water
Article

Impacts of Climate Change and Human Activities on
the Three Gorges Reservoir Inflow
Yu Zhang 1 , Ping-an Zhong 1,2, *, Juan Chen 1,3 , Jianping Bing 4 , Dinghao Xu 5 and Manlin Wang 6
1
2
3
4
5
6

*

College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China;
zhangyu74@163.com (Y.Z.); chenjuanhhu@163.com (J.C.)
National Engineering Research Center of Water Resources Efficient Utilization and Engineering Safety,
Hohai University, Nanjing 210098, China
School of Earth Sciences and Engineering, Hohai University, Nanjing 210098, China
Bureau of Hydrology, Changjiang Water Resources Commission, Wuhan 430010, China; bingjp@cjh.com.cn
Jiuweigang Water Conservancy Project Management Office of Nantong City, Nantong 226003, China;
allthatmatters9276@163.com
Geological Survey of Jiangsu Province, Nanjing 210018, China; manlin220@163.com
Correspondence: zpahhu@126.com or pazhong@hhu.edu.cn; Tel.: +86-25-8378-6614

Received: 10 November 2017; Accepted: 4 December 2017; Published: 7 December 2017

Abstract: Identifying changes in runoff and quantifying the impacts of climate change and human
activities are of great significance for water resources planning and management in a river basin.
In this study, an inflow series of the Three Gorges Reservoir observed from 1951 to 2016 is used to
identify the trend and abrupt change point by using statistical methods. Based on the meteorological
data, soil type data, and land use data during the same period, the Soil and Water Assessment
Tool (SWAT) model is established to quantitatively attribute changes in the Three Gorges Reservoir
inflow to climate change and human activities separately and discuss the differences between the
two-stage method, which divides the whole study period into two stages to analyze the reasons for
runoff evolution, and multi-stage method, which divides the whole study period into more stages to
consider the temporal and spatial variation of land use/cover (LULC). The results show: (1) During
the study period, a significant decrease is detected in the Three Gorges Reservoir inflow and the
decrease rate is 7.7 km3 per ten years, annual total precipitation decreases by −13.5 mm per ten
years, and annual average temperature increases by 0.1 ◦ C per ten years. (2) Contribution of climate
change and human activities is around 7:3. Climate change is the main reason for the decrease in
the Three Gorges Reservoir inflow. (3) Results of stages in multi-stage method are different from
the result of two-stage method. Accumulative results of multi-stage method and result of two-stage
method are consistent. There are some changes in results of every stage, which are different from the
accumulative results.
Keywords: Three Gorges Reservoir; reservoir inflow; climate change; human activities; LUCC

1. Introduction
Affected by global warming, the hydrological cycle is accelerating [1]. Meanwhile, intense human
activities, for instance, land use/cover change (LUCC) and wholesale water projects, profoundly affect
the hydrological processes [2,3]. Uncertainty of the hydrological processes is aggravated due to both
climate change and human activities [4]. Identifying the changes in the runoff and attributing the
changes to various driving factors have become one focus in water science [5].
In recent years, several studies have been conducted to assess impacts of changing environment
on runoff [6]. Impacts of climate change and human activities on runoff have different manifestations
across the world. In some watersheds, impact of climate change is greater than that from human
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activities, while other watersheds are the opposite. Reviewing extensive literature, quantitative methods
used to assess impacts from climate change and human activities on runoff generally fall into two
categories: statistical methods and simulated methods. Statistical methods are based on observed
data, while simulated methods are based on various hydrological models, and have gone through a
transformation from methods based on lumped hydrological models to methods based on distributed
hydrological models.
Statistical methods generally use regression to assess impacts on runoff based on observed
meteorological data and hydrological data. The regression is established between runoff and one or
more meteorological factors. For example, Revelle and Waggoner [7] used a multiple regression to
assess impact of climate change on runoff in the upper reaches of the Colorado River. The climatic
elasticity method, which was first proposed by Schaake [8] and continually extended, is another
classic method. These statistical methods have some simple principles and are easy to use. However,
these methods are based on, and limited to, the data series, because longer series bring better
regression. Data uncertainty and number of driving factors used surely could influence the results.
Apart from the impacts from climate change, the rest changes in runoff are attributed to human
activities. Such methods have not explained in what way, how much, and how human activities factors
influence the runoff, which greatly reduces the reliability of the analysis results.
The hydrological processes are very complex and highly non-linear. Models based on the
linear system theory generally fail to represent the non-linear processes [9]. During the history of
hydrological models, many famous and excellent lumped hydrological models sprang up, for instance,
Tank model [10], Stanford watershed model [11], and Xinanjiang model [12]. These models consider the
processes from runoff generation to runoff concentration and have a certain summary of specific ones
including precipitation, evapotranspiration, infiltration, surface runoff, groundwater discharge, and so
on. The lumped hydrological models often regard a watershed as a whole, and spatial variations are
rarely taken into account. There are many empirical formulas in the models which lack explicit physical
meanings. Lumped hydrological models are used to assess impacts from climate change and human
activities on runoff in various watersheds across the world because of simplicity [13,14]. Compared to
other hydrological models, distributed hydrological models can describe mechanisms of hydrological
processes as well as spatial heterogeneity. With the help of reams of information obtained from
Geographic Information System and Remote Sensing, distributed hydrological models are generally
effective and accurate to simulate the hydrological processes. As a result, distributed hydrological
models are more effective to assess impacts from climate change, LUCC and other human activities [15].
The Soil and Water Assessment Tool (SWAT) is a representative one. SWAT is a river basin or watershed
model that has been widely used to predict flow, sediment, and agricultural chemical yields from
watersheds of various sizes, particularly in large, complex watersheds. It is the most vigorous method
for simulating the long-term impacts of watershed management (e.g., dam building, timber harvesting,
and irrigation) on hydrologic process [16].
In China, economy is booming. The great developments in agriculture and industry, together with
the climate change, have caused varying degrees of changes in hydrological processes [17]. The Three
Gorges Reservoir is currently the largest water conservancy project in the world and attracts flocks of
scholars and researchers. Runoff in the upstream Yangtze River flows into the Three Gorges Reservoir
in the form of reservoir inflow finally. Great changes have been observed in the Three Gorges Reservoir
inflow [18]. However, limited studies have been conducted to seek the specific reasons and assess the
impacts. This study selects the changing Three Gorges Reservoir inflow as the study case and assesses
the impacts from climate change and human activities on it by using SWAT. In previous studies,
when assessing impacts on runoff via the SWAT, land use/cover (LULC) is considered stable during a
certain period, and one piece of LULC map is enough to represent the period [16,19]. However, it is
always being blurred and muddled how long the period should be. The two-stage method and the
multi-stage method are two parties holding different opinions. Both methods are based on the premise
that LULC remains stable during a certain period. Divergence between the two is how long the certain

Water 2017, 9, 957

3 of 14

period continues. LULC is considered stable during a long period, while the stable condition lasts
3 of 14
shorter in the multi-stage method. Both methods are discussed in this study.
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2. Study Area and Data
2. Study Area and Data
The Three Gorges Reservoir is located at the mainstream of the Yangtze River, in Yichang City,
The Three Gorges Reservoir is located at the mainstream
of the Yangtze River, in Yichang City,
3 and a total installed capacity for the hydraulic
Hubei Province. It has a total storage of 3.93 × 1010
10m
3 and a total installed capacity for the hydraulic
Hubei Province. It has
a
total
storage
of
3.93
×
10
m
turbines of 2.25 × 107 7kW. It is a multi-purpose water conservancy project, including flood protection,
turbines of 2.25 × 10 kW. It is a multi-purpose water conservancy project, including flood protection,
electric power generation, shipping, water supply, recreation, and ecological protection. In this study,
electric power generation, shipping, water supply, recreation, and ecological protection. In this study,
the upstream Yangtze River is selected as the study area. As shown in Figure 1, the study area is
the upstream Yangtze River is selected as the study area. As shown in Figure 1, the study area is
located in the region within 97.37°
E–110.18° E and 21.13° N–34.33° N, with a total area of
located
in 2the region within 97.37◦ E–110.18◦ E and 21.13◦ N–34.33◦ N, with a total area of 1 × 106 km2
6
1 × 10 km covering nine provinces. The elevation of study area ranges from −22 to 7143 m.
covering nine provinces. The elevation of study area ranges from −22 to 7143 m.
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3. Methodology
3.1. Trend and Change Point Test
Before assessing impacts of climate change and human activities on the Three Gorges Reservoir
inflow, the temporal trends and break point of the inflow series and meteorological series are
analyzed. After the temporal trends and change points are detected by the statistical methods, the
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3. Methodology
3.1. Trend and Change Point Test
Before assessing impacts of climate change and human activities on the Three Gorges Reservoir
inflow, the temporal trends and break point of the inflow series and meteorological series are analyzed.
After the temporal trends and change points are detected by the statistical methods, the whole
study period can be divided into pre-change period, which is less affected by climate change or
human activities, and post-change period, which is affected by changing environment obviously.
Different statistical methods sometimes get different results for the same runoff series. Therefore,
in this study, four statistical methods are selected: (1) A simple linear regression method, which is a
traditional parametric t-test method, is used to analyze linear trend of the data series in this study.
(2) The non-parametric Mann–Kendall test, which was originally devised by Mann [20] and derived
by Kendall [21], is highly recommended by the World Meteorological Organization and widely used
to detect monotonic trends in long-term hydrological variations. It is used to detect monotonic trends
in inflow series, precipitation series, and temperature series and assess the significance of monotonic
trends. (3) The non-parametric Pettitt’s test [22], which is similar to the Mann–Kendall test, is a
rank-based and distribution-free test. In this study, it is used to detect the occurrence of an abrupt
change point in historical inflow. (4) A sequential clustering method [23] is also used to identify
the break point in the inflow series as a reconfirmation of the abrupt change point detected by the
Pettitt’s test.
3.2. Inflow Simulation by SWAT
SWAT is a hydrological modeling tool designed to assess surface runoff, groundwater discharge,
evapotranspiration, and soil water content. It has been certified as an effective tool for evaluating water
resources and LUCC at a wide range of scales [24]. As a physically based distributed hydrological
model, SWAT can assess impacts from various environmental changes on hydrological cycles in
complex watersheds with heterogeneous LULC, topography, and soils conditions. More detailed
description about SWAT model structure, model setup and so on can be found in the literature [16,25].
Based on the DEM map, LULC map and soil type map, the model structure for basin up the Three
Gorges Reservoir could be established. The coefficient of determination (R2 ) and the Nash–Sutcliffe
model efficiency coefficient (NSE) are chosen to evaluate the performance of the calibrated model.
R2 is used to evaluate linear correlation between simulated results and observed inflow. NSE is used
to evaluate the fitting and predictive power of the model [26].
3.3. Quantitative Assessment Method
After determining the abrupt change point and establishing the model, changes in the Three
Gorges Reservoir inflow can be attributed to climate change, LUCC and human activities that are
related to water directly, such as domestic and industrial water supply inside the watershed, and water
diversion towards other watersheds. To calculate the impacts, the steps are as follows:
Step. 1. Divide the whole study period into N + 1 stages based on temporal feature of inflow series.
One of them is the pre-change period (stage 0) which is considered as a natural period, and other
N stages all belong to the post-change period and cover the whole post-change period.
Step. 2. Simulate inflow with LULC data and meteorological data in stage i − 1 (i = 1, 2, . . . , N) by
SWAT. This inflow is denoted with R(Li −1 , Ci −1 ), where Li −1 means LULC data in stage i − 1,
Ci −1 means meteorological data in stage i − 1.
Step. 3. Remain the LULC condition in stage i − 1 unchanged, input meteorological data in stage
i. Then, simulate inflow and denote this inflow with R(Li −1 , Ci ), where Li −1 means LULC
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data in stage i − 1, Ci means meteorological data in stage i. Impact of climate change on the
inflow in stage i can be calculated as:
∆RC,i = R( Li−1 , Ci ) − R( Li−1 , Ci−1 )

(1)

where ∆RC,i is the change caused by climate change in stage i, and the other items are the
same as mentioned earlier.
Step. 4. Leave the meteorological data in stage i unchanged, input LULC data in stage i. Then,
simulate inflow and denote this inflow with R(Li , Ci ), where Li means LULC data in stage
i, Ci means meteorological data in stage i. Impact of LUCC on the inflow in stage i can be
Water 2017, 9, 957
5 of 14
calculated as:
∆R L,i = R( Li , Ci ) − R( Li−1 , Ci )
(2)
ΔRL,i = R ( Li , Ci ) − R ( Li −1 , Ci )
(2)
where ∆RL,i is the change caused by LUCC in stage i, and other items are the same as
where
ΔRL,iearlier.
is the change caused by LUCC in stage i, and other items are the same as
mentioned
earlier. of climate change and LUCC on the inflow are calculated, the remaining
Step. 5. mentioned
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∆R D,i = ∆R T,i − ∆RC,i − ∆R L,i = RO,i − R( Li , Ci )
(3)
ΔRD ,i = ΔRT ,i − ΔRC ,i − ΔRL,i = RO ,i − R ( Li , Ci )
(3)
where ∆RD,i is the change caused by direct human activities in stage i, ∆RT,i is total changes
where ΔRD,i
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Figure 2. Divisions of study period by two-stage method and multi-stage method.
Figure 2. Divisions of study period by two-stage method and multi-stage method.

4. Changes in Reservoir Inflow, Precipitation and Temperature
4. Changes in Reservoir Inflow, Precipitation and Temperature
The annual reservoir inflow shows a decreasing trend with a slope of −7.7 km33 per ten years
The annual reservoir inflow shows a decreasing trend with a slope of −7.7 km per ten years
during the study period (Figure 3a). Both the simple linear regression method and the Mann–Kendall
during the study period (Figure 3a). Both the simple linear regression method and the Mann–Kendall
test indicate that this decreasing trend is remarkable with a confidence level of 95%. The annual total
test indicate that this decreasing trend is remarkable with a confidence level of 95%. The annual total
precipitation up the Three Gorges Reservoir shows a decreasing trend with a slope of −13.5 mm per
precipitation up the Three Gorges Reservoir shows a decreasing trend with a slope of −13.5 mm per
ten years (Figure 3b), whereas the annual mean temperature shows an increasing trend with a slope
ten years (Figure 3b), whereas the annual mean temperature shows an increasing trend with a slope
of 0.1 ◦°C per ten years (Figure 3c), which is in accordance with the context that global temperature
of 0.1 C per ten years (Figure 3c), which is in accordance with the context that global temperature
increased by 0.7 ◦°C during the last one hundred years [27]. It also can be seen in Figure 3 that there is
increased by 0.7 C during the last one hundred years [27]. It also can be seen in Figure 3 that there is a
a strong positive correlation between precipitation and reservoir inflow, while temperature is
strong positive correlation between precipitation and reservoir inflow, while temperature is negatively
negatively correlated to the reservoir inflow.
correlated to the reservoir inflow.

precipitation up the Three Gorges Reservoir shows a decreasing trend with a slope of −13.5 mm per
ten years (Figure 3b), whereas the annual mean temperature shows an increasing trend with a slope
of 0.1 °C per ten years (Figure 3c), which is in accordance with the context that global temperature
increased by 0.7 °C during the last one hundred years [27]. It also can be seen in Figure 3 that there is
a strong positive correlation between precipitation and reservoir inflow, while temperature is
Water 2017, 9, 957
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negatively correlated to the reservoir inflow.
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The non-parametric Pettitt’s test is used to detect the occurrence of an abrupt change point in
The non-parametric Pettitt’s test is used to detect the occurrence of an abrupt change point in
the Three Gorges Reservoir inflow, and the sequential clustering method is used to further confirm
the Three Gorges Reservoir inflow, and the sequential clustering method is used to further confirm
the break point identified by the Pettitt’s test. Both methods indicate that the year 1993 is the abrupt
the break point identified by the Pettitt’s test. Both methods indicate that the year 1993 is the abrupt
change point. The reservoir inflow is considered less affected by climate change and human activities
change point. The reservoir inflow is considered less affected by climate change and human activities
before the abrupt change point and changes obviously. Accordingly, the study period can be divided
before the abrupt change point and changes obviously. Accordingly, the study period can be divided
into pre-change period and post-change period (i.e., 1951–1993 and 1994–2016) by the change point.
into pre-change period and post-change period (i.e., 1951–1993 and 1994–2016) by the change point.
The means, standard deviations and coefficient of variation of the annual reservoir inflow,
The means, standard deviations and coefficient of variation of the annual reservoir inflow, precipitation
precipitation and temperature in the two periods are analyzed to better understand the characteristics
and temperature in the two periods are analyzed to better understand the characteristics of changes in
of changes in the reservoir inflow and climate (Table 1). The mean of annual reservoir inflow for the
the reservoir inflow and climate (Table 1). The mean of annual reservoir inflow for the post-change
post-change period relative to that for the pre-change period decreases 7.7%, indicating large decrease
period relative to that for the pre-change period decreases 7.7%, indicating large decrease in the
in the annual inflow during the post-change period. Statistically significant differences between the means
annual inflow during the post-change period. Statistically significant differences between the means
of two periods can be found with a confidence level of 99% using the t-test, whereas using the F-test,
of two periods can be found with a confidence level of 99% using the t-test, whereas using the
differences between the standard deviations of the two periods are not statistically significant. In addition,
F-test, differences between the standard deviations of the two periods are not statistically significant.
the increasing coefficient of variation of the reservoir inflow indicates that the inflow varies more in the
In addition, the increasing coefficient of variation of the reservoir inflow indicates that the inflow varies
post-change period than in the pre-change period. This change in the coefficient of variation is in
more in the post-change period than in the pre-change period. This change in the coefficient of variation
accordance with facts that human activities are becoming more complex and greater [18]. As for
is in accordance with facts that human activities are becoming more complex and greater [18]. As for
precipitation and temperature, statistically significant differences between the means of two periods are
precipitation and temperature, statistically significant differences between the means of two periods
also found at a 95% confidence level using the t-test. The mean of annual precipitation for the post-change
are also found at a 95% confidence level using the t-test. The mean of annual precipitation for the
period relative to that for the pre-change period decreases 4.5% and temperature increases 3.7%, whereas,
post-change period relative to that for the pre-change period decreases 4.5% and temperature increases
using the F-test, differences between the standard deviations of the two periods are not statistically
3.7%, whereas, using the F-test, differences between the standard deviations of the two periods are
significant. Comparing with the pre-change period (i.e., 1951–1993), the Three Gorges Reservoir inflow is
not statistically significant. Comparing with the pre-change period (i.e., 1951–1993), the Three Gorges
at a low level in the post-change period (i.e., 1994–2016), as well as the precipitation, whereas the
Reservoir inflow is at a low level in the post-change period (i.e., 1994–2016), as well as the precipitation,
temperature is at a high level.
whereas the temperature is at a high level.
Table 1. Characteristics of the annual inflow, precipitation, and temperature before and after change
point.

Item
Inflow (km3)

Pre-Change Period
Mean SD CV
438.2 42.7 0.10

Post-Change Period
Mean SD
CV
404.5
43.6 0.11

Changes in Mean
−33.7
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Table 1. Characteristics of the annual inflow, precipitation, and temperature before and after
change point.
Pre-Change Period

Item
Inflow (km3 )
Precipitation (mm)
Temperature (◦ C)

Post-Change Period

Mean

SD

CV

Mean

SD

CV

438.2
999.9
13.4

42.7
72.1
0.2

0.10
0.07
0.02

404.5
957.9
13.9

43.6
63.1
0.4

0.11
0.07
0.03

Changes in Mean

−33.7
−42.0
0.5

Note: CV indicates coefficient of variation; SD indicates standard deviation.

5. Reservoir Inflow Simulation
Sensitivity analysis is performed to evaluate the effect of parameters on the performance of the
model in runoff simulation. Based on the sensitivity analysis, eleven highly sensitive parameters
are
and calibrated (Table 1). The pre-change period is divided into calibration period 7from
Waterselected
2017, 9, 957
of 14
1951 to 1980 and validation period from 1981 to 1993. The LULC map of the late 1980s is used as the
LULC
input
for calibration
validation.
Calibrated
values
for 1980s
the eleven
parameters
are also
listed
validation
period
from 1981and
to 1993.
The LULC
map of
the late
is used
as the LULC
input
for
in
Table
2.
Simulated
and
observed
inflow
during
the
calibration
and
validation
period
are
plotted
calibration and validation. Calibrated values for the eleven parameters are also listed in Table 2. Simulated
in
Figure
4. inflow during the calibration and validation period are plotted in Figure 4.
and
observed

Calibration and
and validation of the SWAT
SWAT model.
Figure 4. Calibration
model.
Table 2. Parameters used in the SWAT
SWAT models.
Table
models.

Name
Name
ALPHA_BF
ALPHA_BF
CANMX
CANMX
CN2CN2
EPCO
EPCO
ESCO
ESCO
GW_DELAY
GW_DELAY
GW_REVAP
GW_REVAP

Description
Description
Base flow alpha factor (days)
Base flow alpha factor (days)
Maximum
(mm)
Maximumcanopy
canopystorage
storage (mm)
The
SCS
curve
number
The SCS curve number
Plant
evaporationcompensation
compensation factor
Plant
evaporation
factor
Soil
evaporation
compensation
Soil evaporation compensationfactor
factor
Groundwater delay (days)
Groundwater
delay (days)
Groundwater re-evaporation coefficient
Groundwater
re-evaporation
coefficient
Threshold depth
of water in shallow
aquifer
GWQMN
required for
return
flow toin
occur
(mm)aquifer
Threshold
depth
of water
shallow
GWQMN
SFTMP
Snowfall
(◦ C)
required
fortemperature
return flow
to occur (mm)
SMFMX
Melt factor for snow on June 21 (mm/day◦ C)
SFTMP
Snowfall temperature (°C)
Available water capacity of the soil
SOL_AWC Melt factor for snow
SMFMX
on June 21 (mm/day°C)
layer(mm mm−1 soil)
waterlag
capacity
of the soil layer
SURLAG Available
Surface runoff
coefficient
SOL_AWC
(mm mm−1 soil)
SURLAG
Surface runoff lag coefficient

Range Calibrated
Calibrated
Value
Value
0–1
0.28
0–1
0.28
0–100
30.92
0–100
30.92
0–100
24–85
0–100
24–85
0–10–1
0.030.03
0–10–1
0.900.90
0–500
8.74–325
0–500
8.74–325
0.02–0.2
0.03
0.02–0.2
0.03
Range

0–5000

0–5000
−20–20
0–20

−20–20

468.73

468.73
−5–4.6
1.40–6.24

−5–4.6

0–1
0–20

0.03
1.40–6.24

1–24

12.70

0–1

1–24

0.03

12.70

Moriasi et al. [28] suggest that NSE values greater than 0.75 are considered excellent, values
greater than 0.65 are considered good, and values greater than 0.5 are considered satisfactory for
hydrological model evaluation. They further conclude that R2 values greater than 0.5 are regarded as
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Moriasi et al. [28] suggest that NSE values greater than 0.75 are considered excellent, values greater
than 0.65 are considered good, and values greater than 0.5 are considered satisfactory for hydrological
model evaluation. They further conclude that R2 values greater than 0.5 are regarded as acceptable
for model simulation. Values of R2 and NSE are 0.89 and 0.87 for the calibration period, indicating an
excellent calibration simulation; values of R2 and NSE are 0.91 and 0.83 for the validation period,
indicating an excellent simulation beyond the pre-change period.
6. Quantitative Assessment Analysis
One piece of LULC map is a composite of dozens of pictures taken by the orbiting satellite.
Limited to track of the orbiting satellite, every picture is taken sequentially. As a result, there is
an interval of about several years between pieces. Different from changes in erratic weather or
subjective water diversion, LULC are sometimes considered accumulative and chronic [16,19,29,30].
The two-stage method and multi-stage method are both based on the premise that LULC remains
stable during a certain period. Divergence between the two is how long the certain period continues.
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Table 3. Results of two-stage method (unit: km3).

Period
1994–2016

ΔRC
−30.5
(70%)

ΔRL
−4.8
(11%)

ΔRD
−8.3
(19%)

ΔRT
−43.6
(100%)

Note: ΔRT indicates total changes in reservoir inflow; ΔRC indicates impact of climate change on the
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Table 3. Results of two-stage method (unit: km3 ).
Period

∆RC

∆RL

∆RD

∆RT

1994–2016

−30.5
(70%)

−4.8
(11%)

−8.3
(19%)

−43.6
(100%)

Note: ∆RT indicates total changes in reservoir inflow; ∆RC indicates impact of climate change on the reservoir
inflow (change caused by climate change); ∆RL indicates impact of LUCC on the reservoir inflow (change caused by
LUCC); ∆RD indicates impact of direct human activities on the reservoir inflow (change caused by direct human
activities).

When LULC condition changes a lot during the post-change period, the multi-stage method is
superior to the two-stage method, because it can describe the impact of temporal and spatial variation
of LULC condition on the reservoir inflow. However, the boundaries between changing a little and
changing
Water 2017, a
9, lot
957 are always being blurred and muddled. There has not been a clear criterion on whether
9 of 14
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Table 4. Area of each LULC type based on historical LULC maps (unit: ×104 km2).
Table 4. Area of each LULC type based on historical LULC maps (unit: ×104 km2 ).

LULC Maps
C
F
G
C
F
G
1990
22.3 33.9 36.1
1990 1995 22.3 21.933.934.2 36.1
37.2
1995
21.9
34.2
37.2
2000
22.1 33.9 36.2
2000
22.1
33.9
36.2
2010
35.8
2010
21.9 21.934.034.0 35.8
Changes
−0.4
0.1
−0.3
Changes
−0.4
0.1
−0.3

LULC Maps

W
1.5
1.5
1.7
1.7
1.5
1.5
1.9
1.9
0.4
0.4
W

D
B
D
5.7 0.5
4.65.7 0.4
5.84.6 0.5
5.8
5.95.9 0.5
0.20.2 0.0

Total
B
100.0 Total
0.5
100.0 100.0
0.4
100.0 100.0
0.5
100.0
100.0 100.0
0.5
0.0

Note:CCindicates
indicates
F indicates
land;grass
G indicates
grass land;
indicates
water;
Note:
cropcrop
land; Fland;
indicates
forest land;forest
G indicates
land; W indicates
water; W
D indicates
developed
land;
B indicates
barren land.
D indicates
developed
land; B indicates barren land.

In area up the Three Gorges Reservoir, the most major LULC types are grass land, forest land,
and crop land, accounting for more than 90% of the total area. Changes in the areas of different LULC
types range from −4 to 4 × 103 km2. “Little changes” in areas of LULC types often become the basis of
the previous studies, which suggested that LULC condition changed slowly and the two-stage
method could be used [27]. Although “little changes” are detected in areas of different LULC types,
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In area up the Three Gorges Reservoir, the most major LULC types are grass land, forest land,
and crop land, accounting for more than 90% of the total area. Changes in the areas of different LULC
types range from −4 to 4 × 103 km2 . “Little changes” in areas of LULC types often become the basis of
the previous studies, which suggested that LULC condition changed slowly and the two-stage method
could be used [27]. Although “little changes” are detected in areas of different LULC types, there are
abundant transformations between different types, indicating the spatial variation of LULC (Table 5).
For the crop land, 65.5% of crop land in 1990 is unchanged in 2010, while 34.5% turns into other types.
These transformations are involved in most part of the hydrological process from runoff generation
to concentration and cause changes in the Three Gorges Reservoir inflow finally [31,32]. Therefore,
the multi-stage method could be more suitable for assessing the impact of LUCC.
To consider the temporal and spatial variation of LULC, the multi-stage method is also
used to assess the impact on the Three Gorges Reservoir inflow. Before quantitative calculations,
the post-change period must be divided into some shorter stages. The temporal pattern studied
above shows a mixed level of both high and low amount of inflows, where 1994–1997 shows a low
level, 1998–2005 shows a high level and 2006–2016 shows a low level (Figure 3a). According to the
temporal pattern, the post-change period can be divided into three stages (i.e., 1994–1997, 1998–2005,
and 2006–2016). The LULC maps of 1995, 2000, and 2010 are used as the LULC inputs for the
three stages in the post-change period, respectively. Following the steps of the multi-stage method
introduced above, changes in the Three Gorges Reservoir inflow can be attributed to climate change,
LULC, and direct human activities for every stage. The calculation results are listed in Table 6.
Table 5. Transform of each LULC type based on historical LULC maps (unit: ×104 km2 ).
2010
LULC

1990

1990 Total

C

F

G

W

D

B

C

14.6
(65.5%)

4.7
(21.1%)

2.3
(10.3%)

0.3
(1.3%)

0.4
(1.8%)

0
(0%)

22.3
(100%)

F

4.5
(13.3%)

23.3
(68.7%)

5.8
(17.0%)

0.1
(0.3%)

0.2
(0.6%)

0
(0%)

33.9
(100%)

G

2.4
(6.6%)

5.7
(15.8%)

25.6
(70.9%)

0.4
(1.1%)

1.8
(5.0%)

0.2
(0.6%)

36.1
(100%)

W

0.2
(13.3%)

0.1
(6.7%)

0.1
(6.7%)

0.9
(60.0%)

0.2
(13.3%)

0
(0%)

1.5
(100%)

D

0.2
(3.5%)

0.2
(3.5%)

1.8
(31.6%)

0.2
(3.5%)

3.2
(56.1%)

0.1
(1.8%)

5.7
(100%)

B

0
(0%)

0
(0%)

0.2
(40.0%)

0.0
(0%)

0.1
(20.0%)

0.2
(40.0%)

0.5
(100%)

21.9
(100%)

34.0
(100%)

35.8
(100%)

1.9
(100%)

5.9
(100%)

0.5
(100%)

100

2010 Total

Note: C indicates crop land; F indicates forest land; G indicates grass land; W indicates water; D indicates developed
land; B indicates barren land.
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Table 6. Results of multi-stage method (unit: km3 ).
Period

∆RC

∆RL

∆RD

∆RT

1994–1997

−49.3
(91%)

−3.3
(6%)

−1.7
(3%)

−54.3
(100%)

1998–2005

35.6
(85%)

2.9
(7%)

−3.4
(8%)

35.1
(100%)

2006–2016

−17.7
(66%)

−4.2
(15%)

−5.1
(19%)

−27
(100%)

Note: ∆RT indicates total changes in reservoir inflow; ∆RC indicates impact of climate change on the reservoir
inflow (change caused by climate change); ∆RL indicates impact of LUCC on the reservoir inflow (change caused by
LUCC); ∆RD indicates impact of direct human activities on the reservoir inflow (change caused by direct human
activities).

7. Comparison between Two- and Multi-Stage Method
To test impact of the number of stages on assessing quantitative assessment, and obtain credible
attribution results, both two- and multi-stage method are used in this study. For ease of comparison,
impacts of climate change, LUCC, and direct human activities for every stage are accumulated.
The accumulated results are listed in Table 7, as well as the results of the two-stage method. It can
be seen that assessment of impacts on the Three Gorges Reservoir inflow via the two methods are
close in results. For the multi- stage method, the contribution of climate change in stage 1994–1997
and 1998–2005 is larger than that in two-stage method (Table 6). Because impact of LULC and other
human activities are accumulated stage by stage, and impact of climate is related to difference of
meteorological factors between stages. It is noteworthy that there are some abrupt changes in different
stage results of multi-stage method. LUCC during the stage 1999–2005 result in increased reservoir
inflow, which are different from the general characteristics. However, it is virtually impossible to
make an obvious change in LULC condition in a short time. Different from the chronic climate change,
the LULC condition is usually affected by policy at the time.
Table 7. Summary for results of two-stage method and multi-stage method (unit: km3 ).
Method

∆RC

∆RL

∆RD

∆RT

Two-stage method

−30.5
(70%)

−4.8
(11%)

−8.3
(19%)

−43.6
(100%)

Multi-stage method (Accumulative)

−31.4
(68%)

−4.6
(10%)

−10.2
(22%)

−46.2
(100%)

Note: ∆RT indicates total changes in reservoir inflow; ∆RC indicates impact of climate change on the reservoir
inflow (change caused by climate change); ∆RL indicates impact of LUCC on the reservoir inflow (change caused by
LUCC); ∆RD indicates impact of direct human activities on the reservoir inflow (change caused by direct human
activities).

In recent decades, intense human activities up the Three Gorges Reservoir have had profound
effects on the reservoir inflow [18]. Therefore, it is particularly important to fully consider the human
activities either directly or indirectly related to water when identifying and analyzing the changes in
the Three Gorges Reservoir inflow.
For the term ∆RL , LUCC have lasting impacts on runoff. Until the end of 2010, up the Three Gorges
Reservoir, 13,000 reservoirs have been built, which have a total storage of 56 km3 . Evaporation from
water surface is usually greater than that from land surface. Therefore, increasing water area caused by
constructions of reservoirs results in increasing evaporation. Mean annual actual evapotranspiration
in the Yangtze River basin is 520 mm and mean annual pan evaporation is 1400 mm [33]. Moreover,
evaporation from airy and open water surface is greater than the pan evaporation. Therefore, increase in
actual evaporation caused by constructions of reservoirs could be estimated at 1 m per year. As shown
in Table 4, area of water increased by 4 × 103 km2 from 1990 to 2010. Under the above conditions,
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4 km3 of the Three Gorges Reservoir inflow is lost due to the increased actual evaporation. After 2010,
more and more reservoirs are planning to be constructed, and the loss of water is increasing.
For the term ∆RD , some human activities get involved with runoff directly, for instance,
reservoir impoundment, domestic and industrial water supply inside the watershed, water diversion
towards other watersheds. These human activities have great and direct impacts on runoff [34].
Reservoir impoundment is used as an example. It is mentioned in the prior context that, until the
end of 2010, reservoirs built up the Three Gorges Reservoir have a total storage of 56 km3 . In other
words, 56 km3 of water, which is the equivalent of 13% of the Three Gorges Reservoir mean annual
inflow, has been impounded in the reservoirs until the end of 2010. The Three Gorges Reservoir inflow
decreases 0.2% per year because of reservoir impoundment. In addition, reservoir impoundment also
leads to increase in the water usage. Although most of this will return to the runoff and be collected
into the reservoir finally, significant water loses in the processes in the form of evaporation [35,36].
All these activities are attributed to the term ∆RD . According to the national strategy, a complex water
and hydropower system composed of more than one hundred large reservoirs will be built in the
future. Because of the constructions of more reservoirs, together with start of the Western Route of
South-to-North Water Transfer Project and economic development, the Three Gorges Reservoir inflow
will continue to decrease in future.
8. Conclusions
Influenced by both climate change and human activities, significant changes occur in the Three
Gorges Reservoir inflow. These changes are identified and attributed to the impacts of climate change
and human activities separately in this study. Findings of this study are important for both the Three
Gorges Reservoir and application of SWAT. The findings are concluded as follows:
(1)

(2)

(3)

(4)

Significant decrease has occurred in the Three Gorges Reservoir inflow in the past 66 years.
The reservoir inflow decreases by 7.7 km3 per ten years, annual total precipitation decreases by
−13.5 mm per ten years, and annual average temperature increases by 0.1 ◦ C per ten years. The abrupt
change point of the Three Gorges Reservoir inflow series is the year 1993; reservoir inflows are
significantly different before and after this year.
Climate change, especially the decreased precipitation and the increased temperature, is the
primary cause. Intense human activities are also important causes, whether they are directly
or indirectly related to the runoff. The contribution of climate change and human activities is
around 7:3.
The two-stage method and the multi-stage method are close in results when using assessing
impacts on the Three Gorges Reservoir inflow during the whole post-change period. Impacts of
the temporal and spatial variation of LULC can be described in some detail by the multi-stage
method. The two-stage method is recommended for large scale basins considering the complexity
of simulation. The multi-stage method is recommended for detailed assessment.
Both the two-stage method and multi-stage method are based on the distributed hydrological
model, and can describe and assess the impacts from direct or indirect human activities.
The description and assessment of the human activities accord with the facts in the area up
the Three Gorges Reservoir.
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