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Abstract

:

Drought-flood abrupt alternation (DFAA) is an extreme hydrological phenomenon caused by meteorological anomalies. To combat the climate change, the watershed integrated management model—Soil and Water Assessment Tool model (SWAT)—was used to simulate DFAA, total nitrogen (TN) and total phosphorus (TP) from 1961 to 2050, based on measured precipitation data in the Hetao area and the downscaled Representative Concentration Pathways (RCPs) climate scenarios. In the future, the increase in temperature and the increase in extreme precipitation will aggravate the pollution of water bodies. Results indicate that the risk of water quality exceeding the standard will increase when DFAA happens, and the risk of water quality exceeding the standard was the greatest in the case of drought-to-flood events. Results also indicate that, against the backdrop of increasing temperature and increasing precipitation in the future, the frequency of long-cycle and short-cycle drought-flood abrupt alternation index (LDFAI, SDFAI) in the Hetao area will continue to decrease, and the number of DFAA situations will decrease. However, the zone of high-frequency DFAA situations will move westward from the eastern Ulansuhai Nur Lake, continuing to pose a risk of water quality deterioration in that region. These results could provide a basis for flood control, drought resistance and pollution control in the Hetao and other areas.






Keywords:


drought-flood abrupt alternation; temporal and spatial evolution; climate change; water quality; Copula function












1. Introduction


In 2018, the Intergovernmental Panel on Climate Change (IPCC) pointed out that the global average temperature has risen by nearly 1.5 ∘C, and it is predicted that it will increase by another 1.1–6.4 ∘C in 2100 [1,2]. The Fifth Assessment Report (AR5) of the IPCC stated that climate system warming is an undoubted fact [3]. Climate warming has not only directly affects extreme temperature fluctuations but also increases the frequency and intensity of extreme weather, such as, high temperature, droughts, rainstorms and floods, especially in areas sensitive and vulnerable to climate change [4,5,6].



DFAA is a type of extreme weather affected by climate change [7]. It refers to drought in a certain period of time and flooding in another period, an alternating occurrence of droughts and floods [8]. DFAA research increased in the 20th century. During this period, there were more extensive and thorough researches on extreme droughts and floods, of their causes, their alternating occurrence and their co-occurrence. Vogel et al. [9] studied the weather sources of abnormal precipitation in St. Louis by the METROMEX network method. Trenberth et al. [10] studied the extreme drought in 1988 and the physical causes of the extreme flood in 1993 in the United States.



The relationship between atmospheric circulation anomalies and DFAA is also the focus of scholars [11]. Garnett et al. [12] conducted a statistical analysis of the effects of El Niño-Southern Oscillation (ENSO) and Indian monsoon droughts and floods on food production using global food production data. Hastenrath et al. [13] studied atmospheric circulation mechanism anomalies in the droughts and floods change in eastern Equatorial Africa from 2005 to 2008. Chinese researchers are concentrating on the middle and lower reaches of the Yangtze River where DFAA frequently occurs. Yang et al. [7] believed that the significant differences in water vapor transport flux and the atmospheric circulation field before and after DFAA are the main reasons for DFAA in the middle and lower reaches of the Yangtze River in 2011. Zhang et al. [14] revealed that in addition to climatic factors, land-water storage anomalies and the contradiction between the characteristics of easily occurring flood (drought) and insufficient flood drainage (drought control) ability are also major causes.



To analyze the law of DFAA, historical data was applied to study its occurrence, and evaluation indicators were used to predict the future DFAA characteristics [15,16]. In terms of the evaluation indicators, the precipitation-based summer LDFAI has been widely used in predicting the turn from drought to flood as well as the turn from flood-to-drought during flood season [17,18]. Wu et al. [19,20] analyzed the characteristics of DFAA in the summer of a normal monsoon year and predicted that the total precipitation during the co-occurrence of drought and flood, and DFAA in the summer in southern China tended to be normal. Mosavi et al. [21,22] used machine learning models and hybrid neuro-fuzzy algorithms to predict the likelihood of future floods and droughts. After predicting future drought and flooding results, the sensitivity of the results should be tested. Choubin, et al. [23] used multivariate discriminant analysis, classification and regression trees, and support vector machines to perform sensitivity tests on flood prediction results. In addition, the occurrence of drought and flood in the regions affected by global climate change and human activities has been increasingly frequent, and the possibility of DFAA continues to increase [24,25].



Currently, progress has been made in the study of DFAA, but the following problems remain for further study: (1) Due to the lack of study on DFAA with a long sequence scale, there is no distinct definition of its temporal and spatial scales. (2) Previous studies focused on historical DFAA, and there is a lack of estimation of the evolution law of DFAA in the future. (3) Previous studies have focused on the evolution law analysis of DFAA, single cause analysis or studies on its law evolution and coping mechanisms but have not been connected with water pollution to form a systematic research method for DFAA. Therefore, this study attempted to estimate the change characteristics of future DFAA in the Hetao area by using the Representative Concentration Pathways (RCPs) climate scenario, and to estimate the occurrence probability of water pollution in future DFAA scenarios by simulating future water quality changes in Hetao area. Moreover, the characteristics of DFAA in this area were studied to cope with emergencies caused by climate change in advance, further provided a scientific basis for drought and flood control as well as water pollution control in the Hetao area.




2. Materials and Methods


2.1. Study Area


The Hetao area is located in the southern part of Bayannaoer City, Inner Mongolia Autonomous Region (Figure 1). The Hetao area has a complex spatial structure with an average elevation difference of less than 37 m. In addition, large-scale and long-term water resource development and other human activities in the irrigation area interfere with the canal system for irrigation and drainage. The annual precipitation is 50 to 250 mm, with large annual fluctuation. The precipitation in summer accounts for over 60% of the annual precipitation and that in spring only accounts for 10% to 20% [26]. The drought in spring is especially serious. Thus, DFAA typically occurs at the turn of spring to summer. The main river systems in the Hetao area are the Yellow River and Ulansuhai Nur Lake. Ulansuhai Nur Lake is the largest lake in the Hetao area, which is a part of the Yellow River [27]. Due to the large amount of agricultural wastewater discharge in the Hetao area, more than 90% of farmland irrigation (approximately 1.07 × 106 ha) water is discharged into Ulansuhai Nur Lake [27]. In addition, with the rapid development of local industries and population growth in recent years, industrial and domestic wastewater discharge has begun to exceed the standard [26]. As a result, the pollution load of TN and TP in the Ulansuhai Nur Lake area far exceeds the carrying capacity of the lake [28]. In summary, frequent DFAA in the Hetao area will lead to sudden water pollution in the Ulansuhai Nur Lake, thereby damaging the industrial and agricultural production and ecological environment in this region. Therefore, it is of both scientific and practical significance to study the characteristics and evolution of DFAA in the Hetao area and to further study the water quality of the Ulansuhai Nur Lake.




2.2. Research Ideas


Precipitation and temperature are the main elements of climate change considered [3] in this paper. It is assumed that future point source emissions, withdrawn water, dam scheduling, cultivated land areas and irrigation systems, etc. are maintained at the current level. The assessment of the impacts of precipitation and temperature changes on DFAA in the Hetao area as follows (Figure 2):

	(1)

	
Changes in precipitation and temperature cause changes in the runoff process [9], thereby exerting direct impact on the temporal and spatial distribution and frequency of future DFAA. This section is based on the RCPs climate scenarios, aiming to estimate future precipitation and temperature in the Hetao area. LDFAI and SDFAI were calculated by using the future precipitation of the Hetao area.




	(2)

	
DFAA and its typical spatial distribution are prone to cause sudden major water pollution in the Ulansuhai Nur Lake [17,20]. We can predict the locations and time of potential DFAA in the future and respond to possible extreme DFAA in advance. This part of assessment used the established distributed water quantity and quality coupling model and future precipitation and temperature data to simulate and analyze the spatial and temporal changes in the water quantity and quality in the Ulansuhai Nur Lake inlet. The probability of joint distribution of DFAA and water quality in the lake inlet was constructed through the Copula function to estimate the probability of sudden water pollution in future DFAA scenarios.










2.3. Evaluation Indicators


2.3.1. DFAA Indexes


To conduct a quantitative study on the scientific content and basic characteristics of summer LDFAI, researchers defined LDFAI as [19,20]:


LDFAI=(PN−PP)×(∣PP∣+∣PN∣)×1.8−∣PP+PN∣



(1)




where the time scale for calculating the LDFAI is defined as one year; PP is the pre-flood standard precipitation; PN is the post-flood standard precipitation; (PN−PP) is the DFAA intensity term; (∣PP∣+∣PN∣) is the drought and flood intensity term; 1.8−∣PP+PN∣ is the weight coefficient, of which the function is to increase the weight of long cycle DFAA and reduce the weight of pure drought or flood. The standard deviation of precipitation anomalies greater than 0.5 is considered flood, greater than 1 is significant flood, less than −0.5 is drought, less than −1 is significant drought; and between −0.5 and 0.5 is normal precipitation [17]. Based on the hydrometeorological characteristics of the middle and lower reaches of the Yangtze River, in this study the time scale for calculating the LDFAI is defined as two months, i.e., May and June (pre-flood period) and July and August (post-flood period). The long cycle DFAA is judged as LDFAI greater than 1 is a drought-to-flood incident, less than −1 is a flood-to-drought incident, and between −1 and 1 is normal. The greater the absolute value of LDFAI, the more serious the DFAA is.



The SDFAI [19,20] is essentially consistent with the LDFAI, which is expressed as:


SDFAI=(Pj−Pi)×(∣Pi∣+∣Pj∣)×3.2−∣Pi+Pj∣



(2)




where the time scale for calculating the SDFAI is defined as one month; Pi is the pre-flood standard precipitation; Pj is the post-flood standard precipitation. 3.2−∣Pi+Pj∣ is the weight coefficient; j=i+1(i=5,6,7,8,9). The short cycle DFAA is judged as: SDFAI greater than 1 is a drought-to-flood incident, that less than −1 is a flood-to-drought incident and that between −1 and 1 is normal. The greater the absolute value of SDFAI, the more serious the DFAA incident is.




2.3.2. Evaluation of the Relationship between DFAA and Water Quality


Copula is a joint distribution function in a uniform distribution over the interval [0,1] [29,30]. Given F is an n-dimensional distribution function, and the edge distribution of each variable is F1,F2…,Fn, then there is an n-dimensional Copulas function C. For any x∈Rn, the distribution function satisfies:


F(x1,x2,…,xn)=(X1≤x1,X2≤x2,…,Xn≤xn)=C[F1(x1),F2(x2),…,Fn(xn)]



(3)




where x1, x2,…,xn are the observed samples, and F(x) is the edge distribution function. Three Archimedean Copulas functions were selected, Gumbel-Hougaard (GH), Clayton and Frank, for joint distribution of two-dimensional and three-dimensional DFAA. The parameter estimation of the Copulas function was conducted by the appropriate line method, and the optimal Copula function was selected by a fit test to analyze the relationship between the DFAA and water quality.



With the constructed multivariate joint probability distribution (JPD) of DFAA, TN and TP, two DFAA situations under different water quality conditions in the Hetao area can be analysed:



(1) For future severe DFAA events, the joint transcendence probability is given more attention [31], and the joint probability analysis of TN, the most typical pollutant in the Hetao area, and DFAA, was selected. The multivariate JPD under this condition is denoted as GX,Z(x,z) and can be written as:


GX,Z(x,z)=PX,Z(X>x,Z>z)=1−FX(x)−FZ(z)+C(FX(x),FZ(z))



(4)






GX,Z(x,z)=PX,Z(X>x,Z<z)=FZ(z)−C(FX(x),FZ(z))



(5)




where X denotes TN and x is its specific value, Z denotes DFAA and z is its specific value, GX,Z(x,z) is the bivariate JPD of pair (TN,DFAA), FX(x), FZ(z) are the marginal distribution function of TN, DFAA, respectively.



(2) When TN and TP exceed a specific value, DFAA is less than or more than a specific value, which addresses the water pollution risk under the DFAA condition. The multivariate JPD under this condition is denoted as GX,Y,Z(x,y,z) and presented as:


GX,Y,Z(x,y,z)=PX,Y,Z(X>x,Y>y,Z>z)=1−FX(x)−FY(y)−FZ(z)+C(FX(x),FY(y))+C(FX(x),FZ(z))+C(FY(y),FZ(z))−C(FX(x),FY(y),FZ(z))



(6)






GX,Y,Z(x,y,z)=PX,Y,Z(X>x,Y>y,Z<z)=FZ(z)−C(FX(x),FZ(z))−C(FY(y),FZ(z))+C(FX(x),FY(y),FZ(z))



(7)




where X denotes TN and x is its specific value; Y denotes TP and y is its specific value; Z denotes DFAA and z is its specific value; GX,Y,Z(x,y,z) represents the trivariate JPD of pair (TN, TP, DFAA); FX(x), FY(y), and FZ(z) are the marginal distribution functions of TN, TP and DFAA, respectively.





2.4. Data Collection and Arrangement


The assessment of DFAA in the Hetao area requires data such as geographic information (GIS), monitoring data of meteorology, hydrology and environment [32]. GIS data include digital elevation models (DEM), water systems, vegetation maps, soil maps, meteorological sites, sewage outlets, runoff, and water quality sites distribution; the meteorological data include the sequence of meteorological elements such as historical daily precipitation and the maximum and minimum temperature of each site, and precipitation and temperature data under different meteorological elements of the Global Climate Model (GCM) in the future; the hydrological and water environment data include information such as monitoring section runoff, water quality concentration, and point source discharge. The basic data are shown in Table 1.



(1) The RCPs climate scenario



Due to space limitations, the RCPs climate scenario was selected to output precipitation and temperature series, and the 2001 to 2017 rate was periodically divided, and 2018 to 2050 was the forecast period. The precipitation and temperature were statistically analyzed and simulated in the RCP 2.6, RCP 4.5 and RCP 8.5 (as 1, 2 and 3) scenarios through the calibrated and down-scaled GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M models (as a, b, c, d and e) from 2001 to 2017 [33]. If the data has uncertainty in the time of acquisition, or the time precision of the data is not met, then the validity of the spatio-temporal data cannot be explained, and reasonable reasoning cannot be made for the uncertain data in the data. Therefore, it is necessary check the uncertainty of the data. For the description of the difference between the RCPs climate scenario, the current mainstream international adopts the Taylor chart method, which is a way to integrate the three indicators of standard deviation (Std), root mean square error (RMSE) and correlation coefficient (R2) into a concentrated display. The 15 climate models are represented by Taylor diagram and the results are shown in Figure 3. The results were compared with the measured values. HadGEM2-ES in the RCP 8.5 scenario had minimum uncertainty and relatively good precipitation and temperature results, and the correlation coefficients were 0.805 and 0.753, respectively. The results show that the climate model has the lowest uncertainty in all models, accurately simulating historical precipitation changes, and can be used for future precipitation prediction.



In the RCP 8.5 scenario, precipitation and temperature in the Hetao area showed a consistent increase, and compared with the period from 1961 to 2017, the RCP 8.5 scenario showed that precipitation increased by 12.2 mm and the temperature increased by 1.9 ∘C. When only considering the temperature increase, the frequency and intensity of the drought in the Hetao area will increase in the future; when merely considering the concentrated and increased precipitation, the runoff in the basin will increase, and the flood frequency will increase. The risk of drought and flood caused by climate change will directly affect the yield of local wheat and other crops. Therefore, it is necessary to study the law of DFAA in the area.



(2) Calibration and valibration of SWAT Model



The distributed coupling model of water quantity and water quality was developed by Dr. Jeff Arnold in 1998, that is, the watershed integrated management SWAT model [32]. The SWAT model can simulate the influence of climate change on runoff and water quality by changing the input data for scenario design and analysis [34,35]. Because of the large area of plain area, the traditional sub-basin division based on DEM has some difficulties. Based on this, the pre-defined tool of SWAT model is used to quantitatively simulate the water balance and water cycle characteristics of Hetao Irrigation Area under the influence of natural and human activities on the basis of artificially defined river course and sub-basin boundary. The SWAT model parameter calibration period of this study is from 1980 to 1997, and the inspection period is from 1980 to 1997 in this study, and the validation period is from 1998 to 2000. However, due to the limitation of water quality data and measured water quality data, only the monthly concentration data of six stations from 2012 to 2015 were selected to determine the relevant model water quality parameters. When the model structure and input parameters are preliminarily determined, it is necessary to calibrate and verify the model. In this paper, two indicators were selected to evaluate the applicability of the model, the model efficiency coefficient Ens proposed by Nash-Sutcliffe [36] and the correlation coefficient R2 [34]. The Latin hypercube sampling and one-factor-at-a-time (LHS-OAT) method was used to analyze the sensitivity of the parameters. According to the model requirements, when R2≥0.6 and Ens ≥0.45, the simulation results are acceptable. The results of the runoff parameter rate are shown in Table 2. It can be seen from Table 2 that the SWAT model reached the basic evaluation criteria of R2 and Ens for the simulation results of the total drainage flow and the simulation results of each water quality station. Therefore, the SWAT model is applicable to the simulation of flow and water quality in the Hetao area. The precipitation and temperature data from 1961 to 2050 were input into the SWAT model, which simulated the flow and water quality changes in future climate change scenarios, and then the impact of future climate change on DFAA can be studied.





3. Results


3.1. Law Analysis of DFAA


3.1.1. Analysis of DFAA on the Time Scale


On the time scale, we compared the trend of the long-term sequence DFAA rather than the characteristics in changes within a year. Therefore, we selected LDFAI for the time-scale analysis of DFAA. The precipitation from 1961 to 2050 was standardized as Equation (1). As shown in Figure 4a, there may be a multiple-level time scale structure and localization characteristics of changes in DFAA in the time domain. Wavelet analysis with the time-frequency multi-resolution function proposed by Morlet provides the possibility of effectively studying the problems of time series, which can clearly reveal multiple change cycles hidden in the time series [37].



The Morlet wavelet analysis of the LDFAI from 1961 to 2050 was conducted to reveal the DFAA cycle in the Hetao area over the past 57 years and predict the change law from 2018 to 2050. The wavelet variance in Figure 4b can reflect the distribution of the wave energy of the LDFAI with time scale, and determine the main cycle during DFAA. There are four distinct peaks in Figure 4b, 3, 6, 11 and 21a, indicating that the quasi-cycles of these four scales play a major role in the DFAA in the Hetao area [37]. The largest peak corresponds to the characteristic time scale of 21a, indicating that it has the strongest periodic turbulence in the most significant cycle, which is the first main cycle of drought and flood changes in the area. The second, third and fourth main cycles of drought and flood changes are 11, 6 and 3a, respectively, representing the following: 21a characteristic time scale has approximately 7 cycles of drought and flood alternation; the average cycle of drought and flood changes is approximately 13a; the drought and flood centers are in 1966, 1980, 1997, 2010, 2022, 2035, 2050; on the 25a characteristic time scale, there are approximately 4 cycles of drought and flood alternation; the average change cycle is approximately 16a; on the 11a characteristic time scale, there are approximately 10 cycles of drought and flood alternation; and the average change cycle is approximately 9a. Regardless of the time scale, the square of modulus of the wavelet coefficient after 2017 has shown a weakening trend, indicating that DFAAs in the Hetao area will decrease in the future. The red (blue) rendering in Figure 4c refers to that where the real part of the wavelet coefficient is positive (negative), and the darker the color is, the greater the degree of the drought or flood. The square of modulus of the wavelet coefficient in Figure 4d refers to the wavelet energy spectrum, and the larger the value (the darker the red), the stronger the wave energy is, and the more significant the cycle is. The two most energy-concentrated centers in Figure 4d represent the characteristics of the changes in wave energy. They are (1) scale of 22 to 26a, wave energy is from the late 1970s to early 1990s, and (2) scale of 19a, the wave energy is the strongest and runs through 2000 to 2025, with the strongest performance.




3.1.2. Analysis of Spatial Differentiation Characteristics of DFAA


On the spatial scale, we pay attention to the spatial position of DFAA occurrence in different months. Therefore, we select SDFAI for the spatial-scale analysis of DFAA (Equation (2)). The spatial distribution of the frequency of DFAA in 11 hydrological stations of the Hetao area from May to July and from July to September are shown in Figure 5. Generally, the precipitation in the Hetao area from July to September is greater than that from May to July, thus the frequency of DFAA in the Hetao area is also reversed; from May to July, the drought-to-flood incidents are frequent, and from July to September, the flood-to-drought incidents are frequent. The spatial distribution of the frequency of DFAA in the Hetao area is uneven, and generally, there is no consistency between drought-to-flood incidents and flood-to-drought incidents in the same period. That is, it is difficult to form short-cycle drought-to-flood-to-drought and flood-to-drought-to-flood incidents in the Hetao area. During the 57 years from 1961 to 2017, the high-frequency DFAA region in the Hetao area is generally concentrated in the east, thereby Ulansuhai Nur Lake has become the most frequent DFAA area, which is unfavourable for maintaining the ecological stability of the lake. However, there are few DFAA in the northern part of the Hetao area. The reason is that the precipitation in the area is relatively balanced from April to September, so DFAA is not frequent. However, from 2018 to 2050, the SDFAI in the Hetao area showed a significant decrease compared with the previous period, which is completely consistent with the previous results of the LDFAI, and the frequent occurrence area has shifted westward.





3.2. The Relationship between DFAA and Water Quality


The contour plots of different periods of GX,Z(x,z) are given in Figure 6 (Equations (4) and (5)). They represent the JPD of changes in water quality in past and future natural precipitation conditions, so the joint probability with various given combinations of pair (TN, SDFAI) with a given certain joint probability can be obtained [29,30,31]. It can be seen from Figure 6 that the value of JPD which exceeds a certain probability becomes larger with more TN and high SDFAI. When GX,Z(x,z) is between 0.1 to 0.3 or 0.8 to 0.9, the contour plot spacing is larger and TN and SDFAI change more obviously compared with that between 0.3 and 0.8. It can be seen from Figure 6 that when the joint distribution probability is determined, we can also compare the TN overshoot probability corresponding to different SDFAI values. For example, when the joint distribution probability is 0.1 and the SDFAI value exceeds 1.5, the TN value corresponding to Figure 6a is greater than 1.92 mg/L, and the corresponding TN value of Figure 6b is greater than 2.11 mg/L. This result indicates that in future climate change scenarios, when DFAA occurs sharply, the probability of water quality exceeding the standard will increase. The possibility of constructing different combinations of events through conditional probability is listed in Table 3. Between 1961 and 2017, when a drought-to-flood event occurs (SDFAI > 1), the probability of TN pollutants exceeding Class III is 0.608; when a flood-to-drought occurs (SDFAI < −1), the probability of TN pollutants exceeding Class III is 0.732; when there is no flood-to-drought or drought-to-flood event (−1 ≤ SDFAI ≤ 1), the probability of TN pollutants exceeding Class III is 0.595. Between 2018 and 2050, when a drought-to-flood event occurs (SDFAI > 1), the probability of TN pollutants exceeding Class III is 0.712; when a flood-to-drought event occurs (SDFAI < −1), the probability of TN pollutants exceeding Class III is 0.797; when there is no flood-to-drought or drought-to-flood event (−1 ≤ SDFAI ≤ 1), the probability of TN pollutants exceeding Class III is 0.432. This result indicates that when DFAA occurs, the probability of TN pollutants in the Ulansuhai Nur Lake entrance is lower than usual, and the probability of TN pollutants accompanying DFAA will increase in the future.



The contour surface of GX,Y,Z(x,y,z) is shown in Figure 7 (Equations (6) and (7)), which indicates that close dependent correlation exists in TN, TP and SDFAI. Figure 7 expounds the JPD of changes in water quality in past and future natural precipitation conditions, thus the joint probability with various given combinations of pair (TN, TP, SDFAI) as well as the various combinations of pair (TN, TP, SDFAI) with a given certain joint probability can be achieved [29,30,31]. It can be seen from Figure 7 that the value of JPD which does not exceed a certain probability tends to be large with small TN and TP and low SDFAI. When GX,Y,Z(x,y,z) is between 0.7 to 0.9, the contour surface spacing is larger and TN and TP change more obviously compared with that between 0.1 and 0.7. Similarly, different three-variable event combinations are constructed by conditional probabilities, as shown in Table 4. Between 1961 and 2017, when a drought-to-flood event occurs (SDFAI > 1), the probability of one pollutant exceeding the standard or two pollutants exceeding the standard at the same time is 0.939; when a flood-to-drought event occurs (SDFAI < −1), the probability of one pollutant exceeding the standard or both pollutants exceeding the standard at the same time is 0.827; when there is no flood-to-drought or drought-to-flood event (−1 ≤ SDFAI ≤ 1), the probability is 0.346. Between 2018 and 2050, when a drought-to-flood event occurs (SDFAI > 1), the probability of one pollutant exceeding the standard or two pollutants exceeding the standard at the same time is 0.956; when a flood-to-drought event occurs (SDFAI < −1), the probability of one pollutant exceeding the standard or both pollutants exceeding the standard at the same time is 0.851; when there is no flood-to-drought or drought-to-flood event (−1 ≤ SDFAI ≤ 1), the probability is 0.336. This result further confirms the results of the bivariate joint distribution. Moreover, the probability of water quality exceeding the standard caused by drought-to-flood events in the joint distribution of three variables is greater than that in flood-to-drought events. Therefore, DFAA and the risk of water pollution in the Hetao area can be clarified more reasonably by using trivariate JPD, and it also provides technological guidance for irrigation planning and DFAA resistance.





4. Discussion


The increase in the evaporation rate caused by climate warming resulted in the decrease in available water and the increase in drought events in the mid-latitudes and semi-arid low latitudes [38]. In the future, the increase in temperature and extreme precipitation will aggravate water pollution and accelerate the occurrence of eutrophication events [4,5,39]. These results can also be found in the IPCC report [40]. We believe that under the premise of the reduction in DFAA events in the Hetao area, there are three reasons for the increasing water pollution risk:

	(1)

	
With the increase in precipitation processes, rainwater and runoff pass through the ground, and the pollutants accumulated on the surface are carried into the water body, causing pollution of surface water and even groundwater within the drainage area, especially in the vicinity of farmland or industrial land, which will form serious non-point source pollution [41]. Therefore, the change in precipitation intensity and frequency will affect non-point source pollution. As two of the main elements of non-point source pollution, nitrogen and phosphorus are greatly affected by precipitation process. If precipitation and its strength increase, then the runoff scouring effect will intensify, and the nitrogen and phosphorus loads flowing into the water body will increase accordingly [42].




	(2)

	
With the increase in air temperature, the water surface temperature will also increase, which leads to an increase in the temperature difference and thermocline in the upper and lower layers of water. The presence of thermoclines can lead to the formation of anoxic layers at the bottom of water bodies such as rivers or lakes. Nitrogen and phosphorus release easily from sediment to bottom water in an anoxic bottom water environment, and lead to an increase in nitrogen and phosphorus concentrations in surface water, which is the main reason that nitrogen and phosphorus loads increase with surface runoff coming into the water environment. The increase in water temperature will also increase the activities of microorganisms and promote the release of endogenous nitrogen and phosphorus in sediment. If the nitrogen concentration in the water reaches a certain level, eutrophication will be intensified when environmental conditions such as temperature and light are satisfied [43].




	(3)

	
Under drought conditions, runoff is reduced and the water temperature is relatively high, which will increase the concentration of NH4+ and NO2− in the water. Some studies have shown that concentrations of NH4+ and NO2− increased by 1.9 and 1.3 times, respectively, in a dry year and a normal year [44]. The increasing frequency of DFAA will cause a large number of surface pollutants to enter water bodies. Drought-to-flood incidents were taken as an example: in the early stage of drought, the flow rate of the river channel decreased, leading to a decrease in the ability to dilute and transport substances and an increase in the concentration of pollutants in the water body and surrounding farmlands. In the later stage of rapid formation of flood, the hydrodynamic conditions increased rapidly, directly bringing a multitude of pollutants in the surrounding farmlands and the river channel into the Ulansuhai Nur Lake. These processes may occur simultaneously with DFAA. At the same time, DFAA will also cause a large amount of sediment to enter water bodies or cause sediment resuspension, which will affect the sediment content of the water body, thus further affecting the transport and transformation of pollutants, and water quality [45,46].










5. Conclusions


According to daily precipitation data from 1961 to 2050 in the Hetao area, monthly TN and TP data, and LDFAI and SDFAI analysis, this paper comprehensively analyzed changes in the DFAA trend in the Hetao area, the spatial and temporal distribution characteristics and the risk of water pollution caused by DFAA. The main conclusions are as follows:

	(1)

	
In the Hetao area, the phenomenon of the LDFAI was mainly for drought-to-flood events, and there is a trend that the frequency of DFAA will decrease in the future; the drought-to-flood incidents occurred frequently in May to July among the SDFAI, and flood-to-drought incidents occurred frequently from July to September.




	(2)

	
Due to the uneven distribution of precipitation in the flood season in the Hetao area, the spatial distribution of the DFAA is not uniform; during the 57 years from 1961 to 2017, the high-frequency DFAA regions in the Hetao area were generally concentrated in the Ulansuhai Nur Lake in the eastern part of the region. From 2018 to 2050, frequent occurrences of DFAA occurred in the west.




	(3)

	
The Copula function is used to calculate the JDP of SDFAI, TN and TP. The risk of water quality exceeding the standard will increase when the DFAA happens, and the probability of water quality exceeding the standard caused by drought-to-flood in the three variable joint distribution is greater than that in flood-to-drought.




	(4)

	
Extreme weather such as an increase in future temperatures and an increase in extreme precipitation will exacerbate water pollution, causing further increases in the risk of excessive water quality in future DFAA, which is consistent with the conclusions of the IPCC report. The results can provide a basis for flood control and drought resistance and pollution control in the Hetao area.
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Figure 1. Location of the Hetao area. 
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Figure 2. The framework of the impact evaluation of climate change on DFAA and water quality: (1) Selection of climate scenario and derivation of meteorological time series for future climate conditions, (2) Analysis of the spatial and temporal changes of DFAA, (3) Calibration and validation of a hydrological model, (4) Simulate TN and TP data from 1961 to 2050, (5) Calculate multivariate JPD of DFAA, TN and TP. 
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Figure 3. RPC 2.6, 4.5 and 8.4 scenario 15 models of Hetao area annual precipitation estimate Taylor diagram. 
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Figure 4. Morlet wavelet analysis of DFAA in the Hetao area during 1961 to 2050. (a) LDFAI; (b) Wavelet variance map; (c) Real part of wavelet transform coefficients; (d) Square of modulus of wavelet transform coefficients. 
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Figure 5. Spatial distribution of the frequency of flood-drought abrupt alternation events in the Hetao Area. (a1) Flood-to-drought from May to July in 1961–2017; (b1) Flood-to-drought from May to July in 2018–2050; (a2) Drought-to-flood from May to July in 1961–2017; (b2) Drought-to-flood from May to July in 2018–2050; (a3) Flood-to-drought from July to September in 1961–2017; (b3) Flood-to-drought from July to September in 2018–2050; (a4) Drought-to-flood from July to September in 1961–2017; (b4) Drought-to-flood from July to September in 2018–2050. 
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Figure 6. The contour plot of bivariate JPD of TN and SDFAI. 
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Figure 7. Joint transcendental probability section diagram. 
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Table 1. The database of the climate change impact assessment in the Hetao area.
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Type

	
Data

	
Scale

	
Source






	
GIS

	
DEM

	
Grid (90 m × 90 m)

	
Institute of Geographic Sciences and Natural Resources Research




	
Land use

	
1:1,000,000

	
Institute of Geographic Sciences and Natural Resources Research




	
Agrotype

	
1:4,000,000

	
Institute of Geographic Sciences and Natural Resources Research




	
Meteorology

	
Meteorological station

	
11 stations (1961–2017)

	
China Meteorological Administration




	
GCM

	
Grid (1 × 1 ∘C) (2001–2050)

	
IPCC Fifth Assessment Report




	
Hydrology

	
Hydrological station

	
1 station (1980–2000)

	
Hetao Irrigation Administration Bureau




	
Water quality station

	
6 stations (2012–2015)

	
Hetao Irrigation Administration Bureau
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Table 2. Evaluation of the simulation results of monthly TN and TP during calibration and validation periods.
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Station

	
Variety

	
Calibration

	
Validation




	
R2

	
Ens

	
R2

	
Enst






	
Zongpaigan

	
Runoff

	
0.69

	
0.61

	
0.73

	
0.63




	
Xidatan

	
TN

	
0.8

	
0.74

	
0.46

	
0.45




	
TP

	
0.69

	
0.68

	
0.62

	
0.51




	
Wayaotan

	
TN

	
0.79

	
0.77

	
0.79

	
0.7




	
TP

	
0.76

	
0.74

	
0.81

	
0.67




	
Budong

	
TN

	
0.72

	
0.67

	
0.89

	
0.46




	
TP

	
0.68

	
0.57

	
0.73

	
0.57




	
Dabeikou

	
TN

	
0.71

	
0.56

	
0.75

	
0.51




	
TP

	
0.81

	
0.56

	
0.62

	
0.52




	
Hekou

	
TN

	
0.62

	
0.51

	
0.71

	
0.48




	
TP

	
0.73

	
0.53

	
0.67

	
0.58




	
Sizhi

	
TN

	
0.73

	
0.61

	
0.63

	
0.52




	
TP

	
0.62

	
0.49

	
0.65

	
0.54
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Table 3. The possibility of different bivariate combination events.
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	Year
	P (TN > 1 ∣ SDFAI > 1)
	P (TN > 1 ∣ SDFAI < −1)
	P (TN > 1 ∣ −1 ≤ SDFAI ≤ 1)





	1961–2017
	0.576
	0.732
	0.578



	2018–2050
	0.712
	0.797
	0.432
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Table 4. The possibility of different trivariate combination events.
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	Year
	P (A*∣ SDFAI > 1)
	P (A*∣ SDFAI < −1)
	P (B*∣−1≤ SDFAI≤ 1)





	1961–2017
	0.94
	0.827
	0.346



	2018–2050
	0.958
	0.851
	0.336







A*: One pollutant exceeds the standard or two pollutants exceeded the standard simultaneously; B*: Two pollutants do not exceed the standard simultaneously.
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