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Abstract:



Climate change and human activity are typically regarded as the two most important factors affecting runoff. Quantitative evaluation of the impact of climate change and human activity on runoff is important for the protection, planning, and management of water resources. This study assesses the contributions of climate change and human activity to runoff change in the Dongjiang River basin from 1960 to 2005 by using linear regression, the Soil and Water Assessment Tool (SWAT) hydrologic model, and the climate elasticity method. Results indicate that the annual temperature in the basin significantly increased, whereas the pan evaporation in the basin significantly decreased (95%). The natural period ranged from 1960 to 1990, and the affected period ranged from 1991 to 2005. The percentage of urban area during the natural period, which was 1.94, increased to 4.79 during the affected period. SWAT modeling of the Dongjiang River basin exhibited a reasonable and reliable performance. The impacts induced by human activity on runoff change were as follows: 39% in the upstream area, 13% in the midstream area, 77% in the downstream area, and 42% in the entire basin. The impacts of human activity on runoff change were greater in the downstream area than in either upstream and midstream areas. However, the contribution of climate change (58%) is slightly larger than that of human activity (42%) in the whole basin.
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1. Introduction


Extreme weather and climate events have occurred frequently in recent decades because of global warming. Intense rainfall and changing runoff have attracted considerable attention worldwide [1,2,3] as flooding induced by intense rainfall can result in significant loss to human beings [4,5,6].



Rainfall and runoff patterns are attributed to numerous factors, with climate change and human activity being two of the major ones [7,8,9]. Given these observations, three main viewpoints can be concluded: (1) climate variability is more dominant in runoff change [10,11,12,13,14,15]; (2) human activity is more significant [16,17,18,19,20]; and (3) the effects of the two factors vary in different areas during different periods [21]. Kelly et al. [22] suggested that a warming climate would lead to an increase in environmental melting and the disappearance of surface hail, which might cause hail damage and increase flood risk; Sterling et al. [23] indicated that human activity could considerably affect evapotranspiration, which is one of the factors for runoff change on the basis of a water balance equation. These findings indicate that land use change induced by human activity on water cycle should not be ignored. Lu et al. [24] considered that both climate variability and human activity played key roles in the hydrologic system as they changed over time. Regardless, either viewpoint acknowledges that runoff has undergone significant alteration under either climate change or human activity in recent decades. Therefore, the quantitative assessment of the impact of climate variability and human activity on runoff change is important for water resource planning and management.



The importance of the topic has led to the application of many effective methods for assessing the influence of climate change and human activity on runoff. Statistical methods have been used to analyze the sensitivity of runoff to precipitation and potential evapotranspiration under climate change [25,26,27,28]. Generally, these statistical methods are sufficiently convenient and efficient; however, they fail to reflect the actual hydrologic progress and tend to describe the relation between factors and runoff as a simple linear relationship. The climate elasticity method, another simple method, has developed rapidly in recent years [29,30]. Although this approach requires less data, its accuracy requires improvement. The numerical model is another technique for simulating runoff change caused by climate variability or human activity, such as the Soil and Water Assessment Tool (SWAT) model [31,32,33], the Variable Infiltration Capacity (VIC) model [34,35,36], the Hydrologic Engineering Center’s-Hydrologic Modeling System (HEC-HMS) [37,38], and the Generalized Watershed Loading Function (GWLF) [39,40]. These models may require a large amount of data and hefty workload, but they can reflect the hydrologic process and obtain adequately accurate results, rendering them a good choice for analyzing the contribution of climate change and human activity to runoff change [1].



As a major tributary of the Pearl River (southern China), the Dongjiang River basin has frequently experienced flooding and drought in recent years because of climate or land use change [41,42,43]. Several studies have shown the significantly change induced by climate in the Pearl River basin over the past 50 years, including a temperature increase of 0.38 °C/10a [44], suggesting that climate change can also alter runoff in Dongjiang River; the climate change projection has indicated the precipitation and temperature may show unstable change during 2021–2100 in southern China, which may also influence the Dongjiang River [45]. In addition, the intensity of human activity in this basin varies and exhibits a gradient development trend—a gradual increase from the upstream area to the downstream area [42,46]; that is, the impact of human activity in the downstream area is larger than those in the upstream and midstream areas, causing a variation in the effects of human activity on different river sections. However, the quantitative impact of climate change and human activity on runoff in the Dongjiang River basin has yet to be clearly determined and presents a challenging topic for the planning and management of water resources in a gradient development basin.



Thus, the major objective of this study was to assess the quantitative impact of climate change and human activity on runoff in the Dongjiang River basin. To achieve this goal, we first used the Mann–Kendall (M–K) test to determine the abrupt point of hydrologic progress; second, we applied the three methods (i.e., linear regression, hydrologic model, and climate elasticity method) to quantitatively analyze runoff change; third, we used the Nash–Sutcliffe efficiency coefficient (Ens) and correlation coefficient (Cor) to validate the accuracy of the simulated results; and finally, we explained how human activity could impact runoff change. The results of this study aimed to provide a comprehensive understanding of the impact of climate and land use change on runoff in a gradient development basin and to provide a reference for water resource management in the Dongjiang River basin.




2. Study Area and Data


2.1. Study Area


The Dongjiang River basin is located northeast of the Pearl River basin between 113°52′–115°52′ E and 22°38′–25°14′ N. The river originates from Yajibo Mountain and flows into Canton Province from northeast to southwest, with a total catchment area of 27,040 km2 [42], as shown in Figure 1. This basin has a subtropical climate with a mean annual precipitation of 1750 mm and a mean annual temperature of 21 °C. Vegetation in the Dongjiang River basin is generally satisfactory, except for some local areas. The forest is the major land use type, whereas the urban area shows a rapid expansion, especially in the downstream areas.


Figure 1. Location, topography and stations of the Dongjiang River basin.
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For convenience, we divided the Dongjiang River basin into three areas: the upstream, midstream, and downstream areas, as shown in Figure 1. The quantity and quality of water are regarded as major concerns in the Dongjiang River basin, which is the most important source of fresh water in major cities in the Pearl River Delta, such as Hong Kong, Guangzhou, Shenzhen, and Dongguan. Meanwhile, a mismatch between supply and demand becomes increasingly serious because of rapid population expansion and urbanization, particularly in the downstream area of the basin. By contrast, the upstream and midstream areas in this basin, featuring a vast rice field and forest land, develop relatively slowly.




2.2. Data


A digital elevation model at a resolution of 90 m, which was downloaded from the U.S. Geological Survey (USGS) website (http://www.usgs.gov/), was used to extract topographic information, such as the elevation and slope for the hydrological model. Land use data at a resolution of 30 m covered the year 1990 and 2010 (Figure 2), and soil type data were provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn), and the Food and Agriculture Organization of the United Nations (FAO) (http://www.fao.org/home/en/). All spatial data were converted into the same geographic coordinates and projections.


Figure 2. Land use type of the year 1990 and 2010 in Dongjiang River basin. RICE, AGRC, FRST, PAST, WATR, URBN, and BARE are short for rice field, agriculture, forest, pasture, water body, urban, and bare land, respectively.
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The continuous daily time series data from 1960 to 2005 at seven weather stations, including Lianping, Xunwu, Heyuan, Huiyang, Wuhau, Shenzhen, and Zengcheng stations, were downloaded from the China Meteorological Administration (http://www.cma.gov.cn/). Such dataset consisted of humidity, precipitation, temperature, wind speed, and pan evaporation. Moreover, 32 precipitation stations and 6 hydrologic stations (Fengshuba, Xinfengjiang, Heyuan, Lingxia, Baipenzhu, and Boluo) with monthly runoff data were provided by Guangdong Hydrology Administration (http://www.gdsw.gov.cn/).





3. Methodology


3.1. Variation Trend Analysis


Linear regression was used to analyze the temperature, precipitation, and pan evaporation trends in the Dongjiang River basin in order to evaluate climate change trends. This study quantitatively assessed the impact of climate change and human activity on runoff mainly by contrasting two different periods: the natural period and the affected period. The natural represents the period when runoff is limitedly influenced by human activity, whereas the affected period represents the period when runoff is considerably changed by human activity. Thus, the abrupt point has to be detected to divide the time series into two periods. We used the M–K test to achieve this objective.



The M–K test is one of the most commonly used methods for abrupt point analysis. Owing to its robustness to outliers and solution to missing data, the M–K test exhibits numerous applications [47,48,49]. First, Sk is defined as a variable by using the M–K test, as follows:
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(1)
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(2)




where [image: ] and [image: ] are the hydrologic variables when the time series data are i and j, and [image: ] is the counts for x series when [image: ] is larger than [image: ].



Subsequently, UFk is used to evaluate the positive sequence of the variable x:
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(3)




where [image: ] and [image: ] represent the mean and variance of [image: ], respectively.



The time series is reversed and the aforementioned procedure is repeated to yield UBk in order to evaluate the inverted sequence.



Lastly, UFk and UBk curves are generated. If these two curves intersect, and the U value of the intersection satisfies [image: ], then that point can be regarded as the abrupt point with a confidence interval of 0.05. As the time series of precipitation, temperature, and pan evaporation meet the conditions required by M–K test, we used this method to detect the abrupt points of the three series.




3.2. Evaluation of Climate and Human Activity Contribution


3.2.1. Linear Regression


As the easiest and the most fundamental technique, linear regression was proposed by Jiang et al. [50] to analyze the sensitivity of monthly runoff to precipitation and potential evapotranspiration:
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(4)




where Qi, Pi, Pi−1, and PETi represent monthly runoff, precipitation at month i, precipitation at month i − 1 and potential evapotranspiration at month i, respectively; PETi is calculated using the Penman formula. We then used the data corresponding to the natural period to evaluate coefficients a, b, c, and d on the basis of least square estimation. The coefficients were then applied in Equation (4) to simulate the monthly runoff during the affected period. The contributions of climate and human activity could be determined using the following equations:
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where [image: ], [image: ], and [image: ] represent the runoff change influenced by climate, human activity, and the total, respectively; [image: ] and [image: ] denote the monthly average of the observed runoff and that of the simulated runoff. The subscripts n and m denote runoff during the natural period and runoff during the affected period. Rateclimate and Ratehuman are the effects of the rate of climate change and human activity on runoff. The aforementioned equations can quantitatively analyze the impacts of runoff change induced by climate change and human activity.




3.2.2. Hydrologic Simulation


The relation between runoff and hydrologic variables, such as precipitation and potential evapotranspiration, cannot be simply described by linear regression. Thus, many hydrologic models have been proposed for accurate simulation. As a hydrologic model, SWAT was chosen to simulate runoff change in this study.



This model included numerous parameters, and calibrating them would involve a hefty amount of workload and would be unnecessary because the errors in the observed data and model would result in a number of parameter uncertainties. Therefore, this study used the sensitivity of the SWAT model to determine some of the most sensitive parameters. We then calibrated the chose parameters based on the data during the natural period and simulated the monthly runoff during the affected period. The impact of climate and human activity on runoff change can thus be calculated using Equations (5)–(9).



Three indexes—the Nash–Sutcliffe efficiency coefficient (Ens), relative error (Re), and coefficient of determination (R2)—were selected to evaluate the simulated results. The indexes are calculated as follows:
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where [image: ] and [image: ] are the monthly observed runoff and the monthly simulated runoff respectively;[image: ] and [image: ] are the average observed runoff and the monthly observed runoff, respectively.




3.2.3. Climate Elasticity Method


This study also used the climate elasticity method to quantitatively analyze the impacts of climate change and human activity on runoff. Hu et al. [51] proposed that runoff change can be expressed as a function of climate change and human activity:
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(13)




where [image: ] and [image: ] are the runoff changes caused by climate and human activity respectively; [image: ] represents total runoff change, calculated as follows:
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(14)




where [image: ] and [image: ] represent the observed runoff during the natural period and the affected period, respectively.



Runoff sensitivity to climate variation can then be assessed using the climate elasticity method [30]. Runoff change caused by climate can be expressed based on precipitation and potential evapotranspiration:
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(15)




where ∆P and ∆PET denote the changes in precipitation and potential evapotranspiration; [image: ] and [image: ] are the elastic coefficients of precipitation and potential evapotranspiration, which represent the sensitivities of runoff change and can be expressed as follows:
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where [image: ] represents the dryness coefficient, given by [image: ]. Zhang et al. [52] suggested that [image: ] and [image: ]. are expressed as follows:
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where [image: ]. is the plant available water capacity coefficient, and it ranges between 0.01 and 2.0. The coefficient can be estimated using Excel with a 0.01 increment according to the following equation:
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(21)




where E, P, and PET are the average annual evapotranspiration, precipitation, and potential evapotranspiration, respectively; in addition, the interactions of E, P, and R can be expressed as a water balance equation:
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(22)




where S is the soil moisture content and can be considered as 0 when E is calculated over a long period.






4. Results and Discussion


4.1. Variation Trend and Abrupt Point


The linear regression results for the annual temperature and pan evaporation are shown in Figure 3. The annual temperature increased, whereas evaporation decreased significantly (95%) relative to the precipitation from 1960 to 2005.


Figure 3. Trend and M–K test analysis of the three climatic factors in the Dongjiang River basin: (a) Precipitation; (b) temperature; (c) pan evaporation.
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The results of the M–K test are also shown in Figure 3. As observed, the precipitation is almost within the limit of [image: ]1.96, which indicates that the precipitation change is stable, and no obvious abrupt point is observed in the precipitation series. By contrast, some points in the temperature and pan evaporation series exceed the limit line, which suggests that both change at the confidence level of 0.05. Notably, the two curves intersect around 1995 in the temperature and evaporation series, which suggests the occurrence of the abrupt point of the climate factor series in 1995. Considering the land use data of 1990, 2000, and 2010, we finally set the year 1990 as the critical time point. Therefore, in the present study, the natural period ranged from 1960 to 1990, and the affected period ranged from 1991 to 2005.




4.2. Land Use Change Analysis


One of the most important signs of human activity is land use change. To determine the land use change induced by human activity, we used the Raster Calculator tool for ArcGIS to analyze the conversion condition between the year 1990 and 2010 land use type. Table 1 describes the conversion percentage of each land use type from 1990 to 2010 in the whole basin. In Table 1, the total rates in 1990 and 2010 represent the amounts of each land use type during the natural period and the affected period, respectively. Both the water body and the urban areas increased, whereas the remaining types (e.g., rice field, agriculture, forest, and pasture) decreased. The percentage of urban area was 1.94 during the natural period, and this percentage increased to 4.79 during the affected period, indicating rapid urban expansion during the years. In addition, the detailed conversion of each land use type from 1990 to 2010 is described in Table 2.


Table 1. The conversion percentage (%) of each land use type from 1990 to 2010.
















	1990/2010
	RICE
	AGRC
	FRST
	PAST
	WATR
	URBN
	BARE
	Total Rate (2010)





	RICE
	9.59
	0.11
	1.07
	0.11
	0.06
	0.09
	0.00
	11.03



	AGRC
	0.09
	4.72
	0.53
	0.05
	0.03
	0.04
	0.00
	5.46



	FRST
	1.11
	0.51
	70.10
	0.60
	0.19
	0.07
	0.00
	72.58



	PAST
	0.09
	0.04
	0.32
	2.87
	0.02
	0.01
	0.00
	3.35



	WATR
	0.15
	0.05
	0.22
	0.03
	2.33
	0.02
	0.00
	2.8



	URBN
	0.67
	0.91
	1.24
	0.20
	0.06
	1.71
	0.00
	4.79



	BARE
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0



	Total rate (1990)
	11.7
	6.34
	73.48
	3.86
	2.69
	1.94
	0
	







Notes: RICE, AGRC, FRST, PAST, WATR, URBN, and BARE are short for rice field, agricultural district, forest, pasture, water body, urban, and bare land, respectively.







Table 2. The conversion percentage of each land use type from 1990 to 2010 in different sub-regions.














	
	Upstream
	Rate (%)
	Midstream
	Rate (%)
	Downstream
	Rate (%)





	1→1
	537
	6.71
	1788
	8.61
	1792
	13.79



	1→2
	2
	0.02
	13
	0.06
	16
	0.12



	1→3
	89
	1.11
	232
	1.12
	80
	0.62



	1→4
	5
	0.06
	29
	0.14
	1
	0.01



	1→5
	0
	0.00
	7
	0.03
	55
	0.42



	1→6
	4
	0.05
	41
	0.20
	235
	1.81



	1→7
	0
	0.00
	0
	0.00
	0
	0.00



	2→1
	8
	0.10
	16
	0.08
	22
	0.17



	2→2
	222
	2.77
	518
	2.49
	1216
	9.36



	2→3
	47
	0.59
	81
	0.39
	78
	0.60



	2→4
	2
	0.02
	9
	0.04
	3
	0.02



	2→5
	0
	0.00
	3
	0.01
	17
	0.13



	2→6
	1
	0.01
	32
	0.15
	360
	2.77



	2→7
	0
	0.00
	0
	0.00
	0
	0.00



	3→1
	101
	1.26
	245
	1.18
	92
	0.71



	3→2
	77
	0.96
	66
	0.32
	76
	0.58



	3→3
	6592
	82.38
	15,713
	75.63
	7019
	54.02



	3→4
	14
	0.17
	105
	0.51
	15
	0.12



	3→5
	10
	0.12
	46
	0.22
	31
	0.24



	3→6
	12
	0.15
	50
	0.24
	470
	3.62



	3→7
	0
	0.00
	0
	0.00
	0
	0.00



	4→1
	6
	0.07
	33
	0.16
	7
	0.05



	4→2
	2
	0.02
	18
	0.09
	9
	0.07



	4→3
	14
	0.17
	173
	0.83
	58
	0.45



	4→4
	164
	2.05
	779
	3.75
	254
	1.95



	4→5
	2
	0.02
	3
	0.01
	9
	0.07



	4→6
	1
	0.01
	16
	0.08
	55
	0.42



	4→7
	0
	0.00
	0
	0.00
	0
	0.00



	5→1
	1
	0.01
	4
	0.02
	22
	0.17



	5→2
	1
	0.01
	7
	0.03
	6
	0.05



	5→3
	7
	0.09
	55
	0.26
	14
	0.11



	5→4
	0
	0.00
	5
	0.02
	2
	0.02



	5→5
	62
	0.77
	557
	2.68
	396
	3.05



	5→6
	0
	0.00
	1
	0.00
	22
	0.17



	5→7
	0
	0.00
	0
	0.00
	0
	0.00



	6→1
	0
	0.00
	0
	0.00
	1
	0.01



	6→2
	0
	0.00
	0
	0.00
	0
	0.00



	6→3
	1
	0.01
	0
	0.00
	2
	0.02



	6→4
	0
	0.00
	0
	0.00
	0
	0.00



	6→5
	0
	0.00
	0
	0.00
	4
	0.03



	6→6
	3
	0.04
	53
	0.26
	200
	1.54



	6→7
	0
	0.00
	0
	0.00
	19
	0.15



	7→1
	1
	0.01
	4
	0.02
	8
	0.06



	7→2
	1
	0.01
	2
	0.01
	16
	0.12



	7→3
	1
	0.01
	2
	0.01
	4
	0.03



	7→4
	0
	0.00
	0
	0.00
	4
	0.03



	7→5
	0
	0.00
	0
	0.00
	303
	2.33



	7→6
	12
	0.15
	71
	0.34
	0
	0.00



	7→7
	0
	0.00
	0
	0.00
	0
	0.00







Notes: The Roman numeral on the left of “→” represents the land use type in the year 1990, while that on the right represents the type in the year 2010. 1 to 7 represent the land use type of rice field, agricultural district, forest, pasture, water body, urban, and bare land.








Figure 2 and Table 1 show that the urban areas and the water body mainly expanded in the developed cities of the downstream areas, such as Shenzhen and Dongguan. The urban downstream area mainly encroached into the rice field, agricultural area, and forest land. The increased water body in the downstream area was also mainly converted from bare land.



Benefitting from the significant growth of population and Gross Domestic Product (GDP), improvement of water ecology, and technological progress and policy support, the downstream areas have accelerated the pace of urbanization since 1990s [53]. By contrast, despite the rapid rise in population and GDP in the upstream and midstream areas, land use conversion mainly occurred in the mutual transformation between the rice field and forest area rather than the urban area. These observations may be attributed to the following: first, the adverse geographic environment, mainly consisting of hills and mountains, greatly restricts the development of local economy in these areas. Second, the midstream and upstream areas, particularly the upstream areas, belong to the water source region of large cities in the downstream area; then the local government pursued targeted measures to protect the local ecology and environment, such as establishing the mechanism for ecological compensation and a strict water resource management system, thereby limiting the development of targeted industries and returning farmland to forests or grassland, and so on.




4.3. Impacts on Runoff Change


4.3.1. SWAT Calibration and Validation


The parameters of the SWAT model require calibration prior to simulation. We used the SWAT sensitivity tool to select the parameters that require calibration and ultimately identified the seven most sensitive parameters (Table 3). To assess the impacts of land use change, the parameters we calibrated were based on the land use data in 1990 that belonged to the natural period. To validate the model, we kept the calibrated parameters unchanged and simulated the runoff during the affected period.


Table 3. The most sensitive parameters in the SWAT model.





	Parameter
	Input Data
	Definition
	Lower Limit
	Upper Limit





	CN2
	.mgt
	Initial SCS curve CNII value
	35
	98



	ESCO
	.hru
	Soil evaporation compensation factor
	0
	1



	CANMX
	.hru
	Maximum canopy storage
	0
	100



	ALPHA_BF
	.gw
	Baseflow alpha factor
	0
	1



	GW_DELAY
	.gw
	Groundwater delay time
	0
	500



	GWQMN
	.gw
	Threshold water depth in shallow aquifer
	0
	5000



	SOL_AWC
	.sol
	Available water capacity
	0
	1









The three indexes for assessing the practicability of the model (i.e., Ens, Re, R2) for the six stations are shown in Table 4. The natural and affected periods, the indexes for the six stations were as follows: Ens, 0.70–0.93; Re, 2.26–14.50%; and R2, 0.75–0.94. These values fell within a reasonable range and reached a satisfactory level. For the Boluo station (the control station of the whole Dongjiang River) (Figure 4), the simulated data and the observed data were highly consistent during the calibration period (1961–1990) and the validation period (1961–1975). The linear regression curve (Figure 5) also shows that the simulated data are well fitted with the observed data during both the calibration period and the validation period.


Figure 4. The calibration (a) and validation (b) results of SWAT model in Boluo station.



[image: Water 10 00571 g004]





Figure 5. The linear regression between the simulated and observed data in calibration (a) and validation (b) period in Boluo station.
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Table 4. Model practicability assessment in six stations.





	
Station

	
Period

	
Ens

	
Re

	
R2






	
Fengshuba

	
Natural period

	
0.79

	
2.26%

	
0.80




	
Affected period

	
0.76

	
14.50%

	
0.82




	
Xinfengjiang

	
Natural period

	
0.78

	
5.03%

	
0.79




	
Affected period

	
0.90

	
9.09%

	
0.91




	
Heyuan

	
Natural period

	
0.70

	
11.87%

	
0.77




	
Affected period

	
0.86

	
7.10%

	
0.89




	
Lingxia

	
Natural period

	
0.91

	
7.56%

	
0.92




	
Affected period

	
0.93

	
7.29%

	
0.94




	
Baipenzhu

	
Natural period

	
0.80

	
17.02%

	
0.77




	
Affected period

	
0.73

	
8.12%

	
0.75




	
Boluo

	
Natural period

	
0.84

	
12.07%

	
0.88




	
Affected period

	
0.90

	
7.06%

	
0.92










The overall performance of the 6 stations was highly satisfactory; however, the performance levels of the three stations that mainly monitored reservoir runoff—the Fengshuba, Xinfengjiang, and Baipenzhu stations—were not as satisfactory as those of the other three stations. The discrepancy might be attributed to the influence of human activity on the runoff of the three stations. For example, the reservoir administrators could easily change the runoff by controlling the sluice and pumping station, which largely disturbed the natural runoff. By contrast, the stations located in the downstream areas, such as the Lingxia and Boluo stations, had Ens values of about 90%. This finding can be attributed to the location of these two stations in the downstream areas and sufficiently large flows, resulting in lack of sensitivity of reservoir management to runoff change.



Generally, the three indexes (i.e., Ens, Re, R2) in the six hydrological stations fell within the acceptable extent, and the linear fittings between the simulated and observed values were close to 0.9. In addition, the peaks of the simulated result were almost synchronous with the peak of precipitation (Figure 4). Therefore, the performance of the SWAT model applied in the Dongjiang River basin was reasonable and reliable. After calibration and validation, the model could be used to assess the contribution of climate change and human activity to runoff change in the study area.




4.3.2. Contributions of Climate Change and Human Activity to Runoff Change


According to the climate elasticity analysis of the whole basin, the [image: ] ranges 0.01–0.561, the parameters PET/P, E/P, ∆P, and ∆PET are 0.671, 0.436, 128.98, and 31.415, respectively. The climate elasticity method is known to calculate the impact of climate on runoff change without simulating the timely runoff. Thus, no suitable index can evaluate the accuracy of the method, which is also its greatest weakness. Two indexes, Ens and Cor (correlation coefficient), were used to determine whether the other two methods (i.e., linear regression and the SWAT model) could better simulate runoff. The assessment results are listed in Table 5.


Table 5. Practicability evaluation of the linear regression and SWAT model.





	
Evaluation Index

	
Ens

	
Cor




	
Linear Regression

	
SWAT Model

	
Linear Regression

	
SWAT Model






	
Dongjiang River basin

	
0.86 *

	
0.85

	
0.86 *

	
0.89




	
Upstream

	
0.66 *

	
0.79

	
0.68 *

	
0.81




	
Midstream

	
0.71 *

	
0.82

	
0.72 *

	
0.84




	
Downstream

	
0.64 *

	
0.77

	
0.66 *

	
0.79








Note: the asterisk represents p < 0.01.








The simulated runoff of the two methods in the upstream, midstream, and downstream areas showed satisfactory performance levels similar to that of the whole basin (all indexes were greater than 0.6, p < 0.01). Generally, the simulated results of the SWAT model were better than those obtained by linear regression in the subregions and the whole basin. That is, the quantitative assessment of the impact on runoff change as determined using the SWAT model was more accurate than that obtained by linear regression.



We detected the contributions of climate change and human activity to runoff change. The results are listed in Table 6. We also used the runoff coefficient [image: ], expressed as [image: ], to evaluate runoff changes (Table 7). This coefficient can eliminate the effects induced by differences in precipitation among the three sub-basins. A positive coefficient [image: ] implies an increase in runoff, and vice versa.


Table 6. The contribution of human activity and climate change to runoff change using three methods.





	Contribution (%)-Human Activity/Climate Change
	Linear Regression
	SWAT Model
	Climate Elasticity Method
	Average





	Dongjiang River basin
	49/51
	42/58
	36/64
	42/58



	Upstream
	34/66
	46/54
	37/63
	39/61



	Midstream
	6/94
	30/70
	3/97
	13/87



	Downstream
	87/13
	61/39
	84/16
	77/23








Table 7. Average precipitation and runoff coefficient change between natural and affected period.





	Region
	Precipitation Change
	Runoff Coefficient [image: ] in Natural Period
	Runoff Coefficient [image: ] in Affected Period
	Runoff Coefficient [image: ] Change





	Upstream
	−13.55
	0.608
	0.510
	−0.097



	Midstream
	−12.42
	0.588
	0.560
	−0.028



	Downstream
	−7.11
	0.459
	0.465
	0.006









According to Table 6, the results for the three methods vary to a certain extent, and the average contributions of human activity and climate change to runoff change in the whole basin are 42% and 58%, respectively. The impacts of human activity on runoff were as follows: 77% in the downstream area, 39% in the upstream area, and 13% in the midstream area. In the downstream area, all contributions of human activity, calculated using the three methods, were greater than 50%, with urbanization being the main reason for runoff change. Figure 2 and Table 2 show that the number of urban areas in the downstream area markedly increases from 1990 to 2010. The urban expansion suggested that the permeable stratum areas increased and thus increased the surface runoff. The runoff coefficient during the affected period increased by 0.006 (Table 7). We also analyzed the growth of population and GDP during this period to further reveal the intensity of urbanization (Table 8). We observed that the population and GDP in the downstream area changed the most, increasing to approximately 168 × 104 persons and 3062 × 105 thousand yuan, respectively, from 1990 to 2010. The downstream cities, such as Shenzhen, Dongguan, and Huizhou, developed rapidly during the affected period [54]. During urban expansion, the runoff pattern was markedly changed by pumping of water from the river, changing of the channel shape, building of hydraulic structures, return of water from sewage disposal works, and so on. Accordingly, the downstream area was seriously affected by urbanization.


Table 8. The trend analysis of population (POP, per unit person) and the gross domestic product (GDP, 10,000 yuan (RMB)).





	Region
	1990 POP

([image: ])
	2010 POP

([image: ])
	POP Total Change
	1990 GDP

([image: ])
	2010 GDP

([image: ])
	GDP Total Change





	Upstream
	144.7321
	169.3241
	24.592
	24.60954
	156.9948
	132.3853



	Midstream
	171.9268
	209.1669
	37.2401
	39.14305
	332.22
	293.077



	Downstream
	285.2654
	452.7741
	167.5087
	610.2614
	3672.307
	3062.046









Both the upstream and midstream areas showed decreases in runoff coefficients by 0.097 and 0.028, respectively (Table 7), and average contributions of human activity of 39% and 13%, respectively. These findings suggest that the impacts induced by human activity are relatively weaker in the downstream area than in the upstream area; that is, climate change played a dominant role in the two subregions. A possible explanation is that although both the population and GDP exhibited significantly increasing trends in the two subregions (Table 8), less conversion from different land use types to urban areas occurred in the upstream area than in the downstream area (Figure 2 and Table 2). Moreover, some biological measures, such as returning rice field to forest and pasture, were taken in the upstream and midstream areas [42], which could also help decrease the runoff coefficient.



Overall, the contribution of climate change (58%) was slightly larger than that of human activity (42%), which was consistent with other studies on the Dongjiang River basin [41,46]. Therefore, we should pay close attention not only to human activity but also to climate change for the protection, planning, and management of water resources.






5. Summary and Conclusions


The goal of this study was to quantitatively evaluate the impact of climate change and human activity on runoff change in the Dongjiang River basin (including the upstream, midstream, and downstream areas as well as the whole basin). By using the data from seven weather stations, 32 precipitation stations, and six hydrologic stations, the trend and abrupt points of precipitation, temperature, and evaporation were determined by linear regression and the M–K test. After dividing the study time series into two periods (i.e., natural period and affected period), three methods (i.e., linear regression, SWAT hydrologic model, and the climate elasticity method) were used to assess the contribution to runoff change induced by climate change and human activity. The conclusions can be summarized as follows:

	(1)

	
Annual temperature significantly increased, and pan evaporation significantly decreased in the Dongjiang River basin (95%) from 1960 to 2005. The abrupt points of temperature and pan evaporation series could be detected using the M–K test. We finally established the year 1990 as the critical time point. The natural period ranged from 1960 to 1990, and the affected period ranged from 1991 to 2005.




	(2)

	
The percentage of urban area during the natural period, which was 1.94, increased to 4.79 during the affected period. Compared with the upstream and midstream areas, the urban area downstream expanded most rapidly mainly by encroaching into the rice field, agricultural area, and forest land.




	(3)

	
All three indexes (i.e., Ens, Re, R2) of the six hydrologic stations fell within the acceptable extent, and the linear fittings between the simulated and actual values were close to 0.9; the peaks of the simulated result were almost synchronous with the peak of precipitation. The performance of the SWAT model applied in the Dongjiang River basin was reasonable and reliable.




	(4)

	
The impacts on runoff change induced by human activity in different areas were as follows: 39% in the upstream area; 13% in the midstream area; 77% in the downstream area; and 42% in the whole basin. The human activity in the downstream area exerted greater impacts on runoff change, compared with the upstream and midstream areas. However, for the entire basin, the contribution of climate change (58%) was slightly larger than that of human activity (42%). Therefore, both human activity and climate change should be given considerable attention for the protection, planning, and management of water resources.
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