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Abstract

:

The research on the impact of rainfall patterns on runoff and sediment yield is still insufficient, especially under natural rainfall conditions. We analyzed the influence of rain peak morphology on runoff and sediment yield based on the data of rainfall, runoff, and sediment in the bare runoff plot of Shixia, a small watershed in the Miyun district of Beijing, from 2007 to 2016. We took 0.4 mm min−1 as the standard of rain peak classification and the peak width, peak number, peak value, peak position and multi-peak continuity as the indexes of rain peak morphology. The results showed that: (1) Peak number, peak value, and peak width were significantly correlated with runoff and sediment yield, while peak position was irrelevant. The order of correlation between rain peak morphology indexes and runoff yield was peak width (0.71) > peak number (0.69) > peak value (0.33) > peak position (0.05). The order of correlation between rain peak morphological indexes and sediment yield was peak width (0.62) > peak value (0.36) > peak number (0.36) > peak position (−0.09). The multi-peak continuity was not correlated with runoff (0.12) and sediment yield (0.45). (2) When the number of rain peaks was greater than one in a single rainfall, the amount of runoff and sediment production increased significantly. (3) For multi-peak rainfall, 90 min was the boundary point of the rain peak interval, and the sediment yield formed by rainfall with a rain peak continuity >1/90 min−1 was significantly larger than the rainfall of ≤1/90 min−1. (4) Covariance analysis showed that the runoff caused by rainfall with a peak at the middle positions was obviously more than rainfall with a peak at the front position. However, the peak position had no significant effect on the sediment yield. (5) The peak rainfall amount of a rainfall (TPR) was a comprehensive index reflecting peak number, peak value and peak width, and the correlation between it and the sediment yield and runoff reached 0.60 and 0.71, respectively. Statistical rainfall characteristic indexes included rainfall amount, average rainfall intensity, rainfall duration, I5 (maximum 5-min rainfall intensity), I10, I15, I20, I30, and I60, among which I60 had the strongest correlation with runoff and sediment yield (0.69, 0.60), which were much larger than other rainfall indexes (0.08~0.47, 0.14~0.48) except rainfall amount (0.75, 0.37). By establishing a regression equation, it was found that both TPR and I60 had good explanatory power for runoff and weak explanatory power for sediment yield.
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1. Introduction


Researchers usually use statistical rainfall indicators such as average rainfall intensity and rainfall amount to analyze the relationship between rainfall and soil erosion. Rainfall intensity was found to be the most important factor, the increase of which lead to an increase of runoff and erosion [1,2,3]. However, many scholars thought that the explanatory power of the above indicators is limited. For example, in the Loess Plateau and Northeast China, the correlation between rainfall amount and soil erosion is very low [4,5], and the maximum rainfall during the period, such as I30 (maximum 30-min rainfall intensity), was chosen as the rainfall indicator [6,7].



In previous experimental studies using artificial rainfall, researchers mainly focused on the effects of even rainfall intensity on surface infiltration, runoff, and soil loss [8,9,10]. However, studies have shown that the internal structure of rainfall processes, i.e., rainfall patterns, had an important influence on infiltration, runoff, and erosion processes [11,12,13]. Dunkerley [14] scoured dry soil with crusts and without vegetation using instantaneously varied rainfall intensity generated by artificial rainfall experiments. The results showed that the runoff coefficient and flood peak caused by the rainfall process with constant instantaneous rainfall intensity were significantly increased by 570% compared with the rainfall process with even rainfall intensity. In artificial rainfall experiments, if the rainfall pattern cannot be designed to match the rainfall characteristics of the local natural rainfall process, the estimation of soil erosion can be erroneous.



Since the soil erosion process is affected by multi-factor coupling, erosion intensity prediction is a current problem for academics, especially the uncertainty of time scale predictions of individual rainfall. Regardless of which statistical models or physical models are used, the relative errors of related studies are mostly between 20% and 30%, rather than within 10% [15]. Hudson’s study [16] in south-central Africa found that a total kinetic energy of individual rainfall stronger than 25 mm/h could be regarded as an index of erosivity, which is called the Kinetic Energy (KE) > 25 method. Huff [17] equally divided the rainfall duration into four periods according to which quarter of the rainfall duration the peak rainfall intensity occurred. All of these studies contributed to the improvement of soil erosion model accuracy.



This paper creatively proposes a morphological index of rainfall peaks to characterize rainfall and to analyze its effects on runoff and sediment yield, which includes peak number, peak value, peak position, peak width, and multi-peak continuity. It is rare to analyze the effect of rainfall on runoff and sediment yield from the point of view of rain peak morphology. Only some studies on peak position are available, as mentioned above. Based on 46 rainfall data points we aimed to: (1) quantitatively analyze the effect of the morphological characteristics of rainfall peak on runoff and sediment yield, (2) compare the advantages and disadvantages of the morphological indexes of rainfall peak with the traditional statistical rainfall indexes, and (3) propose an applied model of runoff and sediment yield based on rain peak morphological indexes.




2. Materials and Methods


2.1. Study Area


The Shixia watershed is located in the northeast of the upper reaches of Miyun reservoir in Beijing, within the primary protection zone of the Miyun reservoir, between 117°01′–117°07′ E and 47°32′–47°38′ N, with a total watershed area of 33 km2, as shown in Figure 1. The small Shixia watershed is also located in the Yanshan mountain range, in the transition zone from the piedmont alluvial plain to the mountainous region. It is an earth-rock shallow hilly area with high terrain in the north and low terrain in the south, whose altitude is 150–390 m. The gully density is 0.2 km km−2, and the slopes are gentle with a slope grade larger than 20° only accounting for 16.2% of the watershed area. The lithology is dominated by gneiss, among which are scattered granite and limestone. The soil type is brown soil developed on alluvial and diluvial parent materials with light soil texture, deep soil layer, compact soil mass, and shallow tillage layer. The basin has a warm temperate monsoon climate. It is dry and cold in winter with an average temperature in January of −6.6 °C and is hot in summer with an average temperature in July of 25.3 °C. The annual evaporation of the whole basin is 1840 mm, and the annual average rainfall is 661.8 mm. Eighty percent of the precipitation occurs from June to September. The vegetation in the northern part of the basin is dominated by weeds and shrubs. The vegetation in the hilly area is mostly artificial Robinia pseudoacacia, Pinus tabulaeformis, and economic forest. Human activities have been frequent for a long time, and natural vegetation types, having been destroyed, are hard to see.




2.2. Sampling Site and Experimental Design


The data in this study were collected from two bare land runoff plots, which are located in the central demonstration area of the Shixia watershed. The two plots both are 20 m long and 5 m wide, with a slope of 14.4°, a slope direction of N270° and 20 cm of soil. Figure 1 is a schematic diagram of the location of the Shixia watershed and runoff plot.




2.3. Rainfall Data Acquisition and Rainfall Characteristic Index Selection


Rainfall was measured by a self-recording rain gauge and standard rain barrel. According to the rainfall records, the rainfall amount, rainfall duration, rainfall intensity, I5 (maximum 5-min rainfall intensity), I10, I15, I20, I30, and I60 were calculated (see Table A1 for data).



In the selection of rainfall characteristic indexes, the morphology of the whole rainfall process needed to be considered. Therefore, on the basis of sorting and analyzing 46 rainfall data points, we put forward rain peak-related indexes to reflect the rainfall characteristics. The minimum peak of rainfall intensity that could cause bare land erosion in this research area was 0.4 mm min−1, so rainfall with a rainfall intensity above 0.4 mm min−1 was defined as the rain peak. The definition of specific rain peak morphological indexes were as follows:



Peak number: the number of peaks during a single rainfall.



Peak position: according to the time of the occurrence of the peak during a rainfall, it could be divided into the front position, middle position, and rear position. The rainfall peak is in the front position in 0–30%, in the middle position in 30–60% and in the back position in 60–100% of the rainfall duration. The peak position of a multi-peak rainfall, where the number of rainfall peaks was more than one, was determined by the occurrence time of 40% of the rainfall concentration according to the dividing method of Wang [18]. According to this, rainfall could be divided into front-position rainfall, middle-position rainfall, rear-position rainfall, and uniform rainfall.



Peak value: the highest rainfall intensity. The peak during a single rainfall with the highest value was the highest peak.



Peak width: referred to the duration when the rainfall intensity reached above 0.4 mm min−1.



Peak continuity: the reciprocal of the average interval time between adjacent rainfall peaks. The interval between two adjacent peaks refers to the time from the end of the previous peak to the head of the following peak. This paper attempted to analyze the influence of different multi-peak continuities on runoff and sediment yield, besides the correlation analysis of multi-peak continuity and runoff and sediment yield, the difference of runoff and sediment yield caused by multi-peak continuity within and outside 1/60 min−1 and 1/90 min−1 were analyzed by variance analysis by taking the multi-peak continuity of 1/60 min−1 and 1/90 min−1 as dividing nodes.



Peak rainfall: The total peak rainfall amount of one rainfall was referred to as TPR for short, and the rainfall amount of the highest peak of a single rainfall was referred to as HPR for short.



The data were shown in Table A2.




2.4. Runoff and Erosion Measurements


Runoff and sediment were measured in runoff plots. The volume method was used to measure runoff after each rainfall event. When the amount of slurry was small, 1000 mL of slurry sample was taken after full mixing. When there was more mud, stratified sampling was conducted, and 500 mL was taken in each layer. Runoff and sediment were calculated by dividing the total amount of the two plots by the total area of the two plots (see Table A3 for data).




2.5. Coefficient of Variation


The coefficient of variation (Cv) was used to reflect the inter-annual changes in precipitation, runoff, and sediment. It is calculated using the following equation:


Cv = Sd/M,



(1)




where Sd is the standard deviation, M is the average. The greater the Cv value of precipitation or runoff, which means the greater the variation range of precipitation or runoff, the greater the possibility of flood or drought. The larger the Cv value of sediment yield, which means the greater the variation range of sediment yield, the more common the disasters such as soil erosion are.




2.6. Construction and Test of the Regression Equation


On the basis of Pearson correlation analysis, a regression equation was established by selecting the rainfall characteristic indexes that were most closely related to soil erosion, and the application accuracy of the regression equation was determined by cross-examination. The accuracy evaluation indexes include the mean relative error (MRE), coefficients of determination (R2) and Nash–Suttclife efficiency coefficient (Ens).


  MRE   =  1 n    ∑  i = 1  n    |     O i  −  Y i     O i     |    ,  



(2)






   R 2    =       (   ∑  i = 1  n   (  O i  −  O ¯  ) (  Y i  −  Y ¯  )   )  2      ∑  i = 1  n     (  O i  −  O ¯  )  2    ∑  i = 1  n     (  Y i  −  Y ¯  )  2        ,  



(3)






   E ns    =   1   −       ∑  i = 1  n     (  Y i  −  O i  )  2        ∑  i = 1  n     (  Y i  −  O ¯  )  2      ,  



(4)




Yi is the calculated value, Oi is the measured value,    O ¯    is the average value of the measured value,    Y ¯    is the average value of the calculated value, and n is the number of data points.





3. Results


3.1. Rainfall Characteristics Analysis


During the 10 years from 2007 to 2016, there were 101 erosive rainfalls in the small Shixia watershed. In order to analyze the impact of rainfall on runoff and sediment yield, we had to eliminate the previous rainfall events as much as possible, so 45 precipitation events without rainfall in the previous two days were selected. The total rainfall of these 45 rainfall events was 1494.4 mm with an average rainfall of 33.2 mm, a maximum rainfall of 114.3 mm and a minimum rainfall of 9.8 mm. The average rainfall duration was 391.0 min, with a maximum rainfall duration of 1225.0 min, and a minimum rainfall duration of 20.0 min.



A total of 81 rain peaks appeared in 45 rainfall events (Table 1), and the maximum number of rain peaks that appeared in one rainfall event was five. There were 26 single-peak rainfall events, accounting for 41% of the total rainfall, and 19 multi-peak rainfall events, accounting for 59% of the total rainfall. In the multi-peak rainfall events, there were three rainfalls with a peak continuity of less than 1/90 min−1 and 16 rainfalls with a peak continuity more than 1/90 min−1. Among the 81 rainfall peaks, the numbers that had a front position, middle position and rear position were 29, 30, and 22, respectively. Among the 45 rainfall events, the numbers that had a front position, middle position and rear position were 24, 13, and 8, respectively. It could be seen that the front-position rainfall in the research area was predominant and accounted for 53% of the total erosive storms.



Figure 2 shows the frequency distribution of the rainfall peak value and peak width. The frequency distribution of the rainfall peak value in this region was in accordance with the Voiht peak shape function, and the peak value of rainfall was from 0.4 to 3.2 mm min−1, of which 0.8–1.2 mm min−1 was most common, accounting for 33%. The frequency distribution of the rainfall peak width was in accordance with the extreme distribution. The peak width of rainfall was generally less than 60 min, of which 10–20 min was most common, accounting for 38%. The frequency distribution of a single rain peak width conformed to the extreme peak function. The duration of a single rain peak was generally below 40 min, and the majority were about 5–10 min, which accounted for 29%, followed by 10–15 min, which accounted for 28%.




3.2. Effect of Rain Peak Morphology on Runoff and Sediment Yield


3.2.1. Effect of Peak Number, Peak Position and Peak Continuity on Runoff and Sediment Yield


Taking the peak number of 46 rainfalls as independent variables, and runoff and sediment yield as dependent variables, one-way analysis of variance was carried out. The results are shown in Table 2. Table 2 shows that there were significant differences in runoff and sediment yield between single-peak and multi-peak rainfalls (P < 0.05). The average runoff of multi-peak rainfalls was 2.83 times that of single-peak rainfalls, and the average sediment yield of multi-peak rainfalls was 1.49 times that of single-peak. It could be seen that if the rainfall peaks reached two or more, the amount of soil and water erosion would increase significantly.



There was no obvious difference in runoff and sediment yield caused by rainfalls with peak continuity divided by 1/60 min−1, and there was no significant difference in runoff caused by rainfalls with peak continuity divided by 1/90 min−1. When the effect of multi-peak continuity on sediment yield was analyzed, the difference was found to be significant (P < 0.05). However, after excluding the effect of rainfall as a covariate, it was found that multi-peak continuity had a significant effect on sediment yield at the level of 0.1 (P = 0.075). With the increase in multi-peak continuity, the sediment yield showed an increasing trend. The average sediment yield of multi-peak rainfalls with continuity >1/90 min−1 was 2.95 times that of rainfalls with continuity ≤1/90 min−1.



The peak position of 46 rainfalls were taken as independent variables, runoff and sediment yield were taken as dependent variables, rainfall amount were taken as covariates to exclude their influence, and covariance analysis was carried out. The results showed that there was no significant difference in soil erosion among front-position, middle-position, and rear-position rainfalls. However, the runoff formed by the front-position rainfall was significantly different from the runoff formed by the middle-position rainfall (P < 0.05), while the runoff and sediment yield formed by the rear-position rainfall was no significantly different from the runoff formed by front-position and middle-position rainfalls. The average runoff of the middle-position rainfall was 3.06 times that of the front-position rainfall, which indicated that the later the rain peak appeared, the more runoff that would be generated.




3.2.2. Effect of Peak Value and Peak Width on Runoff and Sediment Yield


Figure 3 shows the variation in runoff and sediment yield with the peak value. With an increase in the peak value, the average runoff and sediment yield increased gradually. The average runoff and sediment yield with a peak value >2 mm min−1 were 2.58 times and 2.09 times higher than those with a peak value in the range of 0.4–0.8 mm min−1, respectively. Rainfall with a peak value from 0.8 to 1.2 mm min−1 produced the largest amount of runoff, which was up to 146.50 mm, accounting for 27% of runoff generated by all rainfalls. Although the average runoff of one rainfall within this peak range was the smallest, the number of rainfalls was the highest (15, see Figure 2), thus contributing greatly to the total runoff. Rainfalls with a peak value of 0.8–1.2 mm min−1 also produced the largest amount of sediment, which was up to 8825.33 t km−2, accounting for 25% of the sediment generated by all rainfalls because of the high number of rainfalls.



Figure 4 shows the runoff and sediment yield characteristics of rainfalls with different peak widths. With an increase in the peak width of the rainfall, the average runoff and the average sediment yield showed an increasing trend. Compared with rainfalls with a peak width <10 min, the runoff yield and sediment yield formed by rainfalls with a peak width >60 min increased by 7.16 times and 8.05 times, respectively. Rainfall with a peak width of 20–30 min produced the largest amount of runoff, which was up to 149.79 mm, accounting for 27% of runoff generated by all rainfalls. Rainfall with a peak width of 20–30 min not only produced high average runoff (13.62 mm) but also had high rainfall times (11, see Figure 2), thus contributing greatly to the total runoff. Rainfalls with a peak width of 10–20 min produced the largest amount of sediment, which was up to 9099.07 t km−2, accounting for 26% of the sediment generated by all rainfalls. This was mainly due to the largest number of rainfalls within 10–20 min (17, see Figure 2), accounting for 38% of the total rainfalls.




3.2.3. Comprehensive Effect of Rainfall Peak Morphology on Runoff and Sediment Yield


The results of the correlation analysis between runoff, sediment yield, and rainfall peak morphological indexes are shown in Table 3. The order of influence of rainfall peak morphology indexes on runoff was peak width (0.71) > peak number (0.69) > peak value (0.33) > peak position (0.05). The influence on sediment was peak width (0.62) > peak value (0.36) > peak number (0.36) > peak position (−0.09). The correlation of multi-peak continuity to runoff and sediment yield could not be compared with other indexes because of the small sample size. Table 4 shows that multi-peak continuity is not significantly correlated with runoff (0.12) and sediment yield (0.45). It is worth noting that the correlation coefficients of the peak width of one rainfall with the runoff and sediment yield were 0.71 and 0.62, respectively, which were much larger than that of the width of the highest peak with the runoff and sediment yield (0.36 and 0.49). Based on the statistical analysis of the influence of and the highest peak rainfall (HPR) on runoff and sediment yield, it was concluded that the influence of TPR on runoff and sediment yield was greater than that of HPR, which indicates that the explanatory power of runoff and sediment yield was weak when only the highest peak rainfall was considered.



TPR was closely related to runoff and sediment yield, which might be due to the comprehensive consideration of the impact of multi-peaks, peak value and peak width, thus greatly enhancing the interpretation of runoff and sediment yield. However, TPR still failed to consider the peak continuity and peak position, which would weaken the explanatory power of runoff and sediment yield to a certain extent. Figure 5 shows the variation of runoff and sediment yield with the TPR of 45 rainfalls. From Figure 5, it can be seen that the trend of runoff and sediment yield was obviously consistent with TPR.



In this study, the annual variability coefficients of the runoff and sediment yield were calculated and their variations with TPR were plotted (Figure 6). The Cv of the runoff was from 0.49 to 1.24, and the Cv of the sediment yield was from 0.37 to 1.20. The Cv of the sediment yield was smaller than that of the runoff. The Cv value of the runoff and sediment was larger than that of TPR (0.41–0.97). With an increase in TPR, the Cv of the runoff and sediment yield also showed an increasing trend, which indicated that the runoff and sediment yield were more sensitive to heavy rainfall. That is, runoff and sediment yield caused by rainfall with high intensity and huge amount fluctuated more, which was more disadvantageous to watershed management, flood control, and disaster prevention management.





3.3. Explanatory Power of Statistical Rainfall Indexes on Changes in Runoff and Sediment Yield


The correlation analysis between statistical rainfall indexes (rainfall amount, average rainfall intensity, rainfall duration, I5, I10, I15, I20, I30, and I60) and runoff and sediment yield were carried out. The results are shown in Table 4. Except for the average rainfall intensity and rainfall duration, there were significant correlations between the characteristic indexes of rainfall and sediment yield. The correlation between I60 and sediment yield was the largest (0.60). It can be seen from the foregoing that the duration of a single peak was generally less than 40 min (Figure 2), and its characteristics could be expressed by any index of the maximum rainfall of 5–30 min. The correlation between I60 and sediment yield was much greater than other statistical rainfall indexes, which indicated that the maximum rainfall of an intercept time of 60 min could accommodate more rainfall characteristics. However, it was not correct that the larger the interception time range was, the more the maximum rainfall in a given period is related to sediment yield because the correlation between rainfall amount and sediment yield was also low when the interception range was all time. It was probably related to the peak number and continuity in the rainfall process. I60 might reflect the comprehensive characteristics of multi-peak rainfall and their continuity to a certain extent, that was to say, the more continuous rain peaks occurred within one hour and the larger the peak value, the greater the sediment yield produced. The analysis of multi-peak continuity in Section 3.2.1 proved that when the peak interval is within a certain period of time (about 90 min), multi-peak continuity had a significant impact on sediment yield.



The trend of the relationship between runoff and maximum rainfall in a given period was consistent with sediment yield, except that the correlation between runoff and rainfall amount was also large. The statistical rainfall characteristic indexes with the strongest correlation with runoff were rainfall amount and I60 (Table 4), and the correlation coefficients were 0.75 and 0.69, respectively.



A comprehensive comparison between the indexes of rainfall peak morphology and statistical rainfall characteristic indexes showed that TPR and I60 were most closely related to runoff and sediment yield. Therefore, linear regression models were established with sediment yield (S) and runoff (R) as dependent variables, and TPR (P) and I60 as independent variables. The results are shown in Table 5. Five rainfall events were randomly sampled for cross-checking, and the relative error, correlation coefficient, and Nash–Sutcliffe efficiency coefficient of predicted values with measured values were obtained. The remaining rainfalls were used for relationship fitting. TPR could explain 62% of the runoff variety and 36% of the sediment yield variety, which was greater than explanatory power of I60 (51%, 37%). In general, TPR and I60 had more explanatory power for runoff than sediment yield. The cross-examination results of measured and simulated values of runoff yield model showed that the mean relative error of the two runoff models proposed in the study were 22.4% and 12.1%, the correlation coefficient was 0.91 and 0.94, and the Nash–Sutcliffe efficiency coefficient was 0.72 and 0.93, respectively. The models had good application precision. However, the mean relative error of the sediment yield model was larger, reaching more than 50%, and the Nash–Sutcliffe efficiency coefficient was less than 0, which indicated that its application precision was weak.





4. Discussion


Previous studies on how rainfall affects runoff and sediment yield have mostly focused on statistical descriptions of rainfall (rainfall, average rainfall intensity, duration of rainfall, and maximum rainfall in a given period), and maximum rainfall in a given time, with less than 30 min being the most common [19,20]. In this study, the correlation between rainfall and runoff was strong, but the correlation between rainfall and sediment yield was weak, and the average rainfall intensity had no significant correlation with runoff and sediment yield. This showed that the average rainfall intensity could not reflect the natural rainfall with instantaneous variation in rainfall intensity in the study of soil erosion. I30 could only reflect the characteristics of the highest rainfall peak, ignoring the situation of multiple peaks in the rainfall process. The results showed that there were significant differences in runoff and sediment yield between single-peak and multi-peak rainfalls. The continuity between rainfall peaks was rarely considered. In this paper, it was found that a distance of 90 min between the two rain peaks was a change point, and there were significant differences in soil loss caused by rainfall within and outside 90 min between the two peaks, which were concealed by correlation analysis.



The analysis of this study based on natural rainfall showed that the peak position had a significant impact on runoff, that is, the runoff caused by middle-position rainfalls was significantly larger than that caused by front-position rainfalls, while the peak position had no significant impact on sediment yield. Previous studies using simulated rainfall showed that more sediment could be generated by rear-position rainfall [18,21,22]. They believed that as the rain continued, the soil water content gradually increased, which led to the decline of infiltration capacity and an increase in runoff, or continuous high-intensity rainfall might lead to a change in soil structure. Flanagan [11] believed that when the soil was dry before a rainfall, a rear-position rainfall was more conducive to runoff generation, while if the soil was wet before a rainfall, a front-position rainfall could cause more runoff and soil loss. It was not found that the peak position had a significant effect on sediment yield in this study, which might be due to the different soil conditions under simulated rainfall and natural rainfall. Under artificial simulated rainfall conditions, the soil was relatively loose, which was not conducive to the formation of crusts [22]. Under natural conditions, the rear-position rainfall was favorable for the formation of a soil crust, that is, a storm with a lower initial rainfall intensity offered more opportunity for surface seal development, which was more resistant to erosion by surface flow [23]. On the contrary, the soil surface of the front-position rainfall under natural conditions was not protected by a crust, which was beneficial for sediment yield. Therefore, although the front-position rainfall produced less runoff than the middle- and rear-position rainfall, the sediment yield of the front-position rainfall was comparable to that of the middle- and rear-position rainfall. Frauenfeld and Truman [12] also found that the effect of rainfall patterns on sediment yield varied with soil type and texture.



Peak value and peak width had important effects on runoff and sediment yield, which could be expressed by TPR. The larger the peak value and width, the larger the TPR, and the larger the runoff and sediment yield. The results showed that the explanatory power of TPR for the runoff was 72%, with a higher correlation coefficient and Nash–Suttclife efficiency coefficient, and a relative error less than 30%, which indicated that the statistical model based on TPR had good application precision. The unexplained part might be due to: (1) This study based the rainfall events without anticipated rainfall within 2 days, which could not completely guarantee the consistency of soil water content before rain, and could not completely exclude the influence of soil water content. (2) The TPR could not accommodate the characteristics of rain peaks, such as peak position and continuity. (3) The nature of raindrops was not involved. (4) The interaction between rainfall and soil permeability.



The explanatory power of TPR on sediment yield was 36% with a low Nash–Sutcliffe efficiency coefficient, and a relative error more than 50%, which was similar to the research of Liu [24] on the application of the WEPP(water erosion prediction project) model to bare slope land in the black soil region of northeast China. This might be related to the type of soil and runoff process. Rainfall and runoff with different morphologies formed a complex response mechanism with soil particles, thus reducing the prediction accuracy of rainfall characteristic indicators on sediment yield. Further research is needed regarding how the interaction between rainfall and soil permeability affects runoff and how the interaction between rainfall, runoff and soil physical properties affects sediment yield.




5. Conclusions


(1) The order of influence of rainfall peak morphological indexes on runoff was peak width > peak number > peak value > peak position, and the order of the influence on sediment was peak width > peak value > peak number > peak position. Multi-peak continuity was not significantly correlated with runoff and sediment yield.



(2) Runoff and sediment yield increased significantly when the number of rainfall peaks reached two or more. The average interval time of 90 min between peaks of a multi-peak rainfall acted as the critical point, and there was a significant difference between the sediment with a peak continuity ≤1/90 min−1 and >1/90 min−1. With an increase in peak continuity, the sediment yield showed an increasing trend. In this study area, a rainfall peak with an average interval of less than 90 min (continuity >1/90 min−1) was most common, accounting for 84%.



(3) Analysis of variance showed peak position had no significant effect on soil erosion, but it had a significant effect on runoff. The runoff formed by middle-position rainfalls was significantly more than that of front-position rainfalls, which may be related to the formation of a soil crust.



(4) Peak number, peak value, and peak width had a correlation with runoff and sediment yield. With an increase in peak number, peak value and peak width, runoff and sediment yield also increased. As a comprehensive index, TPR could take into account all of the above factors and had the highest correlation with runoff and sediment yield.



(5) I30 could only reflect the rainfall characteristics of the highest peak because the rainfall peak width was generally below 40 min in the study area. However, I60 had a better explanatory power for runoff and sediment yield and could take more factors into account to a certain extent, such as multi-peaks and peak continuity.



(6) The regression equations established by TPR and I60 on runoff had good application precision. The prediction error was within 30%, and the correlation coefficient and the Nash–Sutcliffe efficiency coefficient were relatively high. Moreover, the interpretation of the TPR on the runoff was stronger than I60. The precision of the regression equation established by TPR and I60 on the sediment yield was poor.
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Table A1. The data set of Statistical Rainfall Indexes.






Table A1. The data set of Statistical Rainfall Indexes.





	Data
	Rainfall Amount (mm)
	Rainfall Duration (min)
	Rainfall Intensity (mm/h)
	I5 (mm/h)
	I10 (mm/h)
	I15 (mm/h)
	I20 (mm/h)
	I30 (mm/h)
	I40 (mm/h)
	I50 (mm/h)
	I60 (mm/h)





	2007/6/27
	26.6
	560
	2.85
	43.20
	36.60
	35.20
	29.10
	23.00
	18.60
	16.44
	15.90



	2007/7/18
	46.1
	150
	18.44
	72.00
	66.00
	56.80
	54.60
	45.00
	39.00
	31.92
	26.60



	2007/8/4
	66.5
	375
	10.64
	109.20
	96.60
	77.20
	72.60
	66.00
	52.65
	45.00
	39.60



	2007/9/13
	33.8
	365
	4.61
	48.00
	37.20
	34.00
	26.70
	19.00
	16.50
	16.44
	14.50



	2008/7/4
	17.5
	430
	2.44
	84.00
	57.60
	44.80
	34.05
	23.00
	17.25
	13.80
	11.50



	2008/7/11
	18.8
	45
	25.07
	56.40
	55.20
	54.40
	49.80
	35.60
	28.05
	22.56
	-



	2008/7/14
	51.9
	1225
	2.54
	30.00
	27.00
	25.20
	22.20
	19.40
	17.10
	16.32
	15.90



	2008/8/8
	16.8
	750
	1.34
	42.00
	36.00
	30.00
	24.00
	16.80
	15.00
	14.16
	12.50



	2008/8/14
	13.3
	155
	5.15
	60.00
	60.00
	41.60
	31.80
	21.80
	16.65
	13.56
	11.80



	2008/8/29
	21.8
	1020
	1.28
	96.00
	60.60
	46.40
	37.80
	25.80
	21.45
	17.16
	14.50



	2008/9/7
	34.5
	240
	9.00
	108.00
	100.20
	85.60
	66.30
	48.80
	42.45
	35.28
	30.40



	2008/9/14
	16.6
	95
	10.48
	106.80
	58.80
	49.60
	39.90
	28.40
	21.45
	17.28
	14.60



	2009/7/20
	54.8
	220
	15.66
	127.20
	117.60
	92.00
	77.40
	54.00
	40.80
	32.76
	27.70



	2010/8/18
	19.7
	134
	8.82
	43.20
	43.20
	38.00
	31.50
	23.8
	20.3
	16.7
	16.2



	2010/8/21
	43.4
	1155
	2.25
	21.60
	16.80
	13.60
	12.00
	12.2
	10.1
	8.8
	7.9



	2010/10/1
	38.5
	618
	3.74
	30.00
	30.00
	29.60
	28.80
	27.0
	24.2
	22.1
	20.6



	2011/6/14
	28.7
	55
	31.31
	98.40
	64.20
	72.80
	62.70
	54.60
	42.75
	34.44
	28.70



	2011/7/6
	30.1
	320
	5.64
	60.00
	43.80
	36.20
	36.90
	30.20
	26.40
	21.84
	18.70



	2011/7/14
	22.3
	140
	9.56
	67.20
	55.20
	44.40
	43.80
	39.40
	31.50
	25.20
	21.90



	2011/7/17
	32.6
	225
	8.69
	67.20
	54.60
	49.20
	42.90
	33.80
	28.65
	30.12
	26.70



	2011/7/24
	105.2
	470
	13.43
	126.00
	99.00
	86.40
	75.30
	56.60
	45.90
	42.48
	42.90



	2011/7/29
	20.1
	185
	6.52
	76.80
	58.20
	50.80
	43.20
	32.20
	25.65
	21.12
	18.00



	2011/8/14
	25
	555
	2.70
	48.00
	39.00
	35.60
	27.30
	19.10
	14.40
	11.76
	9.90



	2012/6/3
	12.40
	20
	37.20
	100.80
	71.40
	48.80
	36.90
	24.80
	18.45
	14.76
	12.40



	2012/6/7
	18.30
	75
	14.64
	48.00
	45.60
	41.60
	37.20
	33.80
	26.25
	21.24
	17.90



	2012/6/24
	29.90
	825
	2.17
	32.40
	23.40
	19.60
	16.20
	12.40
	11.10
	9.60
	9.10



	2012/7/21
	114.30
	1040
	6.59
	69.60
	51.00
	47.20
	43.50
	34.00
	31.80
	28.32
	24.60



	2012/9/1
	54.59
	1095
	2.99
	27.60
	26.40
	18.80
	14.40
	11.60
	11.40
	11.04
	10.50



	2013/7/31
	17.00
	240
	4.25
	58.80
	50.40
	35.20
	27.90
	18.60
	15.15
	12.84
	11.00



	2013/9/4
	62.50
	625
	6.00
	42.00
	34.20
	34.80
	33.60
	30.40
	25.95
	21.72
	18.50



	2013/9/12
	52.60
	1215
	2.60
	138.00
	99.00
	82.00
	72.30
	30.00
	55.50
	49.20
	41.00



	2013/10/1
	33.30
	215
	9.29
	68.40
	64.20
	60.80
	57.00
	44.60
	36.45
	30.12
	26.10



	2014/5/18
	9.8
	40
	14.7
	33.60
	33.00
	25.20
	18.90
	6.7
	14.7
	11.76
	9.8



	2014/6/13
	11.7
	55
	12.76
	66.00
	54.00
	38.80
	31.20
	22.2
	16.95
	13.92
	11.7



	2014/7/21
	30
	85
	21.18
	108.00
	84.00
	73.2
	67.2
	57.6
	45.75
	36.72
	30.6



	2015/6/26
	32.4
	110
	17.67
	176.40
	173.40
	125.20
	93.90
	62.6
	47.3
	37.9
	31.7



	2015/7/16
	26.8
	160
	10.05
	151.20
	79.80
	54.40
	41.40
	28.6
	33.5
	28.0
	23.8



	2015/8/19
	15.4
	21
	44.00
	72.00
	57.00
	50.80
	46.80
	15.8
	23.7
	19.0
	15.8



	2015/8/28
	28.7
	110
	15.65
	146.40
	103.20
	83.60
	72.00
	54.0
	41.1
	33.5
	28.0



	2015/9/4
	27.6
	1060
	1.56
	24.00
	21.00
	18.00
	15.00
	10.0
	11.7
	10.9
	9.8



	2015/9/22
	12.6
	130
	5.82
	48.00
	45.00
	35.60
	30.90
	24.2
	18.3
	14.6
	12.3



	2015/9/24
	11.0
	80
	8.25
	60.00
	44.40
	32.80
	25.50
	19.0
	14.4
	11.6
	10.3



	2016/8/12
	36.2
	500
	4.3
	51.60
	40.80
	36.40
	33.30
	28.8
	24.6
	22.7
	20.4



	2016/8/27
	15.1
	35
	25.9
	108.00
	81.60
	57.20
	43.65
	30.0
	22.5
	18.0
	15.0



	2016/9/4
	57.6
	370
	9.3
	84.00
	66.00
	58.00
	49.50
	34.8
	31.4
	29.3
	26.7
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Table A2. The data set of morphological characteristics of rainfall peak.
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	Data
	Peak Number
	Peak Position
	Peak Position Value 1
	Peak Width (min)
	Highest Peak Width (min)
	Peak Width of One Rainfall (min)
	Highest Peak Value (mm)
	Interval Time of Multi-Peak (min)
	Total Interval Time of Multi-Peak (min)
	Peak Continuity (min−1)
	Peak Rainfall Amount (mm)
	Highest Peak Rainfall Amount (mm)
	Total Peak Rainfall Amount (mm)





	2007/6/27
	1
	front
	15
	15
	15
	15
	0.72
	-
	-
	-
	-
	8.80
	8.80



	2007/7/18
	2
	rear
	45
	15/35
	15
	50
	1.20
	55
	55.00
	0.02
	15/24.5
	15.00
	39.50



	2007/8/4
	4
	rear
	15
	5/10/15/35
	35
	65
	1.82
	30/150/75
	85
	0.01
	2/4.2/9.9/34.9
	34.90
	51.00



	2007/9/13
	3
	front
	5
	5/5/15
	5
	25
	0.80
	75/25
	50
	0.02
	2.3/4/8.5
	4.00
	14.80



	2008/7/4
	1
	front
	65
	10
	10
	10
	1.40