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Evaluation of changes in streamﬂow and the underlying
causes: a perspective of an upstream catchment in Haihe
River basin, China
Sicheng Wan, Jianyun Zhang, Guoqing Wang, Lu Zhang, Lei Cheng,
Amgad Elmahdi and Yanli Liu

ABSTRACT
Investigating long-term streamﬂow changes pattern and its response to climate and human factors is
of crucial signiﬁcance to understand the hydrological cycle under a changing environment.
Caijiazhuang catchment located within Haihe River basin, north China was selected as the study
area. To detect the trend and changes in streamﬂow, Mann–Kendall test was used. Elasticity and
hydrological simulation methods were applied to assess the relative contribution of climate change
and human activities on streamﬂow variability under three periods (baseline (1958–1977), impact I
(1978–1997), and impact II (1998–2012)). The long-term hydro-climatic variables experienced
substantial changes during the whole study period, and 1977 was the breaking year of streamﬂow
change. Attribution analysis using the two methods showed consistent results: for impact I, climate
change impacts explained 65% and 68% of streamﬂow reduction; however for impact II, it only
represented 49% and 56% of streamﬂow reduction. This result indicated that human activities were
intensifying over time. Various types of human activities presented signiﬁcant effects on streamﬂow
regimes including volumes and hydrographs. The ﬁndings of this paper could provide better insights
of hydrological evolution and would thus assist water managers in sustainably managing and
providing water use strategies under a changing environment.
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INTRODUCTION
The hydrologic cycle serves as the most critical natural pro-

Climate functions are a key input into the hydrologic

cess of the planet (Brutsaert ). It conveys mass and

cycle dynamic processes, and any change or ﬂuctuation of

energy, inﬂuencing physical, biological, and chemical pro-

any component of the climate system (precipitation, temp-

cesses, thus supporting the ecological system functioning,

erature, and solar radiation) would affect hydrologic

which is vital to human well-being and social development.

cycling to various degrees. It is well established that Earth

As it is closely interacted with atmosphere, land and

has been experiencing unprecedented warming (Pachauri

humans, the hydrologic cycle is sensitive to environmental

& Meyer ), and hydrological responses to warming cli-

change, which gives rise to many problems as well as

mate have been extensively investigated by research

research issues (Montanari et al. ; Chiew et al. ).

communities in the last decade (Arnell ; Fu et al.
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). In general, such responses occur in the form of

the remaining 26% was induced by climate change. Wang

reduced water yield (Chiew et al. ), advanced snow

et al. (b) investigated Luanhe River basin using sensi-

melt (Lutz et al. ) and more intensiﬁed and frequent

tivity method and claimed that climate variability and

extreme hydrological events like heavy storms, ﬂoods, and

human activities were responsible for 40.9 and 59.1%

prolonged droughts (Hirabayashi et al. ; Trenberth

reduction in streamﬂow, respectively. Using hydrological

et al. ; Yang et al. ). For instance, a 2% increase in

simulation method, Bao et al. (b) found that relative

temperature could decrease streamﬂow by 6% (Wang et al.

impacts of climate variability and human activities varied

a); and peak runoff would occur one month earlier

greatly between catchments in Haihe River basin (HRB).

due to warming temperature in Naryn River basin (Gan

Renner et al. () applied a geometric approach and

et al. ). It is obvious that these changes might be unfavor-

found that human disturbance resulted in vegetation

able for human well-being and the development of society.

degradation that led to considerable reduction in evapotran-

In the context of rapid population growth and social

spiration and increase in streamﬂow.

development, various forms of human activities affect

Each method has its own merit and limitations, there-

hydrological processes directly and indirectly. Human inter-

fore, a comparative analysis of two or more approaches

vention comes in different forms, affecting the hydrological

could produce more reasonable and reliable results and sub-

regime explicitly and implicitly. For instance, in Caijiaz-

sequently provide a comprehensive understanding. As

huang (CJZ) catchment, as will be discussed later, human

relative studies have not been extensively reported, such

activities generally include water abstraction, water infra-

an analysis still requires more attention. In this study, two

structure,

daily

methods (hydrological simulation method and elasticity

agricultural, industrial, and domestic water demands have

and

land

cover

change.

Increasing

method) are applied and combined to provide better attribu-

resulted in increasing water abstraction and regulation to

tion analysis. The results of this analysis will identify the

the system through water infrastructure measures that, with-

breaking/changing point which will be used to separate

out doubt, result in direct alteration of hydrologic processes

the investigation period into before (baseline) and after

(Sivapalan et al. ; Destouni et al. ). For example,

(impact period) for streamﬂow analysis.

Räsänen et al. () claimed that hydropower operations

In this paper, the impact period is further divided into

in Mekong River basin could increase the spring streamﬂow

two sub-periods to see whether there is any signiﬁcant vari-

by more than 100% and decrease the summer streamﬂow by

ation or primary rule switch for the two factors (climate

more than 30%. On the other hand, dramatic land cover

change and human activities) for the CJZ catchment

change due to soil water conservation and ecological restor-

which is located in the upstream of HRB. Compared to

ation also signiﬁcantly affects the water cycle (Zhang et al.

some catchments in HRB, which have been well studied

; Gao et al. ; Marhaento et al. ). In the research

in the literature, such as Luan River basin (Xu et al. ;

of Gao et al. (), 70% of streamﬂow reduction could be

Zeng et al. ; Wang et al. b) and Miyun reservoir

attributed to soil conservation measures in Loess Plateau,

basin (Ma et al. ; Bao et al. a; Zheng et al. ),

China.

this catchment has rarely received attention and focus.

Therefore, it is essential to quantify the relative impact

Investigations into detecting streamﬂow change charac-

of climate change and human activities on streamﬂow in

teristics and exploring the driving factors are essential to

order to develop better adaptive water resources manage-

support future water resources management decisions for

ment strategies and manage the water resources more

the local area and enrich the understanding of hydrologic

sustainably for future generations. Numerous studies have

regime evolution. This study is aiming to achieve this

investigated this topic using different methods. For example,

through: (1) analyzing the hydro-climatic variables’ chan-

Zhang et al. () applied a multivariate statistical

ging pattern and detect streamﬂow abrupt change point;

approach to study the streamﬂow change in a small catch-

(2) separate the effects into climate change and human

ment of Loess Plateau, China and found that 74% of the

activities; (3) further discuss the mechanism of contribution

change was attributed to soil conservation measures and

from those two factors on hydrologic regime.

Downloaded from http://iwaponline.com/jwcc/article-pdf/11/1/241/677795/jwc0110241.pdf
by guest

243

S. Wan et al.

|

Streamﬂow changes and the underlying causes

DATA AND METHODS

Journal of Water and Climate Change

|

11.1

|

2020

Data Center for Resources and Environmental Sciences
(http://www.resdc.cn). Daily records of precipitation
from four rain gauges within the catchment were used

Study area

for temporally up-scaled analysis and model inputs,
The CJZ catchment, shown in Figure 1, is located in the

while daily streamﬂow observation data at outlet stream-

upper reach of Zhang River catchment, which is a tribu-

gauge were used for long-term streamﬂow variation

tary of HRB. The catchment covers a drainage area of

study and model calibration (Figure 1). Precipitation

2

about 446 km , with its elevation ranging from 1,256 m

and streamﬂow data for the period 1958–2012 and their

to 1,756 m.

geographical locations were obtained from China’s

The catchment is dominated by a temperate monsoon

Hydrologic Year Book, released by the Hydrological

climate with annual precipitation of 520 mm and mean

Bureau of the Ministry of Water Resources of China.



annual temperature of 6–7 C. In the winter, the precipi-

Areal precipitation was calculated using arithmetic aver-

tation occurs in the form of snowfall. The monsoon

age method. Potential evapotranspiration (E0) data used

climate gives the area a ﬂood season from late July to

in the analysis were calculated using the Hargreaves

early September and more than 60% of total annual precipi-

equation (Hargreaves & Samani ), by using maxi-

tation occurs in this period. Short but intensiﬁed rainfall

mum, minimum, and mean daily air temperature data

storms usually are likely to produce rapid and severe ﬂash

from Climate Data Center of China Meteorological

ﬂoods, whereas in other seasons, the stream channel con-

Administration (http://data.cma.cn).

veys considerably lower ﬂows.
Data

Trend and abrupt change analysis

The CJZ catchment boundary was delineated using DEM

It is important to detect trends in hydro-climatic series to

data downloaded from SRTM (Shuttle Radar Topography

suggest whether any change occurs. After doing this, the

Mission, http://srtm.csi.cgiar.org) with spatial resolution

breaking point will be determined to separate the whole

of 90 m, and the HRB boundary map was obtained from

study period into baseline period and impact period.

Figure 1

|

Location of CJZ catchment (left) in HRB (right).
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According to common practice in this ﬁeld, baseline period

introduced to calculate UFj , then by deﬁning that the back-

is assumed to have minimal human disturbance, meaning

ward sequence UBj ¼ UFj , the curves of UFi and UBj can

that hydrological processes are in a natural state. In this

be illustrated. The point at which two curves intersect indi-

study, the nonparametric Mann–Kendall test (Mann ;

cates that the series begins to change, and if the absolute

Kendall ) was selected and applied to detect the trend

value of the point exceeds the threshold, then signiﬁcant

and changing points of streamﬂow in CJZ catchment. The

change occurs.

method is extensively used due to its advantage of not
assuming any distributional form of the data (Fu et al.
; Jhajharia et al. ; Myronidis et al. ). The

Streamﬂow elasticity of climate

Mann–Kendall’s statistic UF used for null hypothesis test is
Streamﬂow elasticity of climate was proposed by Schaake

calculated by the following steps:

ri ¼

Sk ¼

() to assess the climate impact on streamﬂow. It is
xi > xj
xi  xj

1,
0,

k
X

(j ¼ 1, 2, . . . , i  1)

(1)

deﬁned as the ratio of proportional change of streamﬂow
to proportional change of a certain climatic factor (such as
precipitation or potential evapotranspiration) as follows:

ri

(k ¼ 2, 3, . . . , n)

(2)

i¼1

i(i  1)
E(Si ) ¼
4

εX ¼
(i ¼ 1, 2, . . . , n)

i(i  1)(2i þ 5)
Var(Si ) ¼
72

(6)

(3)
where εX is streamﬂow elasticity of climate, Q is mean

(i ¼ 1, 2, . . . , n)

(4)

i, i is the number of year, j is the number of the year prior to
year i, n denotes the length of the data series (here total
number of years), S is the intermediate variable with E(S)
and Var(S) being its expected value and variance,
respectively.
With all the results above prepared, the Mann–Kendall’s
statistic UF is estimated using the following equation:
(i ¼ 1, 2, . . . , n)

annual streamﬂow, X is climate factor, @Q and @X are
change in streamﬂow and climate factor. With εX obtained,

where xi denotes the hydro-climatic variable at a given year

Si  E(Si )
UFi ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Var(Si )

@Q=Q
@X=X

one can estimate climate change effect on streamﬂow (see
Attribution analysis). To estimate streamﬂow elasticity of climate, the Budyko framework-based method is used in this
study. According to the Budyko framework, long-term
mean annual evapotranspiration showed an empirical
relationship with mean annual potential evapotranspiration
to mean annual precipitation which act as the demand and
supply limit. Following the framework, the elasticity
equation can be derived as:

(5)

When the null hypothesis test is rejected, an increasing
trend (UF > 0) or decreasing trend (UF < 0) would be
detected. For the case of jUFj > Uα=2 , a statistically signiﬁcant trend is indicated, where threshold value Uα=2 is the
standard normal deviation at signiﬁcance level α. In prac-

εP ¼ 1 þ

(E0 =P) f 0 (E0 =P)
,
1  f(E0 =P)

and εE0 ¼ 1  εP

(7)

where εP and εE0 denote streamﬂow elasticity to precipitation P and potential evapotranspiration E0, respectively.
Several analytical formulations can adequately represent
the Budyko framework, among which, Fu’s equation has

tice, signiﬁcance level is usually set at 0.05, with its UF

been widely used (Zhang et al. ) and was adopted in

being 1.96.

this study:

For trend detection, UFn for the whole series is used
to test if it exceeds the threshold value. For changing
point analysis, inverse series of xj (j ¼ n, n  1, . . . , 1) is
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where ET is mean annual evapotranspiration and w is shape

model is conceptualized by two types of storage: root-zone

parameter. The parameter w indicates the impact of other

storage in the shallow sub-surface area and groundwater sto-

factors, such as landscape characteristics and climate sea-

rage in the deep aquifer. In different hydrologic cycle stages

sonality (Li et al. ). Based on Fu’s equation, εP is

from ground surface to two storages, the model partitions var-

calculated using the following equation:

ious water balance components and describes a range of

1w
w
(1 þ (E0 =P) ) w
εP ¼
1
w
w
(1 þ (E0 =P) )  E0 =P

demand and supply relationships, therefore calculating each
component by applying generalized Budyko equations.
(9)

Initially, rain falls on the ground at a certain time t and is
separated by two components: surface runoff Qd(t) and rainfall retention X(t) which can be considered to constitute the

In this study, w is ﬁtted at the value of 2.3 so that

change in soil moisture storage S(t)  S(t  1), evapotran-

observed streamﬂow series of baseline period can be simu-

spiration E(t), and recharge R(t). In this stage, the supply

lated well against Budyko-derived streamﬂow series. With

limit is the amount of precipitation P(t), whereas the

E0, P and w known, εP is calculated with the value of 2.1,

demand limit is the available storage capacity Smax  S(t  1)

meaning that 10% change of precipitation leads to 21%

and potential evapotranspiration E0(t), termed as X0(t).

change of streamﬂow, which is similar to those in HRB

Following the similar relationship of the Budyko framework,

where the majority of εP from various sub-basins ranges

the X(t) is present as the following equation:


from 1.9 to 2.5 (Xu et al. ).
X(t) ¼ P(t)f
Dynamic water balance model



X0 (t)
, α1
P(t)



E0 (t) þ Smax  S(t  1)
, α1
¼ P(t)f
P(t)


(10)

In attribution analysis, it is a key step to use a hydrological
model to simulate streamﬂow during the baseline period

where f( ) denotes Fu’s equation (a variety of Budyko

because streamﬂow processes are in natural response to

equation), α1 is the retention efﬁciency, controlling the par-

precipitation input, as demonstrated above. With the par-

tition of direct runoff and retention with lesser α1 bringing

ameters obtained from the simulation, the hydrological

more direct runoff. When water inﬁltrates downward in

model is executed to reconstruct the ‘naturalized’ stream-

the root-zone storage, rainfall retention X(t) and former

ﬂow during the impact period, and subsequently, it will be

soil moisture S(t  1) comprise the water availability W(t),

compared to observed streamﬂow to ﬁnd the difference

which was demanded by evapotranspiration E(t), soil moist-

induced by climate variability. In this study, the dynamic

ure S(t), and recharge R(t). The maximum demand is

water balance model (DWBM) model developed by Zhang

potential

et al. () was used to simulate hydrological processes

capacity Smax. Therefore, one can derive each demand com-

and quantify the relative contribution of climate variability.

ponent using the equation above:

evapotranspiration

Due to its parsimony and good conceptualization of water
balance, the DWBM model has been extensively applied
and shown encouraging performance (Tekleab et al. ;
Wang et al. a; Li et al. ; Zuo et al. ). This
lumped conceptual model is based on the ‘supply and
demand’ framework which extends the concept of P
(supply) and E0 (demand) in the Budyko equation and generalizes it on a shorter timescale by appropriately deﬁning and
describing variables during water balance processes, enabling
the consideration of precipitation and potential evapotranspiration seasonality and catchment storage variability. The
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E(t) þ S(t) ¼ W(t)f

E0(t)

E0 (t) þ Smax
, α2
W(t)

and

soil

moisture





E0 (t) þ Smax
, α2
i:e: E(t) þ S(t) ¼ (X(t) þ S(t  1))f
X(t) þ S(t  1)


(11)



E0 (t)
, α2
W(t)

¼ (X(t) þ S(t  1))f

E(t) ¼ W(t)f

E0 (t)
, α2
X(t) þ S(t  1)


(12)
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where f( ) denotes Fu’s equation, α2 is the evapotranspiration

climate variation and human perturbation constitute the

efﬁciency, higher α2 implies more available water transfer-

source for streamﬂow change. Given the assumption that

ring to evapotranspiration. Therefore, soil moisture S(t)

anthropogenic factors are independent of climate factors,

can be calculated:

the total change of streamﬂow can also be expressed as
the forms (Bao et al. b; Wang et al. ; Ahn & Mer-





E0 (t) þ Smax
E0 (t)
, α2
, α2  W(t)f
S(t) ¼ W(t)f
W(t)
W(t)

(13)

wade ):
ΔQtot ¼ ΔQc þ ΔQh

(19)

With all terms above ready, recharge R(t) is given as:
where ΔQc and ΔQh represent streamﬂow changes due to cliR(t) ¼ S(t  1) þ X(t)  E(t)  S(t)

(14)

mate variation and human activities, respectively.
As ΔQtot can be obtained from observed streamﬂow

In the next stage, when water comes into deeper ground-

records, one needs to either quantify ΔQc or ΔQh in order

water storage which was conceptualized as a linear

to attribute climatic or anthropogenic effect on streamﬂow.

reservoir, the base-ﬂow Qb(t) can be considered as a portion

In this study, the streamﬂow change induced by climate vari-

of groundwater storage G(t  1) by multiplying a constant d
which determines the discharge rate of the ‘tank’:

ation ΔQc is estimated using both hydrological simulation
results from DWBM and calculated streamﬂow elasticity
of climate:

Qb (t) ¼ dG(t  1)

(15)

•

Then, the water balance of this stage is presented as:
G(t) ¼ G(t  1) þ R(t)  Qb (t) ¼ (1  d)G(t  1) þ R(t)

For the ﬁrst approach, ΔQc is denoted as the difference
between simulated mean annual streamﬂow of the
impact period and baseline period, i.e.:
 sim  Q
 sim
ΔQc ¼ Q
2
1

(16)

(20)

 sim indicate the mean annual simulated
 sim and Q
where Q
2
1

The total streamﬂow Q(t) comprises surface runoff Qd(t)

streamﬂow during impact period and baseline period,

and baseﬂow Qb(t), i.e.:
Q(t) ¼ Qd (t) þ Qb (t)

(17)

With initial variable S(t  1) and G(t  1) set and four
parameters, that is, α1, α2, Smax, and d calibrated, the catch-

•

respectively.
For the second approach, ΔQc is represented as the
change induced by precipitation ΔQP and potential evapotranspiration ΔQE0 according to their corresponding
elasticity:

ment water balance can be estimated and modeled
streamﬂow can be calculated.

ΔQc ¼ εP

Q
Q
ΔP þ εE0
ΔE0
P
E0

(21)

Attribution analysis
A change in mean annual streamﬂow over two periods can

RESULTS

be represented as follows:
 Q

ΔQtot ¼ Q
2
1
obs

obs

(18)

Long-term hydro-climatic regime variation analysis


where ΔQtot denotes the total change of runoff, and Q
1 and
obs

Q represent the mean annual streamﬂow during baseline

Figure 2 illustrates annual precipitation and streamﬂow vari-

and impact period, respectively. In any catchment, both

precipitation series ﬂuctuated between years with mean,

obs

2
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Long-term hydro-climatic series evolution in CJZ catchment, P, E0 and Q represent precipitation, potential evapotranspiration, and streamﬂow, respectively.

maximum, and minimum value being 517 mm, 902 mm

analysis (see Figure 3). Thus, the whole study period was

(1963) and 294 mm (1986), respectively. It is clear that

separated into baseline period (1958–1977) and impact

mean annual precipitation tended to be lower in the 1980s

period (1978–2012). The mean annual streamﬂow after

and 1990s; however, an increasing trend occurred after

1978 was 32.6 mm, about 31% of that before the abrupt

1998 with an average rate of 15.3 mm/a. The potential eva-

change (105.5 mm). Therefore, it is both precipitation and

potranspiration exhibited a steady increasing trend with a

streamﬂow that exhibited substantial change, with the

rate of 12.9 mm per decade; however, compared to its

streamﬂow reduction being more dramatic.

mean annual value of 1,040 mm, the change in magnitude

Considering the changing point of streamﬂow around

was not that obvious. The streamﬂow decreased over time

1978 and the increasing phase of rainfall after 1998, the

with a rate of 18.9 mm per decade and Z value from

entire period was divided into three sub-periods:

Mann–Kendall trend analysis was 3.55, indicating a signiﬁcant decreasing trend. The streamﬂow showed a sharp
reduction visually around 1978; a similar changing point
was also detected using the Mann–Kendall abrupt change

Figure 3

|

Streamﬂow abrupt change detection using Mann–Kendall method.

Downloaded from http://iwaponline.com/jwcc/article-pdf/11/1/241/677795/jwc0110241.pdf
by guest

•
•
•

baseline period (1958–1977)
impact period I (1978–1997)
impact period II (1998–2012).

S. Wan et al.

248

Table 1

|

|

Streamﬂow changes and the underlying causes

Summary of potential evapotranspiration, streamﬂow, and runoff ratio in mm

Baseline period
(1958–1977)

Impact period I
(1978–1997)

Impact period II
(1998–2012)

Potential ET

1,016

1,041

1,070

Streamﬂow

105.5

34.4

30.3

Runoff ratio

0.183

0.073

0.06
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determination), which suggests that the runoff appeared to
be inﬂuenced by a set of environmental factors apart from
precipitation.
Hydrological simulation
As indicated by attribution analysis method, streamﬂow of
the baseline period (1958–1977) was used for simulation

The mean annual precipitation over the three

with the DWBM model as the human disturbance could

periods was 577 mm, 469 mm, and 501 mm, respectively.

be neglected, which was also supported by the Hydrologic

Table 1 summarizes the values of the potential evapo-

Year Book. Monthly streamﬂow during the period of

transpiration, streamﬂow, and runoff ratio under the

1958–1967 was selected for the calibration with the ﬁrst

three periods. The runoff ratio for the three periods is

two years being spinning up period, while the period of

decreasing over the periods following the same trend

1968–1977 was selected for the validation. The Rosenbrock

as streamﬂow.

method was adopted to obtain the optimized parameters.

To further investigate the inter-relationships between
precipitation and streamﬂow, the precipitation–streamﬂow
double cumulative curve was depicted and it was found
that the direction of the curves began to change around

The observed and the simulated hydrograph are illustrated
in Figure 6.
The model performance was assessed by Nash–Sutcliffe
efﬁciency (NSE):

1978 (see Figure 4), implying that the rainfall–runoff
relationship had altered. The rainfall–runoff relationships
for the three periods are shown in Figure 5. From the

n
P

(Qsim (i)  Qobs (i))

ﬁgure, it is clear that the points for the two impact periods

NSE ¼ 1  i¼1n
P

were lower than those for the baseline period, indicating

i¼1

 obs )
(Qobs (i)  Q

2

2

(22)

that with the same amount of precipitation, less runoff was
released during the impact periods compared to the baseline

where Qsim (i) and Qobs (i) are simulated and observed

period. Furthermore, it is worth noting that the relationship
between precipitation and runoff tended to be weaker

streamﬂow on a given month i, n is the number of
 obs is the mean value of observed streamﬂow
months, and Q

during the impact periods (lower values of coefﬁcient of

over the whole period.

Figure 4

|

Double mass curve for precipitation and runoff from 1958 to 2012.
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Figure 5

|

Rainfall–runoff relationship under three periods (R2 value is the value of coefﬁcient of determination).

Figure 6

|

Observed and simulated monthly streamﬂow over baseline period.

|

11.1

The model was well calibrated with NSE of 0.796, while
NSE in the validation period was 0.715. Both the NSE value
of calibration and validation can be accepted as they exceed
the value of 0.6, which is deﬁned as the criteria of goodness
of ﬁt in common practice. The simulation results indicated
that the model can adequately represent the rainfall–runoff
processes in the case study. Using the calibrated DWBM
model parameters, the streamﬂow series of the two impact
periods were reconstructed. From the comparison of
observed and reconstructed streamﬂow of impact periods
(Figure 7), it is clear that the reconstructed streamﬂow is signiﬁcantly higher than the observed streamﬂow. For the two
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Observed and simulated annual streamﬂow over impact periods.
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impact periods, I and II, the reconstructed streamﬂow
recorded 57.5 mm and 63.3 mm, respectively, about 67%
and one times larger than observed streamﬂow of the
same period.
Quantifying effects of climate variation and human
activities on streamﬂow
Elasticity method and hydrological simulation method were
employed to account for the relative contribution of climate
variation and human activities on streamﬂow change. As
can be seen in Table 2, from the ﬁrst method, the streamﬂow
under the two impact periods I and II was lower than the
baseline by 46.3 mm and 37.0 mm, respectively. According
to the latter approach, climate induced streamﬂow changes
for the two impact periods I and II by 48.0 mm and
42.2 mm. Thus, streamﬂow change due to human activities
over the two impact periods was 24.8 mm (23.1 mm) and
38.2 mm (33.0 mm) using the elasticity method (hydrologiFigure 8

cal simulation method).

|

Relative contribution of climate variation (CC) and human activities (HA) on
streamﬂow for impact period I (S1) and impact period II (S2) compared to

Figure 8 presents the comparison of the relative contri-

baseline period (S0) using hydrological simulation method (top) and elasticity
method (bottom).

bution of the two factors (climate variation and human
activities) for the two periods to baseline under the different

denote climate-induced streamﬂow change based on elas-

methods (hydrological simulation and elasticity). It is very

ticity method and hydrological simulation method. ΔQp

clear that under the hydrological simulation method, cli-

denotes precipitation-induced streamﬂow change and

mate variation contributes up to 65.1% and 49.2% of

ΔQE0 denotes E0-induced streamﬂow change.

streamﬂow reduction for impact period I and II, respectively, while under the elasticity method it was 67.5% and
56.1%, respectively. Both methods arrive at a similar con-

DISCUSSION

clusion, that the climate change played a dominant role
for streamﬂow reduction under impact period I, while

Climate variation and its hydrological response

under impact period II, the contribution from human activities increased signiﬁcantly and tended to be responsible

The long-term precipitation change has a direct relationship

more for streamﬂow reduction or change, that accounted

with the large-scale atmospheric circulation variation. HRB

from 40% to 51%.

is dominated by monsoon climate; its precipitation is closely

Note: S0, S1, and S2 denote baseline period, impact

related to the East Asian summer monsoon (Li & Pan ;

period I, and impact period II, respectively. ΔQc1 and ΔQc2

Ding et al. ) with stronger monsoon resulting in less

Table 2

|

Climate and streamﬂow change over three periods

ΔP

ΔE0

ΔQ

ΔQc1(ΔQp vs ΔQE0)

ΔQc2

34.4

107.2

25.3

71.1

46.3 (43.1 vs 3.1)

48.0

30.3

75.1

54.3

75.2

37.02 (30.26 vs 6.76)

42.2

Period

P

E0

Q

1958–1977

576.5

1,015.8

105.5

1978–1997

469.4

1,041

1998–2012

501.4

1,070.1
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precipitation, and vice versa. Luo et al. () reported that

HRB showed signiﬁcant reduction during summer and the

precipitation in the HRB was negatively correlated with

declining trend was even strong after the 1980s. As a

NINO3.4 (a variation of El Nino–South Oscillation

result of summer precipitation decrease, the streamﬂow

(ENSO) indicators to characterize monsoon); however, it

also showed tremendous change during summer months

was signiﬁcantly increasing during summer in the early

(July and August). Streamﬂow during the impact periods

1980s. This could explain the decline in precipitation

was only about 20% of that during the baseline period

during the same period.

(Figure 10). In addition, streamﬂow during September and

The CJZ catchment is located within the HRB, thus the

October was also affected by insufﬁcient antecedent precipi-

precipitation variability of the catchment shows a good

tation; it was less than one-third of that during the baseline

agreement with the general pattern of the basin or region

for these months.

(Wang et al. b). The streamﬂow is very sensitive to the

However, it should be highlighted that streamﬂow of

variability of the precipitation as reported by numerous

January exhibited an increasing trend, although the magni-

studies worldwide, particularly in the drier catchments

tude is limited. The possible reason for streamﬂow

(Chiew ). This can be explained by Equation (21),

increasing during the coldest month could be attributed to

where the variation of streamﬂow induced by precipitation

the warmer winter climate. The rising winter temperature

change is determined by precipitation elasticity of stream-

intensiﬁes the soil thawing processes, resulting in stream-

ﬂow, and relative variation of precipitation. Streamﬂow

ﬂow recharged by more frequent inﬁltrating water from

elasticity of precipitation is about two times that of potential

soil thawing. Therefore, rising hydrograph processes

evapotranspiration. More importantly, precipitation is more

occurred earlier and more frequently during the winter

sensitive to either short-term dry/wet switch of climate vari-

and zero ﬂow days tended to disappear. The soil thawing

ation or long-term climate change than that of potential

effect on hydrology has been reported as an important

evapotranspiration and other climatic factors. Thus, stream-

issue in boreal and alpine areas across the world (Cherkauer

ﬂow variability is primarily dominated by precipitation in

& Lettenmaier ; Niu & Yang ). It has not been

most cases, which explains the majority of the total stream-

recorded in HRB, north China, although this effect may

ﬂow change induced by climate variation as shown in

not be neglected in catchments with higher altitude within

Table 2. The changing range detected in this study is in

the region.

good agreement with published studies (Zheng et al. ;
Xu et al. ).

GCM outputs for HRB (Bao et al. a) indicated a relatively high degree of conﬁdence that precipitation would be

From the seasonality perspective, the precipitation

expected to increase during the 21st century. As shown in

exhibited a dramatic decline during the ﬂood season (July

Figure 2, this projection was somewhat justiﬁed by the

and August) when the precipitation of the two impact

increasing trend of precipitation from 1998 to 2012, which

periods had decreased by more than 30% compared to

alleviated the severe streamﬂow reduction in the last few

that of the baseline period (Figure 9). This pattern of varia-

years. However, how precipitation will change in the

bility was also noted by Chu et al. (); precipitation in

Figure 9

|

Seasonal distribution of precipitation under different periods.
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Figure 10
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Seasonal distribution of streamﬂow under different periods.
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future, and what hydrological response will occur, are still

Water infrastructure regulation acts as another primary

not clearly known at present, hence more observations

factor of direct human disturbance on hydrology. Although

need to be collected and accumulated to explore these

this type of disturbance might not affect mean annual or

issues in the future.

annual water balance, its impact on streamﬂow at shorter
timescales could be remarkable. Streamﬂow hydrograph

Human activities form and their hydrological responses

alterations occur in terms of timing, high/low ﬂow magnitude, duration, and frequency (Dang et al. ) which

As discussed above, human intervention comes in different

raise issues in local water management.

forms, affecting the hydrological regime explicitly and

In CJZ catchment, the regulation effect tended to be

implicitly. Human activities in CJZ catchment are generally

more intensive over time, leading to the fact that consecu-

water abstraction, water infrastructure, and land cover

tive constant ﬂow values occurred more frequently and

change. Water abstraction and water infrastructure regu-

lasted longer (see Figure 11 – with two samples of daily

lations are directly altering the streamﬂow amount and

ﬂow for the two impact periods (1987.6.1 to 1987.8.31 and

hydrographs. Population growth and social development

2009.6.1 to 2009.8.31), respectively).

could be the main attributions for increasing agriculture,

From 1987.6.1 to 1987.8.31, the daily streamﬂow dis-

industry, and domestic water use, thereby reducing total

charge in CJZ catchment responded naturally to daily

streamﬂow. Furthermore, intensive water use has changed

precipitation events, with rising and recession processes

the streamﬂow processes, leaving them more complicated.

occurring by turns. However, during the same period in

For example, water returned from irrigation and industrial

2009, the daily streamﬂow displayed a totally different pat-

use signiﬁcantly disturbs the natural daily streamﬂow hydro-

tern. The hydrograph was smooth and stable with a

graph. The area is also restrained by the county’s

constant value of 0.2 m3/s during most of the time, and

mountainous topography. The industrial plants and inhabited

only a few ﬂood peaks occurred following storm events;

areas are deployed along the ﬂatter zones of the county’s

however, the value soon dropped back to 0.2 m3/s within

town center where the mainstream of the CJZ catchment

1 day without any recession processes, which did not reﬂect

ﬂows, therefore, the population and industry development

the normal response of rainfall. Thus, it is evident that

and distribution pattern are imposing enormous pressure on

streamﬂow had been regulated moderately without extre-

the water supply. The CJZ hydrometric station is located

mely high or low ﬂows so that ﬂoods and droughts could

downstream of the county’s town center, so water use will

be effectively controlled and channel water could be

be easily reﬂected by streamﬂow data records.

reserved for recreational and emergency use.

With these water use types understood, how to quantify

Apart from direct effects, indirect human activities, which

their possible inﬂuences on streamﬂow reduction will pro-

mainly occur in the form of land use change, could also

vide further valuable and detailed information on future

induce hydrological regime alteration (Zhang et al. ;

water resource strategies. Due to the lack of detailed long-

Brown et al. ). As the region has long implemented the

term data of human activities, we just took the year 2010

strategic program of afforestation and soil and water conser-

as an example to illustrate the individual inﬂuence of differ-

vation, large-scale plantations have been established in this

ent water use types on stream ﬂow reduction. Based on a

area. Galdos et al. () and Donohue et al. () indicated

previous publication (Gao et al. ), water consumption

that vegetation cover has direct effects on catchment hydrol-

for irrigation, industry, and domestic demand in the year

ogy processes (interception and evapotranspiration) and

2010 is equivalent to 8.5 mm, 3.2 mm, and 2.3 mm of

strongly alter the hydrologic cycle.

water depth for the study area, respectively. Among them,

Leaf area index (LAI) is a good indicator of vegetation

irrigation accounts for the largest proportion of water use.

cover and has a signiﬁcant implication for hydrological pro-

Although there is only one year of data and water use

cesses (Cheng et al. ). Figure 12 shows the LAI variation

might be at a lower level, it still reﬂects water use status in

for CJZ catchment. It is very clear that LAI has increased

this area to some degree.

signiﬁcantly with a mean value of 1.36 and 1.47 for the
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Typical examples for daily streamﬂow processes during impact period I (top) and impact period II (down).

two impact periods, respectively. It should be noted that LAI

Previous research carried out for the Zhang River basin

has experienced a fast growth rate of 0.03/a, with Mann–

where CJZ catchment is located suggested that human

Kendall statistics value being 3.22 which shows a signiﬁcant

activities were contributing about 66.6% and 73.9% of

trend for impact period II. Larger LAI indicates increased

streamﬂow change for Kuangmenkou and Guantai catch-

water consumption by vegetation, which results in more

ments, respectively (Bao et al. b; Xu et al. ). This is

interception and evapotranspiration with the subsequent

very high in comparison to CJZ catchment in the upstream

effect of reduced water yield. Thus, this explains that

part. This indicates the trend of increasing human activities’

under wetter conditions (impact period II), the streamﬂow

contribution to streamﬂow change by moving downstream

was even less than that of comparatively arid conditions

with increasing population, developments, and various

(impact period I).

water uses. Also, there are a number of water diversion
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LAI of CJZ catchment during 1981–2012.

infrastructures on the mainstream of the Zhang River that

them rainfall seasonality inﬂuence (Potter & Zhang ).

supply water to other basins, which also plays an important

Also, it is generally an implicit assumption that the w in

role in intensifying the human intervention.

Fu’s equation is a steady value given that no land use
change occurs. In fact, w is likely to vary with rainfall sea-

Uncertainties

sonality and other changing climatic features such as
temperature and rainfall variabilities.

It is very important to consider uncertainty in such type of

The uncertainty in the model outputs resulted from the

analysis. The uncertainty in this study derived from various

level of uncertainty in the model preparation and implemen-

sources including input data, model assumption, and model

tation that can induce bias in the calculated streamﬂow

parameters. The available input data could not adequately

changes inﬂuenced by climate variability compared to the

represent the spatial heterogeneity of the region and this

observed streamﬂow changes, hence affecting the partition

can be a dominant source of uncertainty. As in this study,

of climate variation and human intervention impacts on

mountainous topography produces the orographic effects

streamﬂow.

of precipitation, which might increase the bias in computing
areal precipitation.

In this study, we categorized two types of drivers for runoff
reduction, i.e., human activities and climate change, and

It has been reported in several studies that changing

quantitatively identiﬁed the contribution of each driver to

rainfall–runoff relationship induced by climate variation

change in runoff. Due to the lack of data of detailed human

exerts an inﬂuence on model parameters (Merz et al. ;

activities for water uses, we took just 2010 as an example to

Saft et al. ), hence the simulation performance. Gener-

illustrate the inﬂuence of individual human activities on

ally, a hydrological model calibrated during wetter periods

runoff reduction. However, this is not sufﬁcient to represent

tends to overestimate streamﬂow compared to the drier

multiple year average status. Detailed monitoring for water

periods, and vice versa. However, in this study, the model’s

use is essential to reduce the uncertainty in attribution analysis.

parameters are treated as time-invariant due to limited data
and information; therefore, capturing the hydrological
response is still a challenge despite the satisfactory perform-

CONCLUSIONS

ance from the calibrated parameters.
In the Budyko hypothesis, precipitation and potential

Water resources in North China are very limited and

evapotranspiration are conceptualized as the only two cli-

stressed. Streamﬂow variability and changes are induced

matic controls of the mean annual water balance. In the

by two key factors, climate variation and human activities.

real world, other factors may also impose inﬂuences on

China’s economic development is progressing very fast

the water balance processes to various degrees, among

with many planned projects in the north that might induce
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many challenges and exacerbate streamﬂow changes.

inﬂuence the streamﬂow, and how they interact with

Understanding and quantifying streamﬂow changes are

future climate change still requires further quantitative

very signiﬁcant for water managers and policy-makers in

studies based on detailed long-term data, and these works

order to sustainably manage the precious water. In this

will be explored in further research.

study, long-term hydrological characteristics including
mean annual variation and trend, rainfall–runoff relationships, and seasonal distribution of the CJZ catchment were
ﬁrst investigated, then the hydrological simulation methods
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Second, seasonal distribution change showed that precipitation as well as streamﬂow decreased signiﬁcantly
during the summer season. However, there was an increase
in streamﬂow during the winter season, which might indicate the advanced and increased soil thawing processes
under warmer winters.
Third, the relative contribution of streamﬂow changes
due to climate variation using two methods (elasticity and
hydrological simulations); ranges decrease from 65.1%
(67.5%) for impact period I to 49.2% (56.1%) for impact
period II, indicating more extensive and intensiﬁed human
activities over the periods and, in particular, under period
II. Human activities come in various forms, including
water withdrawal, water infrastructure regulation, and land
cover change, and all of these have profound inﬂuences
on streamﬂow regimes.
Quantifying the contribution of climate and human
impacts on streamﬂow provides better insights on how to
adjust and manage the water resources utilization strategies
under changing climate conditions in the future to sustain
social and economic developments. This study investigated
the relative contribution of climate variability and human
activities on streamﬂow change, and qualitatively state
how different forms of human activities alter streamﬂow.
However, to what extent these forms of disturbance
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