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Quantifying the contribution of climate- and humaninduced runoff decrease in the Luanhe river basin, China
Jianzhu Li and Shuhan Zhou

ABSTRACT
Climate variability and human activities are two main factors inﬂuencing hydrological processes. For
more reasonable water management, understanding and quantifying the contributions of the two
factors to runoff change is a prerequisite. In this paper, the Budyko decomposition hypothesis and
the geometric approach were employed to quantify climate change and human activities on mean
annual runoff (MAR) in six sub-basins of Luanhe river basin. We split a long-term period (1956–2011)
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into two sub-periods (pre-change and post-change periods) to quantify the change over time.
Observations show that annual runoff has had a decreasing trend during the past 56 years in the
Luanhe river basin. Based on a geometric approach, the climate impacts in these six sub-basins were
7–49%, and the contributions of human activities were 51–93%, approximately. According to the
Budyko decomposition method, impacts of climate variation accounted for 15–40% of the runoff
decrease, and the contribution of human activities was 60–85%. Both methods were simple to
understand, and it is feasible to separate the climatic- and human-induced impacts on MAR. This
study could provide signiﬁcant information for water resources managers.
Key words

| Budyko decomposition method, climate-caused runoff change, geometric approach,
human-induced runoff change, Luanhe river basin, mean annual runoff

INTRODUCTION
Quantifying climate variability and human activities on mean

changes in runoff or the water balance (Sun ; Zhang

annual runoff (MAR) has received much attention, since cli-

et al. ). Therefore, quantiﬁcation of the impacts of cli-

mate change and human activities are known to affect

mate change and human activities on hydrology and water

hydrologic cycles and exert impacts on our environment on

resources is of vital necessity (Lane et al. ; Siriwardena

a global scale (Barnett et al. ; Zhang et al. ; Wang

et al. ; Tuteja et al. ; Huo et al. ; Yang & Tian

& Cai ). Human activities such as land use changes,

; Wei & Zhang ; St. Jacques et al. ).

water withdrawals, reservoir operations, and return ﬂow

In order to quantify the climate- and human-induced

can affect hydrological processes (Wang & Cai ; Schil-

impacts on MAR accurately, various methods have been

ling et al. ). Climate change and its impact on water

proposed. One way was to adopt hydrological models such

resources is a problem that has to be coped with worldwide

as SWAT (Liu et al. a), HBV (Liu et al. b) and

(Piao et al. ), because climate change can affect runoff

SIMHYD (Bao et al. ), etc., by varying the meteoro-

by the redistribution of precipitation and temperature

logical inputs to obtain the quantitative assessment of

change (Karl et al. ). However, hydrological processes

human impacts. However, there were structural errors for

are subject to the combined effects of climate change and

hydrological models, suggesting that the estimated human

human activities (Berry et al. ; Rodriguez-lturbe & Por-

impacts may be inaccurate or insensitive to climate change

porato ; Donohue et al. ), resulting in basin-scale

(Sankarasubramanian et al. ; Sun ; Zheng et al.
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; Xu et al. ). Another way was to use empirical

Variable Inﬁltration Capacity (VIC) model to prove that cli-

approaches or conceptual models. Empirical approaches

mate variability was the major driving factor in the Luanhe

such as statistical regression methods have always been

river basin. Zeng et al. () combined a hydrological

short of physical meaning (Ma et al. ; Schilling et al.

model (Distributed Time Variant Gain Model) and a global

; Xu et al. ). Conceptual models built on the prin-

terrestrial biogeochemical model (CASACNP) to estimate

ciple of water-energy balance have been useful for

the effects of climate change, land use/land cover (LUCC)

investigating the hydrological response (Renner et al.

and increase in CO2 concentration on runoff in the Luanhe

b). Some conceptual models were developed based on

river basin, and they reported that the effects of climate

the Budyko hypothesis (Budyko ). Wang & Hejazi

change and LUCC on runoff are stronger. Xu et al. ()

() quantiﬁed the climate- and human-induced impacts

made a statistical analysis and found a 79.5% decrease of

for 413 gauge stations by the Budyko decomposition

annual inﬂow in the Panjiakou Reservoir caused by climate

method across the USA. Wang et al. () used hydrological

change and human activities. However, they did not separate

sensitivity analysis, the Budyko decomposition method and

the contributions of each factor. Wang et al. () discovered

Zhang’s curve (Zhang et al. ) to evaluate the effects of

that the impact of human activities was the main driving

climate variability and human activities on runoff in the

factor for the decline of annual runoff in the Luanhe river

Haihe River basin, suggesting that the Budyko decompo-

basin. Therefore, there is a need for a consistent understand-

sition method was valid in the Haihe River basin. Li ()

ing of the dominant cause for the reduction of runoff in the

developed a stochastic soil moisture model within the

Luanhe river basin.

Budyko framework (Fu’s equation), and distinguished the

The main objectives of this study were to: (1) illustrate

impact of interannual variability of precipitation and poten-

runoff decrease in the study regions by observing the

tial evaporation on evapotranspiration in the USA.

annual rainfall-runoff relationships; and (2) quantify the

Moreover, in a remarkable paper, Tomer & Schilling

contributions of climate change and human activities to

() introduced a method to distinguish climate effects

MAR in the Luanhe river basin by the Budyko decompo-

from land use change effects on runoff. They observed differ-

sition method and the geometric approach.

ent soil conservation treatments, and the watershed showed
different evaporation ratios. They found that the shift within
this hydro-climatic state space was perpendicular to the
observed shift over time, due to the conservation treatments.

STUDY AREA

Renner et al. () used this separation method to quantify
the contributions of environmental factors to evaporation in

The Luanhe river basin is located at the northeast part of

68 small–medium river basins, which cover the greatest part

China (Figure 1). It extends from 115 300 E to 119 150 E longi-

of the German Federal State of Saxony, and they conﬁrmed

tude and 39 100 N to 42 300 N latitude with a total drainage

the validity of this method. However, the geometric

area of 44,600 km2. The elevation within the basin ranges

approach is rarely used in China.

from 2 to 2,205 m and averages 766 m. In the entire area,

W

W

W

W

Many studies in recent years have focused on quantiﬁ-

the topography signiﬁcantly descends from northwest to

cation of climate change and human activities on MAR in

southeast, and mountainous regions account for nearly 98%

the Luanhe river basin, China. The Luanhe River is a very sig-

of the area while plains account for about 2%. The basin

niﬁcant water resource for Tianjin City, an important

has a temperate, semi-arid continental monsoon climate,

municipality city in China. Previous studies chose different

with an annual average temperature of –0.3–11 C, and the

models/methods to quantify the inﬂuence of climate

annual average precipitation is 516.6 mm (ranging from 400

change and human activities on MAR, and they achieved

to 700 mm) per year in the Sandaohezi sub-basin. The poten-

opposite results about whether climate variability or human

tial evaporation (EP), with original data obtained from

activity was the main driving factor for the reduction of the

DuoLun meteorological station in the Sandaohezi sub-

MAR in the Luanhe river basin. Bao et al. () used the

basin, was calculated by the Penman–Monteith equation,
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Map showing the locations of the six sub-basins (A Sandaohezi sub-basin, B Yixunhe sub-basin, C Wuliehe sub-basin, D Laoniuhe sub-basin, E Baohe sub-basin, F Liuhe subbasin) in the Luanhe river basin and the gauging stations used in this study.

and we found that the potential evaporation (EP) (ranging

of annual water storage in the Panjiakou reservoir in the 21st

from 620 to 1,416 mm) had a decreasing trend.

century. Due to rainfall reduction, land use change and con-

The spatial and temporal distribution of the precipi-

struction of many small check dams for soil and water

tation within the Luanhe river basin is uneven, and about

conservation, the average annual runoff decreased by about

70–80% of the annual precipitation falls in the rainy

30% after 1980 (Li & Feng ). The long-lasting water short-

months of June to September. The region receives an aver-

age aggravated the water crisis in Tianjin city (Yi et al. ; Liu

age runoff of 4.69 billion cubic meters per year. Floods in

& Wu ). In this study, six sub-watersheds were selected,

the basin are often caused by rainstorms and occur in July

Luanhe, Yixunhe, Wuliehe, Liuhe, Baohe and Laoniuhe,

and August, since the rainstorms with characteristics of

with areas of 17,100 km2, 6,761 km2, 2,460 km2, 626 km2,

short duration and high intensity are likely to result in

1,661 km2 and 1,615 km2, respectively.

ﬂoods of high peaks and large amounts.
The Luanhe river basin is well known for its water supply
function for the Tianjin city, an important metropolis of China.

DATA AND METHODS

It was planned to introduce a billion cubic meters of water to
Tianjin per year from the basin. However, the actual amount

Data

of water transferred to Tianjin has been less than this for several years, especially in the last decade (Li et al. ). The

The observed data of annual precipitation and runoff for

deﬁcient water supply to Tianjin is mainly due to the decrease

each sub-basin during the period of 1956–2011 are
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Methods

for the period 1956–2011 were provided by the Hydrology and Water Resource Survey Bureau of Hebei

In this study, the Budyko decomposition method and the

Province. Daily meteorological data at four stations

geometric approach were used to quantify the contributions

were downloaded from the China Administration of

of climate-caused and human-induced impact on MAR. The

Meteorology. Monthly average maximum and minimum

procedures of both methods are listed in the following

air, sunshine hours, wind speed and relative humidity

sections.

data for the period 1956–2011 were used to calculate
potential evapotranspiration (EP) using the Penman–

Budyko decomposition method

Monteith equation recommended by The United Nations
Food and Agriculture Organization (FAO) (Allen et al.

Budyko () and Budyko & Zubenok () postulated

).

that the mean annual evaporation from a watershed could

Figure 2

|

Annual runoff and precipitation time series of the selected sub-basins. (a) Liuhe sub-basin, (b) Baohe sub-basin, (c) Laoniuhe sub-basin, (d) Sandaohezi sub-basin, (e) Yixunhe
sub-basin, (f) Wuliehe sub-basin.
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decomposition method is Fu’s () equation expressed as:

 ω 1=ω
E
EP
EP
¼1þ
 1þ
P
P
P

(4)

dryness index. Dooge () studied how the decomposition
method might approach the problem of analyzing the sensi-

where Ep is potential evaporation and ω is a single par-

tivity of streamﬂow to climate change. In 1999, Dooge et al.

ameter. Each basin has emerged as different Budyko

() considered that both precipitation and potential eva-

curves due to a different value of ω (Figure 3).

potranspiration can lead to changes in water balance. On

Both precipitation and potential evaporation can lead to

this basis, Ma et al. () postulated that the total change

changes in water balance (Dooge et al. ), so ﬁrst order,

in MAR can be estimated as the change in MAR due to

total runoff change can be computed by:

climate variability and the change in MAR caused by land
ΔQ ¼ Q2  Q1

use/cover change.

(5)

The concept of water balance provides a framework for
basin hydrological processes, and it can also provide the

where Q is calculated by Equation (2). Q1 and Q2 are the

conditions for Budyko hypothetical analysis. The simpliﬁed

MAR in the pre-change period and post-change period,

water balance equation for the long-term annual timescales

respectively.
The total change in MAR can be estimated as:

for a river basin can be expressed as:
P ¼ E þ Q þ ΔSW

(1)

ΔQ ¼ ΔQC þ ΔQH

(6)

where ΔSW is the watershed storage change, and for a series

where ΔQC is the change in MAR caused by climate variabil-

of consecutive years, the amount of water stored in the

ity, ΔQH represents the change in MAR due to human

watershed is minimized, which is often considered to be

activities.

zero (ΔSW ¼ 0). The runoff (Q) is a function of precipitation

Changes in mean annual precipitation and potential
evaporation can lead to changes in annual runoff and

(P) and evaporation (E) ratio:

their relationship can be approximated as (Milly & Dunne
Q ¼ P(1  E=P)

(2)

The energy balance equation reads as:
Rn ¼ L  E þ H þ ΔSe

(3)

where Rn denotes net radiation, the latent heat ﬂux LE (i.e.,
L multiplied by E) and the sensible heat ﬂux H, L denotes
the latent heat of vaporization and ΔSe is the energy storage
change. For a series of consecutive years, we consider ΔSe as
zero.
The Budyko decomposition method was used to analyze
the water-energy balance over a long-term temporal scale.
Previous studies have proposed the Budyko framework in
different functional forms (Pike ; Fu ; Zhang et al.
; Yang et al. ). A widely used form of the Budyko
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; Ma et al. ):
@Q
@Q
ΔP þ
ΔEP
ΔQC ¼
@P
@E

(7)

|

2016

and energy partitioning expressed as:
q ¼ E=P;

g ¼ E=EP :

(12)

Figure 4 shows the principle of quantifying the contributions of climate and human activities to runoff change
(8)

(Renner et al. b). (q0, g0) represents the pre-change
point, and (q1, g1) represents the post-change point in the
diagram, and the position of the point (qb, gb) is determined

(9)

by the geometric approach method. The full arrow line is
determined by both climate- and human-induced components. The green arrow line (from the point (qb, gb) to

are obtained from Equations (1) and (4).
The climate-caused and human-induced percentage
changes of annual runoff have been estimated for some
speciﬁc watersheds (Zhang et al. ), expressed as:
Cb ¼ 100(ΔQC =ΔQ)
Hb ¼ 100(ΔQH =ΔQ)

07.2

two dimensionless variables to describe water partitioning

evaporation, respectively, and:

@Q
¼ EP (ω1) (EωP þ Pω )1=ω1  1
@EP

|

the proportion of available unused energy. q and g are the

where ΔP, ΔEP are changes in precipitation and potential

@Q
¼ P(ω1) (EωP þ Pω )1=ω1
@P

Journal of Water and Climate Change

the point (q1, g1)) and the blue arrow line (from the point
(q0, g0) to the point (qb, gb)) depict the climate- and
human-induced components of this transition, respectively.
In order to calculate the contribution of climate- and
human-induced impact on the runoff, the speciﬁc steps

(10)

(referred to by Renner et al. ()) are as follows:
1. Calculate the annual average of water partitioning and
energy partitioning in the pre-change and post-change

Geometric approach

periods, respectively, i.e., q0 ¼ E0/P0 and g0 ¼ E0/EP0,
The geometric approach was proposed by Tomer & Schil-

q1 ¼ E1/P1 and g1 ¼ E1/EP1, where P0, P1, E0, E1, EP0

ling (). They use this concept model to distinguish the

and EP1 represent the average annual precipitation,

effects of climate change from land use change effects on
streamﬂow. Two dimensionless variables were described
as relative excess water demand (W ) and energy demand
(U ), respectively. Both variables can be derived by the
water balance equation with precipitation and the energy
balance equation with the potential evaporation (EP) or
water equivalent of net radiation (Rn/L) (Renner & Bernhofer a). More details of the relationship can be found in
Renner & Bernhofer (a), Renner et al. (b). Both of
the variables are expressed as:
E
¼ 1  q,
P
E
E
¼1
¼ 1g
U ¼1
Rn=L
EP

W ¼1

(11)

where W and U are the values within the interval (0, 1). The
relative excess water W is equal to the proportion of available unused water; the relative excess energy U is equal to
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actual evaporation and the potential evaporation in

gave the same change point in the six sub-watersheds. There-

different periods, respectively.

fore, we divided the long-term period into two periods: the

2. Solve the angle of θ, the angle between both vectors,

reference period, 1956–1979, was the pre-change period, and

which can be described by the scalar product divided

the impaired period, 1980–2011, was the post-change period.

by the vector magnitudes in two different ways, given as:
q0 g1  q1 g0
sin (θ) ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
q0 þ g20 q21 þ g21
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(qb  q1 )2 þ (gb  g1 )2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sin (θ) ¼
q21 þ g21

The relationship between annual precipitation and
runoff in the six sub-basins during the two periods is shown
in Figure 5. The points in blue represent the precipitationrunoff relationship before 1980, and the points in red

(13)

denote those after 1980. It can be seen that the blue points
are higher than the red points, which implies that the
amount of runoff after 1980 was less than that before 1980

3. Derive the numerical of gb and qb alternating the use of

with the same precipitation, suggesting that the precipitation

Equations (12) and (13). After conversion, the mathemat-

was not the only reason for the reduction of runoff. Feng et al.

ical expressions are as follows:

() analysed the water resource trends and causes of Panjiakou reservoir. They revealed that the main causes of the

gb ¼ qb g0 =q0

(14)

g0 g1 q0 þ q20 q1
qb ¼
g20 þ q20

(15)

reduction before and after 1980 were the construction of a
water diversion project, the increasing demand of water
resources and the increasing impact of human activities.
To quantify the magnitude of the MAR decrease, we cal-

4. Eb at point (qb, gb) can be computed as Eb ¼ qbP0. The

culated the MAR in the pre-change and post-change periods

absolute differences between evaporation rate (E0, E1)

of the six sub-basins. The results are shown in Table 1. As

and Eb can be available for determining the climatic

can be seen, MAR decreased 22–44% relative to that in

(ΔEC) and human-induced (ΔEH) parts of change:

the pre-change period.

ΔEC ¼ Eb  E0
ΔEH ¼ E1  Eb

However, the contributions of the driving factors were
(16)

unclear, and should be quantiﬁed by the methods in the following sections.

5. Calculate the climate- (ΔQC) and human-induced (ΔQH)
contributions to the runoff change. They can be com-

The contributions of climate change and human

puted directly by assuming zero storage change in the

activities

water balance equation. The speciﬁc expressions are:
Results of Budyko decomposition method
ΔQ ¼ Q2  Q1 ¼ ΔQC þ ΔQH
ΔQC ¼ Qb  Q0

(17)

At the ﬁrst step, the single parameter was computed to the
prechange period; that is, separate Budyko curves were
ﬁtted for each watershed. The results show that the range

RESULTS

of the ω parameter was 1.31–3.65 in the six sub-basins.
The value of ω in the Sandaohezi sub-basin was the highest,

The change in the precipitation–runoff relationship

almost close to the water limit line, and equal to 3.65. The
Budyko curve of the Yixunhe sub-basin had the smallest ω

In order to assess the inﬂuence of environmental change on

of all the sub-basins (Figure 6). Zhang et al. () found

runoff variation, the change point of the runoff series should

that the smaller ω parameter was associated with a steep

be detected ﬁrst in the six sub-watersheds. Wang et al. ()

slope of the watershed and higher precipitation intensity,

identiﬁed 1979 as the change point of streamﬂow time series

while the higher ω parameter reﬂected a lower slope and

in the Luanhe river basin by Pettitt’s test; Li & Feng ()

lower rainfall intensity.
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Relationships between annual precipitation and runoff during the two periods (before and after the change point of 1980) in six sub-basins. (a) Liuhe sub-basin, (b) Baohe subbasin, (c) Laoniuhe sub-basin, (d) Sandaohezi sub-basin, (e) Yixunhe sub-basin, (f) Wuliehe sub-basin.

The climate- and human-induced percentage changes

which was the highest among all the six sub-basins. Sev-

of MAR using Equation (10) are shown in Table 2.

enty-nine and 76% were the human-induced percentage

Human activities have mainly driven the decrease of

of annual runoff decrease in the Liuhe and Wuliehe sub-

runoff, which was consistent with results obtained in pre-

basins, respectively. The smallest contribution of human

vious studies (Liu et al. a, b). Human activities

activities occurred in the Baohe sub-basin, which was

accounted for more than 70% in ﬁve sub-basins out of

62%. By contrast, the climate contribution was less than

six. The contribution of human activity to the reduced

30% in ﬁve sub-basins except in the Baohe sub-basin

runoff in the Sandaohezi sub-basin was estimated as 85%,

which accounted for 38%.
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Results of geometric approach
Using the geometric approach illustrated above under ‘Geo-

Pre-change Q1

Post-change Q2

Change percent

Sub-basin

(mm)

(mm)

(%)

Liuhe

249

154

38

Laoniuhe

167

86

22

Sandaohezi

43

24

44

Yixunhe

349

202

42

Wuliehe

195

121

38

Baohe

91

54

41

metric approach’, we calculated the climate- and human
activity-related contributions to annual streamﬂow. Figure 7
shows the locations of (q, g). The percentage changes of
MAR attributed to climate-caused and human-induced
impacts, respectively, have been estimated and the results
are listed in Table 2.
As can be seen, the human-induced percentage change
ranges from 51 to 93%. For the six sub-basins, the quantiﬁed
results were almost the same as those estimated by Liu et al.
(a) via the SWAT model. In the Baohe sub-basins, climate-caused impact accounted for a part of the change in
MAR, though the human-induced impact was still an important factor, accounting for more than 50%. Therefore, the
impact of human activities is the main driving factor for
the decline of annual runoff.
Comparison of the two methods
The Budyko decomposition method and the geometrical
approach were employed in this study. Both methods required
the same basic meteorological data such as precipitation, wind
speed, humidity, and temperature, and the same hydrological
data such as the observed runoff series. The absolute differences in the human-induced contribution, i.e., Δ/H/ ¼ /HgHb/, derived using the two methods are shown in Table 2.
From Table 2, the differences in human-induced percentage change were from 1 to 17%. The largest difference in
human contribution was 17% in the Sandaohezi sub-basin,

Figure 6

Table 2

|

|

Relationships between elements of the catchment water balance as per Fu’s
equation of the Budyko framework (Equation (4)) for the six sub-basins. The

and it was 11% less by the geometric approach for the

dots show the E/P versus the EP/P in different basins.

Baohe sub-basin.

Climate-caused and human-induced percentage change of annual runoff by Budyko decomposition method and geometric approach, and the absolute differences of humaninduced contribution by the two methods

Sub-basin

ΔQ (mm)

ΔQC (mm)

ΔQH (mm)

Cb (%)

Hb (%)

Cg (%)

Hg (%)

Δ/H/ (%)

Liuhe

95

20

75

21

79

7

93

14

Baohe

37

14

23

38

62

49

51

11

Laoniuhe

81

19

62

23

77

14

86

9

Sandaohezi

19

3

16

15

85

32

68

17

Yixunhe

147

43

104

29

71

22

78

7

Wuliehe

74

18

56

24

76

25

75

1

Downloaded from https://iwaponline.com/jwcc/article-pdf/7/2/430/373683/jwc0070430.pdf
by guest

439

Figure 7

J. Li & S. Zhou

|

|

Climate change and human impacts on reduction of runoff

Journal of Water and Climate Change

|

07.2

|

2016

The actual situation of the separation of climate and human impacts changes in q-g space diagram. The position of point (q0, g0) to the position of point (q1, g1) depicts the
climate- and human-induced components of the transition. (a) Liuhe sub-basin, (b) Baohe sub-basin, (c) Laoniuhe sub-basin, (d) Sandaohezi sub-basin, (e) Yixunhe sub-basin, (f)
Wuliehe sub-basin.
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The differences between the Budyko decomposition

The period (1956–2011) is long enough to make sure that

method and the geometric approach were mainly: (1) the

the assumption holds, since the signiﬁcant interannual sto-

Budyko decomposition method provided more explicit physical

rage change can be attributed to the human contribution.

meaning (Renner et al. b; Wang et al. ), but the geo-

Both the Budyko decomposition method and the geo-

metric approach was a conceptual model (Renner et al.

metric approach obtained similar results for the impact of

b); (2) a single-parameter Budyko-type curve was used as

human activities on runoff, which inspired great conﬁdence

the Budyko decomposition method, and the parameter was

in the impact assessment of this study. The quantitative evalu-

related to the complex interaction between vegetation types,

ation of climate impacts in these six sub-basins was 15–40%,

soil properties, and topography (Ma et al. ), although the

approximately, and the contribution of human activities was

geometric approach required two non-dimensional hydrologic

60–85%, based on the Budyko decomposition method.

state variables to describe the hydro-climatic state of a basin;

According to the geometric approach, the effects of climate

and (3) the largest difference between both approaches occurred

change in these six sub-basins was 7–49%, and the contri-

under limiting conditions. The geometric approach did not

bution of human activities was approximately 51–93%.

adhere to the water and energy limits, while the Budyko

Other researchers have carried out this work in the Luanhe

decomposition method accounted for limiting conditions, and

river basin using different methods. Wang et al. () quanti-

was the reason why the difference in the human contribution

ﬁed the impact of climate variability and human activities for

from those two approaches in the Sandaohezi sub-basin was

the reduction of runoff during 1957–2000 in the Luanxian

the highest of all. The value of ω was 3.65 in the Sandaohezi

hydrological station. They used the hydrological model

sub-basin, almost close to the water limit line (see Figure 6).

method, the hydrological sensitivity method and the climate
elasticity method, and found that the relationship between precipitation and runoff had changed abruptly. Sixty-one, 67 and

DISCUSSION AND CONCLUSIONS

57% of runoff reduction were attributed to human activities
by these three methods, respectively. Xu et al. () adopted

Runoff decrease in the Luanhe river basin was assessed by the

the geomorphology-based hydrological model (GBHM) and a

rainfall–runoff relationship in our study. Runoff in most sub-

climate elasticity model to distinguish effects of climate

basins was affected by climate change and human activities,

change and human activities during 1956–2005 at Sandaohezi

such as agricultural irrigation, industry development and

station. The contributions of human activities and climate

dam construction. According to Wang et al. (), the

variability were 61% and 39%, respectively. The major causes

change points of runoff in the Luanhe river basin occurred

of runoff decrease in the Luanhe river basin were consistent

in the year 1979 using Pettitt’s test. The late 1970s saw the

with our ﬁndings. However, there was a degree of difference

start of the construction of hydraulic structures and land

in the climate-caused percentage change. These differences

reform in China, and the increasing agricultural land and

might come from the different model structures, the drainage

the amount of irrigation water led to a large increase in

area, the study period and the uncertainty of the model par-

water use, which was the main driving factor of runoff decline

ameters. Additionally, the geometric approach, rarely used in

(Yang & Tian ; Wang et al. ).

China, can be demonstrated to be an alternative way to separ-

In this study, the Budyko decomposition method and
the geometric approach were adopted to explicitly quantify

ate the effects of streamﬂow by comparing its consistent results
with other methods in the Luanhe river basin.

the relative contributions of climate and human activities

The uncertainties should be noted and are related to separ-

to MAR in the Luanhe river basin during the period

ating the effects of climate variability and human activities on

1956–2011. Using the change point of 1979 (Li & Feng

streamﬂow. Firstly, the one-parameter model of the Budyko

; Wang et al. ), we split the time period into two

composition method easily satisﬁes the data requirement, but

sub-periods: ‘pre-change’ and ‘post-change’. In addition,

it can provide less information about a detailed description of

the Budyko decomposition method and the geometric

the hydrological process. Secondly, both of the methods

approach rely on the assumption of zero storage change.

would be uncertain when the distribution of precipitation
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changes. At the same time, the streamﬂow can be inﬂuenced by
changes in other precipitation characteristics, such as seasonality, intensity and concentration. For example, we generally used
P-Q to estimate E. However, in a wet year (high P, low aridity
index EP/P), if we still assumed ΔSW ¼ 0 (Equation (1)), basin
E would be overestimated. Whereas, in a dry year (low P,
higher aridity index EP/P), basin E would be underestimated.
Furthermore, in order to simplify the issue, we assume the soil
moisture change to be zero. Actually, the assumption could
lead to an error in the ﬁnal results. The change of soil water storage (ΔSW) is assumed to be imbalanced between P-E and Q. For
example, in a wet year, high inﬁltration and high precipitation
would lead to high soil moisture (ΔSW > 0), when we ignore
the soil moisture change, P-Q would result in the overestimation of E. Therefore, the uncertainty may be caused by
assuming the soil moisture change to be zero. Moreover,
these uncertainties can inevitably affect the results. Therefore, future studies should take them into consideration to
improve the accuracy of the results.
Our research could be useful for water resources planning
and management to choose the methodology and to separate
the effects of climate change and human impacts on MAR.
The deﬁciency is that we assumed the soil moisture change to
be zero, which would result in a small error in the water
budget. In the future, the extension of this work will take the
soil moisture change into consideration, and further, the
impact of different human activities on streamﬂow will also be
considered.
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