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Abstract

:

Much attention has focused on the effects of precipitation (P) and temperature (T) changes on runoff (R); however, the impacts of other climatic factors need to be studied further. Moreover, the monthly and seasonal scale also need to be investigated. In this paper, we investigated the characteristics of changes in annual, seasonal, and monthly hydroclimatic variables, including R, P, T, sunshine duration (SD), relative humidity (RH), and wind speed (WS), between 1956 and 2015 in the Hutuo River basin (HTRB) using the nonparametric Mann-Kendall test, the cumulative anomaly test and the Precipitation-Runoff double cumulative curve method. Additionally, we assessed the contributions of climatic factors to changes in R in the HTRB between 1956 and 2015 using the climate elasticity method. The results indicated that significant downward trends were found for both annual and seasonal R, SD, RH, and WS. In contrast, there was a nonsignificant decrease in annual P; specifically, P significantly increased in spring and winter, but P insignificantly decreased in summer and autumn. Annual and seasonal T increased significantly. The annual R showed an abrupt change in 1979; thus, the entire study period from 1956 to 2015 was divided into two periods: the baseline period (i.e., 1956–1978) and the change period (i.e., 1979–2015). The elasticities in the climatic factors were calculated using the climate elasticity method, and the elasticity values of P, T, SD, RH, and WS were 1.84, −1.07, −2.79, 1.73, and −0.45, respectively. Increasing T was the main cause of the decline in R, and decreasing SD had a large negative contribution to the decline in R in the HTRB. This study will help researchers understand the interactions between climate change and hydrological processes at the basin scale and promote water resource management and watershed planning.
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1. Introduction


In recent decades, climate change has attracted increasing global attention because the changing climate could affect water supplies [1,2]. The Intergovernmental Panel on Climate Change (IPCC, 2013) Fifth Assessment Report on Climate Change noted that the global average temperature increased by 0.85 °C from 1880 to 2013 [3]. Spatial and temporal changes in precipitation (P) have been observed in many parts of the world [4,5,6]. Runoff (R) is one of the most important components of the water cycle and is affected by climate change. River R and water resources have changed in many parts of the world due to climate change [7,8,9,10]. Climate change affects water resources and threatens agricultural production in China [11]. Understanding how much of the observed change in R can be attributed to climate change is important to water resource management.



A tremendous importance has been attached to the study of climatological variables, such as air temperature (T), amount of P, sea level, and atmospheric pressure [12]. The study of annual precipitation and mean annual temperature in the state of Kentucky indicates that, over the period 1950–2010, the precipitation generally did not exhibit any statistically significant trends with respect to time [4]. Generally, the average total annual P in China has not changed remarkably; however, regional and seasonal distinctions in P are evident [13,14]. A wet tendency has been identified in South China, and a dry tendency has been identified in North China, with the wet tendency in winter and the dry tendency in summer [6]. There was a consistent warming trend throughout the country during the period of 1963–2012, with a warming rate of 0.26 °C/decade [15]. Tian et al. used the extreme T indices to detect significant and stable trends in the southern Anhui and Jiangsu provinces [16]. The mean annual T increased significantly, with a rate of 0.0247 °C per year; additionally, the mean winter T increased by 0.0353 °C per year, and the increasing trend in winter was more significant than those in other seasons between 1961 and 2012 in the southeast Tibetan Plateau [17]. The annual mean temperature in the Loess Plateau has significantly increased over the last 50 years (1.91 °C/50 years.); however, the region-averaged annual P showed a nonsignificant negative trend (−29.11 mm/50 years.) [18]. Many studies have focused on the spatial distribution and temporal trends in P and T among years and seasons, and the trends in climate variability as well as their magnitudes were spatially and temporally variable. However, most studies have concentrated on the spatial and temporal distribution of P and T; few studies have provided insight into the seasonal and monthly changes in P and T. In addition, the variation analyses of other climatic elements, such as sunshine duration (SD), relative humidity (RH), and wind speed (WS), are rarely reported.



Recently, several studies have assessed the impacts of climate change on R reduction, and the use of hydrological models to quantify the impacts of climate change and human activity on declines in R has increased. Jia et al. used a distributed hydrological model of water and energy transfer processes in large river basins to assess the impacts of climate change and human activity on the evolution of the quantity of water resources in the highly water-stressed Haihe River basin; their results indicated that natural climate variability and local human activity may be two factors responsible for the observed changes in the quantity of water resources measured between 1961 and 2000 in the basin [19]. Hu et al. used the HydroInformatic Modelling System (HIMS) to assess the impacts of climate variability and human activities on streamflow in the water source area of Baiyangdian Lake; as a result, the authors found that the effect of human activities played a dominant role in the decline of streamflow in the water source area of Baiyangdian Lake [20]. However, hydrological models are always limited since they require large amounts of data (e.g., topography, land-use, soil, and hydrometeorological data); additionally, hydrological models are time-consuming in terms of the model calibration and validation processes, and there is uncertainty in terms of model structure and parameter estimation. Accordingly, some new methods have been developed to assess the impacts of climate change and human activities; these new methods include the hydrological sensitivity analysis method, the climate elasticity method, and the slope change ratio of accumulative quantity method.



On a watershed scale, the climate elasticity of R has been considered as an important indicator for quantifying the sensitivity of R to climate change [21,22,23,24,25], and this method is advantageous because it requires only the means and trends in climatic and basin variables and does not require extensive historical measurements [26]; thus, the climate elasticity method has been widely used in quantifying the effects of climatic factors on R, e.g., in the Yellow River basin [24,25], the Songhua River basin [27], the Chao–Bai River basin [28], the Hai River basin [25,29], the entire United States [22], the 219 catchments across Australia [30], and 725 catchments in Europe [31].The concept of climate elasticity was defined by Schaake (1990) to evaluate the effect of P on R [21].


     dR  R  =  ε P  ×   dP  P    



(1)




where     ε P     is the P elasticity.



P and T are two of the most important climatic elements and represent a crucial part of the global hydrological cycle [32]. To further consider the impact of T on R, Ma et al. added T into Equation (1) to calculate the impacts of P and T on R [28].


     dR  R  =  ε P  ×   dP  P  +  ε T  ×   dT  T    



(2)




where     ε T     is the T elasticity.



Additionally, several studies have used the long-term water balance equation (R = P − E) and the Budyko hypothesis to calculate the P elasticity and to assess the effect of climate change on R [20,27]. To date, in most studies, P and T are the two key factors considered in assessing the causes of R change, partly because increasing air T is the most significant characteristic of climate change, and P is the major source of R [33]. Nonetheless, other climatic factors, such as SD, RH, and WS, may play non-negligible roles in R variation; specifically, these additional climatic factors may be important if they change significantly or if R is sensitive to them. Consequently, assessing the impact of climate change on R should consider additional climatic factors. Moreover, much attention has been focused on investigating the variation of annual hydroclimatic series, but few have provided insight into the seasonal and monthly changes in hydroclimatic series and their impacts on runoff change.



In this study, the Hutuo River basin (HTRB) was chosen to assess the change in R as a result of the changing climate. The HTRB is a primary tributary in the west region of the Haihe River basin. The Haihe River basin is an important political and economic center with a large grain production base, and the basin plays an important role in the sustainable development of the economy and the ecology of China. However, frequent droughts and serious water shortages in this basin have hindered economic development and have resulted in severe environmental problems, which are attributable to the region’s environmental and ecological vulnerability to water shortages [34,35,36].



The objective of this study is to use the long-term hydroclimatic time series data (i.e., from 1956 to 2015) to assess the impact of climate variability on R in the HTRB. First, the hydroclimatic changes in the annual, seasonal, and monthly variation of the R and climatic elements (e.g., P, T, SD, RH, and WS) in the HTRB are investigated. Second, we develop a derivation of the climate elasticity of R to climatic elements (e.g., P, T, SD, RH, and WS) based on the climate elasticity method, and then we calculate the contribution of each climatic element to the change in R in the HTRB. This study will help researchers understand the interactions between climate change and hydrological processes at the basin scale and promote water resource management and watershed planning.




2. Materials and Methods


2.1. Study Area and Data


The HTRB is the largest tributary in the middle segment of the Haihe River basin, which is approximately 587 km long and has a drainage area of 24,769 km2; additionally, the basin supports 4.29 million people [37]. In this study, the region upstream of the Xiaojue hydrological station (113°43′’ E, 38°23′ N) was selected as the study area, which covers a drainage area of 14,000 km2, has a length of 337 km, and accounts for 57% of the entire HTRB (Figure 1). The study area coordinates are 112.14–113.87° E and 38.02–39.47° N, with an elevation of 267–3058 m above mean sea level (Figure 1).



The area can be characterized by a typical semi-humid zone with continental monsoon climate, with hot and rainy summers and cold and dry winters. The mean annual P is 543 mm, with 70–80% falling during the rainy summer months, i.e., between July and September. The mean annual T is approximately 6 °C. The main land use types in the study area are forest, grassland, and agricultural land. The main soil types in the HTRB are loess and brown earth.



Daily P and mean air T data were collected from seven stations (Figure 1) between 1956 and 2015. Daily meteorological data were obtained from two stations (Yuanping and Wutaishan, Xinzhou, China) between 1956 and 2015, and these data included the SD, RH, and WS. Monthly river discharge data were obtained for the same time period as the meteorological data from the Xiaojue hydrological station located at the HTRB outlet, and discharge data were transformed to depth in millimeters (i.e., R) to compare with P. To calculate the average climatic variables in the watershed, a data set consisting of a 10-km grid covered the study region and was interpolated from the data collected at the meteorological stations by using an inverse-distance weighted technique.




2.2. Trend Test


A trend test was performed to identify statistically significant changes in the hydroclimatic variables in the study area. A linear regression model and a nonparametric Mann-Kendall (MK) test were adopted to assess possible trends and to compute the significance of monotonic trends at a significance level of α = 0.05 [34,38]. The MK test is one of the most popular methods for trend analysis and has been commonly used to perform trend testing for hydroclimatic series, for it has an advantage of not assuming any distributional form for the data and has the same power as its parametric competitors. Student’s t-test was applied to evaluate the statistical significance of the linear trends in this study. The magnitudes of the trends were estimated by the slope, which was extended by Hirsch et al. [39] from that proposed by Sen [40]. A positive (negative) value of the slope indicates an upward (downward) trend. In this study, we analyzed the trends in annual, seasonal, and monthly R and climatic elements. In addition, March–May, June–August, September–November, and December–February represented spring, summer, autumn, and winter, respectively.




2.3. Change-Point Detection


The cumulative anomaly method was used to identify the changing tendency of discrete data, such as the P, evapotranspiration, and R data [41,42]. In this study, we use this method to detect the R change point. For a discrete R series Ri, the cumulative anomaly (Rt) for the R data point Rt can be expressed as


     R t  =   ∑  i = 1  t   (  R i  −  R m  )    t = 1 , 2 … n ,     R m  =  1 n    ∑  i = 1  n    R i       



(3)




where Rm is the mean value of the R series Ri, and n is the number of discrete points. Specifically, a positive or negative cumulative anomaly indicates that the R data point is higher or lower than the average, respectively. If the curve consists of these two parts, we can determine the inflection point of the trend.



In addition, the Precipitation-Runoff (P-R) double cumulative curve (DCC) was generated to identify change points of the R series. The P-R DCC can visually show the consistency of the P and R data [43]; specifically, the P-R DCC should be a straight line if two variables are proportional, and the slope of this line represents the ratio between the two variables. A change in the gradient of the curve may indicate that the original relationship between the P and R was broken. In this study, the DCC method was used as an auxiliary confirmation of the change points of the R.




2.4. Climate Elasticity Method


The climate elasticity method has been widely employed to assess the impacts of climate change [28]. The concept of climate elasticity was introduced by Schaake [21] and has been continuously improved since [22,23]. The climate elasticity of R can be defined as the proportional change in R divided by the proportional change in a climatic variable, such as P. Thus, the P elasticity of R was expressed as Equation (1). To further consider the impact of T on R, Ma et al. added T into Equation (1) to calculate the impacts of both P and T on R [28]; thus, the P and T elasticity of R was expressed as Equation (2). Nonetheless, other climatic factors, such as SD, RH, and WS, may play non-negligible roles in R variation, e.g., if the climatic factor changes significantly or if R is more sensitive to it. Consequently, more climatic factors should be considered when assessing the impact of climate change on R. Therefore, the impacts of the climatic elements (e.g., P, T, SD, RH, and WS) were considered in the climate elasticity model, and the equation was as follows


     dR  R  =  ε P  ×   dP  P  +  ε T  ×   dT  T  +  ε  SD   ×   dSD   SD   +  ε  RH   ×   dRH   RH   +  ε  WS   ×   dWS   WS     



(4)




where R, P, T, SD, RH, and WS are R, P, T, SD, RH, and WS, respectively.     ε P  =   dR   dP   ×  P R    ,     ε T  =   dR   dT   ×  T R    ,     ε  SD   =   dR   dSD   ×   SD  R    ,     ε  RH   =   dR   dRH   ×   RH  R    , and     ε  WS   =   dR   dWS   ×   WS  R     are the P, T, SD, RH, and WS elasticities, respectively.



According to Equation (4), the formula for the influence of climatic factors on R change can be expressed as


   Δ  R i  =  ε i  ×  R i  Δ i   



(5)




where i is a specific influence factor of R change, such as P, T, SD, RH, and WS;     ε i     is the elastic coefficient of each factor to R change; ΔRi is the influence of climatic factors on R changes; and Δi is the change in the influence of climatic factors.



Changes in annual R after the change point could be estimated from the climatic factor data during the post-change period using Equation (4). The influence of climatic factors on R change could be calculated by Equation (5), and the impact of climate variability on R change was the sum of the influence of each climatic element (including P, T, SD, RH, and WS) on R change. Therefore, the contribution of climate change to R change can be calculated as


    R c  =    ∑  Δ  R i      Δ R   × 100 %   



(6)




where Rc is the contribution of climate change to R change, and ΔR is the total change in R. Therefore, we can calculate the contribution of climate change on R change by using Equation (6), and the remaining changes are assumed to be caused by human activities.





3. Results


3.1. Trends Analysis for Hydroclimatic Series


Observed annual R and climatic elements in the HTRB for the period of 1956–2015 are shown in Figure 2, and Table 1 further shows the statistical results of annual trends in R and climatic factors based on the Mann-Kendall test. Between 1956 and 2015, the observed average annual R was 45.5 mm, and R decreased significantly at a rate of −11.97 mm/10a (Figure 2a and Table 1). The P generally exhibited a slight downward trend during the study period without significant changes (Figure 2b and Table 1). The T in the HTRB increased significantly between 1956 and 2015 with a slope of 0.58 °C/10a (Figure 2c and Table 1). The SD and RH decreased significantly for the entire period with a slope of −0.26 h/day decade−1 and −1.46%/10a, respectively (Figure 2d,e and Table 1). The WS showed an upward trend during the period of 1956–1979, but it displayed a downward trend during 1980–2015; as a whole, the WS exhibited a clear downward trend between 1956 and 2015 with a rate of −0.45 m/s decade−1 (Figure 2f and Table 1).



The HTRB is the main source of water resources for the North China Plain, which is a major grain-producing area. The key issue is that seasonal and monthly changes in R and climatic elements are more important for agriculture than annual changes. For example, if P occurs during winter, it is asynchronous with the cropping season; thus, it will not be beneficial to agriculture. Therefore, we also analyzed the seasonal and monthly change trends in R and climatic elements in the HTRB during 1956–2015, and these results are shown in Table 2 and Table 3. In terms of seasonal changes, the R in all four seasons decreased by −1.40, −5.69, −3.22 and −1.61 mm decade−1, respectively, and the four seasons were all statistically significant at the 0.05 level (Table 2). The P in summer and autumn was much higher than the P in spring and winter. Significant increases in the P trend was found in spring and winter at the rates of 8.44 and 2.30 mm/10a, respectively. In contrast, P decreased insignificantly in summer and autumn at the rates of −13.59 and −3.95 mm/10a, respectively (Table 2). The T increased by 0.67, 0.47, 0.51 and 0.62 °C/10a in spring, summer, autumn, and winter, respectively, which indicated a significant warming trend, and the overall increasing trend was significant at the 0.05 level (Table 2). The most warming occurred in spring, followed by winter, autumn, and summer. The SD decreased significantly in all four seasons at the rates of −0.16, −0.28, −0.29 and −0.34 h/day decade−1, respectively (Table 2). A significant decreasing trend was found for RH at the rates of −2.24, −1.15, −0.79 and −1.69%/10a for spring, summer, autumn, and winter, respectively (Table 2). The WS also decreased significantly in spring, summer, autumn, and winter, and the rates were −0.38, −0.21, −0.46 and −0.79 m/s decade−1, respectively (Table 2).



In terms of monthly results, the R decreased significantly in all months except for May (which decreased, but the decrease was nonsignificant), with trend line slopes ranging from −0.12 to −3.83 mm/10a (Table 3). Compared with the other monthly time series, the R in August had the largest trend magnitudes. The monthly P increased from January to June, with significant increases in February, March, and May; in contrast, the P decreased from July to December, with a significant decrease in August (Table 3). The monthly T exhibited significant increasing trends in all months, with trend line slopes ranging from 0.43 to 0.81 °C/10a (Table 3). The SD decreased notably in all months except April and August (in which SD decreased, but the decreases were nonsignificant) (Table 3). The monthly RH values all exhibited significant downward trends, except in June, September, and October (in which the RH decreased, but the decreases were nonsignificant) (Table 3). All monthly WS values decreased significantly, with trend line slopes ranging from −0.16 to −0.81 m/s decade−1 (Table 3).




3.2. Change-Point Detection for Annual R Series


The observed annual R decreased significantly in the HTRB from 1956 to 2015; in contrast, the P exhibited a slight downward trend during the study period but had no significant changes. This may indicate that the linear relationships between P and R have changed during the past decades. Therefore, we used the cumulative anomaly method and the DCC method to detect the change point of the annual R series. The results of the cumulative anomaly method indicate that the significant change point for the HTRB occurred in 1979 (Figure 3). The cumulative annual P and R shown in Figure 4 demonstrate that before 1979, the DCC was nearly a straight line, but the line has different slopes before and after 1979, which may indicate that the characteristics of either P or R changed. Therefore, by combining the results of the cumulative anomaly test and the DCC analysis, 1979 could identify the change point that reflects the effect of human activities on R. Consequently, 1956–1978 was used as the baseline period in which the effect of human activities on R was less recognized, and the period of 1979–2015 was considered as the human-induced period.



The intra-annual variability in R was related to the monthly cycles of P, T, and water-related human activities in the catchment. To further understand the intra-annual variability in P and R, the average monthly P and R between the baseline period (1956–1978) and the human-induced period (1979–2015) was investigated (Figure 5). Both the average monthly P and R changed in the two periods, though a larger change can be seen in the R series. The declines in R were most dramatic during the flood and irrigation seasons (i.e., July to September) compared to the P decreased during the same time. P increased, while R consistency declined from January to June between the two periods. Therefore, the decrease in R from 1979–2015 may be due to catchment-level water-related human activities, such as agricultural irrigation and industrial development.




3.3. Contributions of Climatic Elements to R Changes


As mentioned above, the change point for the HTRB occurred in 1979; thus, we divided the study period into two periods, namely, the baseline period (i.e., 1956–1978) and the change period (i.e., 1979–2015). According to Table 4, the observed average annual R was 69.4 mm between 1956 and 1978 and 30.7 mm between 1979 and 2015; this means the average annual R decreased by −38.7 mm compared to the baseline period, which represents approximately 56% of the baseline period R. The P, SD, RH, and WS decreased with change rates of −4.6%, −8.7%, −5.7%, and −20.5%, respectively; however, T increased with a change rate of 32.9% (Table 4). The rates of change of the R, T, and WS were much higher compared with those of the P, SD, and RH.



To assess the impact of each climatic factor on R, the climate elasticity model was used in this study. The climate elasticity coefficient and the influence amount of each climatic factor on R change were calculated using Equations (4) and (5). As shown in Table 5, the values of     ε P    ,     ε T    ,     ε  SD     ,     ε  RH     , and     ε  WS      were 1.84, −1.07, −2.79, 1.73, and −0.45, respectively. The results indicated that a 1% increase in P and RH would result in a 1.84% and 1.73% increase in R, respectively; additionally, a 1% increase in T, SD, and WS would lead to a 1.07%, 2.79%, and 0.45% decrease in R, respectively. The value of     ε  SD      was 1.5–6.2 times larger than the other climatic variable elasticities in this basin, indicating that streamflow was more sensitive to SD than to other climatic variables.



According to Equation (5), the influence amount of each climatic factor on R change can be calculated using the calculated climate elasticity coefficients of each climatic element. It can be estimated that the 25.6 mm decrease in P observed between 1979 and 2015 may reduce the R by 4.0 mm (Table 5). Meanwhile, the influence amounts of T, SD, RH, and WS on R change were −13.3, 11.7, −4.7, and 4.8 mm, respectively; therefore, the contribution of each climatic factor on R change was 10.3%, 34.4%, −30.2%, 12.1%, −12.4%, respectively (Table 5). These results indicated that the P, T, and RH showed positive contribution to changes in R; additionally, the SD and WS negatively contributed to decreases in R in the HTRB, and furthermore, the contributions of T and SD were much larger than those of P, RH, and WS. As a whole, the impact of climate change was a 5.5 mm decrease in annual R in the HTRB, which contributed to 14% of the total decrease in R; thus, human activities were responsible for 86% of the decrease in R. In other words, the effect of human activities played a dominant role in the decline of R in the HTRB.



Seasonal changes in R and climatic elements are more important for agriculture than are annual changes. As mentioned above, seasonal R decreased significantly in the HTRB during the study period. Moreover, compared with the baseline period, the decreased rate of R observed during all four seasons throughout the change period exceeded 50% (Table 6). In this study, we also calculated the contributions of each climatic factor to seasonal R changes by using the climate elasticity method in the HTRB, as shown in Figure 6. As with the annual scale, the P, T, and RH showed positive contributions to the seasonal R change; in contrast, SD and WS negatively contributed to seasonal R decreases in the HTRB, with the exceptions of spring P and winter P (which showed a negative contribution to R change, Figure 6). However, there were differences in the sensitivity of climatic factors to R in each season. In spring, the decrease in R was attributed to the increase in T and the decrease in RH; additionally, both T and RH contributed to more than 30% of the spring R decrease, while WS, SD, and P exhibited negative contributions to the spring R decrease. In summer, P contributed more than 40% to the reduction of R, followed by T and RH, while SD and WS negatively contributed to the decrease in R. In autumn, RH and P showed nearly identical contributions to R change, while SD contributed more than −30% to the decrease in R. In winter, R reduction was less sensitive to climatic factors except for SD and WS (Figure 6). In other words, R change was dominated by T and RH in spring, P in summer, RH and P in autumn, and SD and WS in winter. As a whole, the contributions of the climatic factors to each seasonal R decline were 17%, 25%, 8% and −42%, respectively. In other words, climate change decreased the seasonal R, except for winter R (i.e., climate change increased the winter R).





4. Discussion


4.1. Climate Elasticity


The climate elasticity method was used to assess the impact of climate change on R in some catchments in China. In terms of climate elasticity, most previous studies mainly concentrated on the impacts of P and potential evapotranspiration on R (e.g., [20,24,27,29]). Several studies expressed the R change as a function of the change in P and evaporation-related climatic variables (i.e., T, SD, RH and WS) and evaluated their contributions to changes in R (e.g., [25,33]). In practice, the impacts of SD, RH, and WS on changes in R should not be ignored. Therefore, we calculated the climatic variable (e.g., P, T, SD, RH, and WS) elasticities by the climate elasticity method and quantitatively assessed the impact of each climatic variable on R changes in the HTRB. In this study, the     ε P    ,     ε T    ,     ε  SD     ,     ε  RH     , and     ε  WS      values were 1.84, −1.07, −2.79, 1.73, and −0.45, respectively. Table 7 compares our results with estimates of climate elasticities from references, illustrating good agreement between our results and the references.



Notably, most previous studies mainly concentrated on the impact of net radiation (RN) on R, and several studies researched the impact of SD variability on R change. SD is one of the variables used to calculate RN, and the latter is one of the most impact factors for catchment evapotranspiration; thus, SD indirectly impacts changes in R [47], and some researchers believe that SD plays a non-negligible role in R variation [33,48]. Data on SD are more accessible than are data on RN. Therefore, in this study, we used SD data to assess the impact of SD on changes in R. As can be seen in Table 7, both the RN and SD of the reference results and the results from the present study showed negative contributions to decreases in R. These results showed good agreement between our results for the five climatic variable elasticities and the values provided in the references.




4.2. Effect of Climate Change on R


The contributions of climatic elements to changes in R can be evaluated by climate elasticity and changes in climatic elements.



P positively contributed to the annual decline in R in the HTRB between 1956 and 2015. This was because the decrease in annual P was nonsignificant with a rate of −7.31 mm/10a. The HTRB is a typical monsoonal climate that is controlled by the East Asia monsoon (EAM) in the summer and autumn and the westerlies in the spring and winter. In the HTRB, 70–80% of P falls between July and September; in other words, annual P mainly occurs in summer and autumn. So, P in the HTRB is strongly influenced by the EAM, and water vapor is transported from the Pacific into Asia by the EAM as the source of summer and autumn P; therefore, variability in the EAM greatly affects the temporal and spatial distribution of P variables. However, the decreases in summer and autumn P were insignificant, at rates of −13.59 and −3.95 mm/10a, respectively. These decreases may be caused by the weakening of the EAM [6,48]. Due to increases in the westerlies, the spring and winter P increased significantly [49]. Therefore, spring and winter P negatively contributed to the decreases in spring and winter R, and summer and autumn P positively contributed to the same seasonal R decline. Additionally, the decreases in summer and autumn P were nonsignificant, and the spring and winter P increased significantly; furthermore, the annual P mainly occurred in summer and autumn, so the decrease in annual P was nonsignificant. Therefore, annual P positively contributed to annual R decline.



Between 1956 and 2015, there was a significant increasing trend for all annual and seasonal T in the HTRB due to human activities, which included industrialization and agricultural production [50], leading to a positive contribution to declines in R. Rising T lead to more evaporative demand and further induce more evaporation; thus, this reduces R. In fact, rising air temperature also have indirect impacts on runoff [26]. For example, Chiew et al. reported that a degree global warming will result in −10–3% changes in precipitation in Australia, leading to runoff change [30].



Between 1956 and 2015, SD negatively contributed to R in the HTRB. As a result of atmospheric dimming and increased atmospheric turbidity, there was an obvious decrease in SD in China, especially in the Hai River basin [51,52]. The combined direct and indirect effects of aerosols can reduce SD, especially through the effects of haze in autumn and winter [53,54]. Due to the haze events in autumn and winter, the number of sunshine hours decreased, which decreases the RN to the Earth’s surface and causes a decrease in evaporation, and then R increases.



RH negatively contributed to the decrease in R that occurred in the HTRB between 1956 and 2015; specifically, this was caused by the trend of RH change. Seasonal RH also negatively contributed to seasonal changes in R. The annual and seasonal RH exhibited declining trends in the HTRB. The decline in RH was mainly caused by the increasing rates of specific humidity that were smaller than those of surface saturation specific humidity caused by increases in T [55].



The weakening wind might be due to atmospheric circulation and urbanization [56], and the non-uniformity of warming may have also played an important role because non-uniform warming would result in a smaller T difference between the south and the north, causing a WS, i.e., weakened winds [48]. Consequently, WS weakened, which led to a decrease in evaporation and an increase in R. Therefore, the significantly weakening WS resulted in WS having a large negative contribution to declines in R.




4.3. Comparison with Other Research


In this study, annual R in the change period (i.e., 1979–2015) decreased by 56% compared to the baseline period (i.e., 1956–1978), and the contributions of P, T, SD, RH, and WS on changes in R were 10.3%, 34.4%, −30.2%, 12.1%, and −12.4%, respectively. The results indicated that the change of P, T, and RH positively contributed to declines in R, while the variation of SD and WS negatively contributed to decreases in R in the HTRB; furthermore, rising T was the dominant factor contributing to declining R in the HTRB.



Previous studies reported that decreasing P was primarily responsible for the declines in R in the HTRB [25,36]. These conclusions were mainly due to the different time periods of the datasets. Yang et al. noted that P decreased to −27 mm/10a between 1961 and 2000 and accounted for approximately 12% of the decrease in R in the HTRB [25]. Wang et al. determined that P decreased significantly at a rate of −51.7 mm/10a between 1957 and 2000, and a 69% reduction in R contributed to the significant decreasing trends in P in the HTRB, however, their paper concerned only the P elasticity [36]. In this study, P decreased by −23.6 mm/10a during 1956–2000 and increased by 132.1 mm/10a during 2001–2015 (Figure 7), leading to a nonsignificant decreasing trend in P between 1956 and 2015 with a rate of −7.3 mm/10a. The decrease in P was nonsignificant and accounted for 10% of the decrease in R.



In this study, the decreasing in R was mainly determined by rising T, which accounted for approximately 34% of the R decline. The rising in T accounted for approximately 20% of the decline in R in the HTRB during 1961–2000 [25], which was lower than our result; this was mainly due to the lower warming trend and T elasticity. In their paper, the warming trend was 0.25 °C/10a, and T elasticity was −0.048; in contrast, in this paper, the T increased significantly over 1956–2015, with a slope of 0.58 °C/10a, and T elasticity was −1.07. Previous studies also showed that T increased by 0.53 °C/10a in the HTRB during 1956–2000 [44], T elasticity ranged between −0.79 and −1.13 in the Haihe River basin [57], and T increases were primarily responsible for the changes in R in the Haihe River basin, contributing to approximately 40% of the observed change [58]. All these results agree with our results.



SD showed a negative contribution (−30%) to declines in R in this study; this was because SD decreased significantly (−0.26 h/day decade−1), and there was a large SD elasticity (−2.79). Wang et al. reported that the number of sunshine hours decreased by approximately 7% in the HTRB during 1956–2000 [44]. The reason for this difference was caused by the differences in SD elasticity between the two studies. The SD elasticity in this study was much larger than that in Want et al.



Both the RH and WS changes contributed approximately 12% to the decrease in R in this study; specifically, the RH showed a positive contribution, and the WS showed a negative contribution. The decreasing RH led to the increase in actual evapotranspiration, and thus, the decrease in R. The reduced WS resulted in the reduction of actual evapotranspiration and the complementary increase of streamflow [59]. The decrease in RH was responsible for 7.1% of the decrease in R, and the decrease in WS contributed to a 10.7% increase in R in the Yellow River basin during 1960–2011 [46]. Their results were similar to our findings.



As a whole, the impact of climate change contributed to a 14% decrease in the R in the HTRB; thus, human activities were responsible for 86% of the decreased R. In other words, the effect of human activities played a dominant role in the decline in R in the HTRB. Previous studies also reported that human activities were the dominant factor affecting R decline in the HTRB [60] and in the Haihe basin [29,34]. For example, the impacts of climate variation and human activities were responsible for average R decreases of 26.9% and 73.1%, respectively [29]. Overall, the results of this study are reasonable when compared with other studies.





5. Conclusions


In this paper, we used the climate elasticity method to assess the contributions of climatic factors on annual and seasonal R change for the period of 1956–2015 in the HTRB. We first investigated the characteristics of changes in annual, seasonal, and monthly hydroclimatic variables, including R, P, T, SD, RH, and WS, during the period of 1956–2015 in the HTRB. Based on the change point of annual R in the HTRB, the whole study period, i.e., from 1956 to 2015, was divided into two periods, the baseline and change periods. The differences in R, P, T, SD, RH, and WS between the two periods were then calculated. The impacts of each climatic factor on R change were discussed based on the climate elasticity method. The main conclusions are summarized below:



Significant downward trends were found for annual R, SD, RH, and WS; additionally, P also decreased but did not pass the 0.05 level of significance test. In contrast, T increased significantly, with a rate of 0.58 °C/10a. On the seasonal scale, the R, SD, RH, and WS in four seasons all significantly decreased. T showed a significant warming trend in all four seasons. P significantly increased in spring and winter, and P decreased in summer and autumn, though this decrease was insignificant.



The cumulative anomaly test and the P-R double cumulative curve demonstrated that annual R showed an abrupt change in 1979. Thus, the whole study period, i.e., from 1956 to 2015, was divided into two periods, the baseline period (1956–1978) and the change period (1979–2015).



Based on the climate elasticity method, the climate elasticities of climatic factors were calculated, and the values of     ε P    ,     ε T    ,     ε  SD     ,     ε  RH     , and     ε  WS      were 1.84, −1.07, −2.79, 1.73, and −0.45, respectively; additionally, the contribution of each climatic factor to the decline in R was 10.3%, 34.4%, −30.2%, 12.1%, and −12.4%, respectively. In the HTRB, the increase in T was the main cause of the decline in R, while SD largely negatively contributed to the R decline. In terms of seasonal, R change was dominated by T and RH in spring, P in summer, RH and P in autumn, and SD and WS in winter.



This study points out the necessity of researching hydrological and climate change in the HTRB and investigates the impact of five climate factors on runoff change by the climate elasticity method and highlights the necessity of investigating runoff responses to climatic elements other than the precipitation and temperature. However, the meteorological data in the high elevation are scarce, more comprehensive and in-depth analyses may be needed for future studies by using the remote sensing data.
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Figure 1. Location of the HTRB and the hydrological and meteorological stations. 
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Figure 2. Long-term variations in R (a), P (b), T (c), SD (d), RH (e), and WS (f) series in the HTRB between 1956 and 2015 (R2 denotes the correlation coefficients for the relationships, and P denotes the statistical significance). 
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Figure 3. The years before and after the R increment changes in the HTRB during 1956–2015. 
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Figure 4. Double cumulative curve of annual P and R (R2 denotes the correlation coefficients for the relationships). 
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Figure 5. Average monthly P (a) and R (b) for the baseline (1956–1978) and change (1979–2015) periods. 
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Figure 6. Contribution of each climatic factor to the seasonal R changes in the HTRB. 
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Figure 7. P trend magnitudes for (a) 1956–2000 and (b) 2001–2015 in the HTRB (R2 denotes the correlation coefficients for the relationships, and P denotes the statistical significance). 
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Table 1. The mean value and Mann-Kendall test results of the annual R and climatic elements in the HTRB during 1956–2015.
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R

	
P

	
T

	
SD

	
RH

	
WS






	
Mean (mm)

	
Slope (mm/10a)

	
Mean (mm)

	
Slope (mm/10a)

	
Mean (°C)

	
Slope (°C/10a)

	
Mean (h/day)

	
Slope (h/day/10a)

	
Mean (%)

	
Slope (%/10a)

	
Mean (m/s)

	
Slope (m/s/10a)




	
45.5

	
−11.97 *

	
543.4

	
−7.31

	
6.0

	
0.58 *

	
7.2

	
−0.26 *

	
59.3

	
−1.46 *

	
4.9

	
−0.45 *








Note: * Significance at α = 0.05 level.
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Table 2. The mean value and Mann-Kendall test results of the seasonal R and climatic elements in the HTRB during 1956–2015.
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Element

	
Test

	
Spring

	
Summer

	
Autumn

	
Winter






	
R

	
Mean (mm)

	
5.9

	
19.9

	
13.5

	
6.2




	
Slope (mm/10a)

	
−1.40 *

	
−5.69 *

	
−3.22 *

	
−1.61 *




	
P

	
Mean (mm)

	
64.7

	
347.6

	
121.1

	
10.8




	
Slope (mm/10a)

	
8.44 *

	
−13.59

	
−3.95

	
2.30 *




	
T

	
Mean (°C)

	
7.5

	
18.9

	
6.0

	
−8.3




	
Slope (°C/10a)

	
0.67 *

	
0.47 *

	
0.51 *

	
0.62 *




	
SD

	
Mean (h)

	
8.0

	
7.3

	
6.8

	
6.5




	
Slope (h/day/10a)

	
−0.16 *

	
−0.28 *

	
−0.29 *

	
−0.34 *




	
RH

	
Mean (%)

	
50.0

	
70.6

	
63.3

	
52.9




	
Slope (%/10a)

	
−2.24 *

	
−1.15 *

	
−0.79 *

	
−1.69 *




	
WS

	
Mean (m/s)

	
5.3

	
3.6

	
4.8

	
6.1




	
Slope (m/s/10a)

	
−0.38 *

	
−0.21 *

	
−0.46 *

	
−0.79 *








Note: * Significance at α = 0.05 level.
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Table 3. The mean value and Mann-Kendall test results of the monthly R and climatic elements in the HTRB during 1956–2015.
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Element

	
Test

	
Jan.

	
Feb.

	
Mar.

	
Apr.

	
May.

	
Jun.

	
Jul.

	
Aug.

	
Sep.

	
Oct.

	
Nov.

	
Dec.






	
R

	
Mean (mm)

	
1.9

	
2.1

	
2.8

	
1.7

	
1.5

	
2.1

	
5.1

	
12.7

	
6.8

	
4.3

	
2.4

	
2.2




	
Slope (mm/10a)

	
−0.49 *

	
−0.59 *

	
−0.93 *

	
−0.35 *

	
−0.12

	
−0.42 *

	
−1.44 *

	
−3.83 *

	
−1.47 *

	
−1.12 *

	
−0.63 *

	
−0.58 *




	
P

	
Mean (mm)

	
2.4

	
4.2

	
9.4

	
18.8

	
36.5

	
75.5

	
137.5

	
134.6

	
76.3

	
31.8

	
12.9

	
3.5




	
Slope (mm/10a)

	
0.37

	
1.46 *

	
2.39 *

	
1.80

	
4.26 *

	
3.95

	
−5.27

	
−12.27 *

	
−2.46

	
−2.02

	
−0.53

	
−0.05




	
T

	
Mean (°C)

	
−10.2

	
−6.6

	
0.1

	
8.0

	
14.4

	
18.3

	
20.0

	
18.3

	
12.9

	
6.6

	
−1.6

	
−8.3




	
Slope (°C/10a)

	
0.64 *

	
0.81 *

	
0.69 *

	
0.69 *

	
0.62 *

	
0.53 *

	
0.47 *

	
0.43 *

	
0.51 *

	
0.54 *

	
0.48 *

	
0.50 *




	
SD

	
Mean (h)

	
6.5

	
6.9

	
7.3

	
8.0

	
8.7

	
8.1

	
7.1

	
6.7

	
7.0

	
7.1

	
6.5

	
6.2




	
Slope (h/day/10a)

	
−0.31 *

	
−0.37 *

	
−0.18 *

	
−0.09

	
−0.19 *

	
−0.45 *

	
−0.21 *

	
−0.18

	
−0.36 *

	
−0.24 *

	
−0.26 *

	
−0.36 *




	
RH

	
Mean (%)

	
52.2

	
53.1

	
51.9

	
48.5

	
49.5

	
60.8

	
74.2

	
76.7

	
70.3

	
61.4

	
58.1

	
54.1




	
Slope (%/10a)

	
−1.70 *

	
−1.96 *

	
−3.07 *

	
−2.24 *

	
−1.39 *

	
−0.55

	
−1.38 *

	
−1.52 *

	
−0.03

	
−1.02

	
−1.32 *

	
−1.36 *




	
WS

	
Mean (m/s)

	
6.2

	
5.9

	
5.6

	
5.4

	
4.9

	
4.1

	
3.4

	
3.3

	
3.8

	
4.6

	
5.9

	
6.4




	
Slope (m/s/10a)

	
−0.81 *

	
−0.68 *

	
−0.47 *

	
−0.37 *

	
−0.30 *

	
−0.27 *

	
−0.20 *

	
−0.16 *

	
−0.32 *

	
−0.37 *

	
−0.67 *

	
−0.76 *








Note: * Significance at α = 0.05 level.
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Table 4. Variations in annual R and climatic elements between the two periods.






Table 4. Variations in annual R and climatic elements between the two periods.





	Type of Value
	R (mm)
	P (mm)
	T (°C)
	SD (h/day)
	RH (%)
	WS (m/s)





	1956–1978
	69.4
	559.2
	5.0
	7.6
	61.4
	5.7



	1979–2015
	30.7
	533.6
	6.7
	6.9
	57.9
	4.5



	Change between two periods
	−38.7
	−25.6
	1.7
	−0.7
	−3.5
	−1.2



	Change rate (%)
	−55.6
	−4.6
	32.9
	−8.7
	−5.7
	−20.5
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Table 5. Climate elasticity coefficient and contributions of climatic factors.






Table 5. Climate elasticity coefficient and contributions of climatic factors.





	Type of Value
	P
	T
	SD
	RH
	WS





	Sensitivity coefficient (ε)
	1.84
	−1.07
	−2.79
	1.73
	−0.45



	Influence amount (mm)
	−4.0
	−13.3
	11.7
	−4.7
	4.8



	Contribution (%)
	10.3
	34.4
	−30.2
	12.1
	−12.4
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Table 6. Variations in seasonal R between the two periods.






Table 6. Variations in seasonal R between the two periods.





	Type of Value
	Spring
	Summer
	Autumn
	Winter





	1956–1978
	8.7
	30.4
	21.0
	9.4



	1979–2015
	4.2
	13.3
	8.8
	4.2



	Change between two periods
	−4.5
	−17.1
	−12.2
	−5.2



	Change rate (%)
	−52
	−56
	−58
	−55
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Table 7. Comparison between the climate elasticity to climatic elements between the reference results and the results from the present study.






Table 7. Comparison between the climate elasticity to climatic elements between the reference results and the results from the present study.





	
Climate Elasticity

	
Reference Results

	
Study Area

	
Period

	
Reference






	
    ε P     *

	
2.4

	
Chaobai River basin

	
1956–2005

	
[28]




	
2.4

	
Hutuo River basin

	
1961–2000

	
[25]




	
1.68

	
Hutuo River basin

	
1957–2000

	
[36]




	
    ε P    

	
1.84

	
Hutuo River basin

	
1956–2015

	




	
    ε T     *

	
−0.79

	
Chaobai River basin

	
1956–2005

	
[28]




	
−0.98

	
Haihe River basin

	
1956–2000

	
[44]




	
−5–−1

	
Yellow River basin

	
1960–2014

	
[45]




	
    ε T    

	
−1.07

	
Hutuo River basin

	
1956–2015

	




	
    ε  RN      *

	
−0.79

	
Hutuo River basin

	
1961–2000

	
[25]




	
−2.1–−0.8

	
Haihe River basin

	
1961–2010

	
[26]




	
−0.76

	
Yellow River basin

	
1960–2011

	
[46]




	
    ε  SD     

	
−2.79

	
Hutuo River basin

	
1956–2015

	




	
    ε  RH      *

	
0.83

	
Hutuo River basin

	
1961–2000

	
[25]




	
0.2–2.1

	
Haihe River basin

	
1961–2010

	
[26]




	
0.78

	
Yellow River basin

	
1960–2011

	
[46]




	
    ε  RH     

	
1.73

	
Hutuo River basin

	
1956–2015

	




	
    ε  WS      *

	
−0.33

	
Hutuo River basin

	
1961–2000

	
[25]




	
−0.85–−0.1

	
Haihe River basin

	
1961–2010

	
[26]




	
−0.59

	
Yellow River basin

	
1960–2011

	
[46]




	
    ε  WS     

	
−0.45

	
Hutuo River basin

	
1956–2015

	








Notes:     ε P     *,     ε T     *,     ε  RN      *,     ε  RH      *, and     ε  WS      * are the reference results on the climate elasticity to P, T, RN, RH, and WS, respectively;     ε P    ,     ε T    ,     ε  SD     ,     ε  RH     , and     ε  WS      are the results from the present study on the climate elasticity to P, T, SD, RH, WS, respectively.
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