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Abstract

:

The diurnal variation characteristics of precipitation in summer (June–August) during the period of 2015–2019 over the Northern Slope of the Tianshan Mountains (NSTM) was analyzed using hourly simulated data from Nanjing University’s real-time forecasting system (WRF_NJU) with 4 km resolution, Automatic Weather Station (AWS) data, and the ERA5-Land data through using methods such as the Rotated Empirical Orthogonal Function (REOF) and Coefficient of Variation (CV). The results show that the diurnal variation pattern of the precipitation over the NSTM simulated by WRF_NJU aligns closely with that of the observational AWS data, and it captured spatial distribution, peak values, and the times of precipitation reasonably well. The hourly precipitation amount (PA), precipitation frequency (PF), and precipitation intensity (PI) all show characteristics of being greater in the afternoon to nighttime than from early morning to noon, and the diurnal variations of precipitation in this region are significantly influenced by altitude. The PA, PF, and PI peak over the southern edge of the Junggar Basin (JB) below 1000 m occurred at around 2200 Local Solar Time (LST). In contrast, peak PA over the mountainous regions above 3000 m occurred at around 1500 LST. Further analysis with REOF and CV indicated that the difference in diurnal variations of precipitation between the mountainous regions and the JB is most pronounced likely due to the topographical influences. The peak PA over the mountainous regions mainly occurred at around 1500 LST, while that of the JB occurred at around 0100 LST. High CV regions for PI are predominantly found over the area near the central JB and the middle Tianshan mountains, whereas high CV regions for the PF are located in the central and northern parts of Urumqi and Changji. In addition, different land surface categories exhibit distinct patterns of diurnal precipitation variation, i.e., the forests, grasslands, and water bodies exhibit their peak PA in the period from early morning to noon, while the impervious surfaces, croplands, and barren lands exhibit their peak PA in the period from afternoon to nighttime.
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1. Introduction


The diurnal variation characteristics of precipitation stand out as one of the prominent natural cycles within Earth’s climate system [1,2]. Primarily stemming from discrete fluctuations in solar radiation, the resultant variations in pressure, wind, temperature, and numerous other factors collectively shape the distinctive features of the diurnal variations of precipitation [3,4]. According to the Sixth Assessment Report from the Intergovernmental Panel on Climate Change (IPCC), the unprecedented rate of global warming has already led to a temperature increase of 1.1 °C compared to the 1850–1990 period [5]. This kind of rapid temperature escalation directly influences the hydrological cycle, causing significant shifts in precipitation and evaporation processes [6,7]. Consequently, the frequency of extreme weather and climate events (such as floods, extreme storms, heat waves, droughts, heavy precipitations, etc.) are on the rise as well [6,8]. These have far-reaching consequences, profoundly affecting human activities, natural environments, and ecosystems [9,10,11,12]. In light of these circumstances, comprehensive investigations into the variation characteristics of precipitation and the environmental factors influencing precipitation have become increasingly important.



Extensive investigations into the characteristics of diurnal variations in precipitation have been conducted worldwide using meteorological station data and satellite observation data. For example, Xiao et al. [13] conducted a study on diurnal variations in precipitation in the United Kingdom, and their results revealed that rainfall events lasting from 1 to 6 hours typically reach their peak intensity in the late afternoon. In two other studies, the distribution and propagation characteristics of precipitation was investigated during the warm seasons in North America and Southeast Asia [14,15]. Their findings indicated that the precipitation tends to originate over local mountains in the afternoon before propagating eastward or southeastward, reaching adjacent basins during the nighttime or in the early hours of the morning. Overall, previous research based on meteorological weather station observations and satellite data indicates significant diurnal variations in warm-season precipitation. Except for central USA and certain regions where precipitation peaks occur in the early morning, the majority of terrestrial regions globally experience precipitation peaks in the late afternoon or evening.



The diurnal variation characteristics of precipitation, as an important regional weather and climate characteristic, exhibit particularly noticeable differences under inhomogeneous or complex underling surfaces. For instance, Dai et al. [4] conducted a regional study on the diurnal variation characteristics of precipitation in the United States and found that in the Southeast and Rocky Mountains, the maximum precipitation occurs in the evening, while it reaches its peak around midnight in the vicinity of plains. Tanaka et al. [16] analyzed the diurnal variation characteristics of precipitation in four stations with different land surface categories in the Manus region in the Amazon basin. Their results indicated that the higher precipitation over water vapor availability over the forest canopy is due to transpiration. As a result, the daytime rainfall is more frequent than nighttime rainfall, and the precipitation frequency at forest stations is significantly higher than that at urban stations.



In China, summer precipitation is influenced by complex terrain, leading to significant regional differences in the diurnal variation characteristics of precipitation across different regions. For example, Li et al. [17] conducted some studies on the diurnal variation characteristics of summer precipitation in the Qilian Mountains and the Qinghai–Tibet Plateau. Their results showed that the Qilian Mountains exhibit a bimodal precipitation pattern, with peaks occurring in the evening and early morning, while most stations in the Qinghai–Tibet Plateau experience precipitation peaks around evening or midnight. Yao et al. [18] analyzed the diurnal variation characteristics of precipitation using hourly meteorological station observation data in the Yangtze River Delta urban agglomeration for a period of 40 years. Their results indicated that the increase in long-duration and very-long-duration rainfall in urban regions is smaller compared to rural regions when moving from plains to mountains. In addition, Fu et al. [19] studied the tempo-spatial variation characteristics of summer precipitation and its relationship with urbanization in three super city clusters in eastern China using CMORPH data for a five-year period. They found that rainfall is primarily significant in mountainous regions with high frequency, while the plain regions surrounding the urban clusters experience higher hourly precipitation intensities. There are more (less) heavy rainfall (light rainfall) events in the upwind or downwind sides of the urban clusters.



The northern slope of the Tianshan Mountains (NSTM) is located in the northern part of Xinjiang, where the terrain gradually descends in elevation from south to north, and the Tianshan Mountains in the study area include the Middle Tianshan Mountains (MTM) and Eastern Tianshan Mountains (ETM), as shown in Figure 1a. The natural landscape undergoes a transitional change characterized by a “mountains–plain oasis–desert oasis–desert” pattern from the south to north over the region of the NSTM (Figure 1c). The primary land cover categories over the NSTM are grassland, bare land, and croplands, collectively accounting for 93.26% of the total land surface cover. Among them, grassland has the highest proportion (42.30%) [20]. The NSTM is centered around major cities such as Urumqi, Changji, Shihezi, and Karamay; the region forms Xinjiang’s largest urban cluster, as illustrated in Figure 1b. This urban cluster holds a prominent strategic position in the “Belt and Road” initiatives of China and stands as the most economically developed region in Xinjiang [21]. Over the years, it has contributed more than 40% of Xinjiang’s GDP [22] while also serving as the most densely populated region, with its urbanization rate increasing from 65.8% in 2000 to 79.9% in 2016 [23].



However, the NSTM is one of the highest-precipitation regions in Xinjiang. A previous research study indicated that in terms of spatial distribution, the precipitation over the Tianshan Mountains accounts for approximately 40.4% of the total precipitation in Xinjiang [24]. Frequent heavy rainfall occurs during the summer season in this region, significantly impacting the area’s agriculture, environment, and economy, as well as transportation in the area. Therefore, gaining a thorough understanding of the diurnal variation characteristics in the precipitation patterns over the NSTM is of the utmost importance [25].



Recently, Li et al. [26] conducted a study on the diurnal variation characteristics of summer precipitation over the central Tianshan Mountains based on eight meteorological stations. They found that there were distinct variations in the peak precipitation times across the region: the southern mountain stations experience peak rainfall in the early morning, while the stations near the mountain peaks experience peak rainfall in the evening, and the northern mountain stations show a peak during the nighttime. These variations highlight the significant differences in the precipitation peak characteristics over the regions of the central Tianshan Mountains. Additionally, Cao et al. [27] utilized China ground-based and CMORPH satellite-merged precipitation data to study the diurnal variations in precipitation with different durations during the warm seasons in Xinjiang from 2008 to 2019. The results indicated that precipitation events exceeding 7 h exhibit major peaks that occur in the evening. Furthermore, Cai et al. [28] have begun to explore the long-term effects of oasis expansion on summer precipitation in the northern slope region of the Tianshan Mountains. Their study suggests that oasis expansion contributes to increased summer precipitation in the central Tianshan region.



In previous research studies on the diurnal variation characteristics of precipitation, various types of data were used, such as observation data from meteorological stations [29,30], satellites [31,32,33], and radars [34] and some reanalysis data [35]. However, due to the limitations in the spatial resolution of the meteorological station data over the NSTM, the detailed diurnal variation characteristics of precipitation, and their behaviors corresponding to the inhomogeneous underlying land surface characteristics remain unclear.



The Advanced Weather Research and Forecasting model improved by Nanjing University (WRF_NJU) has been widely used by scholars in recent years for studying summer precipitation in the central and eastern parts of China. For instance, Xu and Ming [36] pointed out that the diurnal variation trend obtained from the WRF_NJU simulation data is consistent with observations, with peaks occurring at similar times. Additionally, the WRF_NJU simulations perform well for most precipitation events, as stated by Li et al. [37], who also studied the diurnal variation characteristics of precipitation in the Ili Region in Xinjiang. Therefore, in this study, the WRF_NJU data are utilized to investigate the diurnal variation characteristics of precipitation over the NSTM.



The spatial distribution of annually averaged precipitation in summer (accumulated in the period from June to August) obtained from the WRF_NJU data also shows the inhomogeneity of the precipitation pattern in this region (Figure 1d). To better understand the specific diurnal variation characteristics of precipitation related to underlying surface effects, this work focuses on examining the variation characteristics of precipitation at different topographic elevations and over the various land surface categories. This approach aids in accurately understanding the tempo-spatial distributions of the diurnal variation characteristics of precipitation and related possible influencing environmental factors over the NSTM and provides some insights into the possible mechanisms behind precipitation formation and variation characteristics in this region. In addition, this study may also offer a scientific foundation for the evaluation of numerical models and serves as a reference for improving regional precipitation modeling and forecasting.



The remainder of this paper is organized as follows. The data and methods used in this work are described in Section 2, and the main results regarding the NSTM are presented in Section 3. We discuss the results and derive conclusions from them in Section 4 and Section 5, respectively.




2. Data and Methods


2.1. Dataset


This study utilized hourly precipitation data from 342 Automatic Weather Stations (AWSs), ERA5-Land reanalysis data, 4 km resolution WRF_NJU data, hourly satellite precipitation data CMORPH with 0.25° resolution, and MSWEP data with 3-h and 0.1° resolution during the summer months (from June to August) for the period from 2015 to 2019. The AWS data were sourced from the National Meteorological Information Center, and rigorous quality control was performed during data processing to ensure accuracy and reliability [38]. The ERA5-Land data were provided by the European Centre for Medium-Range Weather Forecasts. The CMORPH data were created and developed by the NOAA Climate Prediction Center (CPC) via the technique of producing global precipitation products with high spatial and temporal resolutions using joint temporal–spatial interpolation to integrate multi-platform satellite observations [39]. The MSWEP precipitation data have global coverage, and these data have merged various data points sourced from ground-based observations, satellites, and reanalysis data to obtain high-quality precipitation estimates. These two kinds of satellite precipitation products have a wide coverage and are sufficiently time-efficient to compensate for the shortcomings of ground-based rain gauges and ground-based radars [40]. Therefore, these satellite precipitation data were used to validate the performance of the WRF_NJU data over the study area. The simulation results in the 13–36 h forecast period of the WRF_NJU data were used to analyze the precipitation, and the model biases during the early 12-h spin-up period of the simulation were removed or decreased, as recommended by other previous studies [41,42,43]. The parameterization schemes utilized in the simulation process are detailed in Table 1.




2.2. Methods


Hourly mean precipitation amount (PA):


  P A =   ∑  d = 1  n   p r c p ( h , d ) / n    



(1)







Hourly mean precipitation frequency (PF):


  P F =   ∑  d = 1  n   p f ( h , d ) / n × 100 %    



(2)







Hourly mean precipitation intensity (PI):


  P I =   P A   P F    



(3)







In the above equations, prcp(h,d) represents the precipitation amount at time h on the d day. pf(h,d) = 1 indicates that a precipitation of 0.01 mm is counted as an occurrence of precipitation at time h, and PA < 0.01 is counted as 0 occurrences. PI indicates the total precipitation amount at a specific time divided by the total number of precipitation occurrences at that time.



The Coefficient of Variation (CV) was utilized to assess the degree of tempo-spatial dispersion of a variable. The CV calculation formula was as follows:


  C V =  σ μ  × 100 %  



(4)







In the above equation, σ represents the standard deviation of PA, and μ represents the mean value of PA.



Rotated Empirical Orthogonal Function (REOF) analysis was employed to decompose the tempo-spatial distribution patterns of a variable [48]. Additionally, the significance test was conducted using the North methodology [49]. The calculation formula was as follows:



	1.

	
Calculate the covariance matrix C:









   C =  1 N   X T  X   



(5)







X represents the observation matrix, where each row corresponds to a time step, and each column corresponds to an observed variable. N is the number of samples, and T indicates the transpose of the matrix.



	2.

	
Perform an eigenvalue decomposition on the covariance matrix C:









   C = E Λ  E T    



(6)







E is the matrix of eigenvectors, where each column represents an eigenvector. Λ is the diagonal matrix of eigenvalues, with the eigenvalues as the elements along the diagonal.



	3.

	
Select the top n eigenvectors (principal components):







From the eigenvalue matrix Λ, choose the eigenvectors corresponding to the n largest eigenvalues to construct the eigenvector matrix En.



	4.

	
Construct principal component time series:







Project the observation matrix X onto the eigenvector matrix En to obtain the matrix of principal component time series P:


  P = X  E n   



(7)







	5.

	
Rotate the principal components:







Select a rotation matrix R (for example, a varimax rotation matrix) and multiply the matrix of principal component time series P by the rotation matrix to obtain the rotated matrix of principal component time series Prot:


   P  r o t   = P R  



(8)







Taking into account the geographical location of NSTM, the time division is as follows (Table 2):





3. Results


3.1. Comparison of Precipitation Characteristics


Figure 2 shows the diurnal variations of spatial distribution of PA over the NSTM at every 6 h (obtained from AWS data, WRF_NJU data, ERA5–Land data, CMORPH data, and MSWEP data). At 0300 Local Solar Time (LST), the spatial distributions of PA obtained by the AWSs (Figure 2a) showed that the higher precipitation (>0.1 mm) is mainly distributed over the MTM (indicated by the large white circle) and showed a precipitation band orientation from the west–northwest to east–southeast (WNW to ESE) directions. However, lower precipitation (<0.02 mm) occurred over the northern part of the study area (i.e., over the Junggar Basin, JB). The distribution of PA obtained by the WRF_NJU (Figure 2b) indicate that, despite some biases in the value of the PA over the eastern part of the MTM and ETM (denoted by small white circle), the overall pattern of the PA is very similar to what is depicted by the AWS data. However, the distribution of PA obtained by the ERA5–Land data (Figure 2i) revealed that the overall distribution of the PA is consistent with that of the WRF_NJU data (except for the high-precipitation region, which seemed to be displaced by about 0.5° to the north, and the value of PA over the ETM is overestimated to degree about 0.05 mm). The distribution of PA obtained from the CMORPH data (Figure 2j) revealed that the center of heavy precipitation (reaching about 0.3 mm) over the MTM is consistent with that of the WRF_NJU data. In addition, the values of PA over the MTM and ETM seemed to be weaker compared to the WRF_NJU results, whereas the distribution of the lower PA obtained from the CMORPH data over the JB was very similar to that of the WRF_NJU data. The distribution of PA obtained by the MSWEP data (Figure 2k) shows a band-shaped precipitation pattern over the MTM and ETM, which is consistent with that of the WRF_NJU data. The pattern and orientation of the precipitation band obtained by the MSWEP data are consistent with that of the WRF_NJU data. Overall, all three datasets showed similar distributions of PA, with a precipitation band orientated in the WNW to ESE direction and almost the same PA strength level over the MTM region of the study area, indicating that the lowest PA (<0.02 mm) occurs over the northern part of the study area over the JB.



By 0900 LST, the distributions of PA obtained by both the AWS and WRF_NJU data (Figure 2c,d) depict a reduction in the value of PA and a contraction of its spatial extent over the MTM region (indicated by the large white circles), and the value of PA in the JB further weakens to some extent. At this time, the distributions of PA obtained by the WRF_NJU data and ERA5–Land data display a consistent overall pattern and are located near the ETM (indicated by the small white circles). The distribution of PA obtained by the CMORPH data (Figure 2m) shows that the precipitation characteristics of the mountainous region are not so obvious, and the precipitation over the JB is still weaker than that of the area over the MTM and ETM, which is consistent with that of the WRF_NJU data. The distribution of PA obtained by the MSWEP data (Figure 2n) shows that the value of the PA over the MTM region has increased and that the spatial coverage has expanded. Additionally, the precipitation over the JB has weakened to some extent, while the precipitation band over the MTM and ETM are consistent with that of the WRF_NJU data and AWS data. The value of the PA over the eastern part of the ETM is overestimated to a degree of about 0.05 mm. The characteristics of the precipitation obtained from these products have similar spatial patterns, but there are differences in the value of the PA. Among them, the results of the MSWEP data showed the best agreement with the observations, and this was also noted in a previous study [50].



At around 1500 LST, the MTM region experiences the diurnal peak value of PA. In all five datasets (Figure 2e,f,o–q), the distribution of the PA aligns with each other over the mountainous region. The distributions of PA obtained from the WRF_NJU data over the JB below 2000 m ASL (above sea level) are more consistent with that of the AWS data, while the distribution of PA indicated by the AWS data in the mountainous region is rather weak compared to the what is depicted by the WRF_NJU data. This is probably due to the fact that the interpolated distribution pattern of PA revealed by the AWS data is unable to accurately represent the real PA over the relatively sparse distribution of the AWSs over the higher regions above 2000 m ASL in the MTM region. Comparatively, the distribution of PA revealed by ERA5–Land data showed a relatively higher value than that of WRF_NJU data over the mountainous region, which is consistent with previous assessments of PA obtained from the ERA5–Land data over mountainous region of the Qilian Mountains in Northwestern China [51]. The distribution of PA obtained by the CMORPH data (Figure 2p) shows that the value of the PA over the mountainous areas is relatively lower than that of the WRF_NJU data and slightly higher than that of the AWS data. The distribution of PA obtained by the MSWEP data (Figure 2q) shows that the value of the PA over the MTM and ETM roughly coincides with that of the WRF_NJU data, and the distribution of the PA over the mountainous areas outside the study area is consistent with that of the other four datasets (shown by the black dots). By 2100 LST, precipitation in the mountainous regions significantly diminishes across all datasets, while the value of PA over the JB slightly increases (Figure 2g,h,r–t).



It is worth noting that due to the limited distribution of the AWSs over the mountainous region of the NSTM, the spatial distribution results interpolated from the AWS data cannot accurately reflect the PA characteristics over the mountainous areas. Influenced by complex underlying surfaces, the reanalysis data exhibit a systemic overestimation and limited ability to capture fine-scale precipitation variations [51]. This aligns with the findings of Chen et al. [52] in their assessment on the hourly precipitation characteristics in the Qinghai–Tibet Plateau.



It can be concluded from the aforementioned analyses that the distributions of PA and their variation trends in the five datasets are generally consistent. The WRF_NJU model successfully simulates the spatial distribution, intensity, and diurnal variations of precipitation over the NSTM. Similarly, Xu and Ming [36] investigated the performance of the WRF_NJU data for the summer precipitation over Xinjiang, and they found that the diurnal variations of precipitation from the WRF_NJU data are consistent with the observed variations, as the peak periods of precipitation are similar with that of the observation data. In addition, Li et al. [37] studied the diurnal variation characteristics of precipitation in the Ili region based on the same WRF_NJU data, and they also stated that the overall characteristics of precipitation obtained from the WRF_NJU data were consistent with the observation and reanalysis data. Consequently, these data can be considered reliable, as they are going to be employed for future research on the diurnal precipitation characteristics over the NSTM.




3.2. Diurnal Variations in the Spatial Distribution of Precipitation


The spatial distribution of the PA showed a precipitation band orientated from the WNW direction to the ESE direction and an increase in both its extent and intensity from 0600 LST (Figure not shown) to 1500 LST (Figure 2h). The mountainous regions (including both MTM and ETM) reach their PA peaks at around 1500 LST, with precipitation values exceeding 0.5 mm. The distribution of maximum PA aligns with the topography of the Tianshan Mountains. However, there is little variation in PA over the JB, with most regions of JB experiencing values below 0.075 mm (Figure 2h). The PA over the mountainous regions notably weakens during the period from 1800 LST to 0300 LST, decreasing below 0.125 mm. In the southern part of the JB, PA peaks (about 0.175 mm) occur at around 2100 LST (Figure 2k).



As shown in Figure 3, the spatial distribution of PF exhibits significant diurnal variation characteristics. During the period from 0600 to 0900 LST (Figure 3a,3b), the MTM region shows a PF of about 10–20%, while the value of PF over the JB ranges from 5 to 12.5%. The PF over the ETM region is a little higher than that of the eastern part of the MTM region, with the ETM region having a frequency of 12.5–20%. The PF in the central part of the JB decreases to some extent, and the minimum PF is below 5%, which is located near the city of Shihezi (Figure 3b). By 1200 LST, there is a noticeable increase in PF over both the MTM and ETM regions, forming a band-like pattern that roughly aligns with the mountainous terrain, and the PF increases from 15% to 45% (Figure 3c). At around 1500 LST (Figure 3d), the MTM region experiences a significant increase in PF, along with an expansion in its spatial coverage, and the maximum PF exceeds 60%. The PF in the basin area between the MTM and ETM is rather small (with a frequency of 5 to 15%), and it increases in the northern part of the ETM from 30 to 40%. From 1800 LST to 0600 LST (Figure 3e,f), the PF decreases over the MTM region, while the PF gradually increases over the JB. It is evident that the spatial distribution of PF follows a similar diurnal trend to the distribution of the PA. The diurnal variation of PF in the mountain regions is also much greater than those in the basin regions. It is evident that the spatial distribution of PF follows a similar diurnal trend to the distribution of PA. The diurnal variation of PF in mountain regions is also much greater than those in the basin regions.



Precipitation intensity (PI) is an important index to describe the characteristics of precipitation, and the greater the intensity, the fiercer the rain. The PI is noticeably higher along the mountainous regions of the study area compared to the southern parts of the JB during the period between 0600 LST and 1200 LST (Figure 4a–c). At around 1500 LST, the region with PI exceeding 0.5 mm h−1 over the study area expands significantly compared to the previous time period. There is also a notable increase in PI over the JB, with some regions experiencing PI between 1 and 1.5 mm h−1 (Figure 4a–d). By 1800 LST, the highest PI of the day occurs along the MTM and the ETM regions, reaching values exceeding 1.5 mm h−1 (Figure 4e). From 1800 LST to 0000 LST, the PI gradually decreases over the mountainous regions of the MTM and the ETM regions. Meanwhile, the JB experiences PI ranging from 0.4 to 1 mm h−1, exhibiting an eastward movement pattern across the study area (Figure 4e–g). At 0000 LST, the central part of the JB exhibits the highest PI (Figure 4g). By 0300 LST, the PI continues to decrease over the central mountainous regions of the northern slope region of the MTM and the JB. The northern part of the ETM region maintains its intensity, albeit with a reduced spatial coverage (Figure 4h).



As shown in Figure 5, we also investigated the spatial distribution characteristics of the diurnal peak time of the precipitation amount (PTPA) in the study area. It can be seen that the PTPA in the study area mainly occurs from the afternoon to the night (i.e., from 1400 LST to 2000 LST). The PK in the southern edge of the JB appears from the night to the early morning (i.e., from 1900 LST to 0600 LST). There is a significant lagging trend in the PTPA from the mountainous regions to JB, along with a west–east lagging trend in the study area. However, the PTPA over the neighboring mountainous region near the northern part of Karamay occurred from midnight to early afternoon (i.e., from 0200 LST to 1500 LST), showing some significant differences from other areas (probably due to complex terrain).



Figure 6a shows the diurnal characteristics of PA, PI, and PF averaged over the study area in summer from 2015 to 2019. From the figure, it can be seen that the peak value of PA occurs between 1600 and 1800 LST, and the valley value of PA occurs at 0900 LST. The peak value of PF occurs around 1900 LST, and the valley value of PF occurs at 0900 LST. The daily variation curves of PF and PA are relatively close, showing a distribution feature from afternoon to night that is greater than that from early morning to noon. The peak value of PI occurs in the period between 1500 and 2200 LST, while the valley value of PI occurs between 2300 and 1400 LST, with a peak of 2000 LST and a valley of 0900 LST. The PI shows a gradual increase during the day and the opposite at night. These findings are consistent with the conclusion drawn by Guo et al. [53].



As can be seen from the scatter plot reflecting the correspondence of the PA and PF (Figure 6b) and PA and PI (Figure 6c), the scatter points are almost evenly distributed on both sides of the simple linear regression fitting line. Additionally, the R2 of both of the linear regression equations are rather high (>0.9), evidencing the suitable fitting effect of the regression equations. The correlation coefficient between PA and PF is 0.96, and the correlation coefficient between PA and PI is 0.92, indicating that PA has a stronger correlation with PI and PF, and the correlation with PF is a litter higher than the correlation with PI.



In this study, following the approach outlined by Karl and Knight [54], the PI characteristics were further analyzed by dividing the PI into 10 levels. According to Figure 7, it is evident that different PI levels contribute differently to the total PA. More than 95% of extreme heavy precipitation events contribute the most to the total PA, accounting for over 60% of the total contribution across all time periods. Moderate to heavy precipitation contributes to over 85% of the total PA in all time periods. During the noon to evening hours, both the occurrence frequency and the contribution to total PA of moderate to heavy precipitation are higher compared to that of the nighttime to morning hours. Particularly at around 1600 LST, the occurrence of precipitation events with intensities exceeding 90% is prominent, constituting around 60% of the total PA.



In general, distinct differences exist in the diurnal variation of PA among different PI levels, with a significant contribution from moderate to heavy precipitation. To quantitatively analyze the contribution of different PI levels to the total PA, it was calculated that the cumulative contribution of PI from the 5th to the 10th level constitutes 86.67% of the total PA, with an average PI of 0.81 mm h−1. Notably, the 10th PI level has the highest contribution rate, reaching 28.98% among the 10 levels (see Table 3).




3.3. REOF and Coefficient of Variation Analysis


In order to clearly express the diurnal variation characteristics of precipitation over the complex terrain conditions in the study area, we employed REOF (Rotated Empirical Orthogonal Function) analysis to perform a tempo–spatial deconstruction of the precipitation characteristics within the study area [24]. Furthermore, a North significance test was conducted [49], and the results indicated that the first three modes had passed the validation test. The cumulative contribution rate of these three modes reached 84%, with the first mode accounting for a variance contribution rate of 66.2%, which significantly exceeded the contribution of the other modes (Figure 8a). The second and third modes exhibited much lower magnitudes compared to the first mode (Figure 8b,c). Therefore, this study predominantly focuses on the first mode to delineate the pronounced diurnal precipitation differences between the mountainous area and basin area of the JB. The first mode effectively captures the tempo–spatial variation characteristics of precipitation in the study area. In this mode, regions with positive values indicate regions of high precipitation, while regions with negative values correspond to regions of low precipitation. The consistent occurrence of precipitation in the northwest mountainous region near the Karamay and the mountainous area over the MTM and ETM suggests a clear pattern of mountainous precipitation. Temporally, the peak of mountainous precipitation mainly occurs around 1500 LST during midday, whereas the peak of precipitation over the JB occurs during 0000~0100 LST (Figure 8d). These differences reflect that the primary causes of the variation characteristics of precipitation within the study area are the topographical (underlying surface) influences.



The disparities in the diurnal variation characteristics of precipitation across the different regions within the study area are obvious. To delve deeper into these disparities, the coefficients of variation (CV) for both the PF and PI in the study area were calculated. The CV for the PF (Figure 9a) shows that the southern and southeastern part of the JB displays CV values exceeding 40%. The high CV values for these regions indicate that there are significant differences in the daily variability of precipitation, which are closely related to possible weather events [7,37]. However, the western parts of the JB and mountainous areas, including both MTM and ETM, show very low values (below 10%). Referring to the CV for the PI (Figure 9b), it can be seen that the regions characterized by high CV values for PI include the mountainous regions over the central to eastern MTM and the relatively wide region in the southeastern JB, with the CV value exceeding 80%. The high CV values indicate that there are large variations in PI in these regions, which are susceptible to catastrophic weather events.




3.4. Diurnal Variation Characteristics of Precipitation at Different Altitudes


The findings described in previous publications indicate that there are significant differences in the diurnal variation characteristics of precipitation between mountainous and plain regions [21,28,55,56]. Consequently, we chose intervals of 500 m to calculate the diurnal variation characteristics of precipitation at different altitudes over the study area. As shown in Figure 10a, the most significant characteristics of the overall variation pattern is that the PA notably increases with altitude. Specifically, the time of maximum PA shifts from 2200 LST at 0–500 m altitude to 1800 LST at 1500–2000 m altitude. At above 2000 m, there is a sharp increase in the PA throughout the afternoon, peaking in the early afternoon (1500 LST) from a minimum around of 0800 LST. Overall, the diurnal variation of PA exhibits distinct differences at various altitudes, with a time lag in peak occurrence times from higher altitudes to lower altitudes (i.e., time lag in the timing of peak precipitation from the peaks to the slopes and from the slopes to the basin area).



It can be seen from the diurnal variation characteristics of the PF (Figure 10b) at different altitudes that the highest PF in the range of 0–1500 m altitude occurs at around 2100 LST. At above 2000 m, the PF gradually rises with the increase in altitude, reaching its peak at about 1400~1500 LST, and decreases to the lowest value at around 0800 LST. Similarly, different altitude regions exhibit notable differences in diurnal variation characteristics in PF. At above 1500 m, the PF peaks occurred in the period between 1400 and 1500 LST, lagging by about 5 hours from mountain peaks to slopes and lagging by 2 h from slopes to the JB.



The diurnal variation characteristics of PI are depicted in Figure 10c. At 0–1500 m altitude, the maximum PI occurs at around 2100 LST, and the minimum value occurs at around 0900 LST. For the highest altitudes of 2000–5197 m, the peak PI appears at 1800 LST, while the minimum PI occurs at around 0700–0800 LST. Similarly, different altitude regions show significant differences in the diurnal variation characteristics of PI. The peak intensity of PI lags by about 3 hours from higher altitudes to lower altitudes, shifting by 2 h from slopes to the JB (Figure 10c).



In order to further investigate the diurnal variation characteristics of precipitation over the inhomogeneous underlying regions in the study area, we conducted further analyses on some vertical cross sections (shown in Figure 9a) over some of the inhomogeneous underlying regions.



As shown in Figure 11a, there is a clear topographical inhomogeneity (in the high topography, i.e., mountains, in the south and low topography, i.e., basin, and in the north) along the cross section c1d1, which is located in the western part of the study area. In general, the PA increases gradually from basin to mountains in this cross section. The PA over the basin area is less than 0.04 mm, with the peak time in terms of precipitation amount (PTPA) being 2100 LST. The PTPA over the area from the foothill to the hillside occurs at around 1500~1800 LST, and the PA exceeds 0.2 mm over the mountainous region at this time. The topographic features shown in Figure 11b are roughly similar to those in Figure 11a, with high altitude (mountains) in the south and low altitude (basin) in the north. The PTPA occurs at 1200 LST over the area near the northern ending point (i.e., c2) of line segment c2d2, while the overall PTPA over the other basin and hill side area below ~3300 m occurs at 2100 LST. However, the PTPA over the mountainous region above ~3300 m occurs at 1500 LST, reaching a maximum value of ~0.3 mm.



Along the vertical cross section of c3d3 (Figure 11c), located in the eastern part of the study area, the value of PA over the basin area remains below 0.06 mm. The PTPA over the area near the northern ending point (i.e., c3) occurs at 1800 LST, while the other basin and near foothill area below ~1200 m experiences the PTPA at 0000 LST. However, the PTPA over the mountainous region above ~1400 m occurs at 1800 LST.



As for the cross section along the line segment gone through the canyon area between the MTM and ETM (i.e., c4d4 in Figure 11d, both ending points of the line segment are located over the mountains), the peak value of PA over the mountainous area of MTM above 3100 m reached ~0.35 mm at 1500 LST, while the peak value of PA is only about 0.18 mm over the top of the ETM (occurring at about 1800 LST). The PTPA occurs at around 1500–1800 LST over the western mountainous area (MTM) above 1800 m, while the PTPA over the small part of the hillside area at about 1400–1700 m altitude occurs at 2100 LST. However, the canyon area below 1400 m and its adjacent area up to the top of the ETM experienced the PTPA at 1800 LST.



In general, the PA over the mountainous regions is significantly higher than those in the low-altitude regions (i.e., the JB, foothill, or canyon regions). The PTPA in the mountains regions occurs in the afternoon to evening, while the low-altitude regions experiences the PTPA from late evening to early morning, with a lower peak PA value.




3.5. Diurnal Variation Characteristics of Precipitation on Different Land Surface Categories


Some previous studies have found significant differences in the characteristics of precipitation on different land surface categories over uniform-altitude regions [57]. Therefore, we also investigated the diurnal variation characteristics of precipitation on different land surface categories in the study area.



For the sake of simplicity, the major six land surface categories in the study area were selected to analyze the corresponding diurnal variation characteristics of precipitation. As shown in Figure 12a, the PTPA occurs at 1500–1600 LST over the forests, with the highest value of PA being about 0.179 mm h−1. The PTPA occurs at 1600 LST over the grasslands and watersheds, with the highest values of PA being about 0.109 mm h−1 and 0.099 mm h−1, respectively. Previous studies [16] regarding the diurnal variation of precipitation in the central Amazon Basin have shown that the rainfall over the forests are 20% greater than those over the urban area during the afternoon hours; this is because the humidity in the boundary layer over the forests is kept at high levels due to the transpiration by the forests, thereby providing more water vapor for the occurrence of precipitation. It can be deduced that the relatively high PA over the forests and grassland is also caused by a relative increase in water vapor in the boundary layer due to vegetational transpiration. Similarly, water bodies have a high evaporation capacity, which leads to more water vapor in the boundary layer, thereby favoring the occurrence of precipitation. However, due to the relatively small size of the water bodies in the study area, the PA over the water bodies is slightly lower compared to those over the forests and grassland. The PTPA occurs at 2000–2200 LST (0.053 mm h−1) for impervious surfaces, 1700 LST (0.052 mm h−1) and 2200 LST (0.046 mm h−1) for waste bodies, and 2100 LST (0.049 mm h−1) for cropland. From nighttime to midday, the PA was higher in the waste bodies than in the cropland and impervious surfaces. In the afternoon, the PA was lower in barren land than in the cropland and impervious surfaces.



The diurnal variation characteristics of PF (Figure 12b) over the different land surface categories exhibit roughly similar patterns to that of the PA. The forests have the highest PF, which occurs earlier than that of other categories in the day. Grasslands and water bodies have the second and third highest PF values, while impervious surfaces, cropland, and waste bodies have the lowest PF values, with the peaks occurring later in the day. The diurnal variation characteristics of PI (Figure 12c) of various land surface categories also show distinct diurnal variations. The forests exhibit the highest PI, whereas grasslands and water bodies have relatively weaker PI. Impervious surfaces, croplands, and waste bodies experience the weakest PI. For all six land surface categories, PI shows the lowest (highest) value in the early morning (nighttime) hours.



In order to further investigate the specific diurnal variation characteristics of precipitation over the different land surface categories, further analyses on some vertical cross sections (shown in Figure 9a) over some of the different land surface categories were conducted. As can be seen in Figure 13a, prominent diurnal variation characteristics in precipitation can be found in profile a1b1 (Figure 13a). Referring to the administrative divisions in Figure 1b and the land surface categories in Figure 1c, it can be seen that the line segment of a1b1 is far away from urban areas and that the topography is relatively flat. However, the diurnal variation characteristics of precipitation exhibit distinct fluctuations. This is probably due to the alternative distribution of barren lands and croplands along the line segment a1b1. The maximum PA over the croplands in the north of Wusu is less than 0.04 mm, peaking at 1500 LST. For the barren lands and croplands north of Manas, the barren lands north of Hutubi, and the grasslands north of Changji, the maximum precipitation is less than 0.04 mm, with peaks at 1800 LST and 0000 LST. The barren lands north of Urumqi and Fukang have a maximum precipitation of about 0.07 mm, peaking at 0000 LST.



As can be seen from the vertical cross section along a2b2 (Figure 13b), the locations of the two triangular marks indicate the locations of urban areas of Karamay and Shihezi, and the PTPA occurs at 2100 LST, with a value of about 0.06–0.07 mm. The easternmost part of this cross section experiences the peak PA (up to about 0.12 mm) at 2100 LST (roughly higher than the cropland of Hutubi), and the minimum value of the PA occurs at 0900 LST. It is worth noting that most of the contours of PA (except for those at 0600 and 0900 LST) show a slightly increasing pattern (i.e., convex shape) over these two cities (significantly above the Karamay), indicating that urbanization possibly has an effect on the precipitation.



The southern part of the cross section along line segment a3b3 (Figure 13c) is the urban area of Shihezi, and the central part is the cropland in central Hutubi. The maximum PA is up to 0.072 mm (occurring at 2100 LST). The southeastern Urumqi urban area experienced the maximum PA at 2100 LST (up to about 0.06 mm) and minimum PA at 0900 LST. The southernmost precipitation peak of the PA (up to about 0.125 mm) occurs over the farmland of Hutubi, the PTPA occurs at 2100 LST, and the minimum value of PA occurs at 0900 LST.



As for Figure 13d, the line segment of a4b4 runs from north to south through Urumqi, the largest city in Xinjiang. The topography is high in the south and low in the north. The maximum PA peak is located in the center of Urumqi, where the precipitation exceeds 0.1 mm (probably due to the urban heat island effect), with the peak occurring around 0000 LST. The PA increases rapidly as the elevation rises towards the south, with 0.13 mm in the mountainous areas roughly above 2000 m, with the peak occurring at 1800 LST. However, the influence of topography on PA seems to be much greater than that of the land surface categories.





4. Discussion


This study mainly employed hourly WRF_NJU data from the summer months (June–August) of five continuous years (2015–2019) with 4 km resolution to conduct an in-depth investigation into the diurnal variation characteristics of precipitation over the northern slope of the Tianshan Mountains (NSTM), Xinjiang. Due to the relatively sparse population, complex terrain, and harsh environment within the study (such as desert and Gobi), the number or density of conventional and automatic weather stations in Xinjiang are much less than that of the mid-eastern part of China. Therefore, we felt that the 1 h and 4 km resolution simulation data from a consecutive 5-year time range could undoubtedly provide a good opportunity to investigate the much more detailed characteristics of diurnal variation of precipitation in the region. The WRF_NJU data distinctly elucidate the tempo–spatial evolution characteristics and peak features of precipitation amount (PA), precipitation frequency (PF), and precipitation intensity (PI), facilitating a thorough understanding of the mechanisms behind the intricate diurnal precipitation patterns over the complex underlying surfaces in the region. Unlike previous research studies that have primarily relied on a limited number of automated meteorological station observations to analyze the diurnal variation characteristics of precipitation in the NSTM [58,59,60], this study reveals that the majority of the region experiences peak PA in the afternoon to evening hours, whereas the peak in the Junggar Bain (JB) occurs during the late evening to early morning hours. These kind of differences may be due to the influence of the different topographies in these areas. The noticeable delay in peak PA (due to topography) indicates significant regional disparities, and there is a distinct eastward propagation trend of peak timing in the JB.



In addition, this study has uncovered substantial disparities between the diurnal variations of precipitation on the NSTM and other mountainous regions in China [17,56,61]. In the NSTM, the regions with higher elevations exhibit higher values of PA, PF, and PI [51,55]. Notably, there are distinct temporal differences in the peak time of PA, PF, and PI between the mountainous regions and the JB, with an overall single-peak characteristic. In contrast, the high-altitude regions of the eastern Qinghai–Tibet Plateau (southeastern plateau, northern Hengduan Mountains, and transitional zone between high and low elevations) and the diurnal variation characteristics of precipitation in the Sichuan Basin exhibit single peaks during the nighttime [62], while other regions (southeastern Yungui Plateau and southern Hengduan Mountains) manifest a bimodal structure [41]. In contrast to urban agglomerations in eastern China, the cities in the study area are small in scale, and except for Urumqi, the diurnal variation characteristics of precipitation in other cities cannot be clearly affected by the urban underlying surface [19].



Furthermore, for this study, we employed Regional Empirical Orthogonal Function (REOF) analysis, and the first mode of decomposed precipitation pattern revealed the tempo–spatial variation patterns of diurnal precipitation on the NSTM rather well. This analysis highlighted the divergent diurnal precipitation characteristics between the mountainous regions and the JB and the variations associated with different land surface categories [16,32,57]. The Coefficient of Variation (CV) results indicate that high-value regions are primarily distributed in the mountainous regions, exceeding 80%, significantly surpassing those in the Sichuan Basin and southern China [62,63]. This reflects the pronounced regional discrepancies in the diurnal variations of precipitation in the NSTM and its susceptibility to hazardous weather. Notably, previous studies on precipitation in the NSTM have predominantly focused on intense precipitation events in individual cases [11,64,65]. We believe that this work provides valuable insights into the mechanisms underlying isolated precipitation events in the region.




5. Conclusions


This paper evaluated the modeling capability of a convection-resolvable model with a horizontal resolution of 4 km for summer precipitation in the NSTM. The diurnal variation characteristics of precipitation in the NSTM were revealed based on these high-resolution simulation data. The main conclusions that can be drawn from this study are as follows:



(1) The WRF_NJU data accurately simulated the diurnal variation characteristics of precipitation over the NSTM. Compared to observational data, the ERA5 reanalysis data are essentially similar in terms of PA. Due to the sparse distribution of the AWSs in the NSTM, it is challenging to reasonably reflect the precipitation characteristics of the mountainous regions. Meanwhile, the precipitation obtained from the ERA5 data exhibits a systematic overestimation and struggles to capture fine-scale variations in precipitation.



(2) The diurnal variation characteristics of precipitation in the mountainous regions exhibit a pronounced unimodal characteristic, with the peak PA primarily occurring in the late afternoon. The PA decreases during the night, reaching its minimum value from early morning to morning. The annual average accumulated precipitation in the JB is significantly lower than that in the mountainous regions, with the maximum PA occurring from evening to early morning. Within the study area, the tempo–spatial distribution of hourly averaged PA, PF, and PI are closely aligned, with correlations all exceeding 90%.



(3) The diurnal variation characteristics of precipitation differ noticeably at different altitudes. In the JB, below 1000 m, the PA peak occurs at 2200 LST. In the mountainous regions above 3000 m, the PA reaches its peak in the afternoon at 1500 LST, with the PF showing a similar trend. The peak PI in the mountainous regions occurs at 1200 LST, while the PI appears at around 1600 LST in the JB.



(4) The mountainous regions and the JB in the NSTM exhibit distinct diurnal variations in precipitation, which are prominently more influenced by topography compared to land surface categories. The peak of the PA in the mountainous regions predominantly occurs around noon at 1500 LST, while in the JB, the peak arises between 0000 and 0100 LST. High CV values were exhibited by the central JB and the central Tianshan Mountain regions, indicating significant diurnal variation characteristics in precipitation. This variability suggests an increased likelihood of extreme rainfall events.



(5) The precipitation peaks for forests, grasslands, and water bodies all occur between 1500 and 1600 LST, whereas for impervious surfaces, croplands, and barren lands, the peaks are between 2000 and 2200 LST. The peaks of PF in forests, grasslands, and water bodies appear at 1000 LST. In contrast, those for impervious surfaces, croplands, and barren lands appear at 1700 LST. The intensity peaks for forests and barren lands occur at 1200 LST, while those for water bodies, impervious surfaces, grasslands, and croplands appear at 1500 LST.
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Figure 1. Overview of the study area. (a) Surface altitude (shading, units: m), distributions of the AWSs (indicated by black bots), along with labeling of the Eastern Tianshan Mountains (ETM) and Middle Tianshan Mountains (MTM). (b) Spatial distribution of the administrative division of the study area. (c) Spatial distribution of land surface types. (d) Spatial distribution of annually averaged accumulative precipitation (shading, units: mm) over the study area in summer (June–August) from 2015 to 2019 and terrain height (gray contours, unit: m). 
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Figure 2. Spatial distribution of average precipitation amount (PA) (shading, units: mm) at 6-h intervals, obtained from (a,c,e,g) Automatic Weather Stations (AWS) data, (b,d,f,h) WRF_NJU data, (i,l,o,r) ERA5–Land data, (j,m,p,s) CMORPH data, and (k,n,q,t) MSWEP data, respectively, over the study area in summer (June–August) from 2015 to 2019. The black lines represent the administrative boundaries, the gray contours depict the terrain altitude, and the small black dots denote the locations of AWSs in the study area. The white and red circles indicate the mountainous areas and rather flat areas with lower altitude, respectively, the black circles indicate the mountainous areas in the NSTM. The specific time is shown in the upper right corner of each panel. 
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Figure 3. (a–h) Spatial distribution of average precipitation frequency (PF) (shading, units: %) at 3-h intervals over the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data); the gray contours depict the terrain altitude. The specific time is shown in the upper right corner of each panel. 
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Figure 4. (a–h) Spatial distribution of average precipitation intensity (PI) (shading, unit: mm h−1) at 3-hour intervals over the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data); the gray contours depict the terrain altitude. The specific time is shown in the upper right corner of each panel. 
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Figure 5. Spatial distribution of diurnal peak time (shading, unit: LST) of the precipitation amount (PA) in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data); the gray contours depict the terrain altitude (units: m). 
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Figure 6. (a) Diurnal variations regarding precipitation amount (PA), precipitation frequency (PF), and precipitation intensity (PI) averaged over the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data). (b) Scatter plot showing the correspondence of the PA and PF; the dashed line represents the simple linear regression fitting line. (c) Scatter plot showing the correspondence of the PA and PI; the dashed line represents the simple linear regression fitting line. 
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Figure 7. Diurnal variations regarding the contribution rates (unit: %) of the different precipitation intensity (PI) levels in total precipitation averaged over the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data). 
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Figure 8. (a–c) Spatial distributions of the first three leading modes of the REOF decomposition of precipitation amount (PA); (d–f) temporal distribution of the amplitudes of temporal weights of the time series of the corresponding modes of the REOF decomposition averaged over the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data). 
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Figure 9. (a) Spatial distribution of the coefficient of variation (CV) (shading, unit: %) for the precipitation frequency (PF) averaged over the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data). (b) The same as (a) but for the spatial distribution of the coefficient of variation (CV) (shading, unit: %) for the precipitation intensity (PI). The black and red dashed line segments represent the positions of the vertical cross sections in Figures 11 and 13. 
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Figure 10. (a) Diurnal variations regarding the precipitation amount (PA) averaged over the study area in summer (June–August) from 2015 to 2019 at different altitudes (obtained from WRF_NJU data). (b,c) The same as (a) but for the precipitation frequency (PF) and precipitation intensity (PI), respectively. 
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Figure 11. (a–d) Distribution of the precipitation amount (PA) (contours, units: mm) at 3-h intervals along the different line segments (shown in Figure 9) in the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data); the gray shading indicates the terrain altitude (units: m). 
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Figure 12. (a) Diurnal variations regarding the precipitation amount (PA) averaged over several major land surface categories in the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data). (b,c) The same as (a) but for the precipitation frequency (PF) and precipitation intensity (PI), respectively. 
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Figure 13. (a–d) Diurnal variations regarding the precipitation amount (PA) at 3-h intervals along the different line segments (shown in Figure 9) which went through the major land surface categories in the study area in summer (June–August) from 2015 to 2019 (obtained from WRF_NJU data); the gray shading indicates the terrain altitude (units: m). The colored triangles indicate the locations of the major cities located on the line segments, and the colored small boxes represent the location of croplands and barren lands on the line segments. 
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Table 1. List of the parameterization schemes used in the WRF_NJU system used in this work.
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	Parameterization Scheme
	Type





	Lateral boundaries
	NCEP GFS real–time forecasts at 3-hourly intervals.



	Horizontal grid points
	1408 × 1080



	Grid spacing
	4 km



	Vertical levels
	51



	Microphysics
	Morrison 2–moment [44]



	Planetary boundary layer scheme
	Asymmetrical Convective Model version 2 [45]



	Land surface and surface layer schemes
	Pleim–Xiu [46]



	Short- and long-wave radiation schemes
	CAM [47]










 





Table 2. Time slot names and their corresponding time ranges used for the diurnal variation characteristics of precipitation analysis in this paper.






Table 2. Time slot names and their corresponding time ranges used for the diurnal variation characteristics of precipitation analysis in this paper.





	Time Slot Name
	Time Range (LST = UTC + 6)





	Midnight
	2300–0100



	Early morning
	0200–0400



	Dawn
	0500–0700



	Morning
	0800–1000



	Noon
	1100–1300



	Afternoon
	1400–1600



	Nightfall
	1700–1900



	Evening
	2000–2200










 





Table 3. Precipitation intensity (PI) (unit: mm h−1) and contribution rates (unit: %) of the different PI levels averaged over the study area in summer (June–August) from 2015 to 2019.






Table 3. Precipitation intensity (PI) (unit: mm h−1) and contribution rates (unit: %) of the different PI levels averaged over the study area in summer (June–August) from 2015 to 2019.





	PI Levels
	5
	6
	7
	8
	9
	10
	5–10





	PI (mm h−1)
	0.41
	0.57
	0.82
	1.23
	2.08
	3.10
	0.81



	Contribution rates (%)
	6.03
	4.84
	12.32
	19.39
	15.12
	28.98
	86.67
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