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Abstract

:

Nonstationary is one of the prominent phenomena in the current hydrological time series due to climate change and urban expansion. In this study, using the long time series rainfall data from rain gauges and satellite rainfall data, the trend and abrupt change of rainfall in the Taihu Lake basin, China, are examined by the Mann–Kendall (MK) test and the Pettitt test, using rain gague data. For seven water conservancy zones in this basin, the intensity–duration–frequency curves (IDFs) are obtained using satellite rainfall and the stochastic storm transposition (SST) method, providing a method for rainfall frequency analysis based on nonstationary assumption. The IDFs results between the conventional frequency analysis method with the stationary assumption and the SST-based method are compared. The results show an overall increasing trend of annual total rainfall in the Taihu Lake Basin, with significant changes at most stations. The SST-based results show a significant difference of IDFs in seven conservancy zones, which are linked to nonstationary changes in rainfall series. Our results provide an important reference for understanding the nonstationary changes and nonstationary frequency analysis of extreme rainfall in the Taihu Lake basin.
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1. Introduction


With global warming and rapid urbanization, extreme hydrometeorological events, such as extreme rainfall/flood occur more frequently, with increasing intensity and severe damage in urban areas [1]. It results in the potential need to update the current design standard for hydraulic infrastructure to protect human life and property [2]. To this end, the nonstationarity-based frequency analysis of hydrological time series is of vital importance. The Taihu Lake basin contains several mega-cities and large and medium-sized cities with highly developed urban economies and highly concentrated populations [3,4]. As the urbanization process in the Taihu Lake basin further accelerates, the scale of cities expands, the area of rivers and lakes decreases dramatically, and the flood storage capacity of the basin is greatly affected. At the same time, flooding caused by extreme precipitation has become one of the key issues affecting the safe and orderly development of the region [5].



Current research on the characteristics of storms in the Taihu Lake basin is mainly based on hydrological data from ground stations [6]. However, due to the fixed location, small number, and uneven distribution of hydrological stations, the actual maximum rainfall is likely to be “missed” and the spatial heterogeneity of rainfall is difficult reflect [7]. Therefore, in the traditional urban design storm, the assumption of a spatially uniform rainfall distribution is often used to simplify the calculation [8]. However, as urbanization has accelerated in recent years, the differences in the spatial and temporal distribution of rainfall have further intensified, and it is necessary to consider the spatial distribution of rainfall to ensure the reliability of the design storm results. In this study, taking the Taihu Lake basin, which has experienced rapid urbanization in recent years, as an example, we examine the nonstationary changes in extreme rainfall time series and then propose a nonstationary-based frequency analysis.



Stochastic storm transposition (SST) is a regional rainfall frequency analysis method based on a combination of regional probabilistic resampling and spatial transformation of storms and is now widely used in various regions of the United States [9,10,11,12]. The main principle to delineate a storm-shift area with a target region as the core is to select a series of extreme rainfall events within the area as a “storm catalog”, simulate and extend the storm sequence based on a combination of probabilistic resampling and geographic shifts, and then perform frequency analysis. The main advantage of this method is that it avoids the assumption of consistency of time series required by traditional methods and, at the same time, describes the spatial variability of rainfall in addition to its intensity and magnitude, reducing the uncertainty of the design storms.



Several studies have shown that high-resolution precipitation data combined with SST methods can improve the accuracy of calculations in rainfall/flood studies. For example, Zhou [12] used 16a radar data (2000–2015) for an urban area design storm study in the Baltimore metropolitan area, USA; Wright [10] used 10a radar data (2001–2010) for a flood study in the Little Sugar Creek Watershed, USA; and Zhuang [13] used 21a radar data (2000–2020) for an urban area design storm study in Shanghai, China, all of which have been well used. This paper analyzes the spatial and temporal distribution characteristics of each conservancy zone in the Taihu Lake basin based on high-resolution satellite rainfall data and also uses the SST method for storm frequency analysis, the results of which can provide a basis for flood control planning and disaster prevention and mitigation in the basin.



The paper is organized as follows: in Section 2, the scope of the study data and the methodology will be presented. In Section 3, the results and discussions will be introduced. A summary and conclusions are presented in Section 4.




2. Materials and Methods


2.1. Study Area and Data


The Taihu Lake basin is located between 118°55′~122°12′ E and 30°06′~31°53′ N. It has a total area of 36,900 km2 and is dominated by plains, which account for 4/6 of the total area; water surface accounts for 1/6; and hills account for 1/6. This study is based on the Taihu Lake basin conservancy zone as the study unit.



A total of 9 rain gauges were selected as representative rain gauges for each of the 7 conservancy zones in the Taihu Lake basin, and the 60-year (1961–2020) daily rainfall time series was used for the study. The locations of the rain gauges are shown in Figure 1.



In this paper, the GPM-IMERG gridded satellite rainfall data are provided by NASA were used to study and analyze the data from 1 January 2001 to 31 December 2020, with a temporal resolution of 30 min and a spatial resolution of 0.1° × 0.1°. It has been shown that this dataset has good adaptation in China.




2.2. Research Methods


2.2.1. Nonstationary Analysis


In this paper, the Mann–Kendal test [14,15] and the Pettitt [16] variation point analysis method were used to test the trend and abrupt change points of the rainfall series, respectively, and the spatial heterogeneity and non-coherence analysis of the extreme rainfall indicators were conducted. All the above methods are widely used in the analysis of time series; the specific methods can be seen in references [16,17,18].




2.2.2. Stochastic Storm Transposition (SST) Method


The main steps in applying the SST method to a regional design storm study are summarized as follows [19]. A more detailed description of the SST method can be found in the literature [20].



(1) A region including the study area is defined as the transposition domain area A’, and it is determined that the transposition of the storm will be carried out within this area. The transposition domain should contain enough storm events, and its shape can be defined as a rectangular area or an arbitrary shape. It is usually determined based on a comprehensive analysis of the regional hydro-meteorological and geographical characteristics. The outline in Figure 2 is the selected transposition domain in this paper.



(2) The maximum m storms (no overlapping time between rainfall events) in the transposition domain are selected from the n-year satellite rainfall series to form a subset containing spatial and temporal rainfall data as the “Storm catalog”. When A’ is a “homogeneous area”, which means that the storm has uniform characteristics in all parts of the area, the probability of storm occurrence is the same in all parts of the area. When the displacement area A’ is a “heterogeneity area”, it means that there is spatial heterogeneity in the distribution of storms in the area. The probability of storm occurrence in different parts of the transposition domain is different, and the probability magnitude is different. The probability of occurrence of storm events differs from one place to another within the transposition domin, and the probability can be determined by the location (longitude and latitude) of m storms based on the non-parametric estimation method of Gaussian kernel density. In this paper, we calculate the probability of storms shown in the figure based on the premise that the transposition domain is a “heterogeneity area”.



(3) Simulation of the “annual maximum storms” sequence. This means that     k   i     storms are randomly selected from the storm catalog. The random variable     k   i     is assumed to follow the Poisson distribution. The parameter of the Poisson distribution is   λ = m / n  , such as in the storm catalog in the paper; if   m = 200   rainfall events and   n = 20   years of rainfall data, then   λ = 10.0  . The relative movement and evolution of the entire storm field in all periods are not changed; only the spatial location of the storm occurrence is changed (see Figure 2). After shifting, the maximum value of t–h rainfall accumulation in the target watershed A was retained as the “annual maximum storms”.



(4) Process (3) is repeated N times to construct the “annual maximum storms” sequence with a duration of t–h for N years. If we assume that the above process is repeated   N = 500   times, we can obtain the annual maximum storm sequence of 500a. At this time, the range of the recurrence period is 1~500a. Note that since the shifted storms are randomly selected from the storm catalog, the shifting process is also called “resampling”. Therefore, the cumulative rainfall calculated in target area A for each resampling process will not be repeated. After resampling, the “annual maximum storms” sequence is obtained for N years. The annual exceedance probability of each storm i is   p i = i / T m a x  , and the recurrence period   T i = 1 / p i  . The calculation results can be plotted as empirical IDF curves or input to hydrological models.






3. Results and Discussion


3.1. Nonstationary Analysis


3.1.1. Annual Rainfall Analysis


From 1960 to 2020, the annual total rainfall of rain gauges in the seven water conservancy zones in the Taihu Lake basin ranged from 521 to 2338 mm, and the average annual rainfall ranged from 1075 to 1580 mm, with a decreasing trend from southwest to northeast. The MK test showed that the annual total rainfall in more than 80% of the water conservancy zones showed non-stationary changes and an overall increasing trend. From the Pettitt test results, the annual total rainfall mainly changed abruptly in 1979 and 2008, among which the Meixi, Jiaxing, Huangdu, and Chenmu rain gauges located in the southeastern part of the Taihu Lake basin all had abrupt changes in 1979, and the Wangmuguan, Liyang, and Laoshikan rain gauges located in the western part of the Taihu Lake basin all had abrupt changes in 2008. The rainfall sequence was tested with a significance level of 0.05, and 37.5% of the rain gauges that passed the significance level test were all urban rain gauges with a high urbanization level (Table 1). The results of the nonstationary analysis are shown in Figure 3.




3.1.2. Extreme Rainfall Analysis


Taking the annual maximum 1-day rainfall (Rx1d) as an example, shown in Figure 4, we analyzed the extreme rainfall characteristics of the seven water conservancy zones in the Taihu Lake basin. The Rx1d at each station from 1960 to 2020 ranged from 27 to 176 mm, and comparing the Chenmu, Xiangcheng, and Huangdu stations with the Meixi and Laoshikan stations, we can obtain that the frequency of extreme rainfall is higher in areas with more urbanization. The average frequency and intensity of heavy rainfall and extreme precipitation events in the rest of the water conservancy zones, except Huxi, have shown an overall upward trend over the past 60 years, and a significant upward trend in the past 5 years, with an overall pattern of decreasing extreme rainfall from southwest to northeast, which is consistent with spatial variation in annual total rainfall.





3.2. SST-Based Rainfall Frequency Analysis


The design storm for various return periods for each conservancy zone was generated based on the storm catalog, with a duration of 3d. The upper and lower curve intervals were plotted using the 95th and 5th percentiles of the 500 estimates generated by the SST (Figure 5). The results were compared with the conventional method of moments. The figure shows that the SST estimates in each water conservancy zone were generally analogous to the moment method but slightly lower than the moment method for large return periods. Similar results have been found in previous studies [12,13,20,21]. A possible reason is that the design storm under the large recurrence period is mainly generated by a few storm events in the storm catalog after transposition; therefore, the estimates may be upper-bounded. Another reason may be due to the quality of the GPM satellite, which had a better ability to capture weak precipitation and less ability to detect heavy precipitation [22]. Therefore, the design results of the SST are reasonable from a comprehensive viewpoint. It is advisable to increase the proportion of extreme storm events in the storm catalog or improve the accuracy of rainfall data to improve the accuracy of the SST for designing storms. In different regions, due to climate variations, each parameter shows different effects on the design results, and further solutions to the problems of SST uncertainty analysis and design storm underestimation are needed for deeper research.



A design storm generated by the conventional method generally only considers the intensity and duration of rainfall, simplifying the spatial distribution of rainfall and the temporal variation, which restricts the accuracy of a design storm/ design flood. The SST method, on the other hand, can estimate the spatial distribution of rainfall (see Figure 6). For design storm calculations in large-scale basins, the heterogeneity of rainfall spatial distribution is significant. Currently, the SST method is used at the watershed level for de-sign storm calculations in major watersheds in the United States; and in China, it is applied mainly at the urban level. Taking 3d rainfall with a return period of 200 years as an example, the design storms are mainly concentrated in urban areas, and the more developed the urbanization is, the more heterogeneous the spatial distribution of the design storms in the water conservancy zones.



The SST design storm calculation for the Taihu Lake basin based on the water conservancy zone unit improves the accuracy of the calculation results as well as the reference value compared with the traditional design storm calculation for the whole basin and has a certain reference value for the design storm calculation for the basin with complex topography, a large area, and uneven economic development status within the basin. It can be seen that there is inhomogeneity in the spatial distribution of design storms, which is more significant under large recurrence periods.





4. Conclusions


(1) The average annual rainfall in the Taihu Lake basin was approximately 1265 mm for the 1960–2020 period. The rainfall has increased rapidly in the past 10 years. In recent years, the rainfall centers in the Taihu Lake basin have been concentrated in the Puxi and Yangchengdian Mao areas, showing a decreasing trend from Puxi to the surrounding areas.



(2) Rainstorms in the Taihu Lake basin are still mainly localized, concentrated in the more urbanized areas, the southwestern mountainous and southeastern coastal areas, and the northeastern areas, such as Yangchengdianmao. The western part of the lake has relatively few rainstorms. It is recommended that flood control and drainage in the city center be strengthened in the future.



(3) The SST results show that the rainfall in each water conservancy zone is mainly concentrated in the urban area, gradually decreases in the surrounding area, and is influenced by the topography. The spatial distribution variability of rainfall in the long duration is large, and the heterogeneity in spatial distribution is more significant under the large return periods.



(4) Future work could focus on the error uncertainty analysis and correction method of satellite data in the SST method, further improve the calculation accuracy of the SST method, and combine the SST method with the basin subsurface data for analysis.
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Figure 1. Location of the study region (a). The distribution of the seven conservancy zones in Taihu Lake Basin and the location of the 9 representative rain gauges (b). 
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Figure 2. Depiction of stochastic storm transposition procedures for a single storm, taking the Huxi Conservancy zone as an example. 
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Figure 3. The results of nonstationary analysis of the annual total rainfall of each representative rain gauge in the seven water conservancy zones in Taihu Lake basin. Analysis results for Xiangchen (a); Chenmu (b) rain-gauges in Yangchendianmao water conservancy zone; Meixi (c); Laoshikan (d) rain-gauges in Zhexi water conservancy zone; Qingyang (e) rain-gaugs in Wuchengxiyu water conservancy zone; Wangmuguan (f); Liyang (g) rain-gauges in Huxi water conservancy zone; Jiaxing (h) rain-gauge in Hangjiahu water conservancy zone; Huangdu (i) rain-gauge in Puxi water conservancy zone. 
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Figure 4. The results of nonstationary analysis of the annual maximum 1-day rainfall of each representative rain gauge in the seven water conservancy zones in Taihu Lake basin, showing average rainfall, change point, the trend of rainfall before and after the change, and the overall trend of rainfall. Analysis results for Xiangchen (a); Chenmu (b) rain-gauges in Yangchendianmao water conservancy zone; Meixi (c); Laoshikan (d) rain-gauges in Zhexi water conservancy zone; Qingyang (e) rain-gaugs in Wuchengxiyu water conservancy zone; Wangmuguan (f); Liyang (g) rain-gauges in Huxi water conservancy zone; Jiaxing; (h) rain-gauge in Hangjiahu water conservancy zone; Huangdu (i) rain-gauge in Puxi water conservancy zone. 
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Figure 5. Comparison of IDF estimates between SST and moment method for Yangchendianmao (a), Zhexi (b), Wuchengxiyu (c), Huxi (d), Hangjiahu (e), and Puxi (f) water conservancy zones. 
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Figure 6. Spatial distribution of 3d rainfall estimation at 200-year return period for Yangchendianmao (a), Zhexi (b), Wuchengxiyu (c), Huxi (d), Hangjiahu (e), and Puxi (f) water conservancy zones. 
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Table 1. The results of the nonstationary analysis of the annual total rainfall of rain gauges in the seven water conservancy zones in Taihu Lake basin.
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Water Conservancy Zone

	
Rain Gauge

	
Trend

	
Change Point

	
Significance Test






	
Yangchendianmao

	
Xiangcheng

	
increasing

	
1997

	
×




	
Chenmu

	
increasing

	
1979

	
√




	
Zhexi

	
Meixi

	
increasing

	
1979

	
×




	
Laoshikan

	
increasing

	
2008

	
×




	
Wuchengxiyu

	
Qingyang

	
increasing

	
2005

	
×




	
Huxi

	
Wangmuguan

	
no trend

	
2008

	
×




	
Liyang

	
no trend

	
2008

	
×




	
Huangjiahu

	
Jiaxing

	
increasing

	
1979

	
√




	
Puxi

	
Huangdu

	
increasing

	
1979

	
√
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