timing alterations could have a substantial effect on water partitioning into evapotranspiration and runoff, and consequent stream discharge and eco-environment responses, even if the annual total precipitation remains unchanged [9]. Certain studies have demonstrated that later or earlier temporal trends in precipitation change can play a crucial role in phenology [10]. Previous research has extensively investigated alterations in precipitation totals, frequency, and intensity at various time scales [9,11,12,13], looking at the global hemispheres [14,15], different continents [15,16,17], and particular regions [18,19,20]. However, relevant records of the start and end dates of precipitation, and the temporal characteristics over a long time period are lacking at present. These factors have a great influence on regional water supplies and natural ecosystems, but they have not received sufficient attention to date.



The use of remote sensing technology presents an unparalleled opportunity to analyze precipitation patterns over particular regions at a variety of spatial scales [21,22,23,24]. A range of satellite-based precipitation datasets have been developed since the 1980s [21,24,25]. However, the imprecise resolution and uncertainties caused by sensors, weather conditions, and retrieval algorithms make it difficult to reflect the variability in precipitation especially at local or regional scales. Reanalysis datasets, generally based on fully coupled ocean–land–atmosphere models, can also provide continuous precipitation fields to further assess their spatial–temporal variations but still suffer from large uncertainties mainly due to the natural variability, limitations of model resolution and representation, external forcing, initial conditions, and parameterizations [17,26,27,28,29]. To overcome these limitations, the Multi-Source Weighted-Ensemble Precipitation (MSWEP) merges gauge-based, satellite-based, and reanalysis-based data, including GPCC, ERA-Interim, GPCC FDR, GSMaO, JRA-55, TMPA3B42RT, WorldClim, GridSat, and daily gauge data, ensuring reliable global precipitation estimates [30]. By selecting the high-quality precipitation data sources available according to timescale and location, the performance of MSWEP is overall superior [31], as demonstrated by extensive evaluations of precipitation products [30,31,32]. This study uses the latest version of MSWEP (MSWEP_V2), with a 0.1° spatial resolution. Uninterrupted precipitation products from 1980 until the present can be utilized to evaluate trends.



In this study, we present the first investigation of the variations in the start date, end date, and frequency of daily precipitation at different intensity levels based on MSWEP precipitation products across China. According to the National Meteorological Information Center of the China Meteorological Administration (CMA), precipitation intensity was classified as light precipitation (LP, 1 ≤ daily precipitation < 10 mm), moderate precipitation (MP, 10 mm ≤ daily precipitation < 25 mm), heavy precipitation (HP, 25 mm ≤ daily precipitation < 50 mm), and violent precipitation (VP, daily precipitation ≥ 50). The later or earlier trends in start date and end date and the change trends in the frequency of daily precipitation under different precipitation intensity levels were explored using the Mann–Kendall statistical test and Sen’s slope, together with the spatial analysis tools in ArcGIS software 10.6. The findings of our study could facilitate agricultural management and water resources’ management, as well as related adaptation strategies.




2. Materials and Methods


2.1. Study Area and Data


The scope of our study was centered on mainland China (3°51′–53°33′N, 73°33′–135°05′E). Located in East Asia, China covers complex terrains and a diverse geographical landscape. It spans approximately 9.6 million square kilometers and has a coastline stretching over 18,000 km. The elevation of China ranges from less than −100 m to more than 8000 m. The country’s geographic position and topography contribute to significant differences between land and sea areas, as well as the presence of three major topographic steps: the Tibetan Plateau, the Loess Plateau, and the Eastern Plains. The eastern and southern regions are characterized by a relatively flat and low-lying terrain near the coast, rising gradually towards the interior. The eastern plains, including the North China Plain, Yangtze River Delta, and Pearl River Delta, are major agricultural and industrial areas with abundant precipitation. These areas receive substantial precipitation due to the influence of monsoons and proximity to the ocean. In contrast, the western and northern parts of China consist of high plateaus, mountains, and deserts. The most prominent feature is the Tibetan Plateau, located in southwestern China. The Tibetan Plateau significantly affects the climate and precipitation patterns in China. The three major topographic steps in China also contribute to the heterogeneity of precipitation distribution. The Tibetan Plateau acts as a barrier blocking the moisture-laden winds from the Indian Ocean, resulting in arid and semi-arid conditions in northwestern and northern China. The Loess Plateau, located in north–central China, experiences significant erosion and soil depostion, creating a unique landscape and affecting local weather patterns. The Eastern Plains, with their proximity to the coast, receive more moisture and have a more temperate climate compared to other regions. Overall, being strongly affected by the monsoon and topography of China, the precipitation shows high spatial–temporal heterogeneity and clear seasonality. The climate is generally influenced by the eastern monsoon system, with high precipitation in the southeast, and lower precipitation in northwestern China. According to quantitative analysis, in China, precipitation and extreme precipitation have increased by approximately 10% and 23%, respectively, for each increase of 1 °C in surface temperature [33]. Although precipitation changes such as a decreased frequency, increased intensity, and greater occurrence of extreme precipitation have been observed [8,34,35], some gaps remain in our understanding of how precipitation changes under global warming. To obtain a more complete picture of how precipitation changes in China, examining other precipitation characteristics is crucial as it enables us to detect any alteration in precipitation patterns and obtain additional information about precipitation variations in China.



To facilitate data summarization, mainland China has been divided into four climate subregions (Figure 1) that exhibit relatively consistent weather patterns. These regions, namely the Northeast Monsoon Region (R1), Northwest Arid Region (R2), Tibetan Plateau (R3), and Southeast Monsoon Region (R4), have been identified based on climate characteristics observed by various researchers [36,37]. In addition, Figure 1 also shows the province boundary to clearly assess the start date, end date and frequency of daily precipitation at the provincial level across China. Such comparisons can highlight the spatial variability of precipitation patterns across the country, providing valuable information for regional climate change studies, eco-environmental research and agricultural production.



MSWEP is a recently launched precipitation dataset that spans the period from 1979 to the present with a temporal resolution of 3 h and 0.1° spatial resolution [30]. This dataset integrates the strengths of gauge, satellite, and reanalysis data, including two gauge observation datasets, two reanalysis datasets and three satellite products, to provide reliable precipitation estimates worldwide. A detailed description of the steps involved in the production of MSWEP V2.1 can be found in Beck et al. [38]. The process consists of the following main steps: (1) quality control of gauge data, (2) inference of gauge reporing times, (3) rainfall estimation using infrared data from the GridSat B1 archive [39] to supplement the reanalysis and gauge data in the pre-TRMM era, (4) assessment of satellite and reanalysis precipitation datasets based on gauge data, (5) determination of weights and wet-day biases for each of the non-gauge-based satellite and reanalysis precipitation datasets, (6) estimation of long-term mean precipitation using the WorldClim dataset [40], (7) correction of the precipitation frequency of the two reanalysis datasets and harmonization of the six non-gauge-based precipitation datasets incorporated in MSWEP V2.1, (8) calculation of the 3 h reference precipitation distribution; (9) merging of satellite and reanalysis precipitation datasets through weighted averaging using the interpolated weight maps, and (10) correction of the merged 3 h satellite and reanalysis-based precipitation data using gauge precipitation observations. Compared to the MSWEP version 1, the improvements in MSWEP version 2 mainly include: (i) the introduction of cumulative distribution function (CDF) and P frequency corrections to account for the spurious drizzle, attenuated peaks, and temporal discontinuities evident in version 1 [41,42]; (ii) an increase in the spatial resolution from 0.25° to 0.1° to enhance the local relevance of the P estimates (especially important for high-water-yield mountainous regions); (iii) the inclusion of ocean areas to enable oceanic studies and terrestrial hydrology studies for coastal areas and small islands; (iv) the addition of P estimates derived from Gridded Satellite (GridSat) thermal infrared (IR) imagery [39] for the pre-TRMM era to supplement the reanalysis and gauge data; (v) the adoption of a daily gauge correction scheme that accounts for regional differences in reporting times to minimize timing mismatches when applying the daily gauge corrections; (vi) the utilization of a large database of daily gauge observations compiled from several sources to replace the 0.5° Climate Prediction Center (CPC) unified dataset [43,44]; and (vii) an extension of the data record to 2017, as MSWEP V1 concluded in 2015. Since its initial release in 2016, MSWEP had been successfully employed at both global and regional levels for various purposes, such as examining rainfall diurnal variations, exploring lake dynamics, modeling soil moisture and evaporation, estimating plant rooting depth, and reanalyzing water resources [45,46,47,48,49].




2.2. Method


In this study, the trends of the start date and end date of daily precipitation at different levels are investigated using the Mann–Kendall (MK) statistical test and Sen’s slope [50]. Before using MK, the possible existing serial correlations were examined and removed from the original data series using a pre-whitening method [51]. Given observations    x 1  ,  x 2  , ⋯  x n   , the statistic index of the MK test can be calculated as follows:


  S =   ∑  i = 1   n − 1      ∑  j = i + 1  n   sgn (      x j  −  x i  ) ,    sgn (  x j  −  x i  ) =  {      1 ,         x j  −  x i  > 0       0 ,         x j  −  x i  = 0       − 1 ,         x j  −  x i  < 0         



(1)




where    x j    and    x i    are the  j th and  i th period values. If the sample size exceeds ten, the MK test can be determined using a normal distribution with   E ( S ) = 0   and   var ( S ) =   ( n ( n − 1 ) ( 2 n + 5 ) −   ∑  i = 1  m    t i  (  t i  − 1 ) ( 2  t i  + 5 ) )     18    , where  m  is the tied group number,    t i    is the observation number in the   i th   group. The stand normal variable is derived as:


  Z =  {        S − 1     var ( S )            i f        S > 0                                        0                                i f        S = 0         S + 1     var ( S )            i f        S < 0        



(2)







Positive values of  Z  indicate increasing trends, while negative  Z  values show decreasing trends. When   | Z | >  z  1 −  α 2     , the null hypothesis will be rejected at  α  level of significance, and   α = 0.05   in this study.



The equation for calculating slope is defined as:


  S l o p e = M e d i a n  [ (   X j  −  X i  ) / ( j − i  ) ]   



(3)









3. Results


3.1. Spatial Patterns of the Precipitation Change during 1980–2022


Although there has been an increasing amount of research dedicated to precipitation changes, none of the research endeavored to pinpoint the traits of the start date and end date of precipitation. Moreover, while numerous prior lectures have evaluated the occurrence rate of rainfall in China, their primary emphasis has been on alterations in overall precipitation prior to 2015 [20,34,52,53]. Under intensive human activities and continuing global warming, changes in frequency, particularly at different levels of precipitation intensity, were necessary to revisit and update in recent years.



The start date and end date of precipitation at different intensity levels were investigated for the first time across China in this study. Figure 2a,b shows the spatial patterns of the mean annual value of start date and end date of daily precipitation at a low precipitation intensity and Figure 2c,d presents the change slope of the start date and end date of LP. A change slope below zero means the start date and end date occurred earlier, while a change slope above zero means the dates occurred later. During the period 1980–2022, the start date of LP mainly occurred between the 1st and 167th day of the year, while its end date typically fell between the 221st and 365th day. In the northwest region, the start date of LP tends to occur later, with most occurrences falling between the 60th and 150th day and ending after 240 days. The start date occurred increasingly earlier in most parts of China, and the start date advanced significantly faster in several regions of northwest China, with a rate of −2.9~0 days/year (p < 0.05). Areas with a later start date are mainly located in the coastal areas throughout China and in northwest China, with a change rate of 0~0.5 days/year. Areas with an increasingly earlier end date of low precipitation are mainly located in eastern China, while areas with a later end date are mainly concentrated in western China. A significantly larger trend of advanced end dates was observed in the Tibetan Plateau, with a maximum change rate of 2.3 days/year.



The start date of moderate precipitation became gradually later from the southeast to northwest, with the latest start time occurring in the Xizang Autonomous Region, while the end date became progressively earlier from the southeast to northwest. Furthermore, the interval between the end and beginning of MP decreased in the same southeastern to northwestern direction (Figure 3a,b). Moderate precipitation started increasingly earlier in most parts of China (Figure 3c,d). The advanced start date of moderate precipitation was most pronounced in Yunnan, Guizhou, Sichuan, Anhui, Tibetan Plateau, and northwest and northeast China, with a rate of −4.5~0 days/year. A significantly increasing later start date of moderate precipitation mainly occurred in Gansu, Ningxia, Shanxi, and Hunan provinces, with a mean change rate of 0.5 days/year. Areas with an increasingly early end date of moderate precipitation were mainly located in northwest and southwest China, and the change rate of most of them ranged from −1 to 0 days/year, with significant changes occurring in southern Xinjiang, the Tibetan plateau, and parts of Qinghai, Yunnan, and Guizhou provinces. Significant delayed end dates of moderate precipitation were observed in northern Xinjiang, Qinghai, Neimeng, Hebei, Jilin, and Heilongjiang provinces, and the change rate of most of these regions is below 1.5 days/year.



In parts of southeast and northwest China, heavy precipitation commenced earlier and persisted for a longer duration in the southeast. Notably, certain areas in northwest China experienced no heavy precipitation, while the time span between the beginning and termination of heavy precipitation varied significantly throughout the year in other regions (Figure 4a,b). an increasingly later start date of heavy precipitation, at a rate of 0~2.8 days/year, was found in most of southeast China. Areas with a significantly increasing later start date trend were mainly concentrated in Loess Plateau, North China Plain and parts of Sichuan Basin, with the change rate of the start date at 1.5~2.8 days/year. Large precipitation started increasingly earlier, at a rate of −4.5~0 days/year, in Qinghai, Yunnan, Guizhou, Hubei, Jiangsu, and Heilongjiang provinces. The end date of heavy precipitation was significantly delayed, at a mean value of 1.35 days/year in most regions of southeast China, and the delayed end date of HP was most pronounced in Shanxi, Liaoning, and Jilin provinces, with a change rate of up to 2.3 days/year. A significantly advancing end date of large precipitation can mainly be seen in Yunnan, Qinghai, Hunan, Anhui, and Jiangsu provinces, and most of these areas had a changing rate of −0.5~−2 days/year.



The start and end dates of violent precipitation exhibit a wide range of fluctuations across China (Figure 5). Most of the northwest regions did not experience violent precipitation. In the northeast, VP started and ended around the same time. In the northern, southern, and coastal regions, the interval between the start and end of VP was greater, and there were significant regional differences. An increasingly later start date, at a rate of 0~2.5 days/year, was observed in northeastern China for heavy precipitation, while a significantly decreasing advancing start date was observed in the southern Yunnan, Chongqing, Guizhou, Hunan, Hubei, Jiangsu, Guangdong, and Fujian provinces, with a mean change rate of −2.8 days/year. In addition, areas that experienced a significant increasingly later start date of heavy precipitation were mainly concentrated in Guangxi, Guangdong and Jiangxi provinces. For the end date of heavy precipitation, a significantly advancing end date of heavy precipitation was observed in Chongqing, Guizhou, Henan, Hubei, Hunan, Jiangxi, Anhui and Yunnan provinces, with a change rate of −4.5~0 days/year. Areas that experienced a significant, increasingly later end date were mainly located in Jiangxi, Fujian, and Guangdong, and the junction of Liaoning and Jilin provinces, with a rate of 0~3.5 days/year. A significant upward trend of heavy precipitation frequency during 1980–2022 was observed in Fujian and Guangdong provinces, with a maximum change rate of 0.2 days/year. Areas with significant downward trends of heavy precipitation frequency were primarily located in parts of Sichuan, Tibetan Plateau, Yunnan, Guangxi, Guangdong, Fujian, and Hunan provinces.



Considering the large number of studies on the spatial pattern of daily precipitation frequency, only the changing slope of the frequency of different precipitation intensities over China during 1980–2022 is shown in Figure 6. The results show that significant upward trends of LP frequency were observed in the Tibetan plateau, northwest and northeast China, with a change rate of 0.3~0.8 times/year. Areas with significant downward trends of LP frequency were mainly located in some local areas of Xinjiang, Tibetan Plateau, middle Shanxi, northern Fujian, southern Jiangxi, and southern Yunnan provinces, with a change rate of −0.31~−0.15 times/year (Figure 3a). The change rate of MP frequency ranges between −0.22 times/year and 0.44 times/year, and most areas have a change rate of −0.05~0 times/year (Figure 3b). The MP frequency significantly increased in some regions of Xinjiang, Qinghai, Sichuan, Xizang, Guangxi and Heilongjiang provinces (0~0.4 times/year). The frequency of MP showed a significant negative trend in local areas of Xinjiang, Qinghai, Xizang, Yunnan, Guizhou, Hubei, Jiangxi, and Jilin provinces, and most of them had a change rate of −0.1~−0.05 times/year (Figure 3b). Heavy precipitation intensity showed a small decreasing trend in most parts of China (−0.05~0 times/year), with significant regional differences, especially in northwest China (Figure 3c). Significant downward trends were most pronounced in the junction area of Gansu and Shanxi provinces, the junction area of Jiangxi, Fujian and Guangdong provinces, and some areas of Hubei, Liaoning, Yunnan and Sichuan provinces, with a change rate of from −0.15 to −0.05 times/year (Figure 3c). Significant increasing trends of LP frequency were observed in Heilongjiang, Jilin, Xizang, Guizhou, Guangxi, and Guangdong provinces (0.05~0.2 times/year). A small decreasing trend was observed regarding the frequency of heavy precipitation intensity across China (Figure 3d), with significant regional differences. Areas with significant increasing trends of HP frequency were mainly located in Guangdong, Fujian, Anhui, and Zhejiang provinces. Significant decreasing trends of HP frequency were observed in local areas of Xizang, Sichuan, Guangxi, and Guangdong provinces, with a change rate of −0.2~−0.05 times/year.




3.2. Temporal Variations in Precipitation Change during 1980–2022


Changes in the start date, end date, and frequency of different precipitation intensities showed significant regional differences across China. Figure 7, Figure 8 and Figure 9 show the regional average change trend of the start date, end date, and frequency of different precipitation intensities.



Figure 7 showed that the start date generally occurred earlier in the four regions for different precipitation intensities during the past four decades. A significantly increasing earlier (−0.28 days/year) start date was detected for heavy precipitation in southeastern China (R4). Significantly advancing start dates were also found for LP and MP in northeast China (R1), with rates of −0.2 days/year and −0.04 days/year, respectively. In addition, significantly earlier start dates were observed for LP (−0.48 days/year), VP (−0.11 days/year) in northwest China (R2) and for LP (−0.44 days/year), MP (−0.36 days/year), HP (−0.58 days/year), VP (−0.18 days/year) in southwest China (R3). The increasingly earlier start dates of MP, HP, and VP were more intense in R4 over the past decade, at a rate of −2.33 days/year, −2.15 days/year, and −2.09 days/year, respectively.



Both increased earlier and later trends for end date were observed for the four regions during 1980–2022 (Figure 8). Significantly increasing later end dates were observed for moderate precipitation in northeast China at a rate of 0.28 days/year. In northwest China, a significantly delayed end date was detected for LP, with a change rate of 0.39 days/year, and an earlier end date was found for heavy and violent precipitation, but not significantly. A rapidly advancing end date for heavy and violent precipitation can be seen in the Tibetan plateau, with an annual change rate of −0.54 days and −0.16 days, respectively. In southeastern China, no significant trend was detected for the end date of different precipitation intensities. During the period 2010–2022, significantly earlier end dates were observed for MP (−1.47 days/year, p < 0.05), HP (−4.26 days/year, p < 0.05), and VP (−3.69 days/year, p < 0.05), while a significant increasingly later end date was detected for LP (0.36 days/year, p < 0.05) in southeastern China (R4).



The frequency of different precipitation intensities showed different patterns compared to the start date and end date (Figure 9). The frequency increased in most cases across different subregions. The frequency of light precipitation showed a significant rising trend, with an annual change rate of 0.06 times/year and 0.14 times/year, respectively, in northeast and northwest China, during 1980–2022. In the Tibetan Plateau, significant increasing frequency trends were detected for LP (0.17 times/year) and MP (0.02 times/year), and the frequency of HP and VP exhibited slightly decreasing trends in this region. In southeastern China, the frequency of LP increased with a change rate of 0.06 times/year during 1980–2022, and the frequency of other precipitation intensity decreased but not significantly.





4. Discussion


This study presents the first analysis of the latest long-term (1980–2022) spatio-temporal changes in the start date, end date, and frequency of different daily precipitation intensities in China. The distribution of daily precipitation information in China was obtained using the global precipitation dataset, MSWEP V2, with a spatial resolution of 0.1°. This dataset was created by optimally merging the most reliable precipitation sources available from gauge, satellite, and reanalysis estimates. The MSWEP V2 has found extensive use in both global and regional applications, such as hydrology, ecosystems, and agricultural fields, and has been demonstrated to provide more accurate spatial patterns in the mean, intensity, and frequency of precipitation when compared to other remote sensing and reanalysis datasets [31,54,55,56,57].



Temporal variations in precipitation have an important effect on crop production and plant growth. Prior research primarily concentrated on the amount of annual and seasonal precipitation frequency [20,52], while this study focused on the frequency of different precipitation intensities, depicting different trends in the four regions during 1980–2022. Since different research periods, different precipitation intensities, and different data have been used, there are many discrepancies in the quantitative analysis. The results show that the frequency of different precipitation intensities varies with region. In most of China, upward trends were observed for LP, while downward trends were observed for MP, HP, and VP, with a change rate of −0.05~0 days/year. In addition, for MP, some regions exhibited upward trends with a change rate of 0.05~0.15 days/year. Despite several lectures on precipitation changes, we still lack an assessment of the changes in the start and end date of precipitation at present. Our results provide the spatial patterns of the start date and end date of daily precipitation at different intensity levels, and show that, with the exception of VP, the beginning of daily precipitation is generally early in the southeast and late in the northwest, with the opposite end date. The start and end dates of violent precipitation exhibit a wide range of fluctuations across China. For light and moderate precipitation intensity levels, the start date occurred increasingly earlier in most parts of China, while LP and MP ended earlier in the Tibetan Plateau, and mainly ended later in western and northeastern China. Heavy precipitation started later and ended later in most of China, especially in the southeast region. For violent precipitation, the change was most pronounced in southeast China, and the change characteristics of the start date and end date exhibited higher heterogeneity compared to the heavy precipitation that occurred across this region. These characteristics of the variability in the start date and end date of different daily precipitation levels varied across regions in China, possibly due to the combined effects of diverse land surface types, large topographic variations, land and sea location differences, and regional differences in human activities.



The data used are one of the main sources of uncertainty in analysis. Both the satellite precipitation products and the reanalysis dataset suffer from some uncertainties for a number of reasons, such as retrieval algorithms, sensors, model representation, and parameterizations. The observation-based interpolation method also has some uncertainties due to the distribution and number of stations. Therefore, MSWEP V2 was applied in this study to minimize uncertainties, due to its good performance and the wide applications. In addition, different partitioning methods used to classify precipitation intensity levels may lead to uncertainties when describing regional precipitation characteristics. In this study, precipitation intensity was divided into four levels according to the CMA using the absolute threshold value; using the relative threshold value to classify different levels of precipitation intensity based on different regions may produce different results, which will be further investigated.



This research has the potential to enhance our comprehension of the broader precipitation patterns in China, which could have an impact on hydrological systems, plant growth, drought, and crop production. China is a very large country with a variety of climates and environments and a distinct continental monsoon climate characterized by a cold winter and hot summer. The diverse climate ranges from arid regions in the northwest to alpine regions in the Tibetan Plateau and monsoon regions in the east and south. As many countries around the globe share comparable climate types and environments with China, such as the climate types represented by R1 (temperature monsoon climate), R2 (temperate continental climate), R3 (alpine cold climate), and R4 (tropical and subtropical monsoon climate) in Figure 1, this research offers a fresh outlook for a better understanding of precipitation changes under continuous global warming. It also provides valuable insights regarding agricultural and water resource management, as well as relevant adaptation tactics for those nations.




5. Conclusions


The present study examined the fluctuations in various precipitation intensities with regard to their start date, end date, and frequency across China. The main findings of this study are as follows:




	(1)

	
During the period 1980–2022, the start date of light precipitation shifted to significantly (p < 0.05) earlier in the northeast, northwest, and Tibetan Plateau, with mean annual change rates of −0.19 days, −0.48 days, and −0.44 days, respectively, while the end date for LP was significantly delayed in the northwest by 0.39 days/year. The frequency of LP exhibited a significant upward trend in northeast China (0.06 times/year), northwest China (0.14 times/year), and Tibetan Plateau (0.02 times/year) of China. In addition, there was an increasing trend in southeast China (0.06 times/year), although it was not statistically significant.




	(2)

	
Moderate precipitation started significantly earlier in northeast China (−0.04 days/year) and Tibetan Plateau (−0.36 days/year), and ended later in northeast China (0.28 days/year). The frequency of MP showed a slight significant upward trend in Tibetan Plateau (0.02 times/year) and northwest China (0.01 times/year). There was a non-significant increasing trend (0.02 times/year) and a decreasing trend (−0.01 times/year) in the northeast and southeast China, respectively.




	(3)

	
For heavy precipitation, the start date occurred increasingly significant earlier in the Tibetan plateau and southeast China, with mean change rates of −0.58 days/year and −0.28 days/year, respectively, while the end date started significant earlier the Tibetan plateau during the last four decades, with a change rate of −0.54 times/year. In addition, the end date of HP in southeast China shifted to earlier in the last 10 decades (2010–2022), with a change rate of −4.26 times/year (p < 0.05). There was no significant change in the frequency of HP. The frequency of HP showed slightly increasing trends in northeast and northwest China, while showing slightly decreasing trends in the Tibetan Plateau and southeast China.




	(4)

	
The violent precipitation started significantly slightly earlier in the Tibetan Plateau (−0.02 days/year) and northwest China (−0.11 days/year) during the period of 1980–2022, and started significantly earlier in southeast China from 2010 to 2022, with a change rate of −2.1 times/year. VP ended significantly earlier (−0.16 days/year) in the Tibetan Plateau during the past four decades and ended significantly earlier in southeast China over the latest ten years (−3.7 times/year). No significant changes in the frequency of VP were observed, except for a possible slight downward trend on the Tibetan Plateau.









These findings show the changing characteristics of the start date, end date, and frequency of different precipitation intensities, highlighting the need for further attention to these characteristics of precipitation change due to widespread timing changes.
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Figure 1. Study area and elevation in China. 
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Figure 2. The spatial pattern and change slope of the observed start date (a,c) and end date (b,d) of low precipitation intensity during 1980–2022. 
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Figure 3. The spatial pattern and change slope of the observed start date (a,c) and end date (b,d) of moderate precipitation intensity during 1980–2022. 
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Figure 4. The spatial pattern and change slope of the observed start date (a,c) and end date (b,d) of heavy precipitation intensity during 1980–2022. 
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Figure 5. The spatial pattern and change slope of the observed start date (a,c) and end date (b,d) of violent precipitation intensity during 1980–2022. 
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Figure 6. The change slope for the observed frequency of different precipitation intensities during 1980–2022: (a) LP; (b) MP; (c) HP; (d) VP. 
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Figure 7. Temporal changes in start date under different precipitation intensities during 1980–2022. 






Figure 7. Temporal changes in start date under different precipitation intensities during 1980–2022.



[image: Remotesensing 15 04057 g007]







[image: Remotesensing 15 04057 g008] 





Figure 8. Temporal changes in end date under different precipitation intensities during 1980–2022. 






Figure 8. Temporal changes in end date under different precipitation intensities during 1980–2022.



[image: Remotesensing 15 04057 g008]







[image: Remotesensing 15 04057 g009] 





Figure 9. Temporal changes in frequency under different precipitation intensities during 1980–2022. 
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