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Abstract: Human activities and climate changes are deemed to be two primary driving factors influencing the changes of hydrological
processes, and quantitatively separating their influences on runoff changes will be of great significance to regional water resources plan-
ning and management. In this study, the impact of climate changes and human activities was initially qualitatively distinguished through
a coupled water and energy budgets analysis, and then this effect was further separated by means of a quantitative estimation based on
hydrological sensitivity analysis. The results show that: 1) precipitation, wind speed, potential evapotranspiration and runoff have a sig-
nificantly decreasing trend, while temperature has a remarkably increasing tendency in the Weihe River Basin, China; 2) the major driv-
ing factor on runoff decrease in the 1970s and 1990s in the basin is climate changes compared with that in the baseline 1960s, while that
in the 1980s and 2000s is human activities. Compared with the results based on Variable Infiltration Capacity (VIC) model, the contri-
butions calculated in this study have certain reliability. The results are of great significance to local water resources planning and man-
agement.
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1 Introduction

Water resources system and hydrological cycle are
greatly affected by climate changes and human activities
(Vorosmarty et al., 2000; Kezer and Matsuyama, 2006;
IPCC, 2007). The IPCC (2007) reported that the mean
temperature of global surface had increased by ap-
proximately 0.74°C during the last 100 years. According
to Huntington (2006), the changing climate was likely to
impact the global hydrological cycle. Meanwhile, many
researchers found that climate changes primarily char-
acterized by global warming tended to result in high-
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frequency extreme weather, resulting in enormous losses
(Milliman et al., 2008; Jung et al., 2012; Thompson,
2012). Furthermore, the intensifying human activities
(e.g., irrigation, urban construction, afforestation, the
construction of water conservancy project, efc.) also
influence runoff mechanism (Li et al., 2004; Yang et al.,
2004; Zhang et al., 2011; Jiang et al., 2012; Zhang et
al., 2012).

Under the background of the changing global climate
and the increasing local anthropogenic pressures, many
regions in the world have witnessed extremely frequent
floods and droughts within the past decades. Estimating
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the relative contributions of human activities and cli-
mate changes to the decreasing runoff is essential for
further understanding the hydrological mechanism un-
der the context of the changing environment, and will be
useful in guiding the relevant departments in relieving
droughts and floods. Therefore, many researchers have
attempted to investigate the effects of human activities
and climate changes on runoff processes. However, the
majority of them used hydrological models to study the
responses of streamflow processes to climate changes
and human activities under different catchment scenar-
ios. Wang and Zhang (2006) have employed the
SIMHYD model to investigate the influences of human
activities and climate changes on streamflow in the
Fenhe River which is in the middle of the Huanghe
(Yellow) River catchment. Wang et al. (2010) used the
Variable Infiltration Capacity (VIC) model to quantita-
tively estimate the effects of human activities and cli-
mate changes on runoff in a sub-catchment of the
Huanghe River. Although the hydrological models men-
tioned above are effective tools to deal with these prob-
lems, the results of the researches have some uncertain-
ties caused by the uncertain parameter calibration, the
lack of the structure as well as the scale problem in
these hydrology models.

Long-term historical records of hydrological data
present temporal variations influenced by the changing
climate and human activities. Analyzing the changes in
the time series can not only obtain the rule of runoff
change, but also helps to understand the intrinsic
mechanism of hydrological processes. Hence, there are
many statistical methods to analyze the trend of runoff
on a regional scale (Mu et al., 2007, Hamed, 2008;
Zhang and Lu, 2009). Nevertheless, they fail to quanti-
tatively estimate influences of climate changes and hu-
man activities on runoff change. Based on what outlined
above, a new method based on a coupled water-energy
budget method was introduced in this study to quantita-
tively assess influences of climate changes and human
activities on the decreasing runoff, which was based on
the results of long-term small-catchment experiment
(Rodriguez-Iturbe, 2000; Tomer and Schilling, 2009).

The Weihe River, the largest tributary of the Huanghe
River in China, is located in the middle reaches of the
Huanghe River. The Weihe River Basin with a total area
of 135 000 km® is an important region for China, espe-
cially in the establishment of the Guanzhong-Tianshui

Economic Zone, which will vastly promote the eco-
nomic development in the whole western region in
China. However, within the recent decades, the runoff in
this basin has a significantly decreasing trend induced
by climate changes and human activities, which has
heavily restricted the economic and social development
of the basin, even has impacted the strategy of the na-
tional economic development to a great extent. There-
fore, it is of significant importance to distinguish effects
of climate changes and human activities on the decreas-
ing runoff in order to further ensure sustainable water
resources utilization. Furthermore, since the Weihe
River Basin is a typical arid and semi-arid region in
China, the investigation of hydrological response to
climate changes and human activities will be an effec-
tive reference for the similar areas of the world.

Influences of human activities and climate changes
on the variation of runoff are highly complex, especially
for the arid and semi-arid lands, which result in severe
water crises, economic stagnation as well as environ-
mental degradation. According to previous studies (Yao
et al., 2003; Fan et al., 2007; Yang and Tian, 2009), the
effects of human activities and climate changes vary
from region to region. As far as we know, the influences
of human activities and climate changes on runoff in the
Weihe River Basin has not been fully investigated, and
further studies are essential to provide a conclusive and
scientific interpretation of the runoff change. The inter-
pretation will play a major role in further understanding
the hydrological mechanism under the background of
the changing environment. Therefore, the main objec-
tives of this study are: 1) to investigate the trends of
long-term meteorological and hydrologic time series in
the Weihe River Basin; 2) to quantitatively estimate the
contributions of human activities and climatic changes
to runoff decrease.

2 Study Area and Data

2.1 Study area

The Weihe River Basin (33°30'-37°30'N, 103°30—
110°30’E) is selected as the study area in this study (Fig.
1). Located in a continental monsoon climate zone, the
basin is characterized by relatively abundant precipita-
tion and high temperature in summer, and sparse pre-
cipitation and low temperature in winter. The annual
precipitation is approximately 559 mm (Zhang et al.,
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Fig. 1 Location of Weihe River Basin and hydro-meteorological stations

2008). Additionally, the precipitation varies monthly and
annually, which in flood season (from June to Septem-
ber) generally accounts for approximately 60% of the
total annual precipitation. The annual precipitation also
varies greatly due to the unstable characteristics of the
intensity, duration and influencing area of the subtropi-
cal high pressure belt over the northern Pacific. For in-
stance, the annual precipitation is more than 800 mm in
wet years, while it is less than 370 mm in drought years,
which tends to result in highly frequent droughts and
floods in the basin.

Topographically, the altitude decreases from the
highest northwest mountainous areas to the lowest
Guanzhong Plain which is in the southeastern and
southern parts of the basin. The Guanzhong Plain has a
strong effect on the economic development of the sur-
rounding areas. Therefore, its economic development
will directly affect the sustainable development of
economy and society in the Weihe River Basin. How-
ever, in recent decades, the runoff of the basin has a
remarkably decreasing trend due to climate changes
and human activities, failing to meet the water demand
for socioeconomic development and eco-environment
in the basin. Furthermore, the serious water pollution
makes the water resources availability dramatically
reduced.

Within the past several decades, the impact of human
activities has become more and more extensive in the
basin. The supply of surface water and groundwater has
been greatly increasing because of the increasing popu-
lation and high-speed development of economy. With
regards to the part of the Weihe River Basin in Shaanxi

Province, the population was 2.204 x 10" in 2000, while
that in 2010 was 2.462 x 107, the greatly increasing
population results in consuming a large amount of water
due to increasing area of farmland. Moreover, the
economy of the basin has achieved a rapid development
during the past 10 years, with an average economic
growth speed of approximately 10.5%. Additionally, its
urbanization rate was only 38.6% in 2000, whilst that
was increased to approximately 50% in 2010. Further-
more, there have been approximately 300 reservoirs
constructed after 1949 and the total storage capacity has
been more than 2.73x 10° m’. As a result of the con-
struction of reservoirs, the annual distribution of runoff
in this basin may change.

2.2 Data sources

Daily precipitation, wind speed, air temperature, sun-
shine duration, vapour pressure and relative humidity
data collected from 21 meteorological stations in the
Weihe River Basin and its adjacent area were employed
in this study (Fig. 1). Meteorological data from January
Ist, 1960 to December 31st, 2005 for each station were
acquired from the National Climate Center (NCC) of the
China Meteorological Administration (CMA). Potential
evapotranspiration (PET) of the meteorological stations
were calculated by using the Penman-Monteith equation
(Allen et al., 1998).

The quality of data was strictly controlled during
their releases. Amongst the 21 stations, two of them
have some missing values, however, the total lost data
are less than 0.01%, and the missing data were recon-
structed by calculating the average value of their
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neighboring stations. The reconstructed approach had
little effect on their long-term temporal trend. Addition-
ally, the double-mass curve method was used to check
the data consistency, and the results indicated that all the
daily meteorological data used in this study were con-
sistent.

Daily runoff data from the hydrological stations of
Linjiacun, Zhangjiashan and Huaxian in the middle and
lower reaches of the Weihe River Basin were employed
in this study. Runoff data from January 1st, 1960 to De-
cember 31st, 2005 for each station were obtained from
the hydrologic manual. The Linjiacun station is located
in the middle reaches of the basin, its catchment area is
approximately 3.3 x 10* km”. The Zhangjiashan station
is in the lower reaches of the Jinghe River, the largest
tributary of the Weihe River, whose catchment area is
approximately 4.2 x 10* km®. The Huaxian station is in
the lower reaches of the basin, its catchment area ac-
counts for approximately 97.16% of the whole basin.
Therefore, the runoff at Huaxian station can stand for
the runoff of the whole basin.

The monthly and annual data were calculated by the
daily data from the meteorological and hydrological
stations. In view of the uneven distribution and the dra-
matic change in the topography of the meteorological
stations in the basin, the mean potential evapotranspira-
tion and precipitation of the whole basin as well as the
sub-catchments were computed by an area-based weigh-
ting approach. The weight coefficient of each meteoro-
logical station was calculated by the Thiessen Polygon
approach.

3 Methodology

3.1 Modified Mann-Kendall (MMK) trend test
method

The modified Mann-Kendall (MMK) trend test method
(Mann, 1945; Kendall, 1955; Hamed and Rao, 1998)
was employed to capture the trend of the meteorological
variables and runoff in the Weihe River Basin. The ini-
tial Mann-Kendall (MK) trend test method recom-
mended by the World Meteorological Organization is a
nonparametric approach, however, the results of the MK
test are affected by the persistence of the hydro-
meteorological series. Therefore,
(1998) made an improvement on the MK test by taking

Hamed and Rao

into account the lag-i autocorrelation to overcome the

persistence of the hydro-meteorological series, and
Hamed and Rao (1998) and Daufresne et al. (2009)
concluded that the MMK test was robust. Considering
the completeness of this study, the MMK test (Dau-
fresne et al., 2009) therefore was used.

The Mann-Kendall (MK) test method used in this
study refers to Gerstengarbe and Werner (1999). The
test statistics is as follows:

di=YrQ2<k<n) (D
i=1
+1, if x; > x;

r= 4 TG, j=1,2,..) (2)
0, otherwise

where x; and x; denote tow variables of time i and j from
a time series, respectively; 7; and d. stand for a statistic
of time 7 and £, respectively.

On the null hypothesis of no trend, the statistics d is
distributed as a normal distribution with the expected
value of E(dy) and the variance Var(dy) as follows:

By -

(3)
k(k —1)(2k +5)

Var(d,) = -

(2<k<n) “
On the above assumption, the statistic index Z; is
calculated as follows:

_dy—Ed]

Z
Varld,]

(k=1,2,3,..,n) 5)

where Z; denotes the standard normal distribution (UF).

In a two-side test for trend, the null hypothesis is re-

jected under the significance level of « if |Z| > Z(lia/),
2

where Z (-4 denotes the critical value of the standard
2

normal distribution with a probability exceeding /2. A
positive Z value represents a positive trend and vice
versa. In this study, & = 5%. Then, Z; will be calculated
based on the adverse course, meaning that the original
time series will be x,, x,_1, ..., x;. Following the same
procedure shown in equations (1)—(5), another Z(UB) is
obtained. The two line, UF and UB (k=1, 2, 3, ..., n)
may make an intersection point during a certain time
interval. If the point is significant at the 95% signifi-
cance level, the critical point occurs in the analyzed time
series at the same time.
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For a time series of n observations (X = xy, xp, ..., X),
the MK trend statistic (S) is computed as follows:
S=Y sgn(x; —x,) (6)
i<j
where
1 x;>x
sgn(x; —x;) =4 0 x; =x; @)
-1 x; <x

The variance of S (Var(S)) is proposed by Kendall
(1955):

n(n—1)(2n+5)

Var(S) = T

®)

S

JVar(S)

with the standard normal variable under the desired sig-

Then, the standardized test statistic Z =

nificance level is calculated to test the significance of
the time series trend. The results from Hamed and Rao
(1998) indicated that the significant temporal autocorre-
lations of a time series disturbs the evaluation of the
variance of S. In order to removing the influence of per-
sistence, Hamed and Rao (1998) suggested extracting a
nonparametric trend estimator from the original time
series to estimate the autocorrelation coefficients of the
new time series ranked by size. Autocorrelation coeffi-
cients (pos(7) at lag(i)) which are significantly different
from zero at the 5% significance level are then em-
ployed to estimate the modified variance of S (V(S)) as
follows:

V*(S) =Var(S)Cor )

where Cor denotes a correction due to the autocorrela-
tion of the time series, which is calculated as follows:

n-1
2 S iD= i~ 2 ()

Cor=1+———
n(n—=1)(n—-2)35
(10)

3.2 Contribution of climate changes and human
activities to runoff based on a coupled energy and
water budget

For a natural watershed, the annual water balance is ex-
pressed as follows (Shen and Huang, 2008):

P - Q- ET =AW (11)

where P is precipitation, Q is runoff, ET is actual
evapotranspiration, and AW is the variation of the water
storage. For a long time (= 10 years), AW can be re-
garded as zero, thus ET can be calculated as the differ-
ence between P and Q. According to the water balance
equation, ET is mainly influenced by available energy
(evaporative demand-potential evapotranspiration (PET)),
available water (P) of a watershed and human activities
(e.g., farmland irrigation, land cover change, erc.).
Based on ET, P and PET values of a watershed, the
analysis of a coupled energy and water budget is used to
estimate the efficiency of energy and water use in an
ecosystem (Milne et al., 2002; Tomer and Schilling,
2009). Where, the unused energy (PET — ET) and un-
used water (P — ET) in the system denote the propor-
tions of the available energy and water, E.x and P,
which are unused (in excess) energy and water and can
be expressed as follows:

E, - (PET - ET) /
_(P-ET) /

where both the values of E.x and P vary between 0 and
1. Tomer and Schilling (2009) built a conceptual model
to estimate the effects of climate changes and human

(12)

activities on catchment hydrology based on the E.x and
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Fig. 2 Conceptual model of hydrological changes correspond-
ing to climate changes and human activities (Tomer and Schilling,
2009). P, PET and ET denote precipitation, potential evaporation
and actual evapotranspiration, respectively



574 Chinese Geographical Science 2015 Vol. 25 No. 5

According to Fig. 2, climate changes affect PET and P,
leading to the decease of excess energy (Ee) and the in-
crease of excess water (Pe), or vice versa, while the varia-
tions of human activities will directly influence ET rather
than PET and P, which results in the change in excess en-
ergy and water, thereby determining the change in E7.

Figure 2 provides an effective method for empirically
identifying the effects of climate changes and human
activities on runoff for any two different periods. It is
worth noting that the proposed conceptual model is un-
der the assumptions that human activities and climate
changes are independent of each other, and the variation
of human activities only influences ET. In fact, human
activities are closely related to climate changes, and the
correlation between them is complicated and extensive.
According to Tomer and Schilling (2009) and Zhang
and Lu (2009), the influence of climate changes on run-
off coincides with land use change in a large region. The
construction of big reservoirs or other water conser-
vancy projects will influence local precipitation and
temperature, thereby leading to the variation of hydro-
logical mechanism (Li et al., 2002; Wu et al., 2006).
Although climate system is associated with human ac-
tivities, it is not considered in the quantitative estimation
studies (Fan et al., 2010; Wang et al., 2012).

In the Weihe River Basin, human activities include
the construction of water conservancy projects, land
cover change, the change in water utilization structure,
the increasing population, rapid economy development,
etc. Since the human activities such as river regulation,
land cover change and farmland irrigation may exist at
the same time in a given basin, the assumption is ex-
tended that all the anthropogenic stresses in the basin
only influence ET. Thus, climate changes and human
activities are likely to lead to a change in excess energy
and water. As shown in Fig. 2, the directions of the hy-
drological changes can generally indicate the effects of
human activities and climate changes on runoff in a re-
gion. This empirical method was used to provide an aux-
iliary analysis of the influences of human activities and
climate changes, and then the preliminary result was
checked by a quantitative estimation. According to Zhang
et al. (2001), the relationship of the long-term average
annual ET, PET and P can be expressed as follows:

ET 1+ w(PET/)
P 1+ w(PET )+ (PET/ )0

(13)

where w is a model parameter of water available coefti-
cient associated with the vegetation type (Zhang et al.,
2001), which can be calibrated by annual hydro-
meteorological data.

Hydrologic sensitivity can be depicted as the propor-
tion of the change in average annual runoff affected by
the changes in average annual P and PET. The changes
of P and PET will result in the variations of water bal-
ance. According to Koster and Suarez (1999) and Milly
and Dunne (2002), the change of average annual runoff
induced by climate changes can be calculated as fol-
lows:

AQy, =ax AP+ 3 x APET (14)

where AQ.im, AP and APET are the variations of runoff,
P and PET, respectively; « and g are the sensitivity pa-
rameters, which can be calculated as follows:

_ 1+2x+3wx
(1+ x +wx?)?

(15)

_ 1+ 2wx
(1+ x + wx?)?

where x is the drought index described as PET/P, and w
is the same parameter in Equation (8).

The change of average annual runoff can be ex-
pressed as:

AQobs = Qobs2 - Qobsl (16)

where Qobsl is the average annual runoff of the refer-

ence period, and O, ,is the average annual runoff of

the comparative period.

As runoff is primarily impacted by human activities
and climate changes, the variation of average annual
runoff can be calculated as follows:

AQOhum = AQobs — AQclim (17

where AQjim and AQyun, are the variations of the average
annual runoff caused by climate changes and human
activities, respectively. The contributions of human ac-
tivities and climate changes to runoff change can be
calculated as:

AQ
Melim = |A i

x100%
obs |

(18)

A
D = |Qﬂ x100%

obs |
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where 7,um and 7qim are the percentages of the impacts
of human activities and climate changes on runoff
change, respectively.

4 Results and Discussion

4.1 Variation of regional climate

In order to analyze the changes of the regional climate
in the Weihe River Basin, the trends of seven annual
meteorological series including temperature, vapor
pressure, sunshine duration, precipitation, wind speed,
relative humidity and PET during 1960-2005 were in-
vestigated by the MMK trend test method. The results
are shown in Table 1.

It can be found from Table 1 that the PET, tempera-
ture and vapor pressure have an increasing trend, while
precipitation, wind speed, relative humidity and sun-
shine duration have a decreasing trend on the annual
scale. Moreover, the trend of vapor pressure is signifi-
cant at the 0.05 significance level, and those of wind
speed and temperature are significant at the 0.01 sig-
nificance level. Amongst the seven variables, precipita-
tion has the highest variation coefficient of 19.0%, indi-
cating that precipitation has the highest variability, di-
rectly affecting the annual distribution of runoff. The
temperature in this basin has the highest MMK value of
5.00, indicating that temperature has the most remarka-
bly increasing tendency.

On the seasonal scale, precipitation has a positive
trend in summer and winter and a negative trend in
spring and autumn, which has a significantly negative
trend in autumn. Although PET has an increasing trend
in spring and autumn and a decreasing trend in summer
and winter, no significant trends are found in four sea-
sons. Temperature has a statistically significantly in-

creasing trend in spring, summer and winter at 0.99 sig-
nificance level, while it has a non-significantly increas-
ing trend in autumn. Regarding vapor pressure, it in-
creases significantly in spring and summer, while it has
a non-significantly decreasing trend in autumn. Both
relative humidity and sunshine duration have a
non-significantly positive trend in spring and a negative
trend in winter. For relative humidity, it has a statisti-
cally significantly decreasing trend in autumn at 0.95
significance level, however, regarding sunshine dura-
tion, it has a statistically significantly decreasing trend
in summer at 0.95 significance level.

4.2 Changes in annual and monthly runoff

The results of the MMK test method of the annual run-
off at hydrological stations of Linjiacun, Zhangjiashan
and Huaxian are shown in Fig. 3. It can be found in Fig.
3a that the UF curves of Linjiacun, Zhangjiashan and
Huaxian stations after 1970 are below zero and have
remarkably downward trends for almost the whole pe-
riod. There are no obvious break points at the two sta-
tions. Generally, the annual runoff in the Weihe River
Basin has a long-term decreasing trend in almost the
whole period.

Differently, it can be seen from Fig. 3b that the
monthly runoff at Linjiacun and Huaxian stations has a
decreasing trend, and most of the trends are significant
at the 0.95 significance level. There is a difference be-
tween the two stations in June, July and August, the
monthly runoff at the Linjiacun station has a signifi-
cantly decreasing trend which is significant at the 0.01
significance level, while that at the Huaxian station has
a negative trend which is not significant at the 0.01 sig
nificance level. Amongst the three stations, only the
Zhangjiashan station has an increasing tread in January,

Table 1 Results of seven variables by modified Mann-Kendall (MMK) test method during 1960-2005

MMK value
Variable Annual average Cy (%)

Spring Summer Autumn Winter Annual
P (mm) 548.17 19.0 -0.89 0.34 250 1.42 ~1.53
PET (mm/yr) 842.90 5.7 0.81 -1.16 1.48 -0.55 0.13
W (m/s) 2.10 7.0 -3.88" —2.94" 323" -5.10 —4.09"
T(C) 9.38 6.0 5.40" 438" 1.00 3.75" 5.00"
VP (hPa) 9.17 2.8 2.57 3.61" -1.59 1.04 2.73"
RH (%) 65.50 33 0.99 0.76 2.42° -0.34 ~1.89
SD (h) 2243.54 6.2 0.17 252" 0.42 -1.65 -1.08

Notes: Cy, coefficient of variation; P, precipitation; PET, potential evapotranspiration; W, wind speed; T, temperature; VP, vapour pressure; RH, relative humidity;
SD, sunshine duration. * denotes significant at 0.05 significance level; ** denotes significant at 0.01 significance level
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February, March, April, June and December, while that
in the other months has a decreasing trend. Additionally,
the runoff in January and February at this station has a
remarkably increasing tendency which is significant at
the 0.01 significance level, whereas that in September
and November has a significance decreasing trend
which is significant at the 0.01 significance level.

4.3 Hydrological response to climate change and
human activity

The changes of runoff reflect the combined impacts of
human activities and climate changes, which provides a
large amount of useful information for local water re-
sources management and watershed planning. In this
study, the impacts of human activities and climate
changes on runoff in two sub-basins and the whole basin
were investigated.

The variations of runoff, precipitation, PET and ET in
the two sub-basins and the whole basin compared with
the baseline period (1960s) were analyzed (Fig. 4).
Compared with the runoff and precipitation in the
1960s, those drastically decreased in the other decades,
especially in the 1990s, and the decrease in the two
sub-basins and the whole basin ranged between 62.6—
99.9 mm and 10.0-70.7 mm, respectively. The results
indicate that the variation of the runoff is consistent with

that of precipitation in the three basins. Compared with
the PET in the 1960s, it increased in the basin above
Linjiacun which ranged between 13.7-45.7 mm except
in the 1980s when it was declined, while that in the
whole basin ranged between —50.0 and 24.6 mm.
Moreover, the calculated ET of the basin above Zhang-
jiashan obviously decreased, while that of the whole
basin significantly increased except in the 1990s when it
was decreased.

The excess energy (E.x) and excess water (Pe) of the
two sub-basins and the whole basin were calculated un-
der different decades according to the water-energy
budget analysis. The human activities and local climate
conditions in the 1960s are taken as the baseline, the
changes in E¢ and P compared with the 1960s are il-
lustrated in Fig. 5. In the two sub-basins and the whole
basin, a decreasing trend of P, and increasing trend of
E are found in the other decades except in the 1980s,
indicating that the variations of the runoff in the 1970s,
1990s and 2000s are primarily influenced by climate
changes compared with the baseline period 1960s, while
human activities play a subordinate role. However, the
P and E., in the 1980s in the two sub-basins have a de-
creasing tendency, indicating that the main driving factor
for the changes of runoff in the two sub-basins is human
activities rather than climate changes in this period.
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4.4 Contribution of human activity and climate
change to runoff
The hydrologic sensitivity analysis approach was em-
ployed to estimate the impacts of climate changes on
runoff. In this approach, w is an important model pa-
rameter denoting available water coefficient that is
closely associated with the local vegetation type (Zhang
et al., 2001). According to Equation (13), the optimized
w values of the basin above Linjiacun, the basin above
Zhangjiashan and the whole basin are 0.57, 0.45 and
0.48, respectively.

Based on the optimized w, the sensitivity coefficient
o and S can be calculated. After completing the hydro-
logical sensitivity analysis, all of the calculated parame-
ters are then applied to estimate the influences of human
activities and climate changes on the runoff change (Ta-
ble 2). Compared with the baseline period 1960s, the
AQ of the other decades in the three basins are negative,

implying that the mutual influence of climate changes
and human activities leads to the runoff decrease. Take
the whole basin for example, climate changes including
the variation of precipitation and PET are the major
driving factors on the runoff decrease in the 1970s,
1990s and 2000s, whose contributions are 54.25%,
60.35% and 57.39%, respectively, while human activi-
ties play a subordinate role in these periods, whose con-
tributions to the runoff decrease are 45.75%, 39.65%
and 42.61%, respectively. The result is generally con-
sistent with that from Bi et a/., (2013), who found that
the primary driving factor for the runoff decrease in the
Weihe River Basin is precipitation change. In addition,
Wei et al. (2008) analyzed the runoff trend and influence
factors in the Weihe River Basin, regarding 1956—1969
as the baseline, and found that the contributions of cli-
mate changes and human activities to runoff decrease
during 1970-2000 were 51.7% and 48.3%, respectively,
which are similar to our findings. The contribution of
human activities is 52.91% in the 1980s, so the primary
driving factor for the runoft change in this period is hu-
man activities rather than climate changes. The land
reform of China in the early 1980s may account for this
phenomenon, which greatly promoted the enthusiasm
for production of Chinese farmers, which resulted in a
rapid increase of agricultural water.

As regards the basin above Linjiacun, climate
changes are the primary driving factor on the runoff de-
crease in 1970s, 1980s, 1990s and 2000s compared with
that in the 1960s, and the contributions are 59.66%,
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Table 2 Contribution of human activity and climate change to runoff change compared with 1960s

Contribution of climate change

Contribution of human activity

Region Period o] AQ

AQctim Alclim AOhum Afhum

1960-1969 95.86 - - - - -
1970-1979 52.28 —43.58 -26.00 59.66 -17.58 40.34
Basin above Linjiacun 1980-1989 51.95 —43.91 -28.56 65.04 —-15.35 34.96
1990-1999 25.17 —70.69 —47.61 67.35 -23.08 32.65
20002005 28.24 —67.62 -37.25 55.09 -30.37 4491

1960-1969 42.96 - - - - -
1970-1979 30.48 -12.48 -8.32 66.67 —4.16 33.33
Basin above Zhangjiashan 1980-1989 32.72 -10.24 -5.91 57.71 -4.33 42.29
1990-1999 32.96 —-10.00 —6.06 60.60 -3.94 39.40
2000-2005 36.37 —6.59 -3.25 49.32 -3.34 50.68

1960-1969 91.30 - - - - -
1970-1979 56.46 -34.84 -18.90 54.25 -15.94 45.75
Whole basin 1980-1989 75.14 -16.16 -7.61 47.09 -8.55 5291
1990-1999 41.57 —49.73 -30.01 60.35 -19.72 39.65
2000-2005 45.11 —46.19 -26.51 57.39 -19.68 42.61

Notes: Q and AQ denote runoff and the change of runoff, respectively; AQcjim and AQpum stand for the variation of runoff induced by climate change and human

activities, respectively; A7im and Azwum represent the contribution of climate change and human activities to the runoff change, respectively

65.04%, 67.35% and 55.09%, respectively, while human
activities play a subordinate role in these periods, whose
contributions to the runoff decrease are 40.34%,
34.96%, 32.65% and 44.91%, respectively.

Similarly, in the basin above Zhangjiashan, climate
changes are also the main driving factor on the runoff
decrease in 1970s, 1980s and 1990s compared with that
in the 1960s, whose contributions are 66.67%, 57.71%
and 60.60%, respectively, while human activities play a
subordinate role in these periods. The reasons are that
the population and economy in the two sub-basins is in
low-density, thus, the influence of human activities on
the runoff change is relatively small. The results are
consistent with the findings of the combined water-
energy budgets analysis in Section 4.3.

It is a common knowledge that climate changes im-
pact runoff mainly by means of the variation of precipi-
tation and PET. Since the calculated PET denotes the
integrated influences of meteorological variables, a fur-
ther analysis is made to estimate the contribution of me-
teorological variables to the decreasing trend of PET in
the Weihe River Basin (Fig. 6). The major driving fac-
tors on the decreasing trend of PET are wind speed and
sunshine duration, which have a great effect on PET,
thus affecting runoff in a catchment. The analysis results
are similar to those from Xu et al. (2006) and Ye et al.

(2013), who pointed out that the main driving factors on
the downward tendency of PET in the Changjiang
(Yangtze) River and the Poyang Lake catchments were
wind speed and net radiation, respectively.

The values of measured and simulated runoff based
on the VIC model are shown in Fig. 7. The Nash-
Sutcliffe efficiency coefficients of the 1960s, 1970s,
1980s, 1990s and 2000s are 0.89, 0.92, 0.91, 0.88, 0.86,
respectively, implying that the VIC model has a good
performance of simulating hydrological processes. The
contributions of climate changes and human activities in
the 1970s, 1980s, 1990s, and 2000s compared with that
in the 1960s are 65.32%, 48.92%, 55.64%, 51.82% and
34.64%, 51.08%, 44.36%, 48.18%, respectively,
whereas those of simulated by the VIC model are

25 T T T T
20l ——Vapour pressure --e- Sunshine duration o]
Is — Wind speed Relative humidity ,.e~*
10 --- Temperature -
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-5 i -

(] g o
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=20 ..o 4
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Fig. 6 Sensitivity analysis of five major meteorological vari-
ables to potential evapotranspiration (PET)
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54.25%, 47.09%, 60.35%, 57.39% and 45.75%, 52.91%,
39.65%, 42.61%, respectively. It shows that the contri-
butions calculated by the two models are similar except
the 1970s, and the contribution of climate changes and
human activities are consistent. Therefore, in terms of
the relative amount, the results calculated by the two
models are extremely consistent. Note that all of the
contributions of climate changes and human activities to
runoff change in each decade are relatively high, thus,
the runoff change in the Weihe River Basin was affected
by the joint influence of climate changes and human
activities. Because of the different mechanism and data
type of the two models, the detailed results calculated by
the two models have a little difference. However, we
believe that the difference is reasonable through the
comparative analysis. In general, the results based on
the VIC model are similar to those of this study to a
great extent, and the contributions calculated in this
study therefore are reliable.

4.5 Uncertainty analysis

The performance of the hydrological sensitivity analysis
is determined by the runoff data of the long-term base-
line period which is based on the assumption that the
runoff in this period is not affected by human activities.
In fact, it is extremely difficult to obtain the long-term
observation data without any influences by human ac-
tivities, even for the baseline period of 1960s, which
was also disturbed by human activities including land
use changes, farm irrigation as well as the construction
of water conservancy projects. Furthermore, whether the

calibrated available water coefficient (w) is optimized or
not will directly influence the calculation results.

5 Conclusions

Under the background of changing environment, the
climate changes and human activities are regarded as
two major driving factors on the runoff decrease in the
Weihe River Basin. An investigation was made to esti-
mate the influences of human activities and climate
changes on runoff change in the basin during the past
several decades in this study. The modified Mann-
Kendall trend test method was employed to detect the
trend of meteorological variables and runoff in the ba-
sin. Furthermore, the impact of climate changes and
human activities was initially qualitatively distinguished
through a coupled water and energy budgets analysis,
and then the effect was further separated by means of a
quantitative estimation based on hydrological sensitivity
analysis. The conclusions obtained in this study are as
follows:

(1) Generally, the hydro-meteorological variables in
the Weihe River Basin changed with different extents.
Precipitation, wind speed, potential evapotranspiration
and runoff have a significantly decreasing trend, while
temperature has a remarkably increasing tendency in the
Weihe River Basin on the annual scale. On the seasonal
scale, precipitation has a positive trend in summer and
winter and a negative trend in spring and autumn, while
PET has a non-significantly increasing trend in spring
and autumn and a non-significantly decreasing trend in
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summer and winter. Both temperature and vapor pres-
sure increase significantly in spring and summer, but
they have no-significant trends in other seasons except
that temperature in winter significantly increases at the
0.01 significance level. For relative humidity, it has a
statistically decreasing trend in autumn at the 0.95 sig-
nificance level. Similarly, sunshine duration have a sta-
tistically decreasing trend in summer at the 0.95 signifi-
cance level.

(2) On the whole, the annual runoff in the Weihe
River Basin has a dramatically decreasing trend. The
Linjiacun and Huaxian stations have a remarkably
downward tendency which is significant at the 0.99 sig-
nificance level. The runoff in 12 months at Linjiacun
and Huaxian stations has a decreasing trend, and most of
the trends are significant at the 0.95 significance level.
Amongst the three stations, only the runoff at Zhangji-
ashan station in January, February, March, April, June
and December has an increasing tread.

(3) With regard to the whole basin, climate changes
are the major driving factor on the runoff decrease in the
1970s, 1990s and 2000s compared with that in the
1960s, whose contributions are 54.25%, 60.35% and
57.39%, respectively, and human activities play a sub-
ordinate role in these periods, whose contributions to the
runoff decrease are 45.75%, 39.65% and 42.61%, re-
spectively. Nevertheless, human activities are the main
driving factor on the runoff decrease in the 1980s due to
its high contribution of 52.91%. Regarding the basin
above Linjiacun, climate changes are the primary driv-
ing factor on the runoff decrease in the 1970s, 1980s,
1990s and 2000s compared with that in the 1960s,
whose contributions are 59.66%, 65.04%, 67.35% and
55.09%, respectively, while human activities play a
subordinate role in these periods, whose contributions to
the runoff decrease are 40.34%, 34.96%, 32.65% and
44.91%, respectively. Similarly, in the basin above
Zhangjiashan, climate changes are also the main driving
factor on the decreased runoff in the 1970s, 1980s and
1990s compared with that in the 1960s, whose contribu-
tions are 66.67%, 57.71% and 60.60%, respectively,
while human activities play a subordinate role in these
periods.

In this study, we assume that human activities have
no effect on climate change. However, in practice, hu-
man activities have an interactive influence with cli-
mate, and this interactive effect is very complex. There-

fore, we should try to separate the impact of human ac-
tivities on climate in further study, in order to separate
the contribution of climate changes and human activities
to the runoff change more accurately.

References

Allen R G, Pereira L S, Raes D et al., 1998. Crop Evapotranspi-
ration Guidelines for Computing Crop Water Requirements.
FAO Irrigation and Drainage Paper No. 56. Rome: FAO.

Bi Caixia, Mu Xingmin, Zhao Guangju et al., 2013. Effects of
climate change and human activity on streamflow in the Wei
River Basin. Science of Soil and Water Conservation, 11(2):
33-38. (in Chinese)

Daufresne M, Lengfellner K, Sommer U, 2009. Global warming
benefits the small in aquatic ecosystems. Proceedings of the
National Academy of Sciences USA, 106(31): 12788-12793.
doi: 10.1073/pnas.0902080106

Fan J, Tian F, Yang Y H et al., 2010. Quantifying the magnitude
of the impact of climate change and human activity on runoff
decline in Mian River Basin, China. Water Science and Tech-
nology, 62(4): 783-791. doi: 10.2166/wst.2010.294

Fan Jing, Yang Yonghui, Zhang Wanjun, 2007. A study of
changes in runoff resulting from climate and land cover
changes in the Yehe Catchment. Acta Agriculturae Bure-
ali-Sinica, 22(1): 175-179. (in Chinese)

Gerstengarbe F W, Werner P C, 1999. Estimation of the begin-
ning and end of recurrent events within a climate regime. Cli-
mate Research, 11: 97-107. doi: 10.3354/cr011097

Hamed K H, 2008. Trend detection in hydrologic data: The
Mann-Kendall trend test under the scaling hypothesis. Journal
of Hydrology, 349(3—4): 350-363. doi: 10.1016/j.jhydrol.2007.
11.009

Hamed K H, Rao A R, 1998. A modified Mann-Kendall trend test
for autocorrelated data. Journal of Hydrology, 204(1-4):
182-196. doi: 10.1016/S0022-1694(97)00125-X

Huntington T G, 2006. Evidence for intensification of the global
water cycle: Review and synthesis. Journal of Hydrology,
319(1-4): 83-95. doi: 10.1016/j.jhydrol.2005.07.003

IPCC (Intergovernmental Panel on Climate Change), 2007. Cli-
mate Change 2007: Synthesis Report. Contribution of Working
Groups 1, Il and 11 to the Forth Assessment Report of the In-
tergovernmental Panel on Climate Change. Geneva, Switzer-
land: IPCC, 104.

Jiang S H, Ren L L, Yong B et al., 2012. Analyzing the effects of
climate variability and human activities on runoff from the
Laohahe Basin in northern China. Hydrology Research,
43(1-2): 3—13. doi: 10.2166/nh.2011.133

Jung G, Wagner S, Kunstmann H, 2012. Joint climate-hydrology
modeling: An impact study for the data-sparse environment of
the Volta Basin in West Africa. Hydrology Research, 43(3):
231-248. doi: 10.2166/nh.2012.044

Kendall M G, 1955. Rank Correlation Methods. Griftin, London:
Oxford.



HUANG Shengzhi et al. Quantitative Estimation on Contributions of Climate Changes and Human Activities to Decreasing... 581

Kezer K, Matsuyama H, 2006. Decrease of river runoff in the
Lake Balkhash Basin in central Asia. Hydrological Processes,
20(6): 1407-1423. doi: 10.1002/hyp. 6097

Koster R D, Suarez M J, 1999. A simple framework for examin-
ing the interannual variability of land surface moisture fluxes.
Journal of Climate, 12(7): 1911-1917. doi: 10.1175/1520-
0442(1999)012<1911

Li D F, Tian Y, Liu C et al., 2004. Impact of land-cover and cli-
mate changes on runoff of the source regions of the Yellow
River. Journal of Geographical Sciences, 14(3): 330-338. doi:
10.1007/BF02837414

Li Daofeng, Ning Datong, Liu Changming ef al., 2002. Impacts
of west route project of south-to-north water transfer on local
climate of exported region: A preliminary analysis. Journal of
Natural Resources, 17(1): 16-21. (in Chinese)

Mann H B, 1945. Nonparametric tests against trend. Economet-
rica, 13(3): 245-259.

Milliman J D, Farnsworth K L, Jones P D et al., 2008. Climatic
and anthropogenic factors affecting river discharge to the
global ocean, 1951-2000. Global and Planetary Change,
62(3—4): 187-194. doi: 10.1016/j.gloplacha.2008.03.001

Milly P C D, Dunne K A, 2002. Macroscale water fluxes 2. Water
and energy supply control of their inter-annual variability. Wa-
ter Resources Research, 38(10): 1206. doi: 10.1029/2001WR
000760

Milne B T, Gupta V K, Restrepo C, 2002. A scale invariant cou-
pling of plants, water, energy, and terrain. Ecoscience, 9(2):
191-199.

Mu X M, Zhang L, McVicar T R et al., 2007. Analysis of the
impact of conservation measures on streamflow regime in
catchments of the Loess Plateau, China. Hydrological Proc-
esses, 21(16): 2124-2134. doi: 10.1002/hyp.6391

Rodriguez-Iturbe I, 2000. Ecohydrology: A hydrologic perspec-
tive of climate-soil-vegetation dynamics. Water Resources
Research, 36(1): 3-9.

Shen Bing, Huang Honghu, 2008. Principles of Hydrology. Bei-
jing: China Water Power Press, 69-122. (in Chinese)

Thompson J R, 2012. Modelling the impacts of climate change on
upland catchments in Southwest Scotland using MIKE SHE
and the UKCP09 probabilistic projections. Hydrology Re-
search, 43(4): 507-530. doi: 10.2166/nh.2012.105

Tomer M D, Schilling K E, 2009. A simple approach to distin-
guish land-use and climate-change effects on watershed hy-
drology. Journal of Hydrology, 376: 24-33. doi: 10.1016/j.
jhydrol.2009.07.029

Vorosmarty C J, Green P, Salisbury J ef al., 2000. Global water
resources: Vulnerability from climate change and population
growth. Science, 289: 284-288. doi: 10.1126/science.289.
5477.284

Wang Guoqing, Zhang Jianyun, 2006. Impacts of environmental
change on runoff in Fenhe River Basin of the middle Yellow
River. Advance in Water Science, 17(6): 851-858. (in Chi-
nese)

Wang J H, Hong Y, Gourley J et al., 2010. Quantitative assess-

ment of climate change and human impacts on long-term hy-
drologic response: A case study in a sub-basin of the Yellow
River. China. [International Journal of Climatology, 30:
2130-2137. doi: 10.1002/joc.2023.

Wang S J, Yan M, Yan Y X et al., 2012. Contributions of climate
change and human activities to the changes in runoff incre-
ment in different sections of the Yellow River. Quaternary In-
ternational, 282: 66—77. doi: 10.1016/j.quaint.2012.07.011

Wei Hongyi, Li Jing, Wang Jiang et al., 2008. Analysis on runoff
trend and influence factors in Weihe River Basin. Bulletin of
Soil and Water Conservation, 28(1): 76-80. (in Chinese)

Wu L G Zhang Q, Jiang Z H, 2006. Three Gorges Dam affects
regional precipitation. Geophysical Research Letters, 33(13):
L13806. doi: 10.1029/2006GL026780

Xu C Y, Gong L B, Jiang Tong et al., 2006. Analysis of spatial
distribution and temporal trend of reference evapotranspi-
ration in Changjiang (Yangtze River) catchment. Journal of
Hydrology, 327(1-2): 81-93. doi: 10.1016/j.jhydrol.2005.
11.029

Yang D W, Li C, Hu H P ef al., 2004. Analysis of water resources
variability in the Yellow River of China during the last half
century using historical data. Water Resources Research,
40(6): W06502. doi: 10.1029/2003WR002763

Yang Y H, Tian F, 2009. Abrupt change of runoff and its major
driving factors in Haihe River catchment, China. Journal of
Hydrology, 374(3-4): 373-383. doi: 10.1016/j.jhydrol.2009.
06.040

Yao Zhijun, Guan Yanping, Gao Yingchun, 2003. Analysis of
distribution regulation of annual runoff and affection of annual
runoff by human activity in the Chaobaihe River. Progress in
Geography, 22(6): 599—606. (in Chinese)

Ye X C, Zhang Q, Liu J ef al., 2013. Distinguishing the relative
impacts of climate change and human activities on variation of
streamflow in the Poyang Lake catchment, China. Journal of
Hydrology, 494: 83-95. doi: 10.1016/j.jhydrol.2013.04.036

Zhang Hongli, Chen Yu, Ren Guangxin et al., 2008. The charac-
teristics of precipitation variation of Weihe River Basin in
Shaanxi Province during recent 50 years. Agricultural Re-
search in the Arid Areas, 26(4): 236-242. (in Chinese)

Zhang L, Dawes W R, Walker G R, 2001. The response of mean
annual evapotranspiration to vegetation changes at catchment
scale. Water Resources Research, 37(3): 701-708.

Zhang S R, Lu X X, 2009. Hydrological responses to precipita-
tion variation and diverse human activities in a mountainous
tributary of the lower Xijiang. Catena, 77(2): 130-142. doi:
10.1016/j.catena.2008.09.001

Zhang Shifeng, Hua Dong, Meng Xiujing et al., 2011. Climate
change and its driving effect on the runoff in the 'Three-River
Headwaters' region. Journal of Geographical Sciences, 21(6):
963-978. doi: 10.1007/s11442-011-0893-y

Zhang Yongyong, Zhang Shifeng, Zhai Xiaoyan et al, 2012.
Runoff variation and its response to climate change in the
Three Rivers Source Region. Journal of Geographical Sci-
ences, 22(5): 781-794. doi: 10.1007/s11442-012-0963-9



