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Persistent extreme precipitation covering a large area usually causes severe flooding disasters in China, but how to depict it and what are the possible causes are still open questions. With Climate Prediction Center global unified gauge-based analysis of daily precipitation and NCEP/NCAR daily reanalysis dataset from 1979 to 2019, summer regional pentad extreme precipitation (RPEP) is defined according to the threshold of the 95th percentile of pentad precipitation with more than 5% land grids coverage in eastern China. While the definition of RPEP highlights the climate features of both the persistence and the regionality of extreme precipitation, it is distinctly different from the previous definitions that mainly reflect the synoptic aspects with daily data and have strictly temporal-spatial constraints. Four categories of RPEPs are objectively identified by K-means cluster analysis, i.e., South China (SC), South of Yangtze River (SYR), Jianghuai River (JHR), and North China (NC). Along the Yangtze River (SYR and JHR), intensity and area of RPEP are positively correlated with each other, and with the increase of RPEP intensity, its center of gravity tends to move eastward in all the four cluster regions and southward in Jianghuai River and North China, respectively, and vice versa. The RPEPs mostly persist for one pentad but can reach up to two to three pentads at most, and along with the duration of RPEP, its intensity and area are both enhanced accordingly. Furthermore, the frequency of RPEP increased significantly since the late 1990s in SYR, JHR, and SC. Associated with RPEP, strong pentad-mean convergence and ascending motion occur in the middle-lower troposphere, and except for SC that is dominated by the local low-pressure and cyclone anomalies, the other three cluster regions are all forced by the western Pacific subtropical high to the southeast and weak low-pressure trough to the north, and the low-level anticyclone anomaly to the southeast transports abundant water vapors to the RPEP regions accordingly. Besides, all the RPEPs are closely in accordance with obvious subseasonal oscillations, especially the 10–30-day and 30–60-day oscillations, which can be regarded as the potential sources of RPEP predictability in eastern China.
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INTRODUCTION
At present, extreme weather and climate events are posing a serious threat to people’s life and health and are also one of the important causes of natural disasters. Extreme heat wave will lead to droughts and forest fires, and extreme precipitation is often associated with flood disasters. Changes in precipitation may have a more direct adverse impact on society, and extreme precipitation needs to be paid more attention to. Extreme precipitation has a huge impact on people’s life and social economy, especially when it has a long duration. If so, a wide range of influence and large cumulative intensity will contribute to a large amount of runoff on the surface, easily causing serious floods, landslides, mud-rock flows, and other meteorological and geological disasters, even with serious national economic losses. For example, the 1993 summer flooding in the Upper Mississippi River Basin is the most devastating flood of modern times, with damage estimates in the range of $15–20 billion (National Oceanic and Atmospheric Administration, 1993; Kunkel et al., 1994). In 1998, the persistent extreme rainfall event in the Yangtze River basin caused great losses over wide areas, and it is very severe and rare in recent decades.
Extreme precipitation events are low-probability events. The study of persistent extreme precipitation has been a hot topic for scientists around the world (Yuan et al., 2012; Liu et al., 2016; Sun et al., 2016). China is the main area affected by the East Asian summer monsoon that brings heavy precipitation, especially in eastern China, like the Jianghuai River basin. Furthermore, most of eastern China is composed of plain terrains, and these places are rather sensitive to disaster events, such as flood and waterlogging disasters. The extreme precipitation events in China are highly complex with obvious regional features (Chen and Zhai, 2013), so it is of great significance to figure out their climatological characteristics and mechanisms in eastern China.
The definition of extreme precipitation is still evolving. Tao (1980) firstly defined that if a single station with mean precipitation of more than 50 mm during 3 days or more, it is called a continuous rainstorm for a station. Later, regional extreme precipitation event is defined, which requires that precipitation is greater than or equal to 50 mm and lasts for at least five consecutive days or more, involving more than 10 grids (resolution 0.25 × 0.25°) in the region, wherein the coincidence rate of rainbands in the two adjacent days is not less than 20% (Wang et al., 2014). Another definition also considers both the persistence and the regionality of daily precipitation; that is, daily precipitation amount must exceed 50 mm for at least three consecutive days and, at the same time, the distance of neighboring stations must be less than 200 km from each other (Chen and Zhai, 2013). Among all these definitions, 50 mm per day is chosen as an absolute threshold for all over China, regardless of the regional differences between north and south and coast and inland.
Many previous studies have studied the extreme precipitation in different regions over China from various perspectives. Chen and Zhai (2013) found that most persistent extreme precipitation events occur in the central and southern parts of eastern China (primarily in the Jianghuai River basin and South China) and only a small fraction of them appear in northern China. Besides, they are more frequent after 1990, with higher mean intensity, longer mean duration, and larger affected areas. In recent 50 years, extreme heavy precipitation events increased in most areas of northwest China and decreased in most areas of northeast China and North China (Zhai and Pan, 2003; Zhai et al., 2007), meanwhile, precipitation intensity has increased significantly in most China (Zhai et al., 2007). Wang and Li (2005) showed that extreme precipitation events in Yangtze River basin increased sharply by 10–20 percent every decade in summer. However, Xie et al. (2005) pointed out that both the durative heavy rainfall events and the durative rainstorm events showed notable decreasing trends, especially in the upper and middle reaches of Yangtze River and Huaihe River basin.
Persistent extreme precipitation is often associated with stable large-scale circulation anomalies (Higgins and Mo, 1997; Sun et al., 2016; Zhai et al., 2016). Previous studies indicated that extreme precipitation in North China is possibly caused by strong low-pressure system in the middle and lower troposphere, and during the extreme precipitation event, the western Pacific subtropical high has obvious west-north uplifting phenomenon (Li et al., 2019). As for the persistent heavy rainfall events from May to August in South China, it is controlled by cyclone anomalies; meanwhile, the South China Sea is dominated by “tongue-like” anticyclone anomalies, which is the favorable circulation pattern for the formation of extreme precipitation in South China (Hong and Ren, 2013). Furthermore, the persistent extreme precipitation events in South China can be mainly categorized into two types, which are corresponding to the two types of South Asian high and, accordingly, the pathways of anomalous moisture have a large difference between them (Wu et al., 2016). Moreover, subseasonal oscillations are also responsible for the persistent extreme precipitation (Yang et al., 2010; Sun et al., 2016). For instance, the remarkable persistent extreme precipitation along the Yangtze River basin in 1998 is regulated by both 10–30-day and 30–60-day subseasonal oscillations, which in turn are triggered by local air-sea interaction and latent heat forcing in the western Pacific and the Indian Ocean, respectively (Sun et al., 2016).
With an overview of previous studies, extreme precipitation is mainly defined by the absolute threshold rather than the relative one, and it is generally considered as a synoptic phenomenon and an individual case for mechanism investigations, which has not formed a systematic and complete conceptual model of extreme precipitation in eastern China. Besides, more emphasis on extreme precipitation should be placed on southern China, where a large amount of climatological precipitation resides. However, the specific regions of regional extreme precipitation mentioned above are usually based on administrative divisions, which may not accurately reflect their actual locations. Instead, this study will redefine the regional extreme precipitation from the aspect of climate, identify the key regions in eastern China, and finally reveal the corresponding formation mechanisms. It is expected to deepen the understanding of regional extreme precipitation and to improve the prediction capability eventually.
The article is organized as follows: data, definition, and method are described in the next section; Characteristics of RPEP section presents the features of RPEPs in four cluster regions. Mechanism and Conceptual Model of RPEP section investigates the possible formation mechanism and subseasonal oscillations of RPEP. Finally, conclusions and discussion are provided in Summary and Discussion section.
DATA, DEFINITION, AND METHOD
Data and Preprocessing
Climate Prediction Center (CPC) global unified gauge-based analysis of daily precipitation is used for definition and analysis of regional extreme precipitation, and it is only available on land grids with a resolution of 0.5 × 0.5° from 1979 to the present (Xie et al., 2007; Chen et al., 2008a; Chen et al., 2008b). National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) daily reanalysis dataset (Kalnay et al., 1996) is employed to investigate the associated atmospheric circulations, and it is from 1948 to the present with the resolution of 2.5 × 2.5°. In order to keep the consistency of the research period, summer daily data (June, July, and August, JJA) from 1979 to 2019 are used in this study.
Instead of using daily precipitation for extreme precipitation, daily data are firstly converted into pentad data so as to highlight the climate characteristics of extreme precipitation. Therefore, 1 year can be divided into 73 pentads, and summertime is the period from the 32nd pentad to the 48th pentad (from June 5th to August 28th accordingly) with a total of 17 pentads for each year. The pentad anomaly is obtained by subtracting the climatological mean of the corresponding pentad during the whole study period, and all the variables are processed in the same way.
Definition of RPEP
Pentad precipitation is used to judge whether extreme heavy precipitation occurs according to its relative threshold at every grid, which is determined by the 95th percentile of reordered ascending pentad precipitation in summer from 1979 to 2019, similar to Zhai and Pan (2003). When the pentad precipitation exceeds its threshold, the corresponding grid is marked with extreme heavy precipitation. The relative threshold considers both the requirement of extreme and the geographical differences of climatological precipitation between northern and southern China, which makes it more objective and practical compared with the fixed threshold (50 mm) in previous studies.
To reflect the persistence of extreme precipitation, at least three consecutive days were required in previous studies (Chen and Zhai, 2013), which may exclude some particular extreme situations that can also contribute to a certain degree of flooding; for example, the extreme precipitation happens every other day in a pentad. It is reasonable to take pentad extreme precipitation into account in this study, which is not strictly requiring the continuity of daily extreme precipitation and only concerns the statistical effect of high-frequency signals.
The regionality of pentad extreme precipitation is identified as follows; i.e., the number of grids with pentad extreme precipitation exceeds 5% of the total number of land grids in eastern China (20°N–43°N, 105°E–123°E) and it needs at least 70 grids (about 3.5 × 5°) actually. The regionality requirement also has no strict spatial continuity for the adjacent grids, which is suitable for examining the climate characteristics of extreme precipitation. If a pentad meets the above two requirements, the pentad precipitation is defined as the RPEP. According to the definition of RPEP, 277 RPEPs are selected out of the total 697 pentads in the 41 years, which should include the regional extreme precipitation events obtained by previous studies with strict temporal and spatial constraints.
Some RPEP metrics are defined to depict its characteristics: frequency is the pentad number of RPEPs at each grid; intensity refers to the ratio of the cumulative amount and frequency number of RPEPs at each grid; area ratio is the ratio between the number of grids with RPEP and the total land grids in research; location of the center of gravity is expressed based on the latitudes and longitudes weighted by the RPEP amount at each grid; duration is counted by how many consecutive pentads last in the RPEP.
Method
Because of the high heterogeneous spatial distribution of RPEP in eastern China (Figure 1B), it is necessary to investigate the RPEP from region to region. K-means cluster analysis is the most commonly used nonlinear clustering technique (Pike and Lintner, 2020), and it can divide the whole data into a given number of clusters in which the data are closest to their centroid with minimized variance (Hartigan and Wong, 1979). By applying the K-means cluster analysis to the 277 RPEPs, four categories of RPEPs are objectively obtained. According to their spatial distributions of the frequency of RPEP, they are identified and named South China (SC) (20°N–27°N, 105°E–123°E), South of Yangtze River (SYR) (24°N–31°N, 105°E–123°E), Jianghuai River (JHR) (29°N–35°N, 105°E–123°E), and North China (NC) (34°N–43°N, 105°E–123°E), respectively, which cover the large center of the probability density of RPEP, as shown in Figure 2.
[image: Figure 1]FIGURE 1 | The spatial distributions of threshold according to 95th percentile of pentad precipitation (A), mean intensity of RPEP (B), and common summer pentad precipitation (C) during summer from 1979 to 2019 (unit: mm per pentad).
[image: Figure 2]FIGURE 2 | The frequency (shading) and center of gravity (green dot) of RPEP in SC (A), SYR (B), JHR (C), and NC (D). The black box indicates the specific cluster region.
As for the four categories of RPEPs, the detailed information, including occurrence time, coverage area ratio, center of gravity (longitude and latitude), and intensity, is summarized in Supplementary Tables S1–S4. Accordingly, the frequency, intensity, area ratio, location, and duration of each category of RPEPs are analyzed separately, so are the related atmospheric circulations. In addition, the wavelet analysis (Liu et al., 2007) with mother wavelet “Morlet” is also carried out to reveal the RPEP related subseasonal oscillation periods.
CHARACTERISTICS OF RPEP
As can be seen from the relative threshold of pentad extreme precipitation during summer from 1979 to 2019 (Figure 1A), it generally decreases from southeast to northwest in eastern China, and there are two large value bands along the Yangtze River and the coast of South China, which are consistent with the great total precipitation amounts over there. Specifically, in most of southern China, the thresholds are above 22 mm per pentad and exceed 28 mm per pentad in some mountain areas along the Yangtze River and coastal areas in South China, while in the western and northern inland areas over China, they are basically below 16 mm per pentad. Such significant spatial differences of RPEP threshold further confirm the necessity of considering relative threshold for each grid, and it also implies that the larger the threshold is, the stronger the intensity of RPEP is (Figure 1B). Especially, the maximum intensity of RPEP is above 40 mm per pentad in the middle reaches of the Yangtze River valley and coastal areas of South China (Figure 1B). In comparison, common summer precipitation excluding the RPEP has a much smaller intensity (Figure 1C); however, its spatial distribution is almost the same as the RPEP, which means amplitude of intensity rather than its spatial distribution is the most significantly different factor between RPEP and common summer precipitation (Figures 1B,C).
As revealed by the K-means cluster analysis, frequency and center of gravity for the four categories of RPEPs in SC, SYR, JHR, and NC are shown in Figure 2, wherein those with centers of gravity out of the specific cluster regions are removed out, and finally, 214 RPEPs are used in the following studies, among which there are 44 RPEPs in SC, 53 RPEPs in SYR, 56 RPEPs in JHR, and 61 RPEPs in NC during the past 41 years. The climatological frequency of RPEPs is decreasing from north to south in China, which is contrary to the spatial distributions based on the absolute threshold of 50 mm per day (e.g., Chen and Zhai, 2013), but consistent with Zhai and Pan (2003) by using the similar relative threshold, which emphasized that there are still a great number of extreme precipitations in northern China. At the same time, the large centers of frequency are in accordance with the locations of center of gravity for the four categories of RPEPs, and both of them are well confined in the cluster regions and distinctly separated from each other (Figure 2), indicating that it is reasonable and suitable to investigate RPEPs in terms of the above-mentioned four categories by the K-means cluster analysis.
Figure 3 shows the temporal distribution of area ratio and intensity of RPEPs in the four cluster regions. As we have known that SYR (Figure 3B) and JHR (Figure 3C) are both located in the Yangtze River basin and accompanied by the rainy season over there, the RPEPs in the two cluster regions mostly occur before the 44th pentad (early August), especially concentrating on the Meiyu period, when the quasistationary front provides sufficient water vapor and instability energy. The major occurrence time of RPEP in JHR is a little later than that in SYR, and compared with the SYR, the JHR may have a smaller mean intensity of RPEP, but the number of RPEPs with stronger intensity over there is larger than that in SYR, and the maximum intensity RPEP in JHR is about 45 mm per pentad in contrast to that in SYR with about 40 mm per pentad. Moreover, the mean coverage area ratio in JHR is also larger than that in SYR, which means the RPEPs in JHR tend to be more extreme than those in SYR though they both occur in the same Meiyu rain band.
[image: Figure 3]FIGURE 3 | The temporal distribution of area ratio and intensity (unit: mm per pentad) of RPEPs in the four cluster regions, SC (A), SYR (B), JHR (C), and NC (D) during summer, where the blue dot and red dot indicate area ratio and intensity, respectively, and the larger the dots are, the larger the area ratio and intensity are.
Associated with the northward advance of East Asian summer monsoon, rainband marches from southern China to northern China as well. In NC (Figure 3D), most RPEPs occur after the 35th pentad (the end of June), consistent with the major rainy season in July and August over there. The intensity of RPEP in NC is generally below 22 mm per pentad, much weaker than those in SYR and JHR, albeit with a comparable coverage area ratio. For SC (Figure 3A), the RPEP could occur during the whole summer period. Corresponding to the first and second rainy seasons in SC, area ratio and intensity of RPEP are relatively higher at the beginning and end of summer, and both of them show a decreasing trend from the 32nd pentad (the beginning of June) to the 39th pentad (the middle of July) and an increasing trend from the 40th pentad (late July) to the 48th pentad (the end of August) accordingly. The coverage area ratio of RPEP is larger in the first SC rainy season than the second one, but it is the reverse for the intensity of RPEP. Furthermore, the intensity of RPEP in SC is generally above 28 mm per pentad with a maximum around 60 mm per pentad, much larger than the other three cluster regions, which is consistent with the spatial distribution of threshold (Figure 1A). However, on the contrary, the area ratio of RPEP in SC is much smaller, which demonstrates the smallest spatial scale of RPEP among the four cluster regions.
Since the intensity of RPEP is the most concerning factor in evaluating extreme precipitation caused disasters, its relationships with area ratio and center of gravity (longitude and latitude) of RPEPs are further examined separately in the four cluster regions (Figure 4), wherein both latitude and longitude at the center of gravity are converted into anomaly data for clear representation. In the relationship of intensity and area ratio (Figure 4A), the intensity is significantly proportional to area ratio in SYR and JHR, i.e., along the Yangtze River, especially in JHR, the stronger the RPEP is, the much more area it will cover, and vice versa. However, in SC and NC, the intensity has no significant relationship with area ratio, and RPEPs with different coverage areas could have similar intensity. As for the relationship of intensity with center of gravity (Figures 4B,C), the intensity is significantly positively correlated with the longitude of the center of gravity in all the four cluster regions, with the largest correlation in JHR (Figure 4B). However, it shows a significantly negative correlation between intensity and latitude of the center of gravity in JHR and NC, while there were no obvious relations in SYR and SC (Figure 4C). It indicates that the intensity will get stronger when the center of gravity of RPEP moves toward the southeast in JHR and NC and toward the east in SYR and SC, and vice versa, which could be further deduced that if the rainband moves from west to east in eastern China, it will probably turn into stronger RPEP.
[image: Figure 4]FIGURE 4 | Scatter plots of intensity (unit: mm per pentad) with area ratio (A), anomalous longitude (unit: °) (B), and latitude (unit: °) (C) of RPEPs in four cluster regions. Purple dot, red dot, green dot, and blue dot with their fitting lines represent SC, SYR, JHR, and NC, respectively; “pass” in the legend means that the fitting line has a significant trend at the 95% confidence level.
Figures 5A–D show the occurrence time of RPEPs in the four cluster regions during the summer from 1979 to 2019. It can be seen that the occurrence time of all the individual RPEPs is consistent with their corresponding climatology as shown in Figure 3, and except for NC (Figure 5D), its frequency tends to obviously increase since the late 1990s (Figures 5A–C). As for persistence, most of RPEPs only last for one pentad in all the four cluster regions, and some of them can reach up to three pentads. Among which, the frequency of RPEP with more than one pentad is largest in NC (12 events), followed by SYR (9 events), JHR (6 events), and SC (2 events) in turn (Figures 5E–H). Specifically, in NC (Figure 5D), RPEP with more than one pentad tends to occur during the period between the 37th pentad and the 42nd pentad (in July), whereas it appears near the 34th pentad (middle of June) in SYR (Figure 5B). In terms of duration of RPEP, all the four cluster regions show that larger area and stronger intensity are both accompanied with the longer duration of RPEP, especially in SYR, NC, and SC (Figure 6).
[image: Figure 5]FIGURE 5 | The occurrence time (A–D) and frequency of RPEP with different lasting pentads (E–H) in SC (A,E), SYR (B,F), JHR (C,G), and NC (D,H). In (A–D), one blue dot indicates one RPEP, and the black solid line links the consecutive RPEPs.
[image: Figure 6]FIGURE 6 | Box-whisker plot for area ratio and intensity (unit: mm per pentad) against lasting pentad of RPEP in SC (A), SYR (B), JHR, (C) and NC (D). The blue and red box-whiskers indicate area ratio and intensity, respectively.
MECHANISM AND CONCEPTUAL MODEL OF RPEP
The composite anomalies of 850 hPa wind field, 500 hPa height field, 500 hPa vertical velocity, and precipitation for the four categories of RPEPs are used to explore the possible formation mechanism (Figure 7). At 850 hPa, strong convergent anomalies are all located right in the four cluster regions associated with the RPEPs (Figures 7A–D), which are corresponding to the greatly enhanced local convective activities and much more precipitation (Figures 7I–L). Specifically, as for the RPEP in SC, a cyclone anomaly at 850 hPa dominates the local region, and the strong westerly anomaly over South Asia may supply abundant moisture along with enhanced South Asian summer monsoon (Figure 7A). Accordingly, a significant negative 500 hPa geopotential anomaly locates above the SC as well, indicating the local deep low-pressure anomaly is responsible for the RPEP in SC (Figure 7E). Besides, anomalous 850 hPa anticyclone and cyclone are also over the Yellow Sea and the Sea of Okhotsk, respectively, accompanied with positive and negative geopotential anomalies at 500 hPa, which demonstrates a quasi-barotropic teleconnection from SC to North Pacific (Figures 7A,E). It is actually the Rossby wave train triggered by the diabatic heating release due to the RPEP in SC (Zhu and Li, 2016). On the other hand, according to the China Meteorological Administration tropical cyclone database from 1949 to 2019 available on the website http://tcdata.typhoon.org.cn/dlrdqx_zl.htm (Ying et al., 2014), about 1/2 of RPEPs in SC have the overlapped time period with the landfall tropical cyclone in SC, which means tropical cyclone activity may have some important influence on the RPEP in SC.
[image: Figure 7]FIGURE 7 | The composite anomalies of wind (vectors, unit: m s−1) and divergence (shading, unit: 106 s−1) at 850 hPa (A–D), geopotential height (shading, unit: gpm) at 500 hPa (E–H), vertical velocity at 500 hPa (contours, unit: Pa s−1), and precipitation (shading, unit: mm per pentad) (I–L) in SC (A,E,I), SYR (B,F,J), JHR (C,G,K), and NC (D,H,L). In (E–H), the thick red curly line is 588 gpm isoline that is used to indicate the western Pacific subtropical high. The red box in (A–L) indicates the specific cluster region. The hatched area indicates the 95% confidence level.
Regarding the RPEPs in SYR, JHR, and NC, an anticyclone anomaly at 850 hPa to their southeast is located in South China Sea, SC, and JHR, respectively, and the anomalous southwesterly could bring much more warm moisture into the three cluster regions in favor of the RPEPs over there (Figures 7B–D). Accordingly, significant positive 500 hPa geopotential height anomalies can also be seen above the 850 hPa anticyclone anomaly, which is associated with the western Pacific subtropical high at different latitudes, indicating RPEPs in SYR, JHR, and NC tend to occur on the northwest edge of the western Pacific subtropical high. At the same time, a negative albeit somewhat weak 500 hPa geopotential height anomaly is located to the north of the three cluster regions, providing an anomalous weak trough for the RPEPs over there (Figures 7F–H). Therefore, RPEPs in SYR, JHR, and NC share the common configuration features of local atmospheric circulation anomalies, i.e., western Pacific subtropical high- and low-level anticyclone anomaly to the southeast and weak low-pressure trough to the north. In particular, associated with the RPEPs along the Yangtze River valley (SYR and JHR), a clear meridional teleconnection appears over East Asia (Figures 7F,G), and it is much similar to the seasonal counterpart that may originate from the tropical northwestern Pacific and extratropical Eurasian continent (Sun et al., 2010; Sun et al., 2019). The teleconnections related to the RPEP in NC are more zonally oriented in the middle latitudes of the Eurasian continent (Figure 7H), which resembles the anomalous atmospheric circulation pattern responsible for much more summer precipitation in NC (Sun et al., 2010; Greatbatch et al., 2013) implying that RPEP in NC could be mainly affected by signals from the middle-high latitudes of the Eurasian continent.
Subseasonal oscillations of area-averaged precipitation in the four cluster regions are further examined for RPEPs by the wavelet analysis (Figure 8), because persistent extreme precipitation could be closely related to the combined influences of different subseasonal oscillations (Sun et al., 2016). In SYR (Figure 8B), RPEPs frequently occur in June (Figures 3B, 5B), and they are greatly in accordance with two distinct periods, i.e., 10–30 days and 30–60 days (Figure 8B), which favors long duration of RPEPs over there (Figures 5B,F), responsible for the significant persistent extreme precipitation and severe flood disaster along the Yangtze River in 1998 summer (Sun et al., 2016). The RPEPs in NC mainly occur in July and August (Figures 3D,5D,8D), and they are primarily accompanied with the obvious albeit weak 30–60-day oscillation together with weak 5–10-day synoptical oscillation (Figure 8D), which may also be the major reason that NC has the maximum number of RPEPs with more than one pentad among the four cluster regions (Figures 5D,H). In SC and JHR (Figures 8A,C), the period of precipitation is a little complicated, although RPEPs are still embedded in the notable subseasonal oscillation periods. The periods range from 5–10 days to 10–30 days and 30–60 days, and they are overlapped with each other, which cannot be clearly discerned from the precipitation signal. Nevertheless, 10–30-day and 30–60-day oscillations are still very important for the formation of RPEP over there, especially in JHR (Figures 5A,C,E,G; Sun et al., 2016; Yang et al., 2010).
[image: Figure 8]FIGURE 8 | The composite wavelet analysis of area-averaged precipitation during the period from May 1st to September 30th and the frequency of RPEP during summer for RPEP years in SC (A), SYR (B), JHR (C), and NC (D). The gray thick line represents the occurrence of RPEP, and the darker the gray line is, the more RPEPs occur in the specific pentad.
SUMMARY AND DISCUSSION
In this study, to examine the climate characteristics of extreme precipitation from the aspects of extreme, persistence and regionality, the RPEP is defined with pentad precipitation that is greater than the relative threshold with more than 5% of total land grids in eastern China. K-means cluster analysis is further applied to the selected RPEPs, and four categories of RPEPs are obtained, i.e., SC, SYR, JHR, and NC. In terms of some metrics of RPEPs, features of the RPEPs in the four cluster regions are revealed as well as their possible mechanism. The main conclusions are as follows.
RPEP along the Yangtze River (SYR and JHR) mainly occurs in June and July, and it appears in July and August in NC and almost the whole summer in SC, which is closely related to the seasonal evolution of rain band in eastern China. The intensity of RPEP is generally weakening from southern China to northern China, whereas it is the reverse in frequency. In SYR and JHR, the area and intensity of RPEP are usually both increasing and decreasing simultaneously, but similar intensity could appear with any coverage area of RPEP in NC and SC. The enhancement of the intensity of RPEP is mainly accompanied by the eastward movement of the center of gravity in all the four cluster regions, and vice versa, which may be used as a precursor for the emergence and intensity variation of RPEP. Most RPEPs last for one pentad, and some can reach up to two to three pentads, and the frequency of RPEP with more than one pentad is largest in NC and smallest in SC. In addition, both area ratio and intensity are generally positively correlated with the duration of RPEP.
The local strong low-level convergence and mid-level upward vertical motion may be responsible for triggering and maintenance of RPEP, which are the common features in the four cluster regions. However, the structures of atmospheric circulations are different between SC and the others, whereas SC is dominated by the local deep low-pressure anomalies and the other three cluster regions are all controlled by the enhanced western Pacific subtropical high to the southeast and the weak trough to the north; accordingly, the strong low-level anticyclone anomaly conveys abundant water vapor into the RPEP regions by southwesterly wind, favoring the formation of RPEP over there. Besides, all the four categories of RPEPs are in accordance with the subseasonal oscillations of precipitation; especially, the 10–30-day and 30–60-day oscillations are well separated and quite remarkable in SYR, and they have been proved to be very important for some specific persistent extreme precipitation events (Yang et al., 2010; Sun et al., 2016).
In addition, owing to the definition of RPEP based on pentad precipitation, a high-frequency signal like the synoptic weather perturbation is basically removed, which could let us focus more on the large-scale climate characteristics of extreme precipitation. And the distinct conceptual model of RPEPs in the four cluster regions and its close linkage to the subseasonal oscillations can provide us with a good chance to predict them. However, the early signals and potential sources of RPEP predictability are still open questions, which warrant further studies in the future.
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