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Abstract

:

Characterized by increasing surface air temperature, global warming has altered the hydrological cycle at global and regional scales. In order to adapt water resources management under the context of global warming, attribution analysis on regional differentiation of water resources in the Yangtze River basin (YRB) was conducted in this study. Meteoro-hydrological variations across the basin were examined for the period 1960–2013, and then a statistic-based method was applied in quantifying the contributions of climate variability and human activities on annual runoff variations in different tributary sub-basins in the YRB. Our observation indicates that both the annual increasing rate and the inter-annual fluctuations of temperature in China and in the YRB were higher than that of the global average since the turn of the century. Climate change analysis indicates that the YRB experienced a hot-wet period during 1994–2002 and a hot-dry period during 2003–2013, since the step change of temperature in 1993. Contributions of climate change and human activities on runoff variations varied spatially in the basin. With reference to the baseline period of 1960–1993, the contribution of climate change played a dominant role in most regions of the basin, especially in those upstream sub-basins. The effect of human activities in the basin was quite complicated, not only its regional differentiation, but also its contribution were opposite during the hot-wet period and the hot-dry period in some sub-basins. The result of this study is helpful in understanding the impacts of climate change and human activities on water resources variation in both temporal and spatial scales.
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1. Introduction


Since the industrial revolution, a large quantity of greenhouse gas (GHG) has been released to the atmosphere by human activity, leading to a series of serious environmental problems. Among which, the most widely known greenhouse effects are global warming and the subsequent climate change. It is reported that during the past 100 years (1906–2005), global surface temperature has risen by 0.74 ± 0.18 °C due to the continuous increase of greenhouse gases concentration in the atmosphere [1]. Under this context, there is little debate that climate change will alter the hydrological cycle in a variety of ways [2].



In order to adapt water resources management, investigation on the changes and driving mechanisms of water cycles and water resources at the catchment or regional scale has become one of the most basic issues for global sustainable development [3,4,5]. Climate change and human activities are the two fundamental driving factors for water cycle and catchment water resources. Climate change affects catchment streamflow, mainly through the effects on precipitation and potential evaporation [6,7]. A lot of studies have pointed out that statistical features of precipitation and potential evaporation have changed during the past decades. The enhanced precipitation extremes (e.g., [8]) and the well-known “evaporation paradox” [9] are the two aspects of climate change under global warming. On the other hand, the impact of human activities on local water resources is increasingly prominent. Evidence has demonstrated that human activities have strongly disturbed the basic characteristics of hydrological processes in a wide range of fields. Human activities, such as land use/cover change, agriculture irrigation, reservoir construction, wetland reclamation, as well as direct water extraction can alter the spatiotemporal distribution of river streamflow in varying degrees (e.g., [10,11,12]).



The Yangtze River basin (YRB) plays an important role in maintaining the ecological balance of the environment of China. It is also one of the fastest developing regions in China, which is essential for the socioeconomic development of the country. The river basin covers an area of 1.8 million km2, which accounts for almost 1/5 of China’s total land area. Hydrological modifications in the YRB have been quite prominent in recent decades. Most notably, the increasing floods and droughts frequency since the 1990s has caused great concern for local and central governments. On the other hand, rapid urbanization and the construction of a large number of water conservancy projects in the basin have also caused hydrological changes in varying degrees (e.g., [13,14]). So far, it is evident that there has been a lot of research on climate and streamflow changes in the YRB. For example, Ye et al. [15] studied the spatiotemporal variability of precipitation across the upper YRB. Tian and Yang [16] analyzed the trends of temperature and precipitation in the Yangtze River basin under the context of global warming. Li et al. [17] examined the decadal variations of summer dryness/wetness over the middle and lower reaches of the Yangtze River and the evolution of atmospheric circulation in the last 52 years. Wang et al. [18] studied the relationship between potential and actual evaporation in the YRB in response to the scientific issue of the “evaporation paradox”. Qi et al. [19] analyzed the changing characteristics and causes of runoff in the source regions of the Yangtze River under the background of climate change. Wei et al. [20] analyzed the streamflow changes of the Yangtze River in the past 60 years and investigated the impacts of the East Asian summer monsoon (ENSO) and human activities. All these studies are very useful in understanding the hydro-meteorological responses under global warming in the YRB. However, few studies focus on quantifying the relative effects of climate change and human activities on runoff change in the basin. In addition, due to the large area of the basin, geographical conditions and human activities vary significantly in both space (across the basin) and time and regional responses of water resource systems to climate change and human activities are very different.



This paper extends on previous studies in quantifying the impacts of climate change and human activities on local water resources variation in both temporal and spatial scales in the YRB. Different from previous studies, we emphasize the phase variation of hot-wet and hot-dry periods under the context of global warming, and investigate the potential difference in the impact of human activities on runoff change during the two different climate periods. Analyzing the hydrological responses to climate change and human activities is essential for a profound understanding of the watershed hydrological alteration, and is also critical for regional sustainable development of water resources and ecosystems. For a better and scientific management of water resources, land use planning, and ecological protection in the YRB, quantitative assessment and separation of the effects of climate change and human activities on streamflow changes are quite necessary. Generally, the objectives of this study include:




	
systematically investigating the meteoro-hydrological changes in the YRB, especially their phase variation under the context of global warming;



	
quantitatively assessing the contribution of climate change and human activities to the changes in runoff and their regional differentiation in the YRB; and



	
investigating the potential difference in the impact of human activities on runoff change during the dry and wet periods.









2. Material and Methods


2.1. Study Area


The Yangtze River, located in southern China (24°–36° N, 90°–122° E) (Figure 1), is the longest river in China and the third longest river in the world. The river originates in the Tanggula mountains of the Qinghai-Tibet Plateau and flows about 6300 km eastwards to the East China Sea. Landscape in the YRB varies significantly from west to east, including the high snow mountains with altitude > 4000 m a.m.s.l in the Qinghai-Tibet Plateau, the Yunnan-Guizhou Plateau with altitude between 1000–2000 m, the Sichuan basin with altitude between 200–800 m a.m.s.l, and the hills and floodplains in the middle-lower YRB with altitude <1000 m a.m.s.l.



Climatically, the YRB belongs to the subtropical monsoon region of East Asia. Mean annual temperature is about 14.5 °C and mean annual precipitation is about 1100 mm. The southern part of the basin is close to the tropical zone and the northern part is close to the temperate zone. Precipitation in the YRB is mainly determined by the East Asian Monsoon and the South Asian Monsoon sub-systems. However, due to great differences in landscape topography across the YRB, annual temperature and precipitation vary between −5.2–21.5 °C, and 288.7–2311.4 mm, respectively.



The Yangtze River receives a large number of tributaries from the upper and middle reaches, such as the Mingjiang (MJ), Jialingjiang (JLJ), Wujiang (WJ), Hanjiang (HJ), Dongting Lake (DL), and Poyang Lake (PL) (Figure 1), and river runoff of the main stream increases dramatically. As shown in Table 1, mean annual runoff at Xiangjiaba was 1432 × 108 m³ during the period 1960–2013, which was about 33.5% of the Yichang station and 16.2% of the Datong station. Due to regional differentiation of hydrothermal conditions, river runoff and its annual variation are very different between these river sub-basins. According to the increasing correlation with monsoon precipitation, coefficient of variation (Cv) of river discharge also increased from upper to downstream of the Yangtze River basin.



Annual runoff in the PL sub-basin had the highest Cv, followed by HJ, DL, JLJ, WJ, JSJ(Jingshajiang), and MJ sub-basins. The Cv at Yichang was 0.11 and 0.13 at Datong of the mainstream hydro-stations, which is extremely low compared with data for the other large rivers worldwide [21].




2.2. Available Data


Monthly meteorological data from 152 weather stations inside the YRB (see Figure 1) were obtained from the National Climate Centre of China Meteorological Administration (CMA) (http://data.cma.cn/). The data included monthly precipitation, temperature, relative humidity, sunshine duration, and wind speed during the period 1960–2013. All the climate variables provided by CMA had gone through a standard quality control process before delivery, and with no missing data on the variables used in this study. Based on the meteorological datasets, monthly potential evaporation (   E 0   ) of the weather stations was estimated by the Penman–Monteith equation [22], which is recommended by the Food and Agriculture Organization (FAO) of the United Nations.



In addition to the above meteorological data, we also collected annual river discharge of major gauging stations on the mainstream and tributaries of the Yangtze River. These data were extracted from Changjiang Sediment Bulletin 2015 by a Matlab program (Matlab 2015, The MathWorks Inc., Natick, MA, USA) image2data (http://www.useful2you.com/download/). The Changjiang Sediment Bulletin is published every year and can be accessed freely (http://www.cjh.com.cn). In this study, average error between the extracted and observed data of annual river discharge was less than 0.5%, which guaranteed the reliability of the research data. Table 1 shows the basic features of hydrological data of the major gauging stations during 1960–2013. Locations of these gauging stations are shown in Figure 1.




2.3. Analysis of Temporal Variability


The commonly used non-parametric method of the Mann–Kendall’s (MK) test [23,24,25] was applied to analyze the trend of annual hydrological and meteorological data. In this method, the null hypothesis of no trend is rejected if standardized statistics |Z| ≥ 1.96 at 0.05 significance level and rejected if |Z| ≥ 2.32 at 0.01 significance level. The positive value of Z indicates an increasing trend, while a negative value of Z indicates a decreasing trend.



To investigate the possible change point of temperature, precipitation, and potential evaporation of the YRB, the cumulative sum charts (CUSUM) suggested by Taylor [26] were applied. Normally, the long-term upward and downward movements of the cumulative sum curve reflect an increasing and decreasing period of the variable, and the transition of the two processes may indicate the occurrence of the change point.




2.4. Budyko–Fu Based Hydrological Sensitivity Estimation


For a given watershed, the long-term water balance can be quantified as:


  Δ S / Δ t = P −  E a  − R  



(1)




where  P  is average annual precipitation (mm/year),    E a    is the average annual actual evapotranspiration (mm/year),  R  is average annual runoff depth (mm/year), and   Δ S   is the average annual change in water storage of the watershed (mm). Over a long period of time (i.e., 10 years or more),   Δ S   can be reasonably assumed as zero, and then  R  can be estimated as the difference between  P  and    E a   .



In practice, the estimation of    E a    requires first calculating potential evaporation (   E 0   ) and then applying the proper crop coefficients [27]. Budyko [28] proposed that average annual evapotranspiration from a given watershed is determined by the balance between the water supply (precipitation) and evaporation capacity (net radiation or potential evaporation). The simplified equation is given as:


   E a  / P = F  ( ∅ )   



(2)




where   ∅ =  E 0  / P    (   E 0     is   potential   evaporation   )    is the dryness index. When   ∅    > 1, the watershed is considered to be dry and the energy supply impedes evaporation, while   ∅    < 1 indicates that the water supply impedes evaporation and the watershed is humid.



Scientists have developed several mathematical Budyko-type hypotheses to describe the Budyko framework (e.g., [28,29,30,31,32,33]). Among these hypotheses, Budyko–Fu was one of the most popular equations that has only one single parameter, making it flexible under different geographical environments. The equation has shown good applicability in China [30].



The mathematical expression of Budyko–Fu is given as:


   E a  / P = F  ( ∅ )  = 1 + ∅ −    (  1 +  ∅ m   )    1 / m    



(3)




where  m  is model parameter that may relate to the geographical setting, soil properties, and vegetation [32]. The parameter m can be calibrated by comparing the long-term annual    E a    calculated from Equations (1) and (3).



Perturbations in both precipitation and potential evaporation can lead to changes in water balance. Based on the sensitivity relationship, the change in runoff caused by climate change (precipitation and potential evaporation) can be approximated as follows [6,34]:


  Δ  R c  = β Δ P + γ Δ  E p   



(4)




where ∆P, ∆Ep are the changes in precipitation and potential evaporation in two different periods, respectively;  β  and  γ  are the sensitivity parameters of runoff to precipitation and potential evapotranspiration, which are determined by     ∂ R   ∂ P     and     ∂ R   ∂  E 0     , respectively. According to Equations (1) and (3),  β  and  γ  can be further expressed as follows:


  β =    (  1 +  ∅ m   )    1 / m   − ∅    (  1 +  ∅ m   )     (   1 m  − 1  )     



(5)






  γ =  ∅   (  m − 1  )       (  1 +  ∅ m   )     (   1 m  − 1  )    − 1  



(6)







With   Δ  R c   , the impact of human-induced change in runoff (  Δ  R h   ) can be obtained as:


  Δ  R h  = Δ R − Δ  R c   



(7)









3. Results


3.1. Variation of Regional Temperature


Figure 2 shows the variations of annual temperature at a global scale, in China, and in the YRB. It can be seen in the figure that the increase of temperature was particularly prominent since the earlier 1990s. Annual rate of increase and the inter-annual fluctuations of temperature in China and in the YRB are higher than that of the global average since the turn of the century.



Variation of annual temperature of the YRB showed a significant increasing trend during the period of 1960–2013 (Z value is 4.42). The linear trend rate was about 0.2 °C per decade. According to the cumulative anomaly in Figure 3a, an obvious change point occurred in 1993. Relatively low temperatures of the YRB with negative anomalies prevailed during the period 1960–1993, while it turned to a high temperature period after that. Average temperature of the YRB during 1994–2013 was about 0.74 °C higher than that during 1960–1993. Most notably, the abnormal high temperature has persisted since 1998. Spatially, 87% of weather stations showed a significant increasing trend across the basin. Only three weather stations with decreasing trends were observed in the center and southwest parts of the basin (Figure 3b).




3.2. Variation of Precipitation and Potential Evaporation


Figure 4a presents the variation of annual precipitation anomaly and its cumulative anomaly during 1960–2013. Generally, precipitation of the YRB showed a large inter-annual fluctuation, while no obvious linear trend can be observed (Z value is −0.39). Cumulative anomaly indicates an inter-decadal oscillation. Since the step change of temperature occurred in 1993, the YRB has experienced a wet period with relatively more precipitation during 1994–2002 and a dry period with relatively less precipitation during 2003–2013.



Spatially, about half of the YRB showed an increasing trend of precipitation while the other half showed a decreasing trend. However, annual precipitation with significant increasing or significant decreasing trends were only observed in few stations (Figure 4b).



Different from the step change characteristics documented for temperature and precipitation, two obvious change points in 1979 and 2003 can be observed for the annual variation of potential evaporation (   E 0   ) during the study period (Figure 5a). The two change points separated the annual variation of    E 0    into three different periods: a period with relatively strong E0 during 1960–1979, a period with relatively weak E0 during 1980–2003, followed by a period with relatively strong E0 during the most recent years of 2004–2014. Similar to precipitation, the linear trend of    E 0    was not obvious during the study period (Z value is −0.57). Spatially, areas with significant increasing or decreasing trends of    E 0    were widely scattered across the basin (Figure 5b).



According to the observed step change and cumulative anomaly of temperature, precipitation, and potential evaporation in the basin, climate change of the Yangtze River in recent years can be divided into two different periods: a hot-wet period during 1994–2002 and a hot-dry period during 2003–2013 with reference to the baseline period of 1960–1993. On this basis, regional differentiation of relative changes in precipitation and E0 was then statistically analyzed. It can be seen in Figure 6a that a remarkable increase of precipitation during the hot-wet period of 1994–2002 mainly occurred in the DL and PL sub-basins. However, precipitation in MJ, JLJ, HJ, and UM sub-basins still deceased.



The maximum increase of precipitation in the PL sub-basin was about 240 mm, and the maximum decrease of precipitation in the JLJ sub-basin was about 107 mm. During the hot-dry period of 2003–2013, precipitation in almost all the sub-basins decreased by about 24–94 mm, except for a slight increase of 2.1 mm and 4.8 mm in the JLJ and HJ sub-basins, respectively. In contrast, the E0 in most of the sub-basins decreased during the hot-wet period of 1994–2002, except for a slight increase in HJ and M-LM (Middle-Lower Mainstream) sub-basins (Figure 6b). The maximum decrease in E0 of 72 mm was observed in the PL sub-basin. The increased E0 during the hot-dry period of 2003-2013 was estimated to be 7–50 mm across the YRB, except for a 7.4 mm decrease observed in the HJ sub-basin.




3.3. Variation of Annual Runoff


During the study period, runoff of most hydro-stations showed a long-term decreasing trend (Figure 7). The decreasing trend was relatively prominent at Gaochang, Beibei, Wulong, Huangzhuang, and Yichang stations according to the Mann–Kendall’s test. Most notably, the runoff decrease at the Gaochang station reached a significance level of 0.05. In addition, the hydro-stations with decreasing runoff are mainly located in the upper reach of the YRB, except for the Huangzhuang station in the HJ sub-basin. The relative increasing trend was only found in the PL sub-basin in the lower reaches of the YRB. The trend was very weak in the DL sub-basin as well as at the other hydro-stations such as Xiangjiaba and Datong.



Relative change of runoff during the three different periods was highly consistent with that of precipitation in the basin (Figure 8). With reference to the baseline period of 1960–1993, the increased runoff in the DL and PL sub-basins was about 129 mm and 199 mm, respectively, during the hot-wet period of 1994–2002. In addition, slight increase of runoff was also found at Xiangjiaba, Wulong, and Datong hydro-stations. During the hot-dry period of 2003–2013, runoff of all the hydro-stations was commonly decreased and ranged between −12 mm and −105 mm. For the period of 1994–2013, runoff showed a decreasing trend in all the other sub-basins except for a certain increase in the DL and PL sub-basins.




3.4. Regional Differentiation of Attribution Analysis


Changes in runoff for a given basin can be attributed to the effects of climate variability and human activities. The results of the Budyko–Fu-based hydrological sensitivity estimation in distinguishing the impacts of climate change and human activities in runoff change are shown in Table 2. In this method, m is the only model parameter that needs to be calibrated. According to the hydro-meteorological observations in the baseline period, the optimized  m  for the sub-basins of JSJ, MJ, JLJ, WJ, HJ, DL, PL, and the whole YRB are 1.34, 1.51, 2.12, 1.45, 1.72, 3.20, 7.00, and 2.14, respectively. The difference of m for each sub-basin well reflects the spatial heterogeneity of underlying surfaces across the YRB. With the optimized m values, the sensitivity coefficients of  β  and  γ  for each sub-basin and the whole YRB were calculated (Table 2). Generally, the result indicates that the change in runoff was more sensitive to P (precipitation) than to    E 0    (potential evaporation) across the YRB.



Based on the method of hydrological sensitivity analysis, all the calculated parameters were then used to estimate the impacts of climate change and human activities on the variation of runoff with reference to the baseline period of 1960–1993. It is clear from the table that the change of runoff and its responses to climate change and human activities varied dramatically across the YRB. During the hot-wet period (1994–2002), the increased runoff in JSJ, WJ, DL, and PL sub-basins attributed to climate change was estimated to be 46.4–296.3 mm, while the specific contribution of human activities was −96.7–18.2 mm. Human activities in the WJ and DL sub-basins showed an increasing effect on runoff. In the other sub-basins, such as MJ, JLJ, and HJ, both the contributions of climate change and human activities were negative, and climate change was the dominant driving factor. During the hot-dry period (2003–2013), runoff of all the river sub-basins decreased. The contribution of climate change was negative, which decreased runoff by about 11.2–93.1 mm across the YRB, except for an increasing contribution of 5.1 mm in the HJ sub-basin. In contrast to the negative contribution during the hot-wet period, human activities increased runoff by about 11.5 mm, 40.5 mm, and 5.5 mm in the JSJ, DL, and PL sub-basins, respectively. However, human activities still had a negative contribution on decreasing runoff in the MJ, JLJ, WJ, and HJ sub-basins. Especially, the contribution of human activities in the HJ sub-basin was −31.7 mm, which is larger than the positive contribution of climate change, making it the dominant driving factor for the change of runoff during this period. For the period 1994–2013, in addition to the HJ sub-basin, human activities also dominated the change of runoff in the DL sub-basin, although the contributions in the two sub-basins are opposite. For the whole YRB (gauged at Datong hydro-station), the estimated contribution of climate change on the increase of runoff during the hot-wet period of 1994–2002 was 48.9 mm, while specific contribution of human activities was −1.1 mm. For the hot-dry period of 2003–2013, the estimated contribution of climate change on the decrease of runoff was about −40.9 mm, and the effect of human activities was 12.9 mm.





4. Discussion


According to phase variation of temperature and precipitation, it was revealed that the YRB experienced a hot-wet period during 1994–2002 and a hot-dry period during 2003–2013, with an obvious increase of temperature since 1993. As the YRB belongs to a subtropical monsoon climate, spatiotemporal variation of precipitation is controlled by the East Asian Monsoon sub-system and the South Asian Monsoon sub-system [35]. However, during the hot-wet period of 1994–2002, the increased precipitation of the YRB was mainly contributed by the increased precipitation in the DL and PL sub-basins. Statistics indicate that the most severe floods in the summers of 1998, 1996, and 1995 in the YRB occurred in these regions. The background mechanism was mainly attributable to increased fluctuation of warm season rainfall in the mid-lower YRB as a consequence of a southward shift of major warm-season rain bands to the south of the YRB since 1990 [36]. In contrast to the increased precipitation that mainly occurred in the mid-lower YRB during the hot-wet period, the decrease of precipitation during the hot-dry period of 2003–2013 prevailed all over the basin. This may indicate a new feature of regional climate change under global warming.



During the past decades, the well-known “evaporation paradox” has been widely observed (e.g., [37,38]). In our study, potential evaporation of the YRB also shows a typical phase variation during the past few decades. Potential evaporation of the YRB showed a decreasing trend before 1990s, while it turned to an increasing trend after that. In consideration of temperature variation in the YRB, it is clear that both temperature and calculated E0 showed a consistent increasing trend since the early 1990s. This observation indicates that the so-called “evaporation paradox” in the YRB has disappeared since the early 1990s.



A previous study from Xu et al. [27] revealed that in the YRB, variations of pan evaporation and reference evapotranspiration are mainly affected by net total radiation and wind speed. Wang et al. [39] pointed out that wind speed was the major factor dominating variability of reference evapotranspiration in China, followed by temperature, sunshine duration, and relative humidity. However, the relative contributions of climatic variables to potential evaporation are temporally unstable and vary considerably with large fluctuation [39].



The effect of human activities in the YRB is quite complicated, not only its regional differentiation but also its contribution are very different during the hot-wet period and the hot-dry period in some sub-basins. Generally, the intensity of human activities has been increasing according to the increasing population, irrigation area, and Gross Domestic Product (GDP) in the YRB during the past decades [40]. In comparison to the baseline period of 1960–1993, the calculated runoff ratio (i.e., R/P) in all the sub-basins across the YRB has been reduced during 1994–2013, indicating a weakened runoff generation capacity due to human activities. The weakened runoff generation capacity is possibly related to integrated effects of the increasing forest coverage, irrigation area, and reservoir capacity during the past decades. In addition, Yang et al. [41] contended that the Yangtze River streamflow is affected by increased consumption, which should have the effect of reducing the runoff ratio. However, it should be noted that the major effect of human activities across the YRB is very different. As Chen et al. [42] pointed out that HJ and DL sub-basins have experienced more rapid population growth, urbanization, and dam construction than that of the other sub-basins. The increased forest coverage mainly occurred in the PL and DL sub-basins [43]. Different from the negative contribution in the other sub-basins, the positive contribution of human activities in the DL sub-basin would be more affected by the rapidly decreasing natural wetlands.



In addition, our estimation demonstrated that the contribution of human activities in the JSJ and PL sub-basins was opposite during the hot-wet period and the hot-dry period. It is quite easy to understand the negative contribution of decreasing runoff across the YRB during the hot-wet period. However, positive contribution of increasing runoff was observed during the hot-dry period in two sub-basins. For the PL sub-basin, the positive contribution of human activities may originate from the increased groundwater exploitation during the hot-dry period. Normally, groundwater wells in the YRB are mainly distributed in those of the hilly and floodplain areas, such as in the JLJ, DL, and PL sub-basins [44]. It was reported that in the Hunan Province, which almost covers the area of the DL sub-basin, there are a total of 617 × 104 groundwater wells and annual groundwater exploitation in 2011 was about 16.01 × 108 m3 [44]. During the hot-dry period, it is quite common that the utilization of surface water will be limited and reduced while the exploitation of groundwater will be increased. This will finally lead to the positive contribution of human activities in increasing runoff in some sub-basins. On the other hand, the increased impermeable area due to rapid urbanization since 2000 will also lead to the increase of surface runoff. For the JSJ sub-basin, the positive contribution of human activities in recent years may be affected by dam construction. In the headstream of the Yangtze River, dozens of large hydropower stations have been built or are being built in the JSJ sub-basin over the last few decades. The construction of these hydropower stations will cause massive destruction of original surface vegetation and reduction of forests. On this basis, canopy interception will be weakened, and runoff production capacity will be increased [40]. In general, due the complexity of human activities, further investigation on their integrated effect and regional differentiation on long-term variation of runoff was left for future study.



Errors and uncertainties should be mentioned. In this study, the hydrological sensitivity coefficient (i.e., the sensitivity coefficient of runoff to climate change) was estimated. However, it was commonly suggested that catchment properties were spatially and temporally varied [19,45]. The errors from both the model structures (Budyko–Fu equation) and the model parameter in Fu’s model (m), which we assumed to be temporally consistent, caused the hydrological sensitivity estimation to be not error-free. It is worthy of noting that the method did not consider the recharge of glacial melt water to the river. Some of the headwaters in the YRB, such as JSJ and MJ sub-basins, originate in those high altitude snow mountains. Glacial melt water, which is mainly affected by regional temperature, is another recharge component to streamflow besides regional precipitation.



Normally, glacial melt water is less than 10% of total streamflow, even in those headwater sub-basins of the Yangtze River [46]. However, without this consideration, the quantified effect of climate change on runoff may be underestimated.




5. Conclusions


The current study presents an investigation on quantifying the impacts of climate change and human activities on the variation of water resources in the YRB. The characteristics of phase variation were revealed for temperature, precipitation, and potential evaporation under the context of global warming. During the period of 1960–2013, a significant increase in temperature prevailed throughout the YRB during the study period, while no detectable trend was observed for precipitation and potential evaporation. However, all these meteorological variables have experienced several stages of increase and decrease during the study period. Generally, the YRB experienced a hot-wet period during 1994–2002 and a hot-dry period during 2003–2013, since the step change of temperature occurred in 1993. A slight increasing trend in annual runoff was observed in most hydro-stations across the YRB, except for Gaochang station in the upstream MJ sub-basin.



Attribution analysis indicates that the impacts of climate change and human activities on runoff variations varied spatially in different tributary river sub-basins in the YRB. Climate change played a dominant role in most regions of the YRB, especially in those upstream sub-basins. The effect of human activities in the YRB was quite complicated, not only its regional differentiation, but also its relative contribution was very different during the hot-wet period and the hot-dry period in the same sub-basin. The contribution of human activities in the JSJ and PL sub-basins was negative during the hot-wet period, while it was positive in the hot-dry period. During the hot-dry period, the estimated positive effect of human activities in some mid-lower sub-basins may be attributed to the limited surface water utilization and increased groundwater exploitation. Whereas dam construction that induced deforestation in recent years should also be responsible for the positive effect of human activities in some upper stream sub-basins.
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Figure 1. Location of the Yangtze River basin and hydro-meteorological stations. The names of the hydrological stations (from numbers 1 to 16) are given in Table 1. 
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Figure 2. Comparison of the variation of annual temperature globally and of China and the Yangtze River basin with reference to the average during the period of 1960–2000. Date source: Global temperatures since 1900 were obtained from NASA/GISS (https://climate.nasa.gov/vital-signs/global-temperature/); China temperatures since 1960 were obtained from the China Climate Change Monitoring Bulletin (2016). 
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Figure 3. (a) Temporal anomaly (the black bold line denotes cumulative sum) and (b) spatial distribution of the trend of annual temperature during the period 1960–2013. The black contours in the right figure indicate the 0.05 significance level. 
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Figure 4. (a) Temporal anomaly (the black bold line denotes cumulative sum) and (b) spatial distribution of the trend of annual precipitation during the period 1960–2013. The black contours in the right figure indicate the 0.05 significance level. 
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Figure 5. (a) Temporal anomaly (the black bold line denotes cumulative sum) and (b) spatial distribution of the trend of annual potential evaporation during the period 1960–2013. The black contours in the right figure indicate the 0.05 significance level. 
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Figure 6. Changes of average annual (a) precipitation and (b) potential evaporation during the three different periods with reference to the baseline period of 1960–1993. 
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Figure 7. Variation of runoff of the nine hydro-stations in the Yangtze River basin. 
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Figure 8. Relative change of runoff during the three different periods with reference to the baseline period of 1960–1993. 
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Table 1. List of hydrological stations and their basic features for 1960–2013.
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	Gauging Station (Number)
	Sub-Basin
	Location
	Drainage Area (104 km2)
	Mean Annual Runoff (108 m3)
	Runoff Depth (mm)
	Coefficient of Variation (Cv)





	Xiangjiaba (1)
	JSJ
	28°38´ N, 104°24´ E
	45.88
	1432
	313
	0.16



	Gaochang (2)
	MJ
	28°48´ N, 104°25´ E
	13.54
	844
	623
	0.12



	Beibei (3)
	JLJ
	29°49´ N, 106°28´ E
	15.67
	658
	420
	0.25



	Wulong (4)
	WJ
	29°19´ N, 107°45´ E
	8.30
	487
	586
	0.20



	Huangzhuan (5)
	HJ
	31°11´ N, 112°33´ E
	14.21
	465
	327
	0.36



	Xiangtan (6)
	DL
	27°52´ N, 112°55´ E
	8.16
	654
	802
	0.24



	Taojiang (7)
	DL
	28°32´ N, 112°07´ E
	2.67
	226
	846
	0.20



	Taoyuan (8)
	DL
	28°54´ N, 111°29´ E
	8.52
	633
	743
	0.18



	Shimen (9)
	DL
	29°35´ N, 111°26´ E
	1.53
	145
	947
	0.27



	Waizhou (10)
	PL
	28°37´ N, 115°49´ E
	8.09
	682
	842
	0.29



	Lijiadu (11)
	PL
	28°12´ N, 116°09´ E
	1.58
	123
	778
	0.38



	Meigang (12)
	PL
	28°25´ N, 116°48´ E
	1.55
	180
	1162
	0.34



	Hushan (13)
	PL
	28°54´ N, 117°18´ E
	0.65
	70
	1077
	0.35



	Wanjiabu (14)
	PL
	28°51´ N, 115°38´ E
	0.36
	35
	976
	0.32



	Yichang (15)
	Mainstream
	30°42´ N, 111°17´ E
	100.55
	4273
	425
	0.11



	Datong (16)
	Mainstream
	30°46´ N, 117°37´ E
	170.54
	8846
	519
	0.13
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Table 2. Effects of climate change and human activities on mean annual runoff in the Yangtze River basin.
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Basins

	
Hydro-Stations

	
Periods

	
       R    ( mm )    

	
    Δ  R    ( mm )    

	
   m   

	
   β   

	
   γ   

	
    Δ   R  c  ( mm )    

	
    Δ   R  h  ( mm )    






	
JSJ

	
Xiangjiaba

	
1960–1993

	
310.48

	
-

	
1.34

	
0.78

	
−0.11

	
-

	
-




	
1994–2002

	
334.69

	
24.21

	
-

	

	

	
46.39

	
−22.18




	
2003–2013

	
298.44

	
−12.03

	
-

	

	

	
−23.50

	
11.47




	
1994–2013

	
314.75

	
4.28

	
-

	

	

	
7.95

	
−3.67




	
MJ

	
Gaochang

	
1960–1993

	
642.13

	
-

	
1.51

	
0.81

	
−0.23

	
-

	
-




	
1994–2002

	
603.01

	
−39.12

	
-

	

	

	
−32.09

	
−7.03




	
2003–2013

	
582.36

	
−59.77

	
-

	

	

	
−39.90

	
−19.86




	
1994–2013

	
591.66

	
−50.47

	
-

	

	

	
−36.39

	
−14.09




	
JLJ

	
Beibei

	
1960–1993

	
446.82

	
-

	
2.12

	
0.72

	
−0.34

	
-

	
-




	
1994–2002

	
312.42

	
−134.40

	
-

	

	

	
−77.54

	
−56.86




	
2003–2013

	
424.46

	
−22.36

	
-

	

	

	
−11.22

	
−11.14




	
1994–2013

	
374.04

	
−72.78

	
-

	

	

	
−40.39

	
−32.38




	
WJ

	
Wulong

	
1960–1993

	
594.57

	
-

	
1.45

	
0.83

	
−0.22

	
-

	
-




	
1994–2002

	
662.91

	
68.34

	
-

	

	

	
50.13

	
18.21




	
2003–2013

	
498.86

	
−95.71

	
-

	

	

	
−80.41

	
−15.30




	
1994–2013

	
572.68

	
−21.89

	
-

	

	

	
-21.67

	
−0.22




	
HJ

	
Huangzhuang

	
1960–1993

	
353.73

	
-

	
1.72

	
0.71

	
−0.22

	
-

	
-




	
1994–2002

	
246.55

	
−107.18

	
-

	

	

	
−54.12

	
−53.06




	
2003–2013

	
327.09

	
−26.64

	
-

	

	

	
5.06

	
−31.70




	
1994–2013

	
290.84

	
−62.89

	
-

	

	

	
−21.57

	
−41.31




	
DL

	
4-stations

	
1960–1993

	
783.26

	
-

	
3.20

	
0.82

	
−0.61

	
-

	
-




	
1994–2002

	
912.66

	
129.39

	
-

	

	

	
124.94

	
4.45




	
2003–2013

	
730.66

	
−52.60

	
-

	

	

	
−93.07

	
40.47




	
1994–2013

	
812.56

	
29.30

	
-

	

	

	
5.03

	
24.26




	
PY

	
5-stations

	
1960–1993

	
867.75

	
-

	
7.00

	
0.94

	
−0.90

	
-

	
-




	
1994–2002

	
1067.4

	
199.67

	
-

	

	

	
296.34

	
−96.67




	
2003–2013

	
820.18

	
−47.58

	
-

	

	

	
−53.11

	
5.53




	
1994–2013

	
931.44

	
63.68

	
-

	

	

	
104.15

	
−40.46




	
Yangtze

	
Datong

	
1960–1993

	
516.42

	
-

	
2.14

	
0.73

	
−0.35

	
-

	
-




	
1994–2002

	
564.19

	
47.76

	
-

	

	

	
48.88

	
−1.11




	
2003–2013

	
488.5

	
−27.92

	
-

	

	

	
−40.86

	
12.93




	
1994–2013

	
522.56

	
6.14

	
-

	

	

	
−3.76

	
9.89
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