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Abstract:

 This study analyzes the duration and division of the flood season in the Fenhe River Basin over the period of 1957–2014 based on daily precipitation data collected from 14 meteorological stations. The Mann–Kendall detection, the multiscale moving t-test, and the Fisher optimal partition methods are used to evaluate the impact of climate change on flood season duration and division. The results show that the duration of the flood season has extended in 1975–2014 compared to that in 1957–1974. Specifically, the onset date of the flood season has advanced 15 days, whereas the retreat date of the flood season remains almost the same. The flood season of the Fenhe River Basin can be divided into three stages, and the variations in the onset and retreat dates of each stage are also examined. Corresponding measures are also proposed to better utilize the flood resources to adapt to the flood season variations.
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1. Introduction


Global climate change is inevitable [1], causing frequently occurring extreme weather and climate events and unevenly distributed rainfall. Fenhe River, the second largest tributary of the Yellow River in Northern China, is experiencing such changes. According to historical records, it had a 5-year-long wet season from 1963 to 1967, and had a 15-year-long dry season from 1979 to 1993. It has been suggested that the climate, especially precipitation, in the Fenhe River Basin has been affected by human activities and natural phenomena such as El Niño-Southern Oscillation and Pacific Decadal Oscillation [2]. Therefore, it is of critical importance to study the variation in the flood season and evaluate the impact of climate change.



Several studies have investigated the duration of flood seasons. Odekunle [3] and Sâmia et al. [4] determined the onset and retreat time of the flood seasons in Nigeria and South American monsoon areas, respectively, and both of their methods were effective. Hachigonta et al. [5] found that the onset date of the flood season in Zambia has a significant spatial variation. Other studies [6,7,8,9,10] have analyzed temporal variations in flood seasons. All of these studies indicate that the onset and retreat time of the flood season have fluctuations that are affected by natural variations over long periods.



Although numerous researchers have investigated the onset and retreat times of the flood season, few studies explore the variation of the flood season in light of climate change. In this paper, we detect the abrupt changing point of the climate based on the annual precipitation in 1957–2014 in the Fenhe River Basin, estimate the onset and retreat time of flood seasons divided by this abrupt changing point, and, finally, divide the flood season into three stages to analyze the temporal variation of each stage. Based on the results, we propose measures to alleviate the discord between flood control and flood resources utilization.




2. Study Area


The Fenhe River is the largest river in the province of Shanxi, China and also the second largest tributary of the Yellow River. The Fenhe River Basin covers an area of 39471 km2 (110°30′–113°32′ E; 35°20′–39°00′ N), accounting for 25.3% of the area of Shanxi. The Fenhe River Basin lies between Mt. Lvliang and Mt. Taihang and irregularly distributed as a wide stripe in West-Central Shanxi. It is located in the mid-latitude continental monsoon climate zone with arid and semiarid climates. During 1957–2014, the mean annual precipitation was 472.4 mm. The drainage map of the Fenhe River Basin is shown in Figure 1.


Figure 1. Plane graph of the Fenhe River Basin.
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The data used for this study include daily precipitation data from 1957 to 2014 at 14 meteorological stations within the basin, and are obtained from the China Meteorological Administration [11]. Some stations have incomplete and false data records for some years. We use the inverse distance weighted method to fill and replace these missing or false data. It should be stated that the precipitation data during 1957–1979 are separated by rain and snow, but they are no longer separated and have not been since 1980. In this study, the snow data before 1980 are converted to the corresponding rainfall.




3. Materials and Methods


3.1. Climate Abrupt Change Detection


Mann–Kendall detection is a nonparametric statistical test method which is widely used in time series data trend tests [12]. Samples are not needed to obey a certain distribution in this way, which is also unacted on the interference of a few outliers. Therefore, it is suitable for hydrology, meteorology, and other non-normal distribution data. In this paper, the annual precipitation during 1957–2014 are chosen as the time series data to detect the abrupt point. The specific steps of Mann–Kendall detection are then further explored [13].




3.2. The Onset and Retreat Dates of Flood Season


Currently, the onset and retreat time of flood season are mostly defined by experience, which is inevitably subjective. The accurate detect of the two dates will provide scientific support to relevant sectors to forecast the flood season and to regulate the reservoirs for the purpose of flood control. The moving t-test is suitable for the multiscale detection of the change of flood season; the beginning of flood season is a symbol that the precipitation varies from less to more, at which time the abrupt point may exist. The situation is just the opposite when it comes to the end of flood season. Fraedrich et al. took the historical flood level of the River Nile, for example, and found three distinct epochs from AD 622 to AD 1470 [14]. Wang et al. detected the beginning and ending dates of rainy season in Dalian from 1951 to 1998 by applying the moving t-test method, which showed that it is more objective and exact than the empirical method [15]. Jiang et al. redistricted the coherently dry/wet episode of the Nile River and found the results were coincided with the historical disaster and famine of Egypt [16]. Other researchers also obtained ideal results by using this method [17,18,19]. Therefore, the multiscale moving t-test is applied in this paper to define the onset and retreat dates of flood season.



The multiscale moving t-test is used to detect the differences between two subsamples before and after the abrupt point with equivalent sample sizes, namely, n = n1 = n2. The t-statistic of precipitation in the Fenhe River Basin can be calculated as follows:
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(1)




where
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(2)
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(3)







The test of the multiscale abruption is realized by altering the n value. N = 2, 3, … , <N/2, and i = n+1, n+2, … , N-n, where N is the number of days in a year (365 or 366), and n is the timescale. The confidence level of t-test at 0.01 is approximately equivalent to the confidence level of Yamamoto and the Mann–Kendall test at 0.05. In order to make the graphics visualized and the analysis convenient, the further calculation is as follows:
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(4)







tr(n, i) can be treated as the threshold to judge whether there is an abrupt point. When tr(n, i) is greater than 1.0, it means that the abruption of variation trend is rising; when tr(n, i) is less than −1.0, it means the abruption of variation trend is descending. The center of extreme values of the tr(n, i) absolute value means that the abruption is the most prominent when the time is i and the timescale is n.




3.3. Flood Season Division


Flood season division means dividing the flood season into several stages in the light of the distinct differences and the regularity of flood characteristics during the different periods. Accurate division is the prerequisite for controlling the flood limit level, which can bring huge benefits to agricultural irrigation, power generation, etc., and alleviate the contradiction between flood control and flood resources utilization. Extensive researches on flood season division are conducted, and a mass of methods has been applied to flood season division. Liu et al. successfully divided the flood season in the Geheyan Reservoir by means of the changing point method [20]. Jin et al. used the fuzzy set analysis method with the city of Nanping and divided the flood season into three stages [21]. Many other methods are also ideal for solving this problem [22,23,24,25,26,27].



The essence of flood season division is a multidimensional orderly clustering analysis of time series. The Fisher optimal partition method is just a method of clustering of ordered samples and was used to divide seismicity period successfully by He et al. [28]. It has some basic characteristics: firstly, it can take multi-index into consideration; secondly, it can meet the time sequence of the flood season; finally, it can confirm the optimum number of flood season divisions. Therefore, the Fisher optimal partition method is applied in this paper to divide the flood season of the Fenhe River Basin.



We can define {x1, x2, … , xn} as ordered samples, where every sample is m-dimensional vector. The symbol B(n, k) indicates that n ordered samples are divided into k parts. The division can be expressed as follows:


P1={i1,i1+1,…,i2−1};P2={i2,i2+1,…,i3−1};…Pk={ik,ik+1,…,n},



(5)




where division points are 1 = i1 < i2 < …<ik < n = ik+1−1.



Supposing a part P contains samples {xi, xi+1, … , xj}, the mean value can be denoted as follows:
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Therefore, the sum of the squares of deviations of the part can be denoted as follows:
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(7)







The purpose of the Fisher optimal partition method is to find division points, which make the sum of the squares of deviations of every part the minimum. Consequently, the optimal division can be depicted as the following formula:
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(8)







The theorem says that the optimal division B(n, k) must be equal to the optimal division B(n−1, k−1) plus the remaining part. According to the theorem above, the optimal division B(n, 2) can be denoted as follows:


[image: there is no content]



(9)







Similarly, the optimal division B(n, k) can be denoted as follows:
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(10)







Then, we can obtain the optimal solution by finding the division points in descending order. The division point ik must meet the requirement of the following equation:
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Then, the part k can be obtained: Pk = {ik, ik + 1, … , n}. Similarly, the remaining parts Pk−1, Pk−2, … , P2, P1 can be obtained successively.



In this process, we need to draw the B(n, k) − k curve according to the results, and then calculate the absolute value of slope of every division point f(k). Next, the f(k) − k curve can be drawn—if f(k) is greater, the division into k parts is better than k−1 parts. When f(k) is close to zero, there is no need for division. Generally, k is the optimal division number of parts when f(k) meets the maximum, and the corner of B(n, k) − k curve is also seen as the optimal division point.





4. Results


4.1. The Detection of Climate Abrupt Point


Figure 2 displays the results of Mann–Kendall detection of annual precipitation during 1957–2014. Here, UF(K) and UB(K) are statistics sequence which obey standard normal distribution. A intersection exists between UF(K) line and UB(K) line, and it just lies between the two critical lines whose confidence level are 0.05. The corresponding time of the intersection is 1974. Therefore, we can divide the period 1957–2014 into two periods, namely, 1957–1974 and 1975–2014. The annual precipitation is on the rise during the former period, while the trend declines during the latter period.


Figure 2. Mann-Kendall detection of the precipitation in the Fenhe River Basin for the period 1957–2014.
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4.2. The Onset and Retreat Dates of Flood Season


Taking the year 1979 as an example, the result of the multiscale moving t-test of the Fenhe River Basin precipitation is shown in Figure 3. The color scale of the contour map shows that the larger the value, the deeper the color. The maximum value of tr(n, i) is 2.2, which is greater than 1.0. The corresponding day is 165 and the corresponding timescale is 65 days. It means that the onset date of flood season in 1979 is Day 165, on which the abruption is the most conspicuous in the timescale of 65 days. Similarly, the retreat date of flood season in 1979 is Day 255, on which the abruption is the most conspicuous in the timescale of 63 days. Figure 4 shows the variation trend during 1957–2014, the red line represents the onset date of flood season in the Fenhe River Basin, and the blue line indicates the retreat date. Consequently, the annual average flood season of the two period 1957–1974 and 1975–2014 can be obtained. The onset and retreat dates of flood season during 1957–1974 are 170 and 253, respectively, and the flood season lasts 84 days long. In a similar way, the onset and retreat dates of flood season during 1975–2014 are 156 and 252, respectively, and the flood season is 13 days longer than that during 1957–1974. Out of convenience with respect to the flood season division, it was necessary to transform the timescale from day to pentad. According to the traditional Chinese calendar, a pentad is 5 days; one year contains 72 pentads. For instance, Day 170 can be converted to 4 June, which means the fourth pentad in June. Therefore, the flood season of 1957–1974 and 1975–2014 are 4 June–2 September and 1 June–2 September, respectively.


Figure 3. The multiscale moving t-test on the Fenhe River Basin daily mean precipitation in 1979.
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Figure 4. The onset and retreat dates of flood seasons for the period 1957–2014.
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4.3. Flood Season Division


Five factors that can represent the seasonal rules of precipitation and flood are chosen as basic elements for flood season division: mean pentad precipitation, mean coefficient of variation of pentad precipitation, mean maximum 1-day-precipitation within a pentad, mean maximum 3-day-precipitation within a pentad, and number of hard rain days within a pentad. Table 1 and Table 2 display the result of division of 1957–1974 and 1975–2014, respectively. Figure 5 shows the B(n, k) − k curve and f(k) − k curve of 1957–1974 and 1975–2014, respectively. The f(k) is the maximum when k is equal to 3 in picture (b), and the curve B(n, k) − k has a turning at the same time. Therefore, the optimal division number k is 3 during 1957–1974, which means the flood season can be divided into three stages during 1957–1974, namely, pre-flood season, main flood season, and post-flood season. The corresponding classification in Table 2 is 1–3, 4–9, 10–17, which means the pre-flood season is from 4 June to 6 June, the main flood season is from 1 July to 6 July, and the post-flood season is from 1 August to 2 September. Analogously, the flood season can be divided into three stages during 1975–2014. To be specific, the pre-flood season is from 1 July to 6 July, the main flood season is from 1 July to 6 August, and the post-flood season is from 1 September to 2 September. Figure 6 shows the length of each stage. By contrast, we can see the pre-flood season is 15 days in advance; thus, it lasts 15 days longer than before, the main flood season lasts 30 days longer than before, and the post-flood season is 30 days less, accordingly.


Figure 5. The B(n, k) − k and f(k) − k curves during 1957–1974 (a,b) and 1975–2014 (c,d).
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Figure 6. The bar graph of the length of each sub flood season.
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Table 1. Result of flood season division of the Fenhe River Basin during 1957–1974.








	k
	B(n,k)
	f(k)
	Classification





	2
	0.742
	
	1–2,3–17



	3
	0.223
	0.519
	1–3,4–9,10–17



	4
	0.091
	0.132
	1–2,3–4,5–9,10–17



	5
	0.072
	0.019
	1–2,3–4,5–7,8–9,10–17



	6
	0.052
	0.02
	1–2,3–4,5–7,8,9,10–17



	7
	0.036
	0.016
	1–2,3,4,5–7,8,9,10–17



	8
	0.025
	0.011
	1–2,3,4,5,6–7,8,9,10–17



	9
	0.016
	0.009
	1–2,3,4,5,6–7,8,9,10,11–17



	10
	0.01
	0.006
	1–2,3,4,5,6,7,8,9,10,11–17



	11
	0.007
	0.003
	1–2,3,4,5,6,7,8,9,10,11–14,15–17



	12
	0.004
	0.003
	1–2,3,4,5,6,7,8,9,10,11–13,14,15–17



	13
	0.002
	0.002
	1–2,3,4,5,6,7,8,9,10,11–13,14,15–16,17



	14
	0
	0.002
	1–2,3,4,5,6,7,8,9,10,11–12,13,14,15–16,17



	15
	0
	0
	1,2,3,4,5,6,7,8,9,10,11-12,13,14,15–16,17



	16
	0
	0
	1,2,3,4,5,6,7,8,9,10,11,12,13,14,15–16,17








Table 2. Result of flood season division of the Fenhe River Basin during 1975–2014.








	k
	B(n,k)
	f(k)
	Classification





	2
	1.021
	
	1–6,7–20



	3
	0.437
	0.584
	1–6,7–18,19–20



	4
	0.263
	0.174
	1–6,7–11,12,13–20



	5
	0.192
	0.071
	1–6,7–11,12,13–18,19–20



	6
	0.146
	0.046
	1–6,7–8,9–11,12,13-18,19–20



	7
	0.103
	0.043
	1–4,5–6,7–8,9–11,12,13–18,19–20



	8
	0.062
	0.041
	1–4,5–6,7–8,9–11,12,13–17,18,19–20



	9
	0.025
	0.037
	1–4,5–6,7–8,9–11,12,13–16,17,18,19–20



	10
	0.021
	0.004
	1–4,5–6,7–8,9–11,12,13,14–16,17,18,19–20



	11
	0.013
	0.008
	1–4,5–6,7–8,9–11,12,13,14,15–16,17,18,19–20



	12
	0.01
	0.003
	1–4,5–6,7–8,9–10,11,12,13,14,15-16,17,18,19–20



	13
	0.007
	0.003
	1–2,3–4,5–6,7–8,9–10,11,12,13,14,15–16,17,18,19–20



	14
	0.005
	0.002
	1–2,3,4,5–6,7–8,9–10,11,12,13,14,15–16,17,18,19–20



	15
	0.004
	0.001
	1–2,3,4,5–6,7–8,9–10,11,12,13,14,15,16,17,18,19–20



	16
	0.003
	0.001
	1–2,3,4,5–6,7,8,9–10,11,12,13,14,15,16,17,18,19–20



	17
	0.002
	0.001
	1–2,3,4,5–6,7,8,9–10,11,12,13,14,15,16,17,18,19,20



	18
	0.001
	0.001
	1–2,3,4,5–6,7,8,9,10,11,12,13,14,15,16,17,18,19,20



	19
	0
	0.001
	1,2,3,4,5–6,7,8,9,10,11,12,13,14,15,16,17,18,19,20











5. Discussion


This research suggests that the flood season has advanced and extended from climate change since 1974, and it can be divided into three stages. Liu et al. also detected the abrupt point in the Fenhe River Basin, and they found that the precipitation changed abruptly in 1978 [29], which is approximately consistent with the results in this paper. The inconsistency between their article and this paper may derive from the inconsistency of the data—the period studied and the meteorological stations are different, while it is clear that the climate indeed changed significantly in the Fenhe River Basin.



With respect to the onset and retreat time of flood season, according to statistics, the precipitation during flood season account for more than 60% of the annual precipitation. Thus, the multiscale moving t-test method is objective and consistent with the characteristics of the precipitation. Pan et al. reconstructed the beginning times of flood season of the middle reaches of Yellow River according to the historical water level data from 1921 to 1950, and the results showed that they range from 6 July to 10 July. Our results indicate that the average onset dates of flood season during the period 1957–1974 and 1975–2014 in the Fenhe River Basin are 19 June and 5 June, respectively, which is inconsistent with Pan’s results. Although the Fenhe River Basin lies in the middle reaches of the Yellow River, the terrain here is different from the mainstream of the Yellow River; the Fenhe River Basin is sandwiched between Mt. Lvliang and Mt. Taihang. The method and water level data used in Pan’s paper are also different from the moving t-test method and the precipitation data used in this paper, which may have caused these differing results.



When it comes to the flood season division, Yang analyzed the diachronic distribution of storm floods and the regularity of flood season division in the Fenhe River Reservoir by recording the number of rainstorm days and the frequency of flood. The results indicated that the flood season can be divided into three stages [30], which is similar to the results of this paper. However, the Fisher optimal partition method focuses on the study from the angle of mathematics; it takes index into consideration more, and the time interval in this paper is 5 days, which is more accurate than 10 days in Yang’s paper, so the result of the Fisher optimal partition method is more accurate.



Some countermeasures should be guaranteed to effectively utilize the flood water resources. We often set different flood limit levels during each stage [31]. In general, the prime task during the pre-flood season and the main flood season is flood prevention, so the flood limit levels in the pre- and main flood season should be a little lower. Further, the main purpose during the post-flood season is storing water, so the flood limit level during this period should be a little higher. As the pre-flood season has advanced 15 days and the main flood season has extended by 30 days, the flood limit level during this period should be decreased in advance and sustained longer so that the flood can flow safely through the basin. As for the shortening and delay of the post-flood season, the flood limit level should be elevated later so that flood can be transferred to water resources during this period.



Although some valuable findings have been obtained, further studies are needed to explore the flood season in greater detail. We used daily precipitation only to define the onset and retreat time of the flood season in the Fenhe River Basin. In fact, water level is also relative to the flood season, and the run-off also can impact the flood season. Future research should gather more data and consider more variables. If possible, we can take one reservoir as an example to evaluate the utilizable quantity of flood resources under climate change.




6. Conclusions


By using the Mann–Kendall detection, the multiscale moving t-test and the Fisher optimal partition methods, we present the onset and retreat dates of each stage in the Fenhe River Basin, which are characterized as the temporal variations from climate change. In the meantime, some useful conclusions of this study can be summarized as follows:

	(1)

	
The climate in the Fenhe River Basin has changed since 1974, and the annual precipitation illustrates a downward trend.




	(2)

	
The flood season in the Fenhe River Basin during 1975–2014 is 15 days longer than that during 1957–1974. Specifically, the pre-flood season is from 16 June to 30 June during 1957–1974, while it is from 1 June to 30 June during 1975–2014; the main flood season is from 1 July to 31 July during 1957–1974, while it is from 1 July to 31 August during 1975–2014; the post-flood season is from 1 August to 10 September during 1957–1974, whereas it is from 1 September to 10 September during 1975–2014.




	(3)

	
The flood limit level should be lowered at an earlier time to resist floods during the pre- and main flood season, and it should be raised at a later time so that more water for utilization can be stored after the flood season.
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