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Abstract


In addition to greater precipitation on extreme days of precipitation, preceding and succeeding precipitation (PSP) is often an objective component of flooding in the mid–lower reaches of the Yangtze River Basin (MLRYRB). In this study, focused on the temporal distribution pattern of precipitation, the concept of an extreme precipitation event (EPE), defined as a consecutive precipitation event having at least one daily precipitation extreme, is proposed to consider PSP in an extreme event. We analyzed the spatiotemporal variation of four types of EPEs based on daily data obtained from 130 monitoring stations covering 1960–2019. Extreme precipitation increased significantly over the last 60 years (p < 0.01). The frequency and precipitation amount of single-day EPEs accounted for only 13% and 21%, respectively, while multi-day continuous EPE types that are associated with PSP accounted for 87% and 79%, respectively, confirming the connotations of EPEs. The front and late EPEs under the 100-year return level reached 250 mm and 230 mm, respectively. Furthermore, climate warming could lead to significant increases in the frequency of single-day and late EPEs, particularly in the southern region. The EPE concept may be helpful in exploring disaster-causing processes under extreme weather, and it provides a theoretical basis for deriving the precipitation hazard chain, which is more applicable to basins with long precipitation durations.
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1. Introduction


1.1. Impact of Climate Change on Extreme Precipitation


In the context of global warming, as estimated by the Clausius–Clapeyron equation under future climate change scenarios, extreme precipitation will increase by approximately 7% for every 1 °C increase in the temperature [1,2]. Studies have demonstrated that the mid-latitudes are more susceptible to climate change [3]. Heavy precipitation (>50 mm) at the mid-latitudes increased by 20% during the late 20th century, and extreme precipitation exhibited an increasing trend even in areas with insignificant or decreased average precipitation [4,5,6,7,8].



As a mid-latitude region with high precipitation, the mid–lower reaches of the Yangtze River Basin (MLRYRB) have been the most flood-prone areas across various geological and historical periods so far and represent a critical area for flood investigations [9,10,11]. The annual extreme precipitation in the MLRYRB is affected by meteorological factors, and the primary modes of water vapor transport fluxes exhibited marked and abrupt chronological oscillations after the 1970s [12]. Over the recent decades, an increasing number of studies have been conducted on the trends and spatial distribution of extreme precipitation in the Yangtze River Basin in response to climate change [13,14]. Zhang et al. (2023) analyzed the extreme precipitation index in the Yangtze River Basin for nearly 120 years and found that most extreme precipitation indices showed a downward trend in the first 60 years, which turned to slightly increasing trends after 1961, except for the continuous drought in the MLRYRB during 1901–2020 [15]. Extreme precipitation indicators in the MLRYRB have generally exhibited an upward trend over the last 50 years; however, strong regional features have led to inconsistent trends in different subbasins [16,17].



Previous studies of extreme precipitation, whether on an hourly or a daily scale, were conducted at “fixed time intervals”. However, precipitation in nature usually occurs in the form of “events”, and each event varies in duration and peak location. Consequently, focusing on the time process of extreme precipitation events (EPEs), some scholars have further subdivided the types of EPEs to compensate for the shortage of adopting absolute or relative thresholds in the estimation of the characteristics of extreme precipitation while neglecting the precipitation process, which serves as a new perspective for understanding variations in precipitation events at different spatial scales [18,19,20]. A process-oriented study of the EPEs in the eastern Himalayas of India and the Qinling region of China found that multi-day EPEs were much more common than single-day EPEs [21,22]. However, the temporal distribution pattern, also known as the temporal profile of EPEs in the Yangtze River Basin, is still highly uncertain and intractable. Therefore, in this study, extreme precipitation is regarded as a continuous event scale, and the different temporal distribution patterns of EPEs are further characterized in the MLRYRB.




1.2. Research Perspective on the Time Process of Extreme Precipitation Event


A precipitation event is a dynamic process of precipitation initiation, persistence, and attenuation, and the duration of an event ranges from a few minutes to tens of days [23]. The amount of precipitation corresponding to any moment of a precipitation event, the duration of the event, and the peak value of the event constitute various characteristic patterns of precipitation processes, which lead to varying storage patterns in underlying surfaces and runoff generation and concentration processes in the hydrographic network [24,25,26]. The conventional statistical analysis of extreme precipitation is performed based on indices related to thresholds or quartiles, such as R99p (sum of precipitation for thresholds higher than the 99th percentile) [27,28,29]. However, preceding and succeeding precipitation (PSP) is often ignored in the statistical analysis of EPEs using the extreme precipitation index, as the PSP is immediately adjacent to the extreme precipitation days in time, but it may not reach the threshold regarding the precipitation amount, and therefore cannot be included in the total precipitation from an EPE [30,31,32,33]. Notably, the superposition of PSP and precipitation on extreme days in some basins with high multi-year average precipitation may exacerbate localized flow production and prolong flooding, especially during the flood season [34,35,36]. For example, the multi-day EPE that struck the Yangtze River Basin in mid-July 1998 was a 13-day-long precipitation event, with a total precipitation of 437.8 mm being recorded based on data obtained from Station 58506. If the statistics are based on the extreme precipitation threshold index (daily precipitation > 50 mm), only four days meet the criteria for extreme values. However, the precipitation on the PSP days (the other nine days) that did not exceed the threshold was 49.7% of the total EPE, which is quite a large precipitation percentage in an EPE. According to reports on this flood, both the multiple days of sustained PSP and the precipitation on extreme days were important factors that exacerbated the flood hazard [37]. Consequently, some regions affected by special weather systems, such as southeastern China, which is influenced by both subtropical high pressure and a special convective system on the Tibetan Plateau, are subject to long-lasting precipitation in the summer [38,39,40]. Therefore, it is hypothesized that EPEs in areas with frequent multi-day continuous precipitation may contain more PSP. Furthermore, the categorization of event types based on the location of extreme precipitation days in the EPE is consistent with the basic connotations of natural precipitation events.



In this study, we analyzed the spatial and temporal characteristics of seven extreme precipitation indices from 1960 to 2019 in the MLRYRB. Four types of EPEs (single-day, balanced, front, and late) were defined based on the temporal distribution pattern of the precipitation. In addition to a detailed analysis of the spatial heterogeneity of EPEs, we estimated the return levels of the EPEs and discussed the relationship between regional warming and EPE variations. The results of this paper could provide more targeted assessment and theoretical support for regional hydrological hazard events.





2. Materials and Methods


2.1. Study Area


The MLRYRB is located at 103°30′–122°30′ E and 23°45′–34°15′ N (Figure 1). The area of the MLRYRB is approximately 915,000 km2. The study area has a typical subtropical monsoon climate and is divided into the northern subtropical (Zone I) and central subtropical climate (Zone II) zones. The terrain gradually decreases from northwest to southeast, with an average elevation of 377.5 m. The study area has mild precipitation in the winter and abundant precipitation in the summer. The annual average precipitation is 1370.8 mm, and the annual average temperature is 16.0 °C. The summer monsoon rainfall and the influence of cold air from the north result in a long plum rain season in June and July. Subsequently, a summer drought occurs in response to subtropical high pressure in the western Pacific Ocean [41].




2.2. Data Sources


Daily precipitation and temperature datasets for 130 meteorological stations in and around the MLRYRB were obtained from the China National Meteorological Data Sharing Service Center (http://data.cma.cn, accessed on 10 January 2022). To ensure data completeness and continuity, data collected over the 1960–2019 period were used. For measurements missing in the short term, the average precipitation from neighboring stations was used for interpolation. The data passed the extreme value, time consistency, and homogenization tests.




2.3. Data Analysis


2.3.1. Extreme Precipitation Indices


Seven extreme precipitation indices recommended by the Expert Team on Climate Change Detection and Indicators were selected for this study: PRCPTOT, R99p, R95p, Rday, R95day, SDII, and SDIIq95 (Table 1) [42,43].




2.3.2. Definition and Classification of EPEs


Variations in peak locations during EPEs and peak precipitation amounts lead to varying disastrous effects of their ephemeral processes [18,20]. This study drew on existing studies to define and categorize EPEs (Figure 2). First, continuous effective precipitation was extracted depending on whether the daily precipitation was constantly no less than 1 mm, and then effective precipitation events were further extracted by determining whether they had extreme precipitation days. Finally, each EPE was categorized based on the positional attributes of the extreme precipitation days in the event, which mainly consisted of the following four types: a front EPE, a late EPE, a balanced EPE, and a single-day EPE (Table 2).




2.3.3. Analysis Methods


	(1)

	
Trend Analysis







For the time series xt = (x1, x2, x3, …, xn), the slope of extreme precipitation and EPE over the MLRYRB were analyzed using Sen’s slope estimator test [44].


  S = M E D        x   j   −   x   i     j − i      ,   ∀   j   > i  



(1)




where S represents the robust estimate of the monotonic trend in the time series. MED is the median function. S > 0 indicates an increasing trend and S = 0 denotes no significant trend, while S < 0 indicates a decreasing trend.



The modified Mann–Kendall (MMK) test has been widely used to detect climate trends to eliminate the effects of serial autocorrelation and improve the accuracy of trend analyses [45]. Under the null hypothesis that xt = (x1, x2, x3, …, xn) satisfies independence and randomness, and the statistic S for the MK test is approximately normally distributed when n ≥ 8 [46],


  S =   ∑  p = 1   n − 1      ∑  q = p + 1   n    s i g n (   x   q   −   x   p   )      



(2)




where x represents the values at times p and q, sign(θ) is a judgment function, and the variance (σ2) is calculated as follows [47]:


  s i g n   θ   =         1 ,   θ > 0         0 ,   θ = 0       − 1 ,   θ < 0        



(3)






    σ   2   =    n   2 n + 5     n − 1     18     



(4)




where Z is the standard normalization statistic for the MK test [44]. A positive Z value indicates an increasing trend, while a negative Z value indicates a decreasing trend.


  Z =          S − 1   σ    , S > 0       0 ,   S = 0          S + 1   σ    , S < 0        



(5)







The corrected variance Var*(S) of the MMK statistic is used to limit the impact of sequence autocorrelation on the MK test, where n* is the valid sample, as follows:


   V a r   *    S   = ( n /  n   *  ) V a r ( S )  



(6)




where Z* is the modified standardized MMK statistic, calculated as follows:


   Z   *  =    Z      n   S          



(7)







	(2)

	
ANUSPLIN Spatial Interpolation







ANUSPLIN spatial interpolation is based on the interpolation theory of ordinary thin plate and local thin plate spline functions and is able to introduce multiple influencing factors as covariates for the spatial interpolation of meteorological factors, which improves the interpolation accuracy [48]. The spatial resolution used was 30 m × 30 m. The accuracy of the interpolated results for the 13 precipitation parameters was tested using the cross-validation method (Table 3). These parameters included the signal-to-noise ratio (SNR), the fitting spline degrees of freedom (Signal), the root mean square error (RMSE), and the estimation of noise standard deviation (RTVAR), in which a value of the SNR close to 0.00 indicated a better interpolation effect. Similarly, if the RMSE value was less than the response time variability, it indicated a relatively high interpolation accuracy. The interpolation of the 13 precipitation elements met the accuracy requirements.



	(3)

	
Cross-Wavelet Analysis







Cross-wavelet analysis is an effective method for studying multi-scale and non-stationary signal sequences [49], which can effectively reflect the correlation and consistency between the variations of two time series, especially the strength of the common period between the sequences [50]. Assuming that the two sequences were X = {x1, x2, …, xn} and Y = {y1, y2, …, yn}, we defined their cross wavelets as WX(S) and WY(S) and calculated them as follows:


        W   n   X Y     s       =   W   n   X     s     W   n    Y   *      s    



(8)




where     W   n    Y   *      s     is the complex conjugate of     W   n   Y     s    . A larger value of         W   n   X Y     s         corresponds to stronger cross-wavelet power, indicating a higher correlation between the two sequences.



	(4)

	
Estimation of EPE Return Level







The return level of EPEs in hydrological engineering design can be used to assess the potential risk to projects under extreme climate events [51]. Most basic hydro structures and urban storm drain systems have a design level exceeding 20, 50, and 100 years [52]. Therefore, it is necessary to analyze EPEs with 20-, 50-, and 100-year return periods [53]. EPEs occur multiple times per year in the MLRYRB. The generalized Pareto distribution (GPD) is a model that is commonly used to capture the extreme tail signatures of hydrological random variables, which can be used to estimate the annual probability of EPEs occurring in the region [54,55]. Therefore, the GPD was used to estimate the EPE return level as follows:


    F   ( ξ , μ , σ )     x   =       1 −     1 +    ξ   x − μ     σ        −    1   ξ      , ξ ≠ 0       1 −   e   −    ( x − μ )   σ      , ξ = 0        



(9)




where   ξ  , μ, and σ are shape, location, and scale parameters, respectively. XT is the return level for the T-year return period, calculated as follows:


    X   T   =         μ  ^  +      σ  ^    1 −       1   T         ξ  ^          k  ^     ,   ξ  ^  ≠ 0         μ  ^  −   σ  ^    log  ⁡    1 −    1   T      ,   ξ  ^  = 0          



(10)







To reduce the effect of sample capacities, a bootstrapped EPE series was performed, which generated 1000 guide samples each to return the points before level estimation [56,57].






3. Results


3.1. Spatiotemporal Variation of Extreme Precipitation


3.1.1. Variations in Temporal and Spatial Extreme Precipitation


The spatial distribution of annual precipitation in the MLRYRB was stable, decreasing gradually from the southeast to the northwest. The multi-year average precipitation was 1307 mm. The floating yellow isoprecipitation zone effectively indicated the general variation direction of regional precipitation (Figure 3). The variation in the spatial distribution of the area of the multi-year average precipitation zone is shown in Table 2. The extent of the high-precipitation–magnitude area (>1600 mm) has expanded, especially over the last 30 years (1990–2019) when compared to the initial period (1960–1980), where the high-precipitation area of 1600–1800 mm and >1800 mm expanded by 61% and 370%, respectively, while the moderate-precipitation area of 1000–1600 mm decreased, indicating the polarization of precipitation to a certain extent.



Regarding the spatial distribution of annual extreme precipitation within the MLRYRB (Table 4), areas with low extreme precipitation (<600 mm) and high extreme precipitation (>800 mm) expanded significantly during the later period when compared to the 1960–1980 period, whereas areas with an extreme precipitation of 600–800 mm reduced. The area with an extreme precipitation of 700–800 mm, which had the largest initial area, shrank by 54% in 1990–2019, while the area with extreme precipitation >800 mm expanded by 250% to become the largest area. Overall, a trend in transformation from moderate to extreme precipitation was observed over the 60 years.




3.1.2. Variations in the Trends in Extreme Precipitation Indices


According to the trends in extreme precipitation indices (Table 5), PRCPTOT and Rday did not increase significantly over the past 60 years in the basin. However, R99p and R95p, which define the extreme precipitation threshold, increased significantly (p < 0.01). During the 1980–2009 period, a sudden change occurred, and the trends in most indices shifted from increasing to decreasing, with PRCPTOT and Rday decreasing significantly (Figure 4). Notably, the SDIIq95 increased steadily and significantly during the entire study period (p < 0.001).





3.2. Variation Characteristics of EPE Types


3.2.1. Annual Distribution of EPEs


The four types of EPEs in the MLRYRB predominantly occurred from May to October. The proportions of single-day and multi-day continuous EPEs, which occurred from May to October, were >91% and 85%, respectively (Figure 5). The three continuous types of EPEs had high kurtosis values (>3.5), with both front and late EPEs having the highest values. The kurtosis value of the single-day EPEs was close to the normal distribution.




3.2.2. Dominant Types of EPEs


The precipitation amount and frequency of single-day EPEs accounted for only 13% and 21% of the EPEs, respectively, while the multi-day continuous EPEs (front EPE, late EPE, and balanced EPE) containing PSP accounted for 87% and 79%, respectively (Figure 6a,b). Front EPEs and late EPEs are the predominant EPE types in the MLRYRB, with both accounting for more than 60% of EPEs in the past 60 years.



The spatial distribution of the cumulative precipitation and frequency (Figure 7) showed that the multi-year frequency and precipitation quantity of EPEs in the basin almost corresponded spatially. Single-day EPEs varied spatially from east to west, with a low value being observed in the eastern part of the basin. Late EPEs decreased gradually from southeast to northwest. In terms of differences in spatial dispersion, the Cv values were less than 0.07 and the entire basin exhibited relatively low spatial variations, indicating that the MLRYRB is dominated by variations in the four EPE types.




3.2.3. Interannual Variations in EPE


Trends of Different EPE Types


The frequency of the four types of EPEs in the MLRYRB exhibited a certain degree of variation in the last 60 years (Figure 8). The frequency of multi-day continuous EPEs was in the order of late EPEs > front EPEs > balanced EPEs. Although the frequency and quantity of single-day EPEs were low, single-day EPEs had the highest increase of nearly 60%. Spatial variation trends (Figure 9) revealed that the precipitation, frequency, and duration of front, late, and balanced EPEs in the southwest of the MLRYRB, including the Guizhou Plateau and Sichuan Basin, exhibited a downward trend. In contrast, an upward trend was shown in the southeast part of the MLRYRB.




Significance of Variations in EPE Trends


The trends in the different EPE types in the MLRYRB during the 1960–2019 period can be divided into two general categories based on data obtained from the 130 meteorological stations (Figure 10). First, significant trend changes accounted for approximately 46% of the entire basin. The three indices with significant changes in the EPEs were the highest in most meteorological stations and distributed across the entire basin. The frequency of single-day EPEs increased significantly in most of the meteorological stations. Second, fluctuating trend changes (insignificant) accounted for 54% of the stations in the basin. In the long run, the increase in EPEs is associated with temporal fluctuation, however, which requires further study with long-term observations.




Impact and Contribution of Extreme Precipitation to EPE


Multi-day continuous EPE types (front, late, and balanced) accounted for over 80% of the total EPEs in the MLRYRB, with the front and late EPEs accounting for more than 60% in the last 60 years (Figure 6). Based on the definition of an EPE, the summation of the daily extreme precipitation in an event should be less than or equal to the theoretical total amount of precipitation in an EPE. Thus, the PSP represents the difference between the extreme precipitation and the EPE in an event, which can reflect the degree of influence and the contribution of the extreme precipitation day’s precipitation to the total precipitation of the event. The C-value is presented as the contribution of precipitation on extreme precipitation days (EPD) to EPEs, and the formula is as follows:


  C  - value  =    E P E − P S P   E P E    =    E P D   E P E     



(11)




where the C-value = 1 for a single-day EPE and the C-value < 1 for multi-day continuous EPE types (front, late, and balanced EPEs). A low C-value indicates a greater contribution of PSP to an EPE.



The long-term mean C-value for the three multi-day continuous EPE types ranged from 0.65 to 0.9 (Figure 11). The concentration range of the late EPEs was the lowest, indicating a greater contribution of PSP to late EPEs, followed by front EPEs. Both late and front EPEs showed considerable differences between the northern and southern area, and their spatial distribution was consistent with climatic regionalization. The concentration range of the balanced EPEs was relatively small, and the spatial distribution characteristics were consistent with that of China’s isoprecipitation line, which decreased from the southeast to the northwest.





3.2.4. Return Levels of Precipitation for EPEs


The two crucial and predominant EPE types in the MLRYRB were front and late EPEs because of their higher total amount and frequency of 65% and 62%, respectively. Therefore, the regression levels at 20, 50, and 100 years were set to predict the front and late EPEs (Figure 12). The regional averages of the 100-year prediction levels for front and late EPEs were 250 and 230 mm, respectively. From the west to the east, the front EPEs usually display higher precipitation than late EPEs, both of them indicating a significant increase in the horizontal direction.




3.2.5. Responses of EPE Types to Regional Warming


Global warming has exacerbated the instability of the climate system, increasing the frequency and intensity of the occurrence of anomalous circulation patterns, thereby triggering more extreme precipitation events [58]. Linear correlation analyses of temperature and precipitation statistics in the MLRYRB showed that temperature variations have a significant effect on single-day and late EPEs, with significant positive correlations across the region (Table 6). It is worth mentioning that precipitation parameters in the south are more closely related to temperature.



Nonlinear, multiscale wavelet coherence analyses revealed that the four EPE types in the MLRYRB had a positive correlation with temperature change, suggesting that the four types of EPE increased gradually under regional warming (Figure 13). Further, the response relationships between the EPEs and the temperature showed phased characteristics. The front and balanced EPEs had no significant correlation with the temperature before 1980, while a relatively short period (6–8a) occurred after 1990. The single-day EPEs indicated that regional warming occurred earlier than extreme precipitation variations after 2000. This discontinuous and inconsistent response over time could be related to uneven regional warming. The temperature showed a short-term decreasing trend between 1960 and 1969 (0.6 °C/10a) and then shifted to a sustained increase after 1970. A high warming rate (0.56 °C/10a) was observed during the 1990–2000 period, and 2010–2019 was the period with the highest regional warming rate (0.95 °C/10a) in the MLRYRB, and thus the responses of EPE and the temperature have become more intense and complex.






4. Discussion


4.1. Areas at High Risk of EPEs Under Climate Change in the MLRYRB


More attention should be paid to the multi-day EPE types in the MLRYRB, especially the front and late EPEs with relatively high precipitation and frequencies, which could pose a high risk of regional hydrological hazards triggered by extreme precipitation under continued global warming. According to observations, a front EPE lasting 5 days occurred in Wuhan (Station 57494), one of the centers of rainstorms in the Yangtze River, from 21 to 25 July 1998, with a total precipitation of more than 470 mm, and the highest precipitation in a single day was 285 mm, and this case of suprathreshold event magnitude is well reproduced in Figure 12. Combined with the predicted results of the GPD model, the performances of some local areas deserves attention [59]. Two significant areas of high values were observed (Figure 12). The first one was observed in the southeastern part of the MLRYRB, which receives the most abundant precipitation in China. This area is not only subject to climate warming, but also variations in thermal properties between the land and sea, and is thus sensitive to environmental factors, such as ocean currents and sea surface temperature [60,61,62,63]. The second hotspot was located west of the center of the MLRYRB, and the possible causes are worth discussing. This area was not observed in the earlier studies that predicted trends in the average precipitation or extreme precipitation indices. This area is within the southwestern part of Hubei Province (Yichang and Enshi Cities) and the northwestern part of Hunan Province (Dayong and Changde Cities), and geographically includes the Shennongjia Forestry District. Moreover, the Three Gorges project also belongs to this hotspot. This area is a complex small terrain formed by several typical landforms and forms the intersection between Guizhou Plateau and Jiangnan Hills. The terrain is rugged and the elevation changes rapidly. Therefore, it is speculated that the substantial EPEs observed in the second zone could be associated with the complex local microclimate cycle and regulatory effect of large-scale water conservation projects on the local microclimate [63,64,65]. Locally stronger descending air masses diffuse atmospheric moisture out of the lower troposphere region, which tends to cause excessive precipitation [66,67,68]. Although the storage of water in the Three Gorges Dam has a certain impact on the surrounding temperature and water vapor, the climate effect is a gradual long-term process, and the scope and intensity of the climate effect still require long-term observation data to verify [69,70,71,72].




4.2. Rationality of the EPE Concept for Application in the MLRYRB


The proportion of multi-day events (front, late, and balanced EPEs) in the MLRYRB over the last 60 years was greater than 86%, while the single-day EPEs with short durations accounted for only 14%, differing from the EPE characteristics observed in other regions. The Qinling Mountains have been characterized by multi-day EPEs in the last 50 years, with the balanced EPE frequency exceeding 30% as the dominant type [21]. In contrast, the frequency of EPEs with long durations is lower in the Loess Plateau, where the region is dominated by single-day EPEs [73]. In the Hindu Kush Himalayan region, the dominant type of extreme precipitation is represented by the temporal distribution pattern with peaks located on the right side [22]. The multi-year EPE concentration (C-value) in the MLRYRB varies between 0.65 and 0.9, suggesting that for the multi-day EPEs, PSP accounted for approximately 10%–35% of the total precipitation of an event. C-values increase as the average precipitation increases from northwestern to southeastern parts of the basin. The multi-year average value of the PSP at some stations in the southeastern coastal region were more than 30% of the total EPEs during the high-flow years (e.g., 1973, 1975, 1980, 1996, 1998, and 2020). Notably, the EPEs at some coastal stations can last more than half a month during the flood season and the contribution of precipitation from the PSP during a single event can exceed 60% of the total precipitation event [74,75]. A considerable amount of PSP and extreme-day precipitation, which are integral and objectively indivisible components of stormwater runoff and confluence, are superimposed on each other to form regional stormwater runoffs. Similarly, PSP can change the preexisting soil water conditions, making the area susceptible to flooding. In addition, a chain of secondary geological disasters may be triggered in localized areas with special underlying surfaces [76,77]. Based on the persistent characteristics of regional extreme precipitation, the method applied in this study did not segment the precipitation process and is therefore more applicable to some monsoon-controlled precipitation regions, such as the Amazon, Panama, and Malaysia, among others [78,79]. The concept of EPEs in this study lacks a more detailed threshold for PSP days, and the extent of the effect of PSP and the duration of the total precipitation in an EPE was difficult to determine. The results will be more precise if EPEs can be further analyzed according to different magnitudes of PSP in future work.





5. Conclusions


This study showed the variations in extreme precipitation in the MLRYRB between 1960 and 2019 based on extreme precipitation indices. In addition, the EPEs were classified into four categories to analyze their spatiotemporal characteristics and predict their return levels. The main conclusions of this paper are as follows:



(1) The precipitation in the MLRYRB has shown a non-significant increasing trend, while extreme precipitation was significant. (2) The MLRYRB is dominated by continuous EPE types (front, late, and balanced EPEs), with the highest frequency observed for front and late EPEs and the lowest frequency observed for single-day EPEs. (3) Higher growth trends were observed for single-day and late EPEs over the 60-year period. (4) The number of EPEs under three return levels (20-, 50-, and 100-year) increased from the western to the southeastern part of the basin. (5) EPEs were closely associated with climate warming, and single-day and late EPEs showed a tendency to increase with regional warming across the MLRYRB, especially in the southern region.
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Figure 1. Overview of the study area and spatial distribution of the meteorological stations. 






Figure 1. Overview of the study area and spatial distribution of the meteorological stations.



[image: Sustainability 16 09197 g001]







[image: Sustainability 16 09197 g002] 





Figure 2. Identification process of extreme precipitation events (EPEs). 
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Figure 3. Spatial distribution of precipitation in different climate zones during the 1960–2019 period in the mid–lower reaches of the Yangtze River Basin. 
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Figure 4. Temporal variation in extreme precipitation in the mid–lower reaches of the Yangtze River Basin. 
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Figure 5. Cumulative frequency and monthly precipitation for different extreme precipitation event (EPE) types during the 1960–2019 period. 
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Figure 6. (a) Cumulative frequency of the extreme precipitation event (EPE) types during the 1960–2019 period. (b) Cumulative precipitation percentages of the extreme precipitation event (EPE) types during the 1960–2019 period. 
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Figure 7. Spatial distribution of extreme precipitation event (EPE) types during the 1960–2019 period. 
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Figure 8. Precipitation amount and frequency trends in extreme precipitation events (EPEs) during the 1960–2019 period. 






Figure 8. Precipitation amount and frequency trends in extreme precipitation events (EPEs) during the 1960–2019 period.



[image: Sustainability 16 09197 g008]







[image: Sustainability 16 09197 g009] 





Figure 9. Spatial variation trends in precipitation, frequency, and duration of extreme precipitation events (EPEs) during the 1960–2019 period. 






Figure 9. Spatial variation trends in precipitation, frequency, and duration of extreme precipitation events (EPEs) during the 1960–2019 period.



[image: Sustainability 16 09197 g009]







[image: Sustainability 16 09197 g010] 





Figure 10. Trends in the precipitation, frequency, and duration of extreme precipitation events (EPEs) in (a) the entire basin, (b) in the northern region (Zone I), and (c) in the southern region of the basin (Zone II). 
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Figure 11. Concentrations of extreme precipitation events (EPEs). 
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Figure 12. Return levels of precipitation for extreme precipitation events (EPEs) at (a) 20 years, (b) 50 years, and (c) 100 years. 
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Figure 13. Wavelet coherence analysis of extreme precipitation event types and temperature. The thick black contour indicates correlations above the 95% significance level against the noise. 
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Table 1. Definition of extreme precipitation indices.
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	Abbreviation
	Index
	Definition
	Unit





	Annual total wet-day precipitation
	PRCPTOT
	Sum of annual precipitation
	mm



	Precipitation on very extremely wet days
	R99p
	Sum of precipitation with daily precipitation ≥ 99th percentile
	mm



	Precipitation on extreme wet days
	R95p
	Sum of precipitation with daily precipitation ≥ 95th percentile
	mm



	Wet days
	Rday
	Sum of annual precipitation days
	d



	Total precipitation on extreme wet days
	R95day
	Sum of day with daily precipitation ≥ 95th percentile
	d



	Simple precipitation intensity index
	SDII
	Average precipitation in precipitation days
	mm·d−1



	Simple extreme precipitation intensity index
	SDIIq95
	Average precipitation in extreme precipitation days
	mm·d−1










 





Table 2. Classification of extreme precipitation events (EPEs).
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Type

	
Categorization

	
Explanation






	
Single day type

	
A. Single day EPE

	
EPE occurs within only 1 day, are short period, and are of high intensity.




	
Continuous type

	
B. Front EPE

	
In an EPE, the extreme precipitation exceeding the 95.0% threshold is clustered in the first half of the total precipitation period. That is, the first period is the time when extreme precipitation occurs, and the later period has no extreme precipitation, and the intensity of precipitation is significantly weakened.




	
C. Late EPE

	
The distribution of the extreme precipitation moments above the 95.0% threshold for an EPE is mainly in the second half of the total course.




	
D. Balanced EPE

	
Extreme precipitation exceeding the 95.0% threshold for an EPE are distributed in both the before and after phases, indicating that the precipitation process has multiple extreme peaks.











 





Table 3. Cross-validation results of spatial interpolation of precipitation.
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Element

	
Category

	
SNR

	
Signal

	
RMSE

	
RTVAR






	
Average precipitation

	
1960–1989

	
0.31

	
14.2

	
14.1

	
25.3




	
1970–1999

	
0.18

	
11.9

	
17.3

	
30.5




	
1980–2009

	
0.21

	
14.5

	
19.8

	
40.6




	
1990–2019

	
0.20

	
12.7

	
20.3

	
44.7




	
2000–2019

	
0.25

	
12

	
18.7

	
30.4




	
Cumulative EPE frequency

	
Front EPE

	
0.15

	
8,9

	
0.0061

	
0.0199




	
Late EPE

	
0.24

	
11.5

	
0.0083

	
0.0151




	
Balanced EPE

	
0.18

	
9.7

	
0.0075

	
0.0167




	
Single day EPE

	
0.19

	
10.5

	
0.007

	
0.0163




	
Cumulative EPE volume

	
Front EPE

	
0.17

	
10.1

	
0.0082

	
0.0179




	
Late EPE

	
0.21

	
11.3

	
0.0055

	
0.0225




	
Balanced EPE

	
0.19

	
9.9

	
0.0088

	
0.0193




	
Single day EPE

	
0.15

	
9.1

	
0.0067

	
0.0221











 





Table 4. Spatial distribution statistics of mean precipitation in the mid–lower reaches of the Yangtze River Basin during the 1960–2019 period.
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PRCPTOT

(mm)

	
a. 1960–1989

	
b. 1970–1999

	
c. 1980–2009

	
d. 1990–2019

	
e. 2000–2019




	
Area

Ratio (%)

	
Change

Ratio (%)

	
Area

Ratio (%)

	
Change Rate (a,b) (%)

	
Area

Ratio

(%)

	
Change Rate (a–c) (%)

	
Area

Ratio

(%)

	
Change Rate (a–d) (%)

	
Area

Ratio

(%)

	
Change Rate (a–e) (%)






	
600–800

	
1.9

	
/

	
2.4

	
26.3

	
1.1

	
−42.1

	
2.9

	
52.6

	
1.5

	
−21.1




	
800–1000

	
11.4

	
/

	
11.0

	
−3.5

	
13.4

	
17.5

	
14.0

	
22.8

	
15.9

	
39.5




	
1000–1200

	
22.7

	
/

	
21.2

	
−6.6

	
21.3

	
−6.2

	
21.0

	
−7.5

	
22.3

	
−1.8




	
1200–1400

	
25.8

	
/

	
19.7

	
−23.6

	
20.4

	
−20.9

	
19.5

	
−24.4

	
22.0

	
−14.7




	
1400–1600

	
27.1

	
/

	
26.1

	
−3.7

	
26.8

	
−1.1

	
21.7

	
−19.9

	
20.9

	
−22.9




	
1600–1800

	
10.0

	
/

	
15.7

	
57.0

	
15.0

	
50.0

	
16.1

	
61.0

	
14.4

	
44.0




	
>1800

	
1.0

	
/

	
3.8

	
280.0

	
2.0

	
100.0

	
4.7

	
370.0

	
3.1

	
210.0








PRCPTOT represents the annual wet-day precipitation and “/” denotes no data.













 





Table 5. Interannual trends in extreme precipitation indices in the mid–lower reaches of the Yangtze River Basin during the 1960–2019 period.






Table 5. Interannual trends in extreme precipitation indices in the mid–lower reaches of the Yangtze River Basin during the 1960–2019 period.





	
Index

	
1960–1989 (30a)

	
1970–1999 (30a)

	
1980–2009 (30a)

	
1990–2019 (30a)

	
2000–2019 (20a)

	
1960–2019 (60a)




	
Slope

	
Mean

	
Slope

	
Mean

	
Slope

	
Mean

	
Slope

	
Mean

	
Slope

	
Mean

	
Slope

	
Mean






	
PRCPTOT

	
2.023

	
1286.71

	
3.654

	
1324.73

	
−4.551 *

	
1318.52

	
−0.432

	
1328.15

	
4.994

	
1312.53

	
1.26

	
1307.39




	
R99p

	
0.956

	
47.22

	
2.437 *

	
48.21

	
−0.02

	
48.33

	
1.124

	
48.92

	
2.966

	
48.64

	
0.98 **

	
48.11




	
R95p

	
1.861

	
19.81

	
3.173 *

	
20.22

	
−0.035

	
20.10

	
0.713

	
20.37

	
4.668

	
20.17

	
1.393 **

	
20.01




	
Rday

	
0.252 **

	
103.30

	
−0.018

	
105.40

	
−0.557 ***

	
104.71

	
−0.187

	
103.72

	
0.163

	
102.65

	
0.026

	
103.52




	
P95day

	
0.024

	
18.34

	
0.043

	
18.88

	
−0.033

	
18.72

	
0.018

	
18.92

	
0.063

	
18.83

	
0.014 *

	
18.64




	
SDII

	
0.006

	
12.46

	
0.012 *

	
12.60

	
−0.009

	
12.59

	
−0.001

	
12.81

	
0.016

	
12.79

	
0.005 *

	
12.63




	
SDIIq95

	
0.024

	
1.07

	
0.093 **

	
1.07

	
0.032

	
1.075

	
0.061 *

	
1.074

	
0.098 **

	
1.069

	
0.036 ***

	
1.075








* Indicates significant trend at p < 0.05; ** significant trend at p < 0.01; *** significant trend at p < 0.001.













 





Table 6. Correlation between extreme precipitation events and temperature changes.






Table 6. Correlation between extreme precipitation events and temperature changes.





	
EPE Type

	
Index

	
I-North Area

	
II-South Area

	
Total Area




	
Correlation

Coefficient

	
Sig

	
Correlation

Coefficient

	
Sig

	
Correlation

Coefficient

	
Sig






	
Front EPE

	
Precipitation

	
−0.15

	
0.87

	
0.07

	
0.98

	
0.10

	
0.71




	
Day

	
−0.21

	
0.57

	
0.10

	
0.45

	
0.15

	
0.55




	
Frequency

	
−0.15

	
0.87

	
0.10

	
0.95

	
0.02

	
0.64




	
Late EPE

	
Precipitation

	
0.25

	
0.99

	
0.25

	
0.99

	
0.20

	
0.99




	
Day

	
0.35

	
0.68

	
0.43

	
0.98

	
0.39

	
0.95




	
Frequency

	
0.18

	
0.98

	
0.20

	
0.99

	
0.19

	
0.98




	
Balance EPE

	
Precipitation

	
0.11

	
0.43

	
0.23

	
0.88

	
0.17

	
0.68




	
Day

	
0.31

	
0.33

	
0.13

	
0.89

	
0.28

	
0.76




	
Frequency

	
0.08

	
0.50

	
0.19

	
0.42

	
0.14

	
0.44




	
Single day EPE

	
Precipitation

	
0.44

	
1

	
0.49

	
0.99

	
0.46

	
0.99




	
Day

	
0.31

	
0.99

	
0.41

	
0.99

	
0.37

	
0.99
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