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GRAPHICAL ABSTRACT

Water resources in the upper reaches of
the Mingjiang River (UMR) basin de-
creased.

Climate change had led to an increase in
water resource availability in the UMR
basin.

Human activity had led to a decrease in
water resource availability in the UMR
basin.

Multi-models can decrease the uncer-
tainty of results.
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Climate change and human activities have changed the spatial-temporal distribution of water resources, espe-
cially in a fragile ecological area such as the upper reaches of the Minjiang River (UMR) basin, where they have
had a more profound effect. The average of double-mass curve (DMC) and Distributed Time-Variant Gain Hydro-
logical Model (DTVGM) are applied to distinguish between the impacts of climate change and human activities
on water resources in this paper. Results indicated that water resources decreased over nearly 50 years in the
UMR. At the annual scale, contributions of human activities and climate change to changes in discharge were
—77% and 23%, respectively. In general, human activities decreased the availability of water resources, whereas
climate change increased the availability of water resources. However, the impacts of human activities and cli-
mate change on water resources availability were distinctly different on annual versus seasonal scales, and
they showed more inconsistency in summer and autumn. The main causes of decreasing water resources are res-
ervoir regulation, and water use increases due to population growth. The results of this study can provide support
for water resource management and sustainable development in the UMR basin.

© 2018 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail address: azye@bnu.edu.cn. (A. Ye).

https://doi.org/10.1016/j.scitotenv.2018.04.163
0048-9697/© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The hydrological cycle of watersheds in both spatial and temporal
changes is a complex process that is widely influenced by climate
change and human activities (Milliman et al., 2008; Zhang et al.,
2011a; Song et al,, 2013). The Intergovernmental Panel on Climate
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Change (IPCC) report indicated that climate change has led to changes
in global precipitation patterns since the 20th century, which has
changed the global hydrological process and directly affect the spatial
and temporal distribution of global water sources; thus, it can cause
changes in discharge (Milly et al., 2005; Huntington, 2006). Human ac-
tivities, such as changes in land use/cover, dam construction, and urban-
ization, have an obvious impact on all aspects of the water cycle
(Sterling et al., 2013), which can greatly change the spatiotemporal dis-
tribution of water resources. The contradiction between the supply and
demand of global water resources is becoming more and more

prominent, primarily due to human activities and climate change
(e.g., rapid economic development, increasing population and frequent
extreme weather problems) (Wang et al., 2013; Luo et al., 2015a),
which directly results in the reduction of discharge and causes chal-
lenges for global river ecosystem. Hence, it is of great significance to
quantitatively assess the impact of climate change and human activities
on discharge variations, which will enhance our understanding of the
water cycle at both regional and global scales, improve water resource
planning and management, and help to mitigate extreme weather
events.
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Fig. 1. Locations of the upper reaches of the Minjiang River Basin, meteorological grid points and hydrological station.
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Numerous studies have demonstrated how to quantify the effects of
climate change and human activities on discharge changes (Li et al.,
2013; Zhang et al., 2016; Li et al., 2017). At present, three methods
have already been applied: statistical analysis, elasticity methods and
hydrological modeling. Wei and Zhang (2010)) used modified double-
mass curves to determine the quantitative allocation of forest distur-
bance and climate variability to streamflow in the Willow River water-
shed. Yuan et al. (2016) used sensitivity analysis based on Budyko-type
equations to indicate that climate change was the main driving factor
controlling streamflow changes during the change period I
(1981-2002), accounting for 60.07%-67.27% of the changes in most
parts of Dongting Lake. However, human activity was the dominant fac-
tor during the change period II (2003—2010), accounting for 58.89%-
78.33% of the changes. Li et al. (2016) employed the Soil and Water As-
sessment Tool (SWAT) model to separate out the effects of climate
change, land cover change and direct human activities on the runoff var-
iations in the Wei River Basin. Zhao et al. (2014) used Budyko's curve
and linear regression methods to assess the potential impact of climate
change and human activities on the annual mean streamflow in the
middle reaches of the Yellow River basin (MRYRB). These results
showed that human activities were the main driving factor in some trib-
utaries, particularly in the northern basin. Li et al. (2017) utilized the
Budyko framework and the hydrological model (SIMHYD) to study pos-
sible causes of the reduced discharge in the Yellow River basin. It was
found that human activities were the main reason for the decrease in
discharge, and it reduced discharge by 73.4% and 82.5% in 1980-2000
and 2001-2014, respectively.

The Minjiang River is the largest tributary in the upper reaches of
the Yangtze River. Many studies of the Minjiang River have analyzed
the trends and variable characteristics of water resources. Yang et al.
(2014) analyzed and predicted the tendency of precipitation and
runoff from 1955 to 2008 at the UMR. The result indicated that
both precipitation and runoff had decreasing trends and that
changes in runoff had a certain lag relative to changes in precipita-
tion. Zhang et al. (2012) used a combination of statistical analysis
and graphical methods to obtain the relative contributions of climate
variability and forest disturbance to annual runoff, and they clearly
showed that forest harvest and climate change had an offsetting ef-
fect on annual runoff changes. While it is meaningful to study the
contribution of forest disturbance to runoff changes, it does not
fully represent all human activities. After all, human activities in-
clude many factors. In recent years, elasticity methods have been
widely applied to separate the contributions of climate change and
human activities on discharge changes at different spatial scales.
Wang (2014) showed that elasticity methods do not eliminate the
impact of human activities on the baseline periods, resulting in a
bias in the contribution rate. In addition, elasticity methods are
based on an annual time scale, which is rough and cannot be used
to quantitatively analyze the impact of climate change and human
activities on discharge variations during the year (Hu et al., 2012).
Therefore, we choose a combination of statistical analysis (DMC)
and hydrological modeling (DTVGM) to analyze the contribution of
human activities and climate change to discharge changes in the
UMR.

The objectives of this study are as follows: (1) to determine the
change trend of precipitation on a spatiotemporal scale in the UMR
and compare them with the variation tendency of discharge at Zipingpu
station (the outlet of the upper reaches of the Minjiang River) from
1961 to 2012; (2) to compare the difference and consistency of the
double-mass curve (DMC) and Distributed Time-Variant Gain Model
(DTVGM) in assessing the effects of climate change and human activi-
ties to discharge changes on different time scales; (3) to quantify and
compare the relative contributions of climate change and human activ-
ities to discharge changes on annual and seasonal scales; (4) to discuss
the possible causes of discharge variations due to climate change and
human activities.

This paper is organized as follows: Section 2 introduces the study
area and data; Section 3 describes the methodologies, including the
Mann-Kendall test, the Double-mass curve method (DMC), the Distrib-
uted Time-Variant Gain Model (DTVGM) and the Quantitative estimate
method; Section 4 presents the results and discussion; and Section 5
presents the conclusions.

2. Study area and data
2.1. Study area

The Minjiang River is an important tributary of the Yangtze River
(Fig. 1). The upper reaches of the Minjiang River (UMR) refers to the
river above Dujiangyan, which is the main source of water for agricul-
ture, industry and life in the Chengdu Plain. The ecological environment
of the UMR is very vulnerable because of its typical alpine gorge land-
scape, which mainly comprised the following: the sharp decline in for-
est area, severe soil erosion and frequent natural disasters. In recent
years, the discharge of the Minjiang River has continued to decrease,
and making the contradiction between the supply and demand of
water resources more prominent. Thus, it is necessary to better under-
stand these hydrological processes, then, to quantify the contribution
of human activities and climate change to discharge variations in the
UMR. The UMR has a drainage area of 22,722 km? and ranges in eleva-
tion from 726 m to 5578 m. The Dujiangyan was constructed around
256 BCE by the State of Qin as an irrigation and flood control project,
and it is still in use today.

The precipitation in the UMR basin has a strong seasonality, with
>60% of the annual precipitation (987 mm, 1961-2012) concentrated
in the flood season from May to September, which is caused by the typ-
ical continental monsoon climate and is characterized by long-lasting
and light intensity (Fig. 2). The annual mean discharge is 462 m>/s,
and the annual mean water resource availability is 14.5 billion m> at
Zipingpu station. The runoff coefficient describes the ability to produce
runoff in the basin, and it is affected by the underlying condition. Fig. 2
shows that the runoff coefficients are <1 in the UMR basin, except in No-
vember, December and January. Runoff coefficients >1 may be caused
by the fact that runoff comes from alpine snowmelt, soil water and res-
ervoir outflow in winter. The runoff coefficients in the UMR basin show
the periodicity change rule during the study period, and it reaches its
peaks in January and December.

2.2. Data
Daily precipitation data during 1961-2012 was collected from the

China Meteorological Administration (CMA), with a spatial scale of a
0.5-degree grid (Table 1). The daily discharge data of the Zipingpu

0
200
o) 180 I
£ 160 | -
= 5
£ 140 .
g 120 | 124
2 100 | S
3 | 138
¥
S o | 4°‘
£ 40 f i
B o0}
0 5
1 2 3 4 5 6 7 8 9 10 11 12
M Precipitation HRunoff HR/P Month

Fig. 2. The mean seasonal cycle of precipitation, runoff and runoff coefficient (R/P: runoff/
precipitation) in the upper reaches of the Minjiang River Basin (1961-2012).



904

Table 1
Information of base data in the upper reaches of the Minjiang River Basin.
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Data types Scale Source Data attributes

DEM 3s USGS Elevation

Precipitation 0.5° CMA http://data.cma.cn/ Daily and monthly precipitation during 1961-2012

Discharge Zipingpu station Hydrological yearbook Daily discharge during 1961-2012, annual discharge during 1937-2012

hydrological station was gathered from the Hydrological Yearbook of
the China Hydrological Bureau. The DEM data was obtained from the
NASA Shuttle Radar Topography Mission (SRTM) 3 arc-seconds digital
elevation data. Population data from 1964 to 2010 was obtained from
the Sichuan Statistical Yearbook. The data of the cumulative numbers
of reservoirs in the UMR was taken from Li (2014). There are 187 reser-
voirs, 4 large hydropower stations and 29 middle hydropower stations
in the UMR by 2017. The total reservoir storage is >20 billion m. Land
use data were collected from Li et al. (2005) and Tan (2016) for 1972,
1986, 1990, 2000, 2010, and 2015. The grassland area is about 50%
and forest land area is about 46% in the UMR, and the other land use dis-
tribution is <5%.

3. Methodologies

The Mann-Kendall test method was used to detect the trend and
mutation point of discharge. The double-mass curve method and the
Distributed Time-Variant Gain Hydrological Model (DTVGM) were
employed to quantify the influences of climate change and local
human activities on discharge changes.

3.1. Mann-Kendall test

The Mann-Kendall test (M-K) is a nonparametric test used for trend
and mutation detection in time series (Mann, 1945; Kendall, 1948). The
Mann-Kendall test, as recommended by the World Meteorological Or-
ganization (WMO), is a nonparametric statistical method (Mitchell
et al.,, 1966) widely used in the trend analysis and mutation detection
of hydro-meteorological data. For a time-series of n observations, X =
X1, X2, ..., X, the M-K trend statistic (S) is computed using Eq. (1) and
Eq. (2). In this study, the autocorrelation of the data did not reach a sig-
nificant threshold of 0.05; thus, we directly used raw data to perform
the Mann-Kendall trend analysis (Yue et al., 2002; GAO et al., 2010).

n—1 n
S=Y "> sign(xj—x) (1)

i=1 j=i+1
1, x;>x;
sign (xj—x;) =< 0, Xj=x; (2)
-1, Xj<Xi

If the sample size n is large enough (n > 10), the standard normal
variable Z can be used to evaluate the trend of the time-series (Eq. (3)
and Eq. (4)). E(S) and Var(S) are the expected value and variance of S,
respectively. This time-series has increasing trends if the value of Z is
greater than zero; otherwise, the time-series has decreasing trends. If |
Z| 2 Z1_(ay2), the null hypothesis of no trend is rejected at the signifi-
cance level o. The null hypothesis can be tested at 5% and 10% signifi-
cance levels. The values of Z; _(42) at the 5% and 10% significance
levels are 1.96 and 1.28, respectively.

S—1
— 5>0
/Var (S)

Z={0 ,5=0 3)
S+1

Vs

_ n(n—1)2n+5)

E(S) =0 Var(S) 15 4)

For a time-series of n observations X = xy, X5, ..., X;;, the M-K muta-
tion statistic (S;) is computed using Eq. (5) and Eq. (6).

S1=0, §;=S"r (i=23-n) (5)
i=1

_ 1, Xi>X;

r"f{O, Xi <X;j (6)

The standard normal distribution UF; can be calculated based on the
Xseries (Eq. (7) and Eq. (8)). (S;) and Var(§;) are the expected value and
the variance of S;, respectively. If [UFj| > U, the hypothesis of the trend is
accepted at the significance level «. The time-series has increasing
trends if the value of UF; is greater than zero; otherwise, the time-
series has decreasing trends.

UF; =0 UFj= SiZES) :

(j:2,3,~-,n) (7)
var(S;)
() =" var(sy) < PR ®

Table 2
Description of the common verification measures used in the study. The x is observed data, y is simulated data, i is time, and N is the total number of data.
Verification measures Formulas Descriptions Perfect/no
skill
Nash-Sutcliffe efficiency value NSE — 1— S —w)? Assessing the predictive power of hydrological models; quantitatively describe the accuracy 1/<0
(NSE) N Y oY) between forecasts and observations
NSE calculated on inverse Sy
transformed flows NSE; =1— 1
ZH @%77)
Yi
Root mean square error (RMSE Association of forecasts and observations over a long time period 0/
; (RMSE) raask — \/h S0y (0 g time p /
Pearson correlation coefficient S %) (Yi—Y) Linear dependency between forecasts and observations 1/<0
VL 2 o)
Relative bias Relative difference between forecasts and observations 0/c0

rBigs = (01 ~1)-100%

i Vi
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The standard normal distribution UB; can be calculated based on the
reversed order of the X series using the same method. The intersection
point of the UF and UB curves reflects the beginning of the abrupt
change (Zhang et al., 2011b).

3.2. Double-mass curve method

The double-mass curve (DMC) method has been proven to be a rel-
atively simple and effective statistical method that is used to study the
consistency of long-term hydro-meteorological data (Mu et al., 2010).
When the DMC method is used to extrapolate, there is a hypothesis
that the background before and after abrupt point is consistent (Gao
et al,, 2010). The relationship between cumulative observed precipita-

be expressed as:
b .
M =a-CP™ +b, (j=1,2,--.n) 9

where n represents the length of the time series, j is the number of years,
a is a correction or rate of change, and b donates the intercept.
According to the linear regression equation established in the base-

line period (Eq. 9), the cumulative simulated discharge (CD}™ = .

Dfim) of the changed period can be obtained using the cumulative ob-
served precipitation (CP}™" = {:1 P{®") during the period of change. Fi-
nally, the annual simulated discharge D;j"™ can be calculated based on
two years of cumulative simulated discharge. The specific formula is
as follows:

tion (CPY = 31| PP, P is precipitation) and cumulative observed dis-
charge (CD?* = Y-/, D*, Dis discharge) during the baseline periodcan ~ CD§™ =a-CP{* +b, (j=1,2,--,n) (10)
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Fig. 3. MK test values of precipitation in the Upper reaches of the Minjiang River basin (1961-2012). “Zannual” is the Z-value of the annual precipitation; “Zdays” is the Z-value of wet days
(daily precipitation >1 mm); “Zmax” is the Z-value of the annual maximum daily precipitation. “Spring” is March to May. “Summer” is June to August. “Autumn” is September to Novem-

ber. “Winter” is December to next February.



906 J. Hou et al. / Science of the Total Environment 635 (2018) 901-912
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Fig. 4. M-K test values of observed discharge in the Upper reaches of the Minjiang River
basin (1961-2012). “annual” is the Z-value of the annual mean discharge, “max” is the
Z-value of the annual maximum daily discharge, “days” is the Z-value of flood days
(daily discharge > 1055 m3/s), “Spring” is the Z-value of the March to May mean
discharge, “Summer” is the Z-value of the June to August mean discharge, “Autumn” is
the Z-value of the September to November mean discharge, and “Winter” is the Z-value
of the December to next February mean discharge.

DS — CDIM D (j=1,2,n) (an

3.3. Distributed hydrological model

The Distributed Time-Variant Gain Hydrological Model (DTVGM)
was proposed by Xia et al. (2003), and has been applied to several ba-
sins (Wang et al., 2002). The runoff module is a simple nonlinear
time-variant gain hydrological model (TVGM), and the effectiveness of
the TVGM in rainfall-runoff simulations is better than that of linear
models (Xia, 1991). The DTVGM is a water balance model that uses
sub-basins (Ye et al., 2010). Eq. (12) shows the water balance equation
for a sub-basin:

253

1%
P:AW+g1 (W;C)

: (#ﬁ) (12)

where Pis precipitation (mm); AW is the change in soil moisture (mm);
W, is the upper soil moisture at the sub-basin (mm); W, is the lower
soil moisture at the sub-basin (mm); WM,, is the upper field soil mois-
ture (mm); u is the “upper” soil; WM; is the lower field soil moisture
(mm); f. is the soil permeability coefficient (mm/h); g; and g, are pa-
rameters (0 < g; < 1,0 < g3); g; is the runoff coefficient when the soil is
saturated; g, is the soil moisture parameter; C is the land cover param-
eter; K, is the sub-surface runoff coefficient; and K, is the groundwater
runoff coefficient.

The kinematic wave model is used for routing analysis (Ye et al.,
2006; Ye et al., 2013). The DTVGM assumes that the river flow is gradu-
ally varying unsteady flow in open channels. Eq. (13) shows the conti-
nuity equation:

0A 0Q

ot + K q (13)
where A is the river cross section area (m?); tis time (s); Q is discharge
(m>/s); x is the flow path (m), and q is the lateral inflow (m?%/s).

3.4. Estimating the contributions of climate change and human activities to
discharge

In order to quantitatively assess the contributions of climate change
and human activities to discharge changes, the entire study period was
divided into two parts: a baseline (benchmark) period (Zhang et al.,
2016), and a changed period (Chang et al., 2016). The discharge changes
in the baseline period are mainly due to climate change, while the dis-
charge changes in the changed period result from both climate change
and human activities (Eq. (14)):

AQr = AQC + AQh = Qobs_Qbase (14)

where AQ; is the total discharge changes, AQ. is the discharge change
due to climate change, and AQj, is the discharge change due to human
activities. Q,ps represents the observed discharge during the changed
period, and Qg represents the average observed discharge during
the baseline period.

The simulated discharge (Qs;,,) was obtained from the hydrological
model or the cumulative precipitation-discharge regression model,
which is calibrated based on the observed discharge during the bench-
mark period. The impact of new human activities (e.g. reservoirs, irriga-
tion and afforestation) can seldom be simulated by models, so we used
the difference between Q,s and Qs;, as the discharge change due to new
human activities during the changed period (Eq. (15)), and the differ-
ence between Qs;;; and Qpgse reflected the change in discharge due to cli-
mate change (Eq. (16)).

AQh = Qobs _Qsim (1 5)
AQC = Qsim - Qbase (1 6)

The relative contributions of climate change (7)) and human activi-
ties (1) to discharge changes can be calculated using Eq. (17) (Ma
et al,, 2014; He et al., 2013). The discharge increases if 1) is greater
than zero, otherwise, the discharge decreases.

AQy AQ,

=——— . 100% =
T IAQ+ AQ, T e T IAQ + 1AQY

-100% (17)

3.5. Model performance measures

The model performance measures include the Nash-Sutcliffe effi-
ciency (NSE) value, the correlation coefficient R, the Root Mean Square
Error (RMSE), and the Relative Bias (rBias), which are computed in
Table 2.
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Fig. 5. M-K mutation analysis of annual discharge at Zipingpu station during 1937-2012.
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4. Results and discussion
4.1. Trend analysis of precipitation and discharge

The Mann-Kendall test values of precipitation across time and space
during 1961-2012 are shown in Fig. 3. Trend analysis indicates that the
Z-value of annual precipitation in the UMR is —0.81, which does not
reach the significant threshold of 0.05 and only shows a non-
significant downtrend. In terms of spatial distribution, the annual pre-
cipitation shows a downward trend except the north-western region
in the UMR basin. From the trend of seasonal changes in the whole
study area, the precipitation in spring (ZSpring = 2.94) and winter
(ZWinter = 2.16) both have prominent increasing trends at the 0.05
significance level. The trends are opposite in the summer and autumn,
but only display a slight decline in the summer (ZSummer = —1.79)
and autumn (ZAutumn = —1.95). The trends of precipitation at each
grid point are consistent with the trends of the entire study area on dif-
ferent seasonal scales, although the Z values are different. Annual max-
imum daily precipitation increases, and wet days (the daily
precipitation is >1 mm) decrease, which means the precipitation is
heavy and concentrated. Thus, it is of great significance for the manage-
ment of water resources to understand the spatial and temporal distri-
butions of water resources throughout the year.

The Mann-Kendall test was used to detect the change trends of an-
nual and seasonal discharge at Zipingpu station. The discharge changes
are shown in Fig. 4. The M-K test index Z is —1.05 for the annual dis-
charge, which indicates that no significant decreasing trend occurred
from 1961 to 2012. The maximum daily discharge and the flood days
(with a daily discharge >1055 m>/s, 5% frequency flood) also show no
significant decreasing trends. However, the changing trend of the an-
nual maximum daily discharge is opposite that of the annual maximum
daily precipitation, which indicates that the underlying surface condi-
tion has a great influence on the direction of the discharge changes.
The average seasonal discharge increases in spring and winter and de-
creases in summer and autumn. These phenomena are mainly due to
precipitation changes, and show good consistency with precipitation
variations on seasonal and annual scales (Fig.3).

4.2. Mutation analysis of observed discharge

The annual discharge trend analysis of Zipingpu station is shown in
Fig. 5. The black line indicates the UF value, and the blue dotted line rep-
resents the UB value. The red line is 1.96 (—1.96) of the 5% significance
level. The intersection of the curves reflects an abrupt change in the an-
nual discharge that occurred in 1969. Based on the M-K test, the period
of the discharge record was divided into two parts: a baseline period
(1961-1969) representing discharge under natural conditions, and a

Table 3
Performance indices calculated for discharge simulations at Zipingpu station.

Calibration period, daily
(1961-1965)

Verification period, daily
(1966-1969)

NSE 0.73 0.72
R 0.87 0.85
NSE; 0.43 0.77
RMSE 177 185

rBias 4.2% 2.1%

changed period (1970-2012) representing discharge under the com-
bined influence of human activities and natural conditions.

4.3. Model calibration and performance assessment

The baseline period (1961-1969) was divided into two parts: a cal-
ibration period (1961-1965) and a verification period (1966-1969)
(Fig. 6). The distributed hydrological model took a long time to run,
and automatic calibration would be too time-consuming, so we used a
manual calibration method to calibrate the model parameters. The
model was run a few times to ensure that NSE (NSE), R and rBias were
good during manual calibration.

The NSE values are 0.73 and 0.72 between the simulated discharge
and observed discharge during the calibration and verification periods,
respectively (Table 3). The correlation coefficient R is >0.85, and the Rel-
ative Bias is 4.2% for the calibration period. The NSE, (Pushpalatha et al.,
2012) was used to verify the low flow simulation. These results demon-
strate that the hydrological model has sufficient accuracy for the long-
term simulation of discharge without considering the influence of
human activities. The NSE,; (0.43) value is low in calibration period
which shows the model simulates low flows poorly. The main cause is
low flow simulation can also be complicated by human activities that
alter natural streamflow via reservoir regulation or water diversion for
irrigation (Ye et al., 2015).

Fig. 6 and Fig. 7 show the simulated and observed discharge at
Zipingpu station for the baseline period and changed period, respec-
tively. The two figures show good agreement between the simulated
and observed discharge. The relationship between discharge and pre-
cipitation is stable, which demonstrates that the DTVGM can be used
to analyze the impacts of climate change and human activities on
changes in water resources. The difference between the simulated and
observed discharge represents the impact of human activities on
water resources change during the changed period.

Fig. 8 presents the double-mass curves for the cumulative discharge
and cumulative precipitation from 1961 to 2012 on different time
scales. The correlation coefficients (R?) are all >0.99, thus showing a
high degree of correlation. In other words, the DMC method is reliable

mmmmm Precipitation  ——— Observed Discharge = = = Simulated Discharge
4000 WWW 0
3500 1 20
3000 40
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22500 I . g
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Fig. 6. Long-term daily hydrographs for the calibration period (1961-1965) and the verification period (1966-1969) at Zipingpu station.
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Fig. 7. Long-term daily hydrographs for the changed period (1970-2012) at Zipingpu station.

because the reconstruction equations perform well during the baseline
period. The relationship between discharge and precipitation is not lin-
ear and stationary, caused by human activities. The cumulative ob-
served discharge curves gradually drop below the red regression lines,
thus indicating that human activities decrease the discharge. Although
the impact of human activities on discharge is different in different sea-
sons, it caused discharge to decrease in all seasons.

4.4. Quantitative evaluation of the impact of climate change and human ac-
tivities on discharge variations

The contributions of climate change and human activities to dis-
charge changes is separated using the DMC and DTVGM models in the
changed period (1970-2012), as shown in Fig. 9, on annual and seasonal
scales. The horizontal axis represents time and the vertical axis repre-
sents the discharge changes (m>/s). It can be seen clearly from Fig. 9
that the patterns of discharge changes obtained using these two
methods are overall very similar in distinguishing impacts on different
temporal scales. Therefore, we can obtain more reliable results by com-
bining the DMC and DTVGM methods. The histogram shown in Fig. 9
represents the average of the discharge changes based on these two
methods. The magnitude and direction of the influence of climate
change and human activities on discharge changes are different on an-
nual and seasonal scales. Thus, it is necessary to study the response of
water resources on both seasonal and annual scales, which is beneficial
to the allocation of water resources within a year. In general, climate
change tends to increase discharge and human activities tend to de-
crease discharge on different time scales, except during summer and au-
tumn when the discharge changes caused by climate change and
human activities do not have a specific rule.

Fig. 10 shows the relative contributions of climate change and
human activities to discharge changes on annual and seasonal scales,
calculated using the average discharge variations obtained by the DMC
and DTVGM models. At the annual scale, human activities are the dom-
inant factor affecting discharge changes, and tend to reduce discharge,
accounting for —90%, —75%, —68%, —93% and — 47% in the 1970s,
1980s, 1990s, 2000s and 2010s, respectively. However, the impact of cli-
mate change on discharge variations trends to increase discharge apart
from 1970s, accounting for —10%, 25%, 32%, 7%, and 53% in the 1970s,
1980s, 1990s, 2000s and 2010s, respectively. In general, the contribu-
tions of human activities and climate change to discharge changes
were —77% and 23%, respectively. At seasonal scales, particularly in
the spring and winter, the direction of the influence of climate change
and human activities on discharge changes is basically consistent with
the direction of the influence at the annual scale. Compared to human
activities, climate change is the main driving factor of the discharge
changes in the summer, yet, it has the opposite driving factor in autumn

from the 1970s to 2010s. Determining the main causes of changes in
water resources within the year is helpful in reducing flood and drought
risks, especially vulnerable region like the UMR.

4.5. Discussion

Climate change, especially precipitation, is a key factor in discharge,
which changes the magnitude and spatial distribution of precipitation.
It can be seen from Fig. 3 that the annual precipitation presents a slight
decreasing trend, and the annual discharge corresponds well to annual
precipitation (Fig. 4) in the UMR from 1961 to 2012. On a seasonal scale,
seasonal precipitation and discharge have synchronized changes. This
means that precipitation directly influences discharge variations.

As shown in Fig. 114, the trends of precipitation changes and dis-
charge changes were opposite in the 1970s-1990s and consistent in
the 1990s-2010s at the annual scale. Except during the 2000s, the an-
nual precipitation changes relative to the baseline period are positive;
however, the annual discharge changes are all negative, except during
the 2010s. This reflects the combined effects of climate change and
human activities. At seasonal scales (Fig. 11b-e), there was a good
match between the trends of precipitation changes and discharge
changes in spring and summer, although differences still exist in their
specific magnitude. On the other hand, there was little correlation in au-
tumn and winter months. These results indicate that human activities
play an important role in changing the mechanism of precipitation-
discharge, which directly affects discharge variations.

With societal development, human activities, changing the underly-
ing surface to change the relationship between precipitation and dis-
charge, have constantly intensified over the past 52 years. Human
activities, such as population increase, water conservancy construction,
and land use change, have altered natural water circulation patterns.
Fig. 12 shows changes in population size, the cumulative number of res-
ervoirs, and land use area in the UMR basin from 1961 to 2012. Fig. 12a
illustrates that the population has grown over the past 52 years in the
UMR basin. The total population size is not large, and growth was
rapid before the 1990s and slow after the 1990s. This increase in popu-
lation size is always accompanied by an increase in water consumption,
which inevitably results in the reduction of discharge. Hydropower de-
velopment started early and was constructed rapidly in the UMR, which
resulted in the construction of 187 reservoirs by 2017 (Fig.12b). On the
one hand, the reservoirs have a direct impact on discharge, such as sea-
sonal water storage and diversion, it can be used to adjust the seasonal
distribution of water resources and to prevent floods and droughts. This
may be the main reason for the inconsistency of discharge and precipi-
tation throughout the seasons. On the other hand, the cumulative ef-
fects of multilevel hydropower cannot be ignored, and we found that
river dehydration occurred consistently in the UMR basin, which
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directly reduced the magnitude of discharge and changed the distribu-
tion of water resources.

Land use change can cause meaningful changes in hydrological pro-
cesses (Fig. 12c-d). Luo et al. (2015b) explored the influence of land use
change on hydrological processes by designing extreme rainfall over the
period 1976 to 2006 in the Kamo River basin. The results showed that
the discharge was different under different land use patterns. As
Fig. 12c shows, the cultivated land area experienced growth overall,
and increased rapidly in 1990-2010, reaching its maximum value of
731.87 km? by 2010. Afterwards, the area of cultivated land decreased
to 699 km? in 2015. More cultivated land requires more irrigating
water. The trends of forest area and grassland are just the opposite. Dur-
ing the early days of the People's Republic of China, the destruction of
forests in the URM basin increased annually from 1950 to 1978 (Bao
et al., 1995; Zhang, 1992). Additionally, the sharp decline in forest
area is an important reason for the decrease of discharge in the URM

(Fig. 11 and Fig. 12c). With reforestation, the forest began to recover,
and its area reached 11,467.92 km? by 1990. After the flood of the Yang-
tze River in 1998, the UMR began to implement the Natural Forest Pro-
tection and the Grain-to-Green Program, and the forest area was further
expanded in the UMR basin. Thus, it is necessary to control the area of
the forest, and we cannot blindly add plants or cut them down. After
all, the response of discharge to forest changes is prominent in the
UMR basin (Zhang et al., 2012). Fig. 12d shows that the water area in-
creased by 79.73 km? from 1972 to 2015, and the largest water area
was 127.85 km? in 2010. Increased water area will cause an increase
in actual evaporation, leading to reduced discharge. There is a clear in-
crease in construction land area and unused land area in 2010. This
may be related to the 2008 earthquake in Wenchuan. In addition, the
2008 Wenchuan earthquake caused forests to shrink from 2010 to
2015 and grasslands to expand. As the area of construction land in-
creased, the amount of infiltration and vaporization decreased, which
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models.

leads to increased discharge. The discharge variation results from the
combined effects of climate change and human activities, with many
impact factors and complex changes.

5. Conclusions

The Minjiang River is an important tributary of the upper reaches of
the Yangtze River; meanwhile, the UMR is the main water source in the
Chengdu Plain, as a case study area, the purpose of this article is to quan-
tify the relative contributions of climate change and human activities to
discharge changes at annual and seasonal scales in the UMR, which is a
vulnerable region, and to discuss the possible causes of discharge
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Fig. 10. Comparison of the relative contributions of climate change and human activities to
discharge changes on annual and seasonal scales, calculated from the average of the DMC
and DTVGM models.

changes to support the decisions of relevant departments. The main
conclusions of this study are as follows:

(1) The patterns of discharge changes, affected by climate change and
human activities, obtained using the two methods are overall very
similar at different temporal scales from 1970 to 2012. We use the
average results of the DMC and DTVGM methods to assess the rel-
ative contributions of climate change and human activities to dis-
charge changes in the UMR basin. Using these two methods to
cross validate each other will make their results more reliable.

(2) In general, climate change contributed to an increase in water re-
sources, and human activities played an important role in decreas-
ing water resources in the UMR. Human activities were the major
driving factor of discharge changes at the decadal scale, and tended
to reduce discharge, accounting for —90%, —75%, —68%, —93%
and —47% in the 1970s, 1980s, 1990s, 2000s and 2010s, respec-
tively. Relative contributions displayed similar change directions
on spring, winter and decadal scales, but there were more incon-
sistent during summer and autumn.
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(3) At the decadal scale, the relative contribution of climate change to

discharge changes is positive, except during the 1970s. In contrast,
the relative contribution of human activities on discharge changes
is negative throughout the entire change period. This was mainly
due to the increase of the total population size of the UMR over
the past 52 years, which resulted in the increase of water con-
sumption. The cumulative effect of multistage reservoirs led to
the increased occurrence of river dehydration, which indirectly re-
sulted in the reduction of discharge. The changes of cultivated land,
grassland and forest area largely affected the magnitude of irriga-
tion and evaporation, resulting in reduced discharge. At the

seasonal scale, the spatial and temporal distributions of water re-
sources were changed due to the construction of a large number
of reservoirs, which stored water in summer and used water in
winter. This caused the time which the maximum and minimum
discharge occurred to shift. The UMR is a fragile environmental
zone (natural disasters, such as earthquakes, floods and debris
flow, occur frequently). Therefore, quantifying the relative contri-
butions of climate change and human activities to discharge
changes at different temporal scales in the UMR basin is beneficial
for reducing the risk of disaster, reasonably allocating water re-
sources, and supporting the decisions of water resource
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management. However, it is still difficult to quantify exactly the
impact of each factor. The effects of specific human activities on
discharge changes require further study.
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