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Based on the hourly precipitation observed from ∼1800 automatic rain gauges during 2013–2017, characteristics of precipitation diurnal variation and underlying mechanisms over Jiangsu Province, eastern China, during the warm season (May to September) have been revealed in this study. Results show that the precipitation amount (PA), frequency (PF), and intensity (PI) are zonally distributed over Jiangsu. The precipitation shows distinct diurnal cycle and zonal distribution. The large precipitation is located over the southwest side of the Jiangsu section of Yangtze River (JSYR). From midnight to noon, the precipitation expands northeastward, but the precipitation shrinks southeastward from noon to midnight. Meanwhile, the PA is larger during the daytime than that during the nighttime over most Jiangsu. In addition, the PA shows two diurnal peaks, with one in the early morning mainly resulting from the long-duration rainfall and the other in the afternoon resulting from the short-duration rainfall. The total rainfall is largely contributed by the long-duration rainfall. During the whole warm season, water vapor convergence (divergence) and ascending (sinking) movements are consistent, corresponding to the long-duration precipitation diurnal cycles. The contribution of rainfall with long (short) duration to the total rainfall over most areas shows very distinct sub-seasonal variations with a clear decreasing (increasing) trend from pre-Meiyu through Meiyu to post-Meiyu. Among the three subperiods in a warm season, the PA and diurnal cycle of the total rainfall are mostly contributed by those during the Meiyu period. The long-duration precipitation is closely related to the enhancement of the water vapor convergence during the pre-Meiyu period. However, during the Meiyu and post-Meiyu periods, the long-duration precipitation is more consistent with the dynamic lift since the water vapor is abundant. Concluded from the cluster analysis, precipitation spatial distributions are closely associated with the underlying surface, such as the Yangtze River, big cities, Lake Taihu, Lake Hongze, and complex coastal lines. The diurnal variation of the rainfall over different underlying surfaces shows respective diurnal cycle features.
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INTRODUCTION
The diurnal cycles of precipitation have been systematically investigated in various regions of the world during the recent years (Dai, 2001; Svensson and Jakob, 2002; Twardosz, 2007; Kikuchi and Wang, 2008; Yaqub et al., 2011; Yuan et al., 2013; Bowman and Fowler, 2015; Yokoi et al., 2017). Investigating the diurnal cycle of precipitation is important to understand the physical mechanisms of precipitation formation and local climate, and further to better predict regional precipitation events and improve climate models (Dai et al., 1999; Carbone et al., 2002; Sato et al., 2009; Surcel et al., 2010; Yuan, 2013; Xue et al., 2018). Previous studies have shown that the precipitation diurnal cycle has distinct spatial and seasonal variations (Dai, 2001; Mao and Wu, 2012). Oceanic precipitation usually peaks in the early morning, while the continental precipitation tends to peak in the evening. The late night to early morning precipitation maximum is mostly found in the leeward areas of mountains, basins, valleys, and coastal areas (Ohsawa et al., 2001; Yang and Slingo, 2001; Ogino et al., 2016).
Previous studies on precipitation diurnal cycles over China have made a great progress. Summer precipitation over China shows evident diurnal variations with considerable regional features (Yu et al., 2007a; Zhou et al., 2008; Yu et al., 2014). Along the Yangtze River Basin, the summer precipitation diurnal cycles show eastward delaying peak time with a midnight maximum in the upper valley, an early morning peak in the middle valley, and a late afternoon maximum in the lower valley (Chen et al., 2010; Wu et al., 2018). The summer precipitation over the region between the Yangtze and Yellow rivers exhibits two diurnal peaks, with one in the early morning and the other in the late afternoon (Yu et al., 2007a). Over the Northern China Plains, the summer precipitation shows a diurnal peak in the afternoon near the top of the mountain ranges and propagates southeastward with a diurnal peak during midnight and early morning over the central Northern China Plains (He and Zhang, 2010), while the precipitation displays two diurnal peaks, with one in the early morning and the other in the late afternoon over Southern China (Li et al., 2010; Jiang et al., 2017) during the warm season.
Many recent studies have revealed that the diurnal variations of precipitation over eastern China are strongly influenced by the East Asia monsoon and topographic contrast. Over southeastern China, the spatial distributions of precipitation diurnal cycles in midsummer are primarily dependent on topography (Chen et al., 2010; Zhang et al., 2017; Wu et al., 2018). Over Shandong Province of eastern China, the precipitation over the inland areas strengthens in the afternoon due to the sea breeze, which may enhance the afternoon peak of precipitation. The precipitation diurnal peak in the afternoon appears earlier in the coastal northern plain than in the central northern plain (Zhuo et al., 2014). Over Fujian Province of southeastern China, the precipitation diurnal cycles are different among the coastal, valley, hilly, and mountainous areas during pre-summer (Zhang et al., 2017). The precipitation diurnal variation over Taiwan in the warm season is the result of local forcing involving solar thermal heating and island-scale land–sea breezes interacting with orography (Chen et al., 2012; Huang and Wang, 2014; Huang and Chang, 2018). Around the Indochina Peninsula, the occurrence time of the diurnal precipitation maximum in the warm season is largely affected by the local land use and land cover changes (Takahashi et al., 2010).
A set of data collected from rain gauges, satellites, radars, and reanalysis have been extensively used to investigate the precipitation diurnal cycles over China at meso-synoptic scales (Yu et al., 2007a, b; Li et al., 2008; Zhou et al., 2008; Chen et al., 2009a; Chen et al., 2009b; Chen C. S. et al., 2013; Yuan et al., 2010; Bao et al., 2011; Chen et al., 2012). However, the detailed characteristics of precipitation diurnal variation in Jiangsu Province and their relationship with the underlying surface are limited due to the insufficiency of rainfall observation with a high spatiotemporal resolution. Jiangsu Province, which is located in the lower reaches of the Yangtze River Valley and west to the Yellow Sea, is the lowest-lying province in China and belongs to the transitional climate zone from the subtropical to the temperate zone separated by the Huaihe River. The terrain heights of most areas are lower than 50 m, with low mountains and hills concentrated in the southwest and north sides (Figure 1). The Yangtze River is located in the south of Jiangsu, and the Huaihe River is situated in the central Jiangsu. Meanwhile, there are more than 290 lakes, and 12 of them are larger than 50 km2, such as the Lake Taihu (in the southeast) with an area of 2,250 km2 and the Lake Hongze (in the northwest) with an area of 2,069 km2. Also, there are two big cities in Jiangsu, one is Nanjing located in the southwest Jiangsu (over the west end of Jiangsu section of Yangtze River, JSYR) and the other is Suzhou located in the southeast Jiangsu (over the east side of Lake Taihu).
[image: Figure 1]FIGURE 1 | The surface elevation (shaded) and rain gauges locations (dots) in Jiangsu. The left figure is the map of China and the location of study area. The right figure is a detailed map of Jiangsu Province.
As mentioned above, the underlying surface is complex in Jiangsu, including a large number of lakes, big cities, and coastal regions. This work uses high-resolution rain gauge data to highlight the fine features of precipitation diurnal variation, and the corresponding relationship with the underlying surface and synoptic background in the warm season (May to September), to clarify the probable reason for precipitation diurnal variation caused by the underlying surface and the synoptic thermal and dynamic factors, and to provide a reference for further improving the precipitation forecasting skills of the numerical models.
The remainder of the article is organized as follows: the datasets and methods used in this study are introduced in Data and Method. The characteristics of diurnal variation of precipitation amount (PA), frequency (PF), and intensity (PI) over Jiangsu during the warm season and their relationships with the distributions of the underlying surface and synoptic background are shown in Results and Analysis. The typical patterns of precipitation diurnal variation identified by the cluster analysis are given in Summary and Discussion. The conclusions and discussions are provided in Data Availability Statement.
DATA AND METHOD
Data
As the large-scale deployment of rain gauge stations over Jiangsu started from 2013 and the data after 2017 are unavailable at present, the hourly rainfall data collected from 1,847 rain gauges over Jiangsu (Figure 1) from May to September during 2013–2017 are used in the current study. The data are provided by the Jiangsu Meteorological Bureau of China. The mean resolution of rain gauges is ∼8 km and even less than 5 km in south Jiangsu, and the gauge rainfall data with much higher resolution are good for investigating the detailed characteristics of the precipitation diurnal variation (Yang et al., 2013; Xue et al., 2018). The data quality is controlled by the extreme values of precipitation and the consistency of the precipitation records following Yu et al. (2007b) and Wu et al. (2018). In addition, the hourly ERA5 data with the spatial horizontal resolution of 0.25° × 0.25° (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) are also used to address the possible mechanisms related to the diurnal cycle of precipitation in this study.
Method
During the warm season (May to September) over 2013–2017, the total hours at each rain gauge station are 153 × 5 × 24 = 18,360 h. The precipitation hour is defined when the measurable precipitation⩾ 0.1 mm h−1. Corresponding to the observation data, the minimum precipitation for all figures is set to 0.1 mm h−1. Following Wu et al. (2018), the PA (accumulated precipitation divided by the total hours), PF (the percentage of the total precipitation hours to the total hours), and PI (the accumulated precipitation divided by the total precipitating hours) for each hour of a day at each station can be calculated. In addition, the duration of precipitation is defined as the number of hours between the start and end of a continuous rainfall during which the precipitation is not less than 0.1 mm·h−1 at each hour (Yu, 2007b; Li et al., 2008; Wu et al., 2018). Based on different precipitation durations, the rainfall events are divided into short-duration (≤6 h) and long-duration (>6 h) rainfall events (Yu, 2007b). To reveal the sub-seasonal variation of the precipitation diurnal cycles, the warm season is further divided into three subperiods, including pre-Meiyu (May 1st∼ June 14th), Meiyu (June 15th ∼ July 15th), and post-Meiyu (July 16th∼ Sep 30th) periods according to the local climate (Ding, 1992).
To characterize the representative patterns of the diurnal cycle and spatial distribution of precipitation in Jiangsu, the 24 h time series of the hourly climatic mean PA, PF, and PI normalized by their daily mean at each station are subjected to harmonic analysis by the method mentioned by Dai (2001), Yin et al. (2009), and Zhang et al. (2017). The diurnal peak off PA (PPA) is defined as the largest value of the 24 h time series of the hourly climatic mean PA. The first three harmonic components are obtained to show the diurnal cycle. Stations with the sum of the first three harmonic components contributing more than 65% of the total daily variance are selected to further conduct the cluster analysis. Then, the fuzzy C-means cluster analysis by Fujibe (1999), Zhang et al. (2017), and Wu et al. (2018) is adopted to detect the representative patterns of precipitation diurnal variation.
RESULTS AND ANALYSIS
Spatial Distributions and Sub-Seasonal Variations of PA, PF, and PI
Figure 2 gives the spatial distribution of the climatic mean PA, PF, and PI for the total rainfall and the rainfall with different durations in the warm season. The climatic PA, PF, and PI of the total rainfall tend to show quasi-zonal characteristics (Figures 2A, D, and G). A relatively larger PA (>0.3 mm h−1) for the total rainfall is mainly located along the south side of JSYR and gradually decreases on both sides (Figure 2A). The PF for the total rainfall (Figure 2D) overall zonally distributes with a gradually northward decreasing and a much higher PF (>13%) located over the south of JSYR. The spatial distribution of PI of the total rainfall (Figure 2G) is similar to that of the PA (Figure 2A). Comparing the distribution of the rainfall with a short (Figures 2B, E, and I) and long duration (Figures 2C, F, and J) with the total rainfall, the total rainfall is mainly contributed by the long-duration rainfall (Figures 2C, F, and H).
[image: Figure 2]FIGURE 2 | Spatial distributions of PA (A-C), PF (D-F) and PI (G-I) for the rainfall with different duration time in warm season (three columns separately represent total rainfall, short-duration rainfall and long-duration rainfall) averaged over 2013–2017.
Figure 3 further gives the spatial distributions of the PA for the total rainfall and rainfall with different durations in the three subperiods of the warm season. As shown in Figures 3A, D, and H, the PA of the total rainfall displays apparent sub-seasonal variation from the pre-Meiyu through Meiyu to the post-Meiyu period with the rain belt moving northward corresponding to the northward shift of East Asian summer monsoon. Among the three subperiods, the strongest PA with the intensity of more than 0.28 mm h−1 over most Jiangsu occurs during the Meiyu period caused by the local main rainy season (Ding, 1992).
[image: Figure 3]FIGURE 3 | Spatial distributions of PA for the total rainfall (A,D,H), short-duration rainfall (B,E,I) and long-duration rainfall (C,F,J) in each sub-period of warm season (three rows separately represent Pre-Meiyu, Meiyu and Post-Meiyu period) averaged over 2013–2017.
The rainfall with a long duration (Figures 3C, F, and J) shows a similar spatial pattern to the total rainfall during each subperiod. In addition, the PA of long duration exhibits a much larger sub-seasonal variation than that of the short duration (Figures 3B, E, and I) and deminants the sub-seasonal variation of the PA of the total rainfall. Compared to the PA of the long-duration rainfall, the PA of short duration shows a much weaker spatial variation during each subperiod (Figures 3B, E, and I). Generally, the short-duration rainfall is closely related to the local thermal condition associated with the underlying surface such as hills, valleys, lakes, and cities (Zhang et al., 2017; Wu et al., 2018). And the long-duration rainfall is closely related to the large-scale atmospheric circulation, such as monsoonal circulation (Chen et al., 2010; Wu et al., 2018). Meanwhile, the short-duration rainfall mainly concentrates over some prevailing downwind regions with a relatively larger thermal contrast. For example, the short-duration rainfall strengthens about 30–40% over the northeast side of Lake Taihu due to the enhanced ascending induced by the thermal contrast between the urban region and lake area imbedded in the southerly summer monsoon winds (Tang et al., 2016).
As shown in Figure 4, the long-duration rainfall contributes more than 60% of the total rainfall over most Jiangsu regions, and more than 75% over the southwestern and part of central Jiangsu for the entire warm season (Figure 4E). Compared to the long-duration precipitation, the short-duration rainfall mainly affected by the underlying surface thermal conditions contributes much less to the total rainfall (Figure 4A). The contribution of the short-duration rainfall (∼40%) is relatively larger over northern Jiangsu with higher terrains and the areas east to large lakes, such as Lake Hongze and Lake Taihu. Yet, the short-duration rainfall contributes less to the total rainfall over the southwestern and central Jiangsu with values smaller than 30%. Similar to the whole warm season, the total rainfall in each sub-period is largely determined by the long-duration rainfall (Figures 4B–D and F–H). Meanwhile, the contribution of the rainfall with long (short) duration to the total rainfall over most areas shows very distinctive sub-seasonal variation with a clear decreasing (increasing) trend from pre-Meiyu through Meiyu to post-Meiyu (Figures 4B–D and F–H). In addition, a relatively larger contribution of short-duration rainfall to the total rainfall in the post-Meiyu period is located over the hilly regions in the north and southeast Jiangsu, regions east to Lake Taihu and lower valley of JSYR (Figure 4D), where the contribution ranges from 35 to 50%.
[image: Figure 4]FIGURE 4 | Contribution of the short-duration rainfall (A-D) and long-duration rainfall (E-H) in warm season and each sub-period of warm season (four rows separately represent Warm season, Pre-Meiyu, Meiyu and Post-Meiyu period) over 2013–2017.
The spatial distributions of the PA and PF show zonal characteristics with a northward decrease over Jiangsu Province during the warm season. The large PA (PF) center is located over the southwest side of JSYR (big cities and the southwestern hilly areas). The strong PI center is located over the south side of JSYR, with relatively higher values over the coastal area. The precipitation of the total rainfall is strongly influenced by the Meiyu rainfall during the warm season. The climatic mean PA shows significant diurnal and spatial variations.
Precipitation Diurnal Cycles and Their Sub-Seasonal Variations in the Warm Season
Figure 5 shows spatial distributions of the climatic mean PA averaged every 3 h. The PA exhibits distinctively diurnal variations. A small rainfall center with the PA over 0.2 mm h−1 is located at the east end of JSYR during 00:00–03:00 BJT (Figure 5A). This rainfall center rapidly expands westward and northward and intensifies from 03:00BJT to 09:00 BJT (Figures 5B, C). Then the PA increases to 0.3 mm h−1 over most southwestern Jiangsu and maintains during 09:00–18:00BJT (Figures 5E, F). During 15:00 BJT to midnight (Figures 5A–F), the range of rainfall center with the PA over 0.2 mm h−1 gradually shrinks eastward and southward as the PA gradually decreases. During 21:00–00:00BJT (Figure 5H), the rainfall center with the PA over 0.2 mm h−1 is located over the regions south to JSYR.
[image: Figure 5]FIGURE 5 | Spatial distributions of the 3-hourly mean PA over Jiangsu province in warm season averaged over 2013–2017. (Figures A-H separately represents every 3 hours from 0-24).
Figures 6A, B further show the spatial distribution of the PA during daytime (08:00BJT-20:00BJT) and nighttime (20:00BJT-08:00BJT). Both daytime and nighttime PA show a very similar spatial pattern to the total PA (Figure 2A), which displays a quasi-zonal distribution with a relatively larger PA located along the south side of JSYR with southward and northward decreasing trends. In addition, the ratios of the daytime PA to the nighttime PA during the whole warm season (Figure 6C) are larger than 1.0 over most Jiangsu, except for some small areas in north Jiangsu, indicating that the daytime PA is higher than the nighttime PA over most Jiangsu in the warm season. Especially over most areas between 31.5oN and 33oN and the regions east to the south of Lake Taihu, the ratios are larger than 1.5, suggesting that the total rainfall over these areas is largely determined (more than 60%) by the daytime precipitation.
[image: Figure 6]FIGURE 6 | Spatial distributions of daytime (0800-20:00 BJT) PA (A), nighttime (2000-0800 BJT the next day) PA (B), and (C) the ratio of daytime PA to nighttime PA in the warm season averaged over 2013–2017.
Figure 7 gives the precipitation diurnal variability (PDV) indicating the diurnal amplitudes (Brito and Oyama, 2014; Zhang et al., 2017) during each subperiod. The relatively larger PDV (>40%) for the total rainfall (Figure 7A) is located over the west end of JSYR (known as Nanjing City) and some sporadic hill areas in north Jiangsu, while the relatively larger PDV (>60%) during pre-Meiyu and post-Meiyu periods is mainly located over the west end of JSYR (Figures 7B, D). However, much stronger PDV (>80%) is located over north Jiangsu during the Meiyu period (Figure 7C), corresponding to the underlying surfaces with Lake Hongze and hills. PDV of the total rainfall is also higher over the east side of lakes Hongze and Taihu than that over their surrounding areas during each period (Figures 7A–D). PDV of the short-duration rainfall shows a slightly spatial variation during pre-Meiyu and Meiyu periods. But during the post-Meiyu period, it is higher over Nanjing City, Suzhou City, and east side of Lake Hongze, and lower over some coastal and hill regions (Figures 7E–H). Meanwhile, PDV of the rainfall with long duration (Figure 7I–L) exhibits a similar spatial distribution to PDV of the total rainfall (Figures 7A–D) during each period but shows much higher values. Overall, PDV of the total rainfall is largely determined by the long-duration rainfall.
[image: Figure 7]FIGURE 7 | Spatial distributions of PDV for total PA (A-D), short-duration rainfall PA (E-H) and long-duration rainfall PA (G-I) in warm season and each sub-period of warm season (four rows separately represent Warm season, Pre-Meiyu, Meiyu and Post-Meiyu period) averaged over 2013–2017.
Figures 8, 9 further show the spatial distributions of the diurnal peak of the PA (PPA) and its occurrence time for the total, long duration, and short-duration rainfall during different subperiods of the warm season. During the whole warm season (Figure 8A), relatively larger PPA (>0.4 mm h−1) is mainly located over the south side of JSYR with southward and northward decreasing trends. The strongest PPA is located over the southwest side of JSYR, and the PPA values gradually decrease northeastward from morning to midnight (Figures 8A, 9A). The PPA mainly occurs in the morning (afternoon to midnight) over the southwestern and central regions (northern and southeastern Jiangsu) during the entire warm season (Figure 9A). The spatial distribution and occurrence time of PPA during pre-Meiyu (Figures 8B, 9B) and Meiyu (Figures 8C, 9C) periods are similar to those during the entire warm season, and the PPA is much stronger during the Meiyu period. During the post-Meiyu period (Figure 8D), the PPA is relatively uniform and mainly occurs from noon to midnight (Figure 9D). For the long-duration rainfall, the spatial distribution of PPA (Figure 8I–L) is similar to that of the total rainfall. However, the PPA of long-duration rainfall is slightly weaker. During the entire warm season, the occurrence time of PPA is several hours later than that of the total rainfall over the north and southeast Jiangsu. However, during pre-Meiyu and Meiyu periods, the occurrence time of the total rainfall and the long-duration rainfall is almost consistent (Figures 9B, C, J, and K). From Figures 8E–H, 9E–H, PPA of the short-duration rainfall is much more uniformly distributed over Jiangsu and tends to occur in the nighttime (from noon to midnight) during the pre-Meiyu period (the entire warm season, and pre-Meiyu and post-Meiyu periods).
[image: Figure 8]FIGURE 8 | Spatial distributions of the diurnal peak of PA (PPA) for total rainfall (A-D), short-duration rainfall (E-H) and long-duration rainfall (G-I) in warm season and each sub-season of warm season (four rows separately represent Warm season, Pre-Meiyu, Meiyu and Post-Meiyu period) averaged over 2013–2017.
[image: Figure 9]FIGURE 9 | Spatial distributions of the diurnal peak time of PA for total rainfall (A-D), short-duration rainfall (E-H) and long-duration rainfall (G-I) in warm season and each sub-season of warm season (four rows separately represent Warm season, Pre-Meiyu, Meiyu and Post-Meiyu period) over 2013–2017.
The diurnal cycles of the PA for the rainfall with different durations in the warm season and each subperiod are shown in Figure 10. The PA in the warm season shows two comparable diurnal peaks, with one in the morning and the other in the afternoon, determined by the morning peak of long-duration rainfall and the afternoon peak of short-duration rainfall (Figure 10A). The diurnal cycles of the PA also exhibit this pattern in both Meiyu and post-Meiyu periods. During the pre-Meiyu period (Figure 10B), the PA of long-duration rainfall and total rainfall is very close and has significantly consistent diurnal cycle features. The PA of short-duration rainfall is very weak during the whole day. Among the three subperiods, the PA of the rainfall with different durations is highest during the Meiyu period. During the Meiyu and post-Meiyu periods, the long-duration rainfall peaks in the morning, whereas the short-duration rainfall peaks in the afternoon, and the diurnal PA peaks are lower than those of the long-duration rainfall. During pre-Meiyu and Meiyu periods, the PA of long-duration rainfall is much higher than that of short-duration rainfall and largely contributes to the total PA.
[image: Figure 10]FIGURE 10 | Diurnal cycles of total PA and PA with different duration regionally averaged over Jiangsu in warm season and each sub-period of warm season (figures A-D separately represent Warm season, Pre-Meiyu, Meiyu and Post-Meiyu period) over 2013–2017.
The PA in the warm season presents a double diurnal peak pattern: one is in the morning and the other is in the afternoon, mostly contributed by the short-duration rainfall. The PA is higher during the daytime than the nighttime. From midnight to noon, the strong PA region extends westward and gradually increases along both sides of JSYR, and then it recedes eastward from the afternoon to evening. This is closely related to the diurnal variation of the low-level ascending movement. The afternoon peak of the PA is mainly due to the increase of precipitation intensity, which is probably related to the thermal convection initiation in the summer afternoon. During pre-Meiyu and Meiyu periods, precipitation is mainly contributed by long-duration rainfall controlled by the East Asia summer monsoon system, and there is a significant spatial difference in the diurnal variation of precipitation (Chen et al., 2005; Chen et al., 2010; Yuan et al., 2010; Wu et al., 2018).
The Diurnal Cycle of the Synoptic-Scale Background
The ECMWF ERA5 reanalysis data (Hersbach et al., 2020) with a horizontal resolution of 0.25 × 0.25° and time intervals of 1°hour are used to analyze the synoptic features. The time-averaged horizontal water vapor flux and its divergence at the 850°hPa level and vertical velocity at the 500°hPa level are analyzed (Figure 11) to discuss the possible mechanisms related to the diurnal cycle of precipitation in Jiangsu (Simmonds et al., 1999). In the whole warm season, Jiangsu is mainly influenced by the southwestward water vapor flux. The water vapor flux and its divergence are strongest during the Meiyu period but weakest during the pre-Meiyu period. The water vapor flux divergence shows a diurnal variation over most areas, but it is nearly always positive to the south of Jiangsu, mainly due to the local hill topography. The water vapor mainly converges in the nighttime and diverges in the daytime over the inland areas during all periods (Figure 11), which is closely related to a nighttime southwesterly low-level jet (Zeng, et al., 2019). The strongest water vapor convergence occurs around the midnight (Figures 11A, E and M), except for several hours later during the Meiyu period (Figure 11I). The strongest divergence occurs around the sunset (Figures 11C, 1G, K and O). The southwestward or southward water vapor flux gradually weakens from sunrise (Figures 11B, 1F, J and N) and then enhances from sunset (Figures 11C, 1G, K and O). During the whole warm season (Figures 11A–D), water vapor convergence (divergence) and ascending (sinking) movements are consistent, corresponding to the long-duration precipitation diurnal cycles (Figure 10A). During the pre-Meiyu period (Figures 11E–H), the water vapor flux and its convergence is weakest among the three subperiods, so the precipitation diurnal cycle is consistent with both the vapor water convergence and the ascending movement. But during Meiyu (Figure 11I-L) and post-Meiyu (Figure 11M–P) periods, the precipitation diurnal cycle is more consistent with the dynamic lift, indicated by the updraft on the 500 hPa level, since the water vapor is very abundant. From the analysis of climatic average, the diurnal variations of water vapor convergence and ascending movement mainly affect the long-duration precipitation. The interaction between the Dabie Mountains and a nighttime boundary layer low-level jet due to the inertial oscillation mechanism is shown to be responsible for the precipitation diurnal peak (Fu P. et al., 2019). The short-duration precipitation is mainly caused by a local thermal and dynamic factor. For example, during the post-Meiyu period, the diurnal variation of the land–sea circulation is shown by the vertical movement, especially from the afternoon (Figure 11O) to evening (Figure 11P). In the afternoon (Figures 11C, 1G, K and O), the thermal and dynamic conditions over big cities and lakes are obviously different from those of the surrounding areas.
[image: Figure 11]FIGURE 11 | The water vapor flux (arrows, units: 10−6 kg s−1m−1Pa−1) and its divergence (shading, units: 10−9 kg s−1m−2Pa−1) at 850 hPa and vertical velocity (contours, units: m·s−1, red means rising and blue means sinking, darker color means larger amplitude) at 500 hPa derived from the ERA5 data at different hour of a day during warm season (A-D), Pre-Meiyu (E-H), Meiyu (G-I) and Post-Meiyu (M-P) periods over 2013–2017.
The PA seems to begin developing locally since 03:00 BJT in most areas of Jiangsu, accompanied by the initiation of the low-level convergence and the acceleration of the anomalous southwest moisture flux (Wu et al., 2018). During the post-Meiyu period, Jiangsu is under control of the western Pacific subtropical high. The precipitation is mainly ascribed to a strong local thermal convection caused by the solar heating in the afternoon, whereas the spatial variation of the precipitation diurnal cycle is small (Yuan et al., 2012; Wu et al., 2018).
From the pre-Meiyu through Meiyu to post-Meiyu period, the main rain belt moves northward, and the strongest PA occurs during the Meiyu period due to the northward shift of East Asia summer monsoon (Ding, 1992). The total rainfall mainly results from the long-duration rainfall determined by the summer monsoon circulation during the entire warm season. The contribution of the rainfall with a long (short) duration to the total rainfall over most Jiangsu shows distinctly sub-seasonal variation with a decreasing (increasing) trend from pre-Meiyu through Meiyu to post-Meiyu. The short-duration rainfall is mainly affected by the underlying surface thermal conditions and contributes less to the total rainfall compared to the long-duration rainfall. During the Meiyu and post-Meiyu periods, the diurnal variation of precipitation is more consistent with the dynamic lift due to the abundant water vapor. But during the pre-Meiyu period, the diurnal variation of precipitation is more related to the water vapor convergence. Thus, the precipitation diurnal variation is closely related to the inertial oscillation of a nighttime southwesterly low-level jet with abundant moisture during the whole warm season.
Results of the Cluster Analysis for the PA Diurnal Cycles
Based on the fuzzy C-means cluster analysis mentioned in Data and Method, the representative patterns of PA diurnal cycles at the stations where the daily variance is well explained by the first four harmonics in different periods are shown in Figure 12. The gray (green) lines show the diurnal cycles of PF derived from the first three harmonics of Fourier analysis (original data). The gray line is very close to the green line, implying that the harmonics analysis can well reflect the raw data. The results of the cluster analysis show the typical patterns of precipitation diurnal variation and their spatial distributions.
[image: Figure 12]FIGURE 12 | Spatial distributions of PA patterns and their corresponding diurnal cycles along with the standard deviation of the PA among the stations belonging to a given cluster (shaded in yellow) in Jiangsu during different periods. The marks of PA patterns K (A-D) are labeled (E-H). Percentage (E-H) indicates the ratio of the station numbers of each PA pattern K to the total stations where the total daily variance is well explained by the first four harmonics. The grey (green) lines (E-H) show the diurnal cycles of PA with selected (all) stations.
The diurnal cycles of the PA during the warm season (Figures 12A, E) are mainly contributed by the first three harmonics over most Jiangsu. The largest amplitude of the diurnal cycle of precipitation appears in the western part of the south bank of JSYR including Nanjing City, and the lowest was observed over the plain on the east side of Lake Hongze. The PA pattern K = 1 is mainly located over the plain in northern Jiangsu. The PA pattern K = 2 is mainly situated over central Jiangsu, the regions east to Lake Taihu, and southeastern coastal regions. The PA pattern K = 3 is mainly located over the narrow plain area on the north side of JSYR, most hill regions in southwest Jiangsu. The PA pattern K = 4 is situated over the regions south to JSYR, including Nanjing City. The PA patterns exhibit zonal features. The largest diurnal cycle amplitude of precipitation is along the Yangtze River, and the amplitude gradually decreases to the north and south, and the corresponding diurnal cycles gradually increase southward. This is probably mainly attributed to the local forcing of the underlying surface imbedded in the southwest monsoonal flow (Chen et al., 2009b; Chen G. et al., 2013). These four patterns exhibit both morning peaks and afternoon peaks, with consistent morning peaks occurring around 08:00BJT. The afternoon peaks of PA patterns K = 1–3 occur about 2–3 h delay relative to that of PA pattern K = 4. The PA for pattern K = 4 (1) is the highest (lowest), indicating that the PA increases southward. During each subperiod (Figures 11B–D and F–H), the PA patterns along JSYR are the most distinct with the highest corresponding PA value, and some other significant PA patterns are located over the east side of Lake Hongze (Figures 12B, C) and Lake Taihu (Figure 12B), indicating that the Yangtze River, big cities, and lakes severely affect the PA diurnal cycles. During the post-Meiyu period, the PA pattern and its corresponding diurnal cycle in Nanjing and its downstream areas are most distinctive.
In the pre-Meiyu period, the two patterns of K = 1 and K = 2 are similar, and their spatial distributions are also very close. Nanjing City and the southeast area showed K = 3 pattern, with three obvious peaks, and the largest peak appears in the morning. Suzhou City on the east side of Lake Taihu and Wuxi on the northwest side of Lake Tai are covered by pattern K = 4 with peak in the evening. During the Meiyu period, the area covered by K = 1 pattern is very small, mainly on the east side of Taihu Lake and the northern mountainous area, which shows the little diurnal cycle. Pattern K = 2 is over the plain in the east and south sides of Lake Hongze. Pattern K = 3 is over the plain area of central Jiangsu. Pattern K = 4 is over the regions west end of south to JSYR, including Nanjing City. The time characteristics of the diurnal cycles of K = 2, 3, and 4 are similar, and the amplitude of K = 4 is the largest. In the post-Meiyu period, in terms of spatial distribution, K = 1 is mainly over the plains from the east bank of Hongze Lake to the coast. K = 2 and K = 3 patterns are intertwined and difficult to be distinguished. K = 4 is distributed in Nanjing City and northeast downwind area. The diurnal cycles of pattern K = 1, 2, and 3 are similar, with two peaks in the day and the highest in the afternoon. The amplitude of K = 1 is the lowest, and the amplitude of K = 3 is the highest. K = 4 shows a unique diurnal cycle. The PA is high throughout the day, and the peak appears in the morning.
Many features of precipitation are closely related to the underlying surface over Jiangsu. The distributions of four typical patterns of PA diurnal variation identified by the fuzzy C-means cluster analysis are basically zonally distributed and related to the underlying surface, such as JSYR, big cities, Lake Hongze, Lake Taihu, and coastal areas. Although having the same underlying surface type, Nanjing and Suzhou, and Hongze Lake and Taihu Lake do not show the same precipitation pattern, and the features of diurnal cycles of precipitation are not consistent because precipitation in Suzhou is influenced by a combination of urban effects and lake and land effects. The strongest precipitation diurnal variability is located over Nanjing City and its downwind regions. Large PF is located over both sides of JSYR. The PPA mostly occurs during the afternoon to the night over Jiangsu but occurs in the early morning over the southwestern hilly area, Nanjing City, east side of Lake Hongze, and the northern coastal region during the warm season. Nanjing locates in the downwind areas of the Yangtze River Valley between the Mountain Dabie and the Mountain Huangshan. This orographic effect accelerates low-level southwest flow which carries abundant moisture fluxes (He and Zhang, 2010; Bao et al., 2011; Wu et al., 2018). Over Nanjing, the urban heat island induced low-level heating strengthens the ascending movement and leads to a deeper boundary layer with large CAPE in the afternoon (Zhang et al., 2017), contributing to form and intensify precipitation. The strengthened ascending movement can propagate downwind of the Nanjing city under the condition of environmental wind. Then the precipitation is intensified in the downwind of Nanjing. For another big city such as Suzhou, which locates to the east side (downwind direction) of Lake Taihu, the air mass generated by the nighttime lake–land circulation moves downwind and produces more nighttime precipitation there; thus, the precipitation and diurnal variation of precipitation are different from those of Nanjing.
SUMMARY AND DISCUSSION
In this work, the hourly rain gauge data with a high spatial resolution are used for the statistical analysis of diurnal cycles and spatial distribution of precipitation during the warm season in Jiangsu. Furthermore, four typical patterns of PF diurnal variation in the warm season are identified by the fuzzy C-means cluster analysis. Main findings are shown as follows:
The climatic mean precipitation shows significant diurnal and spatial variations. The spatial distributions of precipitation show zonal characteristics over Jiangsu Province during the warm season. The precipitation center is located over the south side of JSYR. The Yangtze River seems like a barrier to the northward spread of rainfall. The spatial distribution of the total rainfall is strongly influenced by the Meiyu rainfall.
The precipitation presents a double diurnal peak pattern, with the morning peak produced by the long-duration rainfall and the afternoon peak mostly contributed by the short-duration rainfall. The diurnal cycle of the total rainfall is mainly attributed by the long-duration rainfall.
During pre-Meiyu and Meiyu periods, precipitation is mainly contributed by long-duration rainfall and more controlled by the synoptic scale background circulation. During post-Meiyu periods, precipitation is mainly contributed by short-duration rainfall, and it is more related to underlying surface such as Nanjing City, Lake Taihu, Lake Hongze, and hills. Although both Nanjing and Suzhou are big cities, they have obvious differences according to C-means analysis. The influence of the coupled circulation between Lake Taihu and Suzhou urban on the precipitation in Suzhou causes significant difference from that of Nanjing. The precipitation on the east coast of Hongze Lake and the east coast of Taihu Lake also shows different features. This is related to the fact that they are in different synoptic scale background circulations.
In the middle and lower reaches of the Yangtze River, the precipitation diurnal variation is closely related to the southwesterly low-level jet and its inertial oscillation (Zeng, et al., 2019; Fu X. et al., 2019). But specific to Jiangsu, the mechanism that affects the precipitation diurnal variation is more complicated. Although they are all located in eastern China, the precipitation diurnal cycles and spatial distribution of Jiangsu are different from those of Shandong and Fujian. In Shandong, the precipitation is affected by the monsoon and land–sea effect and shows an obviously decreasing trend from the southeast coast to the northwest inland (Zhuo et al., 2014). However, the precipitation diurnal cycles in Fujian are significantly affected by the terrain elevation and distance to coast (Zhang et al., 2017). In Jiangsu, the terrain is much flatter and the average elevation is very low. Therefore, the diurnal variation characteristics of precipitation in Jiangsu show obvious climatic zonal distributions. The precipitation diurnal cycles over Jiangsu in the warm season are also affected by the local underlying surface, such as Yangtze River, coastal areas, lakes, and big cities. However, the underlying physical mechanisms of precipitation diurnal cycles over Jiangsu related to the dynamical and thermal forcing are complex and remain as controversial questions. Based on more observations and simulations with high resolution, these issues should be further revealed in the future.
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