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ABSTRACT 7 

Water resources in river systems have been changing under the impact of both climate variability 8 

and human activities. Assessing the respective impact on decadal streamflow variation is important 9 

for water resource management. By using an elasticity-based method and calibrated TOPMODEL 10 

and VIC hydrological models, we quantitatively isolated the relative contributions that human 11 

activities and climate variability made to decadal streamflow changes in Jinghe basin, located in the 12 

northwest of China. This is an important watershed of Shaanxi Province that supplies drinking water 13 

for a population of over 6 million people. The results showed that the maximum value of the 14 

moisture index (E0/P) was 1.91 and appeared in 1991-2000, and the decreased speed of streamflow 15 

was higher since 1990 compared with 1960-1990. The average annual streamflow from 1990 to 16 

2010 was reduced by 26.96% compared with the multi-year average value (from 1960 to 2010). The 17 

estimates of the impacts of climate variability and human activities on streamflow decreases from 18 

the hydrological models were similar to those from the elasticity-based method. The maximum 19 

contribution value of human activities was 99% when averaged over the three methods, and was 20 

appeared in 1981–1990 due to the effects of soil and water conservation measures and irrigation 21 

water withdrawal. Climate variability made the greatest contribution to streamflow reduction in 22 

1991–2000, the values of which was 40.4%. We emphasized various source of errors and 23 



uncertainties that may occur in the hydrological model (parameter and structural uncertainty) and 24 

elasticity-based method (model parameter) in climate change impact studies. 25 

Keywords: Streamflow variation, Human activities, Climate variability, VIC model, 26 

TOPMODEL, Climate elasticity model 27 

 28 

1. Introduction 29 

Catchment hydrology and water resources are driven by climate and strongly 30 

modulated by human activities. Climate variability affects catchment streamflow, 31 

chiefly through precipitation and the variability of potential evaporation (Scanlon et al., 32 

2007; Chien et al., 2013; Ward et al., 2009; Chang et al., 2010). Human activities 33 

include land use/cover change, reservoir operations, and direct water extraction from 34 

surface-water and groundwater, all of which can alter river streamflow. It is important 35 

to separate and quantify the effects of climate variability and human activities so that 36 

they can be used for land use planning, water extraction and water resource 37 

management. With the increasing scarcity of water resources, hydrologists, decision 38 

makers and policy makers have paid considerable attention to how much of the 39 

observed change in annual streamflow can be attributed to climate variability and 40 

human activities (Zhang et al., 2008; Tomer and Schilling, 2009; Roderick and 41 

Farquhar, 2011; Destouni et al., 2013).  42 

Catchment experiments are very useful to determine the influence of vegetation 43 

change on the water balance; however, they are often limited to small scales. A number 44 

of catchment afforestation and deforestation studies have been conducted. Most of the 45 

results indicated that catchment streamflow significantly decreased after afforestation 46 



and increased after deforestation (Van Lill et al., 1980; Zhang et al., 2001; Tuteja et al., 47 

2007). Two other main approaches, process-based and statistic based, were generally 48 

used. The process-based method uses hydrological models to quantify the contribution 49 

of climate variability to streamflow change by varying the meteorological inputs for 50 

fixed land use/cover conditions (Xu et al., 2013; Petchprayoon et al., 2010; Lin et al., 51 

2010; Tesfa et al., 2014; Zhang et al., 2012). Statistical methods for identifying the 52 

contributions of climate and human impacts on runoff were also used, especially in 53 

regions where long-term climate and hydrological data were available (Hamed, 2008; 54 

Notebaert et al.2011; Renner et al. 2012; Roudier et al. 2014). Among the statistical 55 

methods, streamflow elasticity was commonly used to quantify the influence of changes 56 

in precipitation and potential evapotranspiration on streamflow (Sankarasubramanian 57 

et al., 2001; Chiew, 2006; Fu et al., 2007; Roderick and Farquhar, 2011). Streamflow 58 

elasticity can be obtained non-parametrically from observations or by employing a 59 

parametric model, such as the Budyko hypothesis or other models. The Budyko 60 

hypothesis was widely used, as it was an easy method with a limited requirement for 61 

climate data (Donohue et al. 2007; Liu et al., 2009; Wang et al., 2011, 2013). 62 

Climate change and human activities have had tremendous impact on the water 63 

resources of China’s highly urbanized regions. One such river basin is the Jinghe River, 64 

which is the secondary tributary of the Yellow River, the largest tributary of the Weihe 65 

River in China, with an area of 45,400 km2 and an average annual natural streamflow 66 

of 12.3×108 m3. This is an important watershed of Shaanxi Province that supplies 67 

drinking water for a population of over 6 million people. The area is an important 68 



economic center of Shaanxi province in China, and the water shortage became a 69 

bottleneck for economic progress. Human activities, such as water withdrawal, soil and 70 

water conservation projects, have become extensive in the Jinghe River during the last 71 

several decades. Climate change studies in the Yellow River basin reported warming 72 

trends at a rate of 1.28°C/50 years, while the average precipitation dropped by 73 

approximately 8.8% over the second half of the 20th century (Yang et al, 2004). A 74 

combination of these effects reduced the streamflow (Gao et al. 2013; Chang et al, 75 

2015). Few studies were devoted to use the methods of elasticity model together with 76 

hydrological model to quantitatively analyze the contributions of climate variability and 77 

human activities to streamflow variation in the Jinghe River basin.  78 

The aims of this study were to: 1) present a generic framework that investigate the 79 

impact of climate variability and human activities on streamflow using the concept of 80 

streamflow elasticity and hydrological models, the TOPMODEL and VIC models, 81 

which are fundamentally different in regard to their representation of streamflow 82 

generation; and 2) compare these methods. The elasticity based method only provides 83 

results at a mean annual time scale, whereas the hydrological modeling results are at a monthly 84 

and daily scale, and they are aggregated to the mean annual time scale for comparison with 85 

those obtained from the statistical method. 86 

  The Jinghe River Basin (JRB) was chosen as the study area, which has presented a 87 

significantly decreasing trend of annual streamflow since 1990 (Chang et al, 2015; Du 88 

and Shi, 2012). This paper is organized as follows: Sect. 2 describes the study area and 89 

data sources; Sect.3 is devoted to introduce the methods used; Sect. 4 provides 90 



hydrological modeling and the elasticity method results; Sect. 5 compares the results from 91 

the hydrological modeling with the elasticity-based method; and Sect. 6 discusses 92 

several conclusions generated from the present study. 93 

2. Study area and data 94 

The JRB (E106°14′～108°42′，N34°46′～37°19′) is located in semiarid area in 95 

China and is approximately 455 km long, with a drainage area of 45400 km2 (Fig. 1). 96 

The climate is temperate, with cool, dry winters and hot summers, and the mean annual 97 

temperature is in the 7.8-13.5°C range across the basin. The mean annual precipitation 98 

is approximately 514 mm, 80% of which falls between June and October, and the mean 99 

annual potential evapotranspiration is 870 mm. The precipitation and streamflow both 100 

have strong inter-annual and intra-annual variabilities. The seasonal variation of 101 

streamflow is similar to that of precipitation. The streamflow between July and October 102 

is approximately 65% of the mean annual streamflow. Zhangjiashan station is the 103 

downstream hydrometric station on the main stream of the Jinghe River. 104 

Human activities have become extensive in the JRB during the last several decades. 105 

Water withdrawal has increased rapidly due to the increase of the population, industry 106 

and agricultural water demand. Thick and highly erodible loess, unevenly distributed 107 

rainfall, and the relatively high intensity of rainstorms have led to high soil loss rates 108 

across the basin. To reduce soil loss, soil and water conservation measures have been 109 

undertaken since the 1970s, which have resulted in an increase in vegetation cover. 110 

Therefore, climate variability combined with human activities has contributed to the 111 

decrease of the streamflow in the JRB (Chang et al, 2015; Du and Shi, 2012).  112 



Fig. 1. Location of hydrological and meteorological stations along the Jinghe 113 

River 114 

 In this study, the catchment information data set, including the catchment 115 

boundary and runoff ratio, was from the Ministry of Water Resources of the People’s 116 

Republic of China. The daily, monthly, and annual climate variables and observed 117 

streamflow were used. The daily meteorological data, including precipitation, air 118 

temperature, sunshine hours, relative humidity, and wind speed, of ten stations during 119 

1960–2010 were collected from the China Meteorological Administration. The monthly 120 

and annual precipitation was then established from the collected data, and annual 121 

maximum, annual minimum, and multi-annual mean air temperature values were then 122 

calculated according to the daily data. The monthly potential evaporation was 123 

calculated according to the monthly wind speed, sunshine hours, relative humidity and 124 

air temperature using the Penman-Monteith method. The daily streamflow data of the 125 

Zhangjiashan hydrological station for the same period were gathered from the Shaanxi 126 

Hydrometric and Water Resource Bureau. The DEM data were obtained from the 127 

SRTM 30 m Digital Elevation Data. The soil data were extracted from the FAO two-128 

layer 5-min 16-category global soil texture maps. Figure 1 also shows the location of 129 

the meteorological stations and hydrological station in the basin. 130 

3. Methodology 131 

3.1. Framework of Analysis 132 

The historic streamflow series can be split into two subseries according to the 133 

streamflow break year, and human activities in the recorded years prior to the break 134 

year can be negligible. The recorded years prior to this break year were defined as the 135 



baseline period, while the recorded years after this break year were defined as the 136 

changed period. The difference between the mean annual streamflow during the 137 

changed period (𝑄2) and the mean annual streamflow during the baseline period (𝑄1) 138 

represent the total change of the streamflow (∆𝑄) after the break year. The ∆𝑄 can be 139 

regarded as a function of climatic variables and the integrated effects of topography, 140 

soil, land use/land cover and human activities, such as water withdrawing. Under the 141 

assumption that the topography and soil of the study area did not vary during the study 142 

period, ∆𝑄 was referred to as a combination of climate variability and human activities 143 

and can be estimated as the formulation: 144 

  ∆𝑄 = 𝑄2 − 𝑄1                            (1) 145 

where ∆𝑄 is the total change in the mean annual streamflow and 𝑄1 and 𝑄2 are the 146 

average annual streamflows before and after an abrupt change, respectively. 147 

The total change in the mean annual streamflow can be estimated as: 148 

     ∆𝑄 = ∆𝑄𝐶 + ∆𝑄𝐻                         (2) 149 

where ∆𝑄𝐶 and ∆𝑄𝐻 are the changes in the mean annual streamflow due to climate 150 

and human activities, respectively. 151 

3.2 Climate Elasticity Model for ΔQC    152 

The concept of streamflow elasticity was first introduced by Schaake (1990) to 153 

evaluate the sensitivity of streamflow to climate change. It represents the proportional 154 

change in streamflow divided by the proportional change in a climatic variable (𝑋), 155 

such as precipitation or potential evapotranspiration, and is expressed as: 156 

ε =
𝜕𝑄 𝑄⁄

𝜕𝑋 𝑋⁄
                             (3) 157 

Thus, precipitation elasticity and evapotranspiration elasticity of streamflow were 158 



defined by Schaake (1990) as:  159 

𝜀𝑃(𝑃, 𝑄) =
𝑑𝑄 𝑄⁄

𝑑𝑃 𝑃⁄
=

𝑑𝑄

𝑑𝑃

𝑃

𝑄
                      (4) 160 

𝜀𝐸0
(𝐸0, 𝑄) =

𝑑𝑄 𝑄⁄

𝑑𝐸0 𝐸0⁄
=

𝑑𝑄

𝑑𝐸0

𝐸0

𝑄
                       (5) 161 

where 𝑃, 𝐸0 and 𝑄 are precipitation, potential evapotranspiration and streamflow, 162 

respectively. 𝜀𝑃 and 𝜀𝐸0
are the elasticity of streamflow with respect to 𝑃 and 𝐸0, 163 

respectively. Changes in these factors could lead to streamflow variation, and the 164 

relationship can be estimated as (Milly and Dunne, 2002): 165 

∆𝑄𝐶 = (𝜀𝑃 ∆𝑃 𝑃⁄ + 𝜀𝐸0
∆𝐸0 𝐸0⁄ )𝑄                  (6) 166 

where ΔP and ΔE0 are the changes in precipitation and potential evapotranspiration, 167 

respectively, and 𝜀𝑃 + 𝜀𝐸0
= 1. To estimate ∆𝑄𝐶 using Eq. (6), the estimate of the 168 

precipitation elasticity of streamflow 𝜀𝑃is needed. In this paper, the Budyko 169 

hypothesis was used to estimate 𝜀𝑃. 170 

The Budyko hypothesis (Yang et al., 2008; Teng et al., 2012; Wang et al., 2015) 171 

produces a simplified, but powerful, coupled water-energy balance method. It is a 172 

holistic approach that assumes that water balance is controlled by water availability and 173 

atmospheric demand. The water availability can be approximated by precipitation. The 174 

atmospheric demand represents the maximum possible evapotranspiration and is often 175 

equated with potential evapotranspiration. The role of the landscape properties on the 176 

mean annual water balance is mainly implicit and is deemed to be subservient to the 177 

dominant role of climate. In some formulations of the Budyko formulation, the role of 178 

the landscape is represented by a separate, lumped parameter (Sun et al., 2014; 179 

Donohue et al., 2007), which is nevertheless estimated empirically. According to the 180 



long-term water balance equation (𝑄 = 𝑃 − 𝐸𝑎) and the Budyko hypothesis, the actual 181 

evapotranspiration (𝐸𝑎) is a function of the aridity index (Φ=E0/P) and the precipitation 182 

and potential evapotranspiration elasticity of streamflow can be expressed as (Arora, 183 

2002; Dooge et al., 1999): 184 

𝜀𝑃 = 1 + ∅𝐹′(∅) (1 − 𝐹(∅))⁄   and  𝜀𝑃 + 𝜀𝐸0
= 1           (7) 185 

A couple of mathematical functions were proposed to represent the Budyko 186 

hypothesis (e.g., Fu, 1996; Milly, 1993). We used the Budyko formulation of Fu (1981) 187 

who combined a dimensional analysis with mathematical reasoning and developed 188 

analytical solutions for the mean annual actual evapotranspiration: 189 

    𝐹(∅) = 1 + ∅ − (1 + ∅𝑤)1 𝑤⁄                   (8) 190 

where F () is a function proposed by the Budyko, which not only satisfies the 191 

boundary conditions under the land surface evapotranspiration but also remains 192 

independent from the balance equation of hydrothermal coupling (the water balance 193 

and energy balance). 𝑤 is a model parameter with range (1,∞), which is related to 194 

vegetation type, soil hydraulic property, and topography (Fu, 1996). 𝑤 was set to 195 

2.0, according to Li et al. (2013). 196 

3.3 Modeling-Based Approach for ΔQC or ΔQH 197 

Hydrological models can also be used to assess the impact of climate change and 198 

human activities on streamflow. A hydrological model was calibrated and validated to 199 

estimate ∆𝑄𝐶  and∆𝑄𝐻 by using the data from the baseline period. The model was run 200 

using climate data (e.g., precipitation and temperature) during the changed period with 201 

human activities (i.e., land use and management) and during the baseline period. ∆𝑄𝐶  202 

was estimated as the difference between the mean annual average of simulated 203 



streamflow during the changed period and the mean annual average of simulated 204 

streamflow during the baseline period. ∆𝑄𝐻 was estimated as the difference between 205 

the mean annual average of the simulated streamflow during the changed period and 206 

the mean annual average of the observed streamflow during the changed period. 207 

In this study, two hydrological models, the TOPMODEL and VIC model, were used 208 

to investigate the effects of climate variability and human activities on streamflow. 209 

TOPMODEL (Beven and Kirkby, 1979) is a semi-distributed variable contributing area 210 

hydrological model. It is based on simple physical reasoning and assumes that there is 211 

a steady transfer of water in the saturated zone along hillslopes, with a water table nearly 212 

parallel to the ground surface. It considers two stream flow sources: (shallow) 213 

groundwater and saturation overland flow. The model assumes an exponential decay of 214 

soil transmissivity with increasing water table depth, and it considers two main 215 

parameters for the dynamics of the saturated store: the recession parameter m [L] and 216 

the average soil transmissivity at saturation T [LT-1]. The classical form for the 217 

topographic index that follows from the exponential assumption, 𝜆𝑖 =  ln(𝑎/tan𝑏) 218 

was used, where 𝑎 is the drained area per unit length of the contour curve and 𝑏 is 219 

the topographic gradient. All of the points in the catchment with the same topographic 220 

index were predicted as having the same deficit, i.e., they were considered to be 221 

hydrologically similar. The original TOPMODEL had four parameters: the maximum 222 

allowable root storage deficit (SRmax), the transmissivity of the soil in the saturated state 223 

(T), the maximum moisture max deficit (Szm), and the recharge delay parameter (Td). 224 

Since the early 1990s, TOPMODEL has widely been applied to watersheds all over the 225 



world because it can provide spatially distributed hydrological information with 226 

available input requirements (e.g., Digital Elevation Model (DEM) data) (Seibert et al., 227 

1997, Chen and Wu, 2012; Furusho et al., 2013). Some studies also applied 228 

TOPMODEL in semi-arid area basins, such as the Yellow River in China, and the 229 

results showed that this model was applicable over a wide range of environments 230 

(Xiong et al., 2004; Boston et al., 2004; Gumindoga et al., 2014). 231 

The VIC model is a large-scale hydrological model that was originally developed 232 

at the University of Washington (Liang et al., 1994; Grimson et al, 2013; Gao et al., 233 

2011). The hydrological processes of the model include the interaction of the 234 

atmosphere with underlying vegetation and soils, where dynamic water and energy 235 

fluxes are considered. One distinguishing characteristic of the VIC model is that it 236 

represents the sub-grid spatial heterogeneity of precipitation with the sub-grid spatial 237 

variability of soil infiltration capacity. A variable infiltration curve is used to represent 238 

the sub-grid variability of the soil infiltration capability under different land cover and 239 

soil types. Three types of potential evaporation are considered in the model: potential 240 

evaporation from the canopy layer of each vegetation class, transpiration from each of 241 

the vegetation classes, and bare soil potential evaporation. We used six parameters in 242 

the calibration of the VIC model. These included three baseflow parameters: Dm, Ws, 243 

and Ds; the variable soil moisture capacity curve parameter: b; and two parameters, d2 244 

and d3, that controlled the thickness of the second and third soil layer, respectively. The 245 

VIC model was successfully applied to assess the impact of climate change on 246 

hydrology and water resources in China (Wang et al. 2010; Bao et al. 2012; Su and Xie, 247 



2003; Liu et al. 2013).  248 

We obtained the break points of precipitation and streamflow series in the JRB by 249 

means of a sequential cluster analysis method, and the break points appeared in 1968 250 

and 1970 respectively (Fig. 2), so we used 1960-1970 as the baseline period for this 251 

study. The TOPMODEL and VIC model were calibrated using the historical data from 252 

1960 to 1966 and validated against the observation during the period of 1967 to 1970. 253 

During the calibration, adjustments were made to minimize the sum of squares of the 254 

difference between the modeled and recorded monthly streamflow. Nash–Sutcliffe 255 

efficiency coefficients (NSE) and relative Water Balance Error percentage (WBE) were 256 

used for the model assessment using the observed data and model estimates.  257 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑜,𝑖−𝑄𝑠,𝑖)2𝑁

𝑖=1

∑ (𝑄𝑜,𝑖−𝑄𝑜̅̅ ̅̅ )2𝑁
𝑖=1

                      (9) 258 

𝑊𝐸𝐵 = |
100∗(∑ 𝑄𝑠,𝑖−∑ 𝑄𝑜,𝑖

𝑁
𝑖=1

𝑁
𝑖=1 )

∑ 𝑄𝑜,𝑖
𝑁
𝑖=1

|                  (10) 259 

Where 𝑄𝑜,𝑖 is the observed streamflow of period 𝑖, 𝑄𝑠,𝑖 is the simulated streamflow 260 

of period 𝑖, and 𝑄𝑜
̅̅̅̅  is the mean of observed streamflow. 261 

Fig. 2. The abrupt change points of precipitation and streamflow in the JRB with Sequential cluster. 262 

4. Results  263 

4.1 The analysis of streamflow, precipitation, potential evaporation and 264 

temperature  265 

The regional average precipitation, potential evaporation and temperature in the 266 

JRB during 1960-2010 were calculated using the Thiessen polygon method of ArcGIS 267 

9.3, according to the corresponding data of ten hydrometeorology stations.  268 

The annual observed precipitation in the JRB and streamflow at Zhangjiashan 269 

station both showed a statistically decreasing trend (Fig. 3), while the streamflow had 270 



a larger decrease. The values of the regression slope were -1.44 and -0.58. The multi-271 

year average streamflow (from 1960 to 2010) was 37.03 mm, and the average annual 272 

streamflow was 43.47 mm from 1960 to 1990, which meant that the streamflow from 273 

1960 to 1990 increased by 17.39% compared with the multi-year average streamflow. 274 

The average annual streamflow was 27.05 mm during 1991-2010 and was reduced by 275 

26.96% compared with the multi-year average value; therefore, the speed of the 276 

streamflow decrease was higher since 1990. The three-year moving curve showed that 277 

precipitation and streamflow fluctuation was similar, which indicated that precipitation 278 

was the main source of streamflow. The statistical results of precipitation, streamflow 279 

and the runoff coefficient in JRB are listed in Table 1. The maximums of precipitation 280 

and streamflow appeared at the same time in 1964; however, the minimum of 281 

precipitation and streamflow occurred in different years (1997 and 2009), which 282 

resulted from water withdrawal and other reasons, such as changes in groundwater. The 283 

precipitation and streamflow during the flood season (from July to October) accounted 284 

for 64.21% and 66.80%, respectively, and the proportion of the dry period (from 285 

November to March of next year) was 7.46% and 18.22%, respectively. The proportion 286 

of precipitation that became runoff was low, with a mean annual runoff ratio of 0.05, 287 

but increased during the wet years. The runoff ratios during the wet year and wet season 288 

were 0.08 and 0.06, respectively. 289 

The result of Mann–Kendall’s test showed the same decreasing trend for the 290 

annual precipitation and streamflow in JRB from 1960 to 2010. The Z value of 291 

streamflow and precipitation was -4.26 (confidence level was 99%) and -1.39 292 



(confidence level was 90%), respectively, which meant that the decreasing trend for 293 

streamflow was significant, but was insignificant for precipitation at a = 0.05 level.  294 

Fig. 3. Changes of the annual streamflow and precipitation of the JRB. 295 

 296 

Table1 Characteristics of the inter-annual streamflow and precipitation of the JRB. 297 

Table 2 shows the monthly and seasonal potential evaporation and temperature in 298 

the JRB, which indicated that the potential evaporation (122 mm) and temperature 299 

(20.7°C) in summer were much higher than the other three seasons, and the maximum 300 

values for the potential evaporation and temperature appeared in June and July, 301 

respectively. The inter-annual variation and characteristic values of the potential 302 

evaporation and temperature are shown in Fig. 4 and Table 3. The mean annual potential 303 

evaporation in the 1980s (822 mm) decreased compared with the values from the 1960s 304 

(861 mm) and started to increase slowly in the 1990s (973 mm). The temperature 305 

showed a slight upward trend in the 1970s and 1980s and had a sharp upward trend in 306 

the 1990s era. The Z values of potential evaporation and temperature for Mann–307 

Kendall’s test were 0.4 and 4.12, respectively, which meant that the potential 308 

evaporation presented an insignificant increasing trend, but the temperature had a 309 

significant increasing trend. 310 

Table 2 The average monthly potential evaporation and temperature values of the JRB.   311 

  312 

Table 3 Statistical values of the potential evaporation and temperature of the JRB. 313 

 314 

Fig. 4. Changes of the annual potential evaporation and temperature of the JRB. 315 

 316 

4.2 Climate Elasticity Model Results 317 

To assess the impact of climate variability on streamflow, the climate elasticity of 318 

streamflow was calculated using Eqs. (3) – (8) based on the annual precipitation and 319 



annual potential evapotranspiration of the period from 1971 to 2010. Table 4 320 

summarizes the annual precipitation ( 𝑃 ), potential evapotranspiration ( 𝐸0 ), 321 

precipitation elasticity ( 𝜀𝑃 ), evapotranspiration elasticity ( 𝜀𝐸0 ) of streamflow for 322 

different periods, and percentage change in streamflow results for different periods 323 

when using the elasticity-based approaches. The variation of 𝜀𝑃 was between 1.45 and 324 

1.52, while the variation of 𝜀𝐸0 was between -0.45 and -0.52. As shown in Table 4, 325 

for the period of 1971 to 2010, the values of 𝜀𝑃and 𝜀𝐸0 obtained were 1.48 and –0.48, 326 

respectively. The results indicated that a 10% decrease in precipitation would result in 327 

a 14.8% drop in streamflow, while a 10% decrease in potential evapotranspiration 328 

would induce a 4.8% increase of streamflow. According to Eq. (3), with the calculated 329 

𝜀𝑃 and 𝜀𝐸0, it was estimated that the 60.1 mm decrease in precipitation in 1971–2010 330 

might have decreased the streamflow by 40.9 mm; meanwhile, the 7.3 mm increase in 331 

the potential evapotranspiration may have caused a 5.1 mm decrease in streamflow.  332 

The reductions in streamflow from 1971 to 2010 due to climate variability ranged 333 

between 7.5% and 29.9%, with a median of 19.3%, for the JRB when using the Budyko 334 

framework method. The maximum and minimum values of the moisture index (E0/ P, 335 

Willmott, C.J. and Feddema, J.J., 1992) were 1.91 and 1.53, respectively, and appeared 336 

in 1991-2000 and 1981-1990, respectively. Compared with the 1960–1970 baseline 337 

period, the reductions in ∆𝑄 for 1991–2000 and 1981-1990 were 5.7×108 m3 and 4.0338 

×108 m3, respectively, with climate variability making the greatest and smallest 339 

contributions (i.e., 29.9% and 7.5%, see Table 4). 340 

 341 

Table 4 The impact of climate variability and human activities on the streamflow with the 342 



climate elasticity model. 343 

 344 

4.3 Hydrological model calibration and validation 345 

During the hydrological model simulation, the digital elevation quadrangles at a 346 

30-m resolution in study area were used (Fig. 5). In TOPMODEL, several sub-basins 347 

were delineated according to the flow accumulation by means of ArcGIS, and the flow 348 

direction, flow accumulation were extracted in ArcGIS to calculate the topographic 349 

index-area ratio of sub-basin. The monthly precipitation, potential evapotranspiration 350 

and observed streamflow acted as the input data. Figure 6 shows the simulated and 351 

recorded streamflow for the calibration and validation periods. A calibrated VIC model 352 

was also employed to separate the hydrological impacts of land use change and climate 353 

change. The VIC model was used for the streamflow simulation at a 0.5°spatial and 354 

daily temporal resolution in the JRB (Fig. 5). Figure 6 shows the simulated and 355 

observed streamflows for the calibration and validation periods, with outputs computed 356 

on a monthly basis. 357 

Fig. 5. (a) Elevation maps of the study area at a 30-m resolution. (b) Grid of the VIC model. (c) 358 

Sub-basin of TOPMODEL. 359 

                          360 

Fig. 6. The simulated and observed streamflow for TOPMODEL and the VIC model. 361 

(a) Calibration period. (b) Validation period. 362 

   In the scatter plots in Fig. 7, the observed monthly streamflow was plotted along 363 

the x axis, and the model simulated streamflows (calibration and validation) were 364 

plotted along the y axis. The scatter plots in Fig. 7 showed that both the hydrological 365 

models performed reasonably well in the model calibration with high NSE values and 366 

low WBE values. The correlation of the simulated streamflow and measured 367 

streamflow (R) was higher during the calibration period compared with the validation 368 



period. The observed and simulated streamflow over the non-calibration period were 369 

compared to determine the suitability of the model for this study. The NSE, WBE and 370 

R of TOPMODEL are 0.79, 2.1% and 0.987 in the calibration period, and are 371 

respectively 0.78, 9.2% and 0.944 in the validation period. The NSE, WBE and R of 372 

VIC model are 0.77, 3.5% and 0.944 in the calibration period, and are respectively 0.83, 373 

4.7% and 0.940 in the validation period. The NSE, WBE and R values during the 374 

validation period (see Fig. 7) suggested that both the rainfall–runoff models and the 375 

calibration method used in this study were robust for the calibrated model to be used 376 

over an independent simulation period adequately. Additionally, the results justified the 377 

suitability of the models applied for assessing the change in streamflow due to climate 378 

variability and human activities. 379 

Fig. 7. Comparison of the observed and modeled monthly streamflows for the calibration and 380 

validation periods. 381 

4.4 Hydrological model simulation results 382 

The calibrated model parameters for both the models from the baseline periods of 383 

1960 to 1970 were used with the meteorological time series to simulate the streamflow 384 

for the changed period of 1971 to 2010 and to investigate the effects of climate 385 

variability and human activities. The scatter plots in Fig. 8 and Fig. 9 show the 386 

comparison of the simulated and observed monthly and annual streamflow time series 387 

for the JRB for the entire modeling period (1971–2010) for TOPMODEL and the VIC 388 

model, respectively. 389 

The model simulation results showed that streamflow had a strong response to the 390 

environmental change after 1970. In the scatter plots in Fig. 8, the simulated monthly 391 



streamflow values are mostly above the 1:1 line, indicating that the simulated 392 

streamflow was much higher than the observed streamflow for most of the months. The 393 

number of the years that the simulated streamflow was higher than the observed 394 

streamflow was 26 from 1970 to 2010 for TOPMODEL, and the number was 25 for 395 

VIC model. Additionally, most of the years appeared before 1990 or after 2005 for both 396 

of the models, and in the rest of the years the simulated streamflow was similar or lower 397 

to the observed value. The effect of climate variability was eliminated from the 398 

simulations for the changed periods by using the actual observed climate to drive the 399 

calibrated models. The difference in the observed and simulated streamflows during the 400 

changed period was due to the difference in land cover and other human activities. The 401 

results indicated that human activities caused significant reductions in streamflow, and 402 

these results were consistent with other studies (Chang et al., 2015; Tang et al., 2013; 403 

Zhan et al., 2014). 404 

Fig. 8. Comparison of the observed and modeled monthly streamflow in 1971-2010.  405 

(a)TOPMODEL. (b) VIC model. 406 

 407 

Fig. 9. Time series of the observed and modeled annual streamflow for the entire modeling period. 408 

4.5 Influence of human activities and climate variability. 409 

To separate and quantify the effects of human activities on streamflow after 1970, 410 

the simulated streamflows for the two models were compared against the observed 411 

values during the baseline and changed periods (methodology details in Sect. 3.1). The 412 

differences in the observed streamflow values during the baseline and changed periods 413 

were caused by the differences in climatic conditions and human activities. Tables 5 414 

and 6 summarize the mean annual statistics of the observed and simulated streamflow 415 



for the different periods of the 1970s, 1980s 1990s and 2000s. The third column 416 

provides the values for ∆𝑄 , which were the differences between the observed 417 

streamflow (𝑄𝐵) during the changed periods and the baseline. The fourth column shows 418 

the simulated streamflow ( 𝑄𝑆 ) for the changed periods when using climate and 419 

calibrated parameter values from the baseline period. ∆𝑄𝐻 was the difference between 420 

𝑄𝐵 and 𝑄𝑆 for the changed periods, and ∆𝑄𝐶 was the difference between 𝑄𝑆 for the 421 

changed period and 𝑄𝐵  of the baseline. 𝜂𝐶  and 𝜂𝐻were the contribution ratios of 422 

climate change and human activities to streamflow, respectively. 423 

 424 

Table 5 The impact of climate variability and human activities on the streamflow with TOPMODEL.  425 

Table 6 The impact of climate variability and human activities on the streamflow with the VIC 426 

model.  427 

The results showed that the average annual streamflow for 1971-2010 (12.3×108 428 

m3) was less than that of the baseline period (18.3×108 m3), which meant that the 429 

recorded streamflow in the JRB markedly decreased over the past few decades. The 430 

total reduction ∆𝑄 in streamflow for the changed period of 1971 to 2010 (compared 431 

to the baseline period) due to human activities and climate variability for the JRB were 432 

4.6×108 m3 and 1.4×108 m3 for the TOPMODEL, which was approximately 76.7% and 433 

23.3% of the total reduction, respectively. The corresponding reductions were 4.7×108 434 

m3 (78.3%) and 1.3×108 m3 (21.7%) for the VIC model. 435 

For the different periods of 1970s, 1980s, 1990s and 2000s, the reductions in 436 

streamflow due to human activities were 5.6×108 m3 (81.2% of the total change), 3.8 437 

×108 m3 (95% of the total change), 3.0×108 m3 (52.6% of the total change) and 6.1×108 438 

m3 (82.4% of the total change) for TOPMODEL model, respectively. For the VIC 439 



model, the reductions in streamflow due to human activities for the 1970s, 1980s, 1990s 440 

and 2000s were and 5.7×108 m3 (82.6% of the total change), 4.5×108 m3 (112.5% of the 441 

total change), 3.2×108 m3 (56.1% of the total change) and 5.8×108 m3 (78.4% of the 442 

total change), respectively. Compared to the baseline period of 1960 to 1970, 443 

streamflow greatly decreased during 2001–2010. The change impacts (i.e., ∆𝑄𝐻 and 444 

∆𝑄𝐶  ) in 2001–2010 were approximately 77.4% (∆𝑄𝐻) and 22.6% (∆𝑄𝐶) of the total 445 

reduction when averaged over the two methods. 446 

5. Discussion 447 

5.1 Results of comparing the three methods 448 

We used elasticity-based analyses, TOPMODEL and the VIC model, to isolate the 449 

hydrological impact of human activities from that of climate variability. The climate 450 

elasticity method is relatively simple and can easily be transplanted to other areas, and 451 

it provides a general streamflow change with less data and parameters (Ma et al. (2010)). 452 

On the contrary, the hydrological modeling method more precisely distinguishes the 453 

streamflow change, such as the monthly change or daily change. In this paper, the three 454 

methods were implemented independently at different time scales (climate elasticity 455 

method based on the yearly scale, TOPMODEL based on the monthly scale and VIC 456 

model hydrological simulation based on the daily scale (Peng D. Z., and Xu, Z. X. 457 

2010)). For the whole JRB, the contribution ratios of climate variability in 1971-2010 458 

were 23.3%, 21.7% and 19.3% from TOPMODEL, the VIC hydrological modeling 459 

method and the elasticity method, respectively, and the mean contribution ratio was 460 

21.4%. The most significant climate variability impacts were 2.7×108 m3 (47.4%), 461 

2.5×108 m3 (43.9%) and 1.7×108 m3 (29.9%) for TOMODEL, the VIC model and the 462 



elasticity based model, respectively, appearing in the 1990s. The most significant 463 

human activities impacts were 3.8×108 m3 (95%), 4.5×108 m3 (112.5%) and 3.7×108 464 

m3 (92.4%) for TOMODEL, the VIC model and the elasticity based model, respectively, 465 

appearing in the 1980s. The analysis showed that the results from the two hydrological 466 

models were similar to those from the commonly used elasticity-based approach.  467 

Additionally, the results of the three methods showed that the significant climate 468 

variability impacts appeared in the 1990s, and the significant human activities impacts 469 

appeared in the 1980s. The precipitation and temperature are the dominant factors of 470 

climate changes, and it is shown that the maximum decrease of precipitation appeared 471 

in the 1990s compared with baseline period (1960s), and the minimum decrease was in 472 

the 1980s (table 7). The temperature showed a significant increase in the 1990s, but an 473 

insignificant increase in the 1980s. The changes of precipitation and temperature for 474 

different decades verified that the significant climate variability impacts appeared in 475 

the 1990s. We concluded that the three methods were in good agreement in terms of 476 

the dominant contributor, i.e., human activities played a more important role in the 477 

streamflow decrease than the change in climate in the JRB. The main result of this 478 

research agreed with the findings of other studies in Northwest China. Tang et al. (2013) 479 

used the climate elasticity method and the Soil and Water Assessment Tool (SWAT) 480 

model to evaluate the impact of climate variability on streamflow in the Yellow River 481 

basin, This two methods gave consistent results. Zhan et al. (2014) developed an 482 

improved climate elasticity method based on the original climate elasticity method and 483 

conducted a quantitative assessment of the impact of climate change and human 484 



activities on the streamflow decrease in the Wei River basin. The results from the 485 

improved climate elasticity method yielded a climatic contribution to the streamflow 486 

decrease of 22-29% and a human contribution of 71-78%.  487 

Table 7 Changes of the inter-annual precipitation and temperature of the JRB. 488 

There are still differences in terms of the magnitude of each attributor. Compared to 489 

the results of the hydrological model, TOPMODEL and VIC model, the streamflow 490 

variation caused by climate variability estimated from the elasticity-based methods was 491 

smaller and that caused by human activities was larger, which agreed with the results 492 

of Li et al. (2012) and Sun et al. (2014). Except for the annual precipitation change, 493 

which was the most important factor in the streamflow change, the inter-annual and 494 

intra-annual precipitation variability, as second order climate effects, could lead to a 495 

significant change in streamflow. However, these second order climate effects cannot 496 

be taken into account in the elasticity-based methods, while they can be considered in 497 

the dynamic hydrological modeling method, which may partially explain the difference 498 

in the results (Potter and Chiew, 2011).  499 

5.2. Errors and uncertainties with each approach 500 

The elasticity-based assessment of environmental change on streamflow has more 501 

advantages than the hydrological modeling approach because it does not require 502 

detailed spatial input data. In this paper, the elasticity coefficient (i.e., the sensitivity 503 

coefficient of streamflow to climatic variable changes) was estimated. While it was 504 

commonly suggested that catchment properties were spatially and temporally varied 505 

and were influential on the streamflow of the watershed (Roderick and Farquhar, 2011; 506 

Donohue et al., 2011), the errors from both the model structure (Budyko equations) and 507 



the model parameter in Fu’s model (𝑤), which we assumed to be temporally consistent, 508 

caused the elasticity-based analysis to not be error–free. 509 

For the hydrological model of TOPMODEL and the VIC model, due to the errors of 510 

the model structure, input time series, and initial and boundary conditions, the 511 

predictions of physically based distributed models commonly contained a certain 512 

degree of uncertainty. For example, the higher resolution of the DEM (digital elevation 513 

model), the smaller input time series scale and the optimal model parameters would 514 

obtain better simulated results. 515 

5.3 The cause for streamflow change  516 

The results indicated that human activities were the dominant factors (approximately 517 

80%) for the streamflow decrease in 1971–2010 in the study area. There were several 518 

types of human activities that influenced streamflow, including water conservancy 519 

projects, large hydraulic projects, and water withdrawal for industry and agricultural 520 

demand. The human-induced reduction in streamflow in the JRB was primarily caused 521 

by soil and water conservation measures and water withdrawal (Shi, 2013; Zhao, 2013). 522 

From Table 8, it can be observed that the large-scale soil conservation area expanded 523 

with time to prevent soil and water loss since the 1970s. As shown in Table 8, the 524 

amount of afforestation and level terrace land steadily increased since 1970 and that the 525 

amount of grass-planting land markedly increased since 1990. As of the 2000s, newly 526 

increased soil and water conservation areas in the basin were composed of 2907 km2 of 527 

terrace land, 4773 km2 of afforestation land, 1146 km2 of grassland and 52 km2 of 528 

dammed land. These soil conservation practices intercept precipitation, change local 529 



characteristics, improve the infiltration rate of water flow, slow down or retain the 530 

streamflow, and consequently delay or even reduce streamflow. Additionally, during 531 

the past few decades, there were dramatic increases in the population and the irrigated 532 

area in the study area, which could have resulted in increased water withdrawal from 533 

the river. The evaluation of the individual effects on the hydrological regime still poses 534 

a challenge for hydrologists. 535 

 536 

Table 8 Cumulative area of soil and water conservation in JRB at the end of different years 537 

(Unit:km2). 538 

 539 

6. Conclusion   540 

This paper investigated the impact of human activities and climate variability on 541 

streamflow using observed data and three methods (an elasticity-based method, a 542 

calibrated TOPMODEL and VIC model) for the JRB in China.  543 

(1) The variability of streamflow, precipitation, potential evaporation and 544 

temperature in the JRB was analyzed. The annual precipitation and streamflow both 545 

showed a statistically decreasing trend, while the streamflow had a larger decrease, and 546 

the decrease in speed was higher since 1990. The potential evaporation presented an 547 

insignificant increasing trend; however, the temperature had a significant increasing 548 

trend. 549 

 (2) The precipitation elasticity (𝜀𝑃) and evapotranspiration elasticity (𝜀𝐸0) of 550 

streamflow for different periods were calculated using the Budyko formulation of Fu. 551 

The results indicated that a 10% decrease in precipitation would result in a 14.8% 552 

drop in streamflow, while a 10% decrease in potential evapotranspiration would 553 



induce a 4.8% increase of streamflow. 554 

(3) Compared to the baseline period of 1960 to 1970, streamflow in the JRB 555 

greatly decreased during 2001–2010. Climate variability and human activities impacts 556 

from the hydrological models were similar to those from the elasticity-based method. 557 

(4) The maximum contribution value of human activities appeared in 1981-1990 558 

due to the effects of soil and water conservation measures and water withdrawal for 559 

industry and agricultural water demand, whereas climate variability made the greatest 560 

contributions to the streamflow reduction in 1991–2000. The contribution ratios of 561 

human activities and climate variability were 99% and 40.4% when averaged over the 562 

three methods.  563 
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Table 1 Characteristics of the inter-annual streamflow and precipitation of the JRB. 780 

Feature 
Mean 

(mm) 

Maximum Minimum 
Extremes 

ratio 

Variation 

coefficient 𝐶𝑣 

Wet 

year 

(mm) 

Flood 

period 

(%) 

Dry 

period 

(%) 
time (mm) time (mm) 

Precipitation 514 1964 794 1997 343 2.31 0.20 613.11 64.21 7.46 

Streamflow 29.51 1964 85.46 2009 7.09 12.05 0.48 66.80 66.8 18.22 

Runoff coefficient 0.05 1964 0.12 2009 0.04 3.34 0.28 0.08 — — 

Flood runoff coefficient 0.06 1964 0.12 2007 0.03 3.86 0.33 — — — 
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Table 2 The average monthly estimated potential evaporation and temperature value of the JRB 816 

from 1960 to 2010.  817 

Month 3 4 5 6 7 8 9 10 11 12 1 2 

E0 (mm) 61 90 118 131 126 108 70 49 32 24 26 34 

Mean（mm） 90 (Spring) 122(Summer) 50(Autumn) 28(Winter) 

T (℃) 4.1 10.7 15.8 20 21.8 20.3 15.2 9.2 2.4 -3.3 -4.7 -1.7 

Mean（℃） 10.2 20.7 8.9 -3.3 

Note: E0 was the potential evaporation; T was the temperature. 818 
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Table 3 Statistical values of the potential evaporation and temperature of the JRB from 1960 to 857 

2010. 858 

Feature Mean 𝐶𝑣 𝐶𝑠 
Maximum Minimum  

time Max time Min 

E0 (mm) 870 0.08 0.53 2004 1092 1964 713 

T (℃) 9.1 0.07 0.09 1998 10.2 1967 7.6 

Note: the Mean was the multi-year average value; 𝐶𝑣  was the deviation coefficient; 𝐶𝑠  was the skewness 859 
coefficient; 860 
 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 
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Table 4 The impact of climate variability and human activities on streamflow with the 887 

climate elasticity model. 888 

 889 

Period 
E0 

(mm) 

P 

(mm) 

Q (108 

m3) 

aridity 

index 

ΔE0 

(mm) 

ΔP 

(mm) 

ΔQ 

(108 m3) 
P E0 

∆𝑄𝑃 

(mm) 

∆𝑄𝐸0 

(mm) 

∆𝑄𝐶  

(mm) 

Human  

activities 

Climate  

variation 

∆𝑄𝐻（108 

m3） 

𝜂𝐻 

（%） 

∆𝑄𝐶（108 

m3） 

𝜂𝐶

（%） 

1960-1970 846.5 561.2 18.3 1.54 — — — — — — — — — — — — 

1971-1980 894 500.1 11.4 1.79 29.5 -61.1 -6.9 1.46 -046 -40.6 -3.2 -43.9 -5.8 83.6 -1.1 16 

1981-1990 817.2 535.5 14.3 1.53 -47.3 -25.6 -4 1.49 -0.49 -18 6.3 -11.8 -3.7 92.4 -0.3 7.5 

1991-2000 881.9 462.4 12.6 1.91 17.5 -98.8 -5.7 1.45 -0.45 -64.2 -1.8 -66 -4 70.1 -1.7 29.9 

2001-2010 893.9 506.5 10.9 1.76 29.4 -54.6 -7.4 1.52 -0.52 -36.5 -3.3 -39.8 -6.4 86.1 -1 13.5 

1971-2010 871.8 501.1 12.3 1.74 7.3 -60.1 -6 1.48 -0.48 -40.9 5.1 -35.8 -4.8 80.7 -1.2 19.3 
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Table 5 The impact of climate variability and human activities on streamflow with TOPMODEL.  922 

Period 

 Annual mean streamflow Human activities Climate variation 

QB 

（108 m3) 

∆𝑄 

(108 m3) 
QS  

(108 m3) 

∆𝑄𝐻  

 (108 m3) 

𝜂𝐻 

(%) 

∆𝑄𝐶   

(108 m3) 

𝜂𝐶  

(%) 

1960-1970 18.3       

1971-1980 11.4 -6.9 17.0 -5.6 81.2 -1.3 18.8 

1981-1990 14.3 -4.0 18.1 -3.8 95 -0.2 5 

1991-2000 12.6 -5.7 15.6 -3.0 52.6 -2.7 47.4 

2001-2010 10.9 -7.4 17.0 -6.1 82.4 -1.3 17.6 

1971-2010 12.3 -6.0 16.9 -4.6 76.7 -1.4 23.3 
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Table 6 The impact of climate variability and human activities on streamflow with the VIC model.  950 

Period 

 Annual mean streamflow Human activities Climate variation 

QB 

（108 m3) 

∆𝑄   (108 

m3) 

QS    

(108 m3) 

∆𝑄𝐻 

(108 m3) 

𝜂𝐻 

(%) 

∆𝑄𝐶   

(108 m3) 

𝜂𝐶  

(%) 

1960-1970 18.3 — — — — — — 

1971-1980 11.4  -6.9 17.1 -5.7 82.6 -1.2 17.4 

1981-1990 14.3  -4.0 18.8 -4.5  112.5 0.5 -12.5 

1991-2000 12.6 -5.7 15.8 -3.2 56.1 -2.5 43.9 

2001-2010 10.9 -7.4 16.7 -5.8 78.4 -1.6 21.6 

1971-2010 12.3 -6.0 17.0 -4.7 78.3 -1.3 21.7 
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Table 7 Changes of the inter-annual precipitation and temperature of the JRB. 983 

Time 

Precipitation 

(mm) 

Temperature 

(℃) 

ΔP  

(mm) 

ΔT 

 (℃) 

1960s 561.2 8.6 — — 

1970s 500.1 8.8 -61.1 0.2  

1980s 535.5 8.8 -25.6 0.2  

1990s 462.4 9.4 -98.8 0.8  

2000s 506.5 9.8 -54.6 1.2  

Note: ΔP and ΔT are the changes in precipitation and temperature, respectively 984 
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Table 8 Cumulative area of soil and water conservation in the JRB at the end of different years1012 

（Unit:km2） 1013 

Time Level terrace Afforestation Grass-planting Check dam Total 

1960s 50 184 11 4 249 

1970s 330 666 90 10 1096 

1980s 729 1520 169 18 2436 

1990s 2356 4135 1023 49 7563 

2000s 2907 4773 1146 52 8878 
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Figure 1. Location of hydrological and meteorological stations along the Jinghe River. 1033 
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Figure 2. The abrupt change points of precipitation and streamflow in the JRB with Sequential 1050 

cluster. 1051 
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fFigure 3. Changes of the annual streamflow and precipitation of the JRB. 1073 
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Figure 4. Changes of the annual potential evaporation and temperature of the JRB. 1098 
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(a) 1116 

                  (b)                                            (c) 1117 

Figure 5. (a) Elevation maps of the study area at a 30-m resolution. (b) Sub-basin of 1118 

TOPMODEL. (c) Grid of the VIC model. 1119 
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(a)                                    (b) 1138 

Figure 6. The simulated and observed streamflow for TOPMODEL and the VIC model. 1139 

(a) Calibration period. (b) Validation period. 1140 
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(a) Calibration streamflow for TOPMODEL         (b) Validation streamflow for TOPMODEL 1173 

   1174 

(c) Calibration streamflow for VIC model                (d) Validation streamflow for VIC model 1175 

Figure 7. Comparison of the observed and modeled monthly streamflows for the calibration 1176 

and validation periods. 1177 
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Figure 8. Comparison of the observed and modeled monthly streamflow in 1971-2010.  1199 

(a)TOPMODEL. (b) VIC model. 1200 
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Figure 9. Time series of the observed and modeled annual streamflow for the entire modeling 1233 

period. 1234 
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