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Abstract In recent years, climate change and anthropogenic

activities have threatened the water supply in the middle

reaches of the Yellow River, prompting this study into the

variation of water resources and the influencing factors, taking

the Huangfuchuan basin as an example. Firstly, changes in

climatic aridity and annual runoff in the Huangfuchuan basin

from 1956 to 2009 were analysed. Then, the influence of

changes in climatic aridity, water use for irrigation and soil

conservation measures were calculated using an analysis of

principal components regression. The results show that cli-

matic aridity has increased in the recent three decades with

two abrupt changes around 1961 and 1998, and that annual

runoff has decreased continually with two abrupt changes

around 1979 and 1999. The rapid development of sediment

check dams in the 1970s could be the reason for the abrupt

change around 1979. The abrupt change around 1999 could be

the result of both the intensification of changes in climatic aridity

and the large-scale construction of water and soil conservation

measures after 1983, the further improvement of these measures

after 1993 and ecological restoration measures of converting

cropland to forest implemented since 1997. By quantifying the

effects of those factors that influence runoff variation, it was

found that anthropogenic activities were more important than

climate change in the two periods between 1979–1998 and

1999–2006, but the influence of changes in climatic aridity

increased from the first to the second period. For the runoff

reduction related to anthropogenic activities, the primary cause

was water diversion for irrigation in the first period, and it was

soil conservation measures in the second period.

1 Introduction

Owing to climate change and anthropogenic activities, the

global water crisis has become more severe in recent decades

(Frederick andMajor 1997; Barnett et al. 2005; Rogers 2008).

Climate change will raise temperatures (and possibly evapo-

ration), which could contribute to reduced river flow (Rogers

2008), early snowmelt (Grafton et al. 2013), and drought. This

would have implications for reservoir storage capacity and

operation, and for the availability of stored water for domestic

and agricultural use (Grafton et al. 2013). Growing popula-

tions need more water for drinking, hygiene, sanitation, food

production and industry. Over-extraction of groundwater for

dairy farming has ‘destroyed’ local resources in Gujarat in

India (Jim 2006). As early as 1987, the correlation between

climate change and water resources was proposed in a report

by the World Meteorological Organization. In the second and

third reports of the Intergovernmental Panel on Climate

Change (IPCC), the impact of climate change on water re-

sources attracted significant attention. The understanding of

the impact of anthropogenic activities on water resources has

been increasing since the publication of the second IPCC

report (Houghton et al. 1997a, b), which identified that the

influence of anthropogenic activities in non-negligible.

Many studies have investigated the impact of climate

change on hydrology and water resources in many regions

(Alan and Dennis 1999; Xu 2000; Middelkoop et al. 2001;

Niklas et al. 2004; Mall et al. 2006; Edossa et al. 2010). Work

published by the USWater Resources Council (1978) showed

that in humid regions of the US to the east of the 100th

meridian, warming of 2 °C and a 10 % reduction in precipi-

tation would not have serious effects, whereas in the west, the
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impact of similar changes would be severe in seven arid and

semiarid regions (Revelle and Waggoner 1983). Following an

analysis of the main climatic belts, Arnell et al. (1996) also

found that water resources were more sensitive to climate

change in arid and semiarid sites (refer to Anthony 1999).

Magadza (2000) highlighted that an increase in climatic arid-

ity would enhance the risk of arid and semiarid regions of

Africa to water supply vulnerabilities. Using the A2 scenario

with general circulation models and an artificial neural net-

work, Zarghami et al. (2011) determined that frequent shifts

from semiarid to arid climate in the East Azerbaijan Province

of Iran, have threatened the water supply in recent years.

The middle reaches of the Yellow River are located in arid

and semiarid regions. However, few studies have been per-

formed on the influence of changes in climatic aridity on

hydrology and water resources. Previous studies have focused

on investigating the correlation between meteorological fac-

tors (usually only precipitation) and runoff using statistical

analyses or numerical model simulations (Wang et al. 2006a;

Zhang et al. 2009; Xu and Wang 2010; Liu and Cui 2011).

Woodhouse and Overpeck (1998) claimed that change in

climatic aridity is a natural response to climate warming in

some regions of the world and one that has an important effect

on water supply. The degree of climatic aridity can be quan-

tified using an aridity index, which was reviewed in detail by

Oliver (2005). This study investigates changes in climatic

aridity using a simple aridity index based on the tendency

analyses of meteorological factors and their impacts on runoff.

In the middle reaches of the Yellow River, the main an-

thropogenic activities that might have noticeable impact on

runoff are water use and soil conservation measures, including

terracing, sediment check dams, forestation, grass sowing and

irrigation. The contributions of these measures to runoff

change have been analysed by many scholars using hydrolog-

ic modelling and soil conservation methods (Xu 2004; Ran

2006; Wang et al. 2006a; Mu et al. 2007; Zhang et al. 2010).

The former determines the gross impact by examining the

changes in runoff in relation to climate factors, mainly precip-

itation, for a watershed in which water and soil conservation

measures have been implemented. The latter evaluates the

total impact through estimating the contribution of each type

of water and soil conservation measure based on plot exper-

iments. However, a consensus on this issue has not yet been

achieved. Mu et al. (2007) thought that water and soil conser-

vation measures were the principal factors driving runoff

reduction on the Loess Plateau in the Hekouzhen–Longmen

reach of the Yellow River. The results of Zhi et al. (2009)

showed that land use and climate change decreased runoff on

the Loess Plateau by 9.6 and 95.8 %, respectively, during

1981–2000. Xu (2011) found that 78.6 and 72.9 % of the

variations in the measured annual runoff and natural runoff,

respectively, could be explained by variations in annual pre-

cipitation during 1956–1971. These values decreased to 42.5

and 50.2 %, respectively, after soil and water conservation

measures were implemented during 1972–1996. Considering

a large tributary in the middle reaches of the Yellow River as

an example, the present study investigates this issue through a

quantitative assessment of the contributions of aridity varia-

tion, water use and soil and water conservation measures on

runoff reduction by constructing a new formula based on

mechanism analysis.

2 Study area, dataset and methods

2.1 Study area

The Huangfuchuan River is a major tributary and one of the

main sources of coarse sand in the middle reaches of the

Yellow River (Fig. 1). It originates from Jungar Banner in

the Inner Mongolia Autonomous Region and flows into the

Yellow River at Fugu, Shaanxi Province (Xu et al. 2011). The

hydrological station furthest downstream is Huangfu station,

above which the drainage basin area encompasses 3,246 km2

and the length of the river is 137 km (Sui et al. 2008). In the

middle of the basin are 11 villages, covering an area of

2,798 km2 of Jungar Banner, which comprises 86.2 % of the

basin. In the south, there are seven villages of Fugu County

covering an area of 415 km2, which constitutes 12.8 % of the

basin. The remaining area of 33 km2 in the north is a part of

Dalad Banner. With sparse population and extensive natural

grassland, the northern, central and western parts of the basin

are suited for stock farming. Agriculture dominates the south-

eastern part where the population density is 1–2.5 times larger

than that in the central and western regions (Jiang et al. 2003).

In the Huangfuchuan basin, the annual mean temperature is

6.2–7.2 °C, increasing from west to east, and the sunshine

duration exceeds 3,000 h per year. The annual mean precipi-

tation is 350–450 mm, 80 % of which falls in the four months

from June to September. An annual mean runoff of 4.25 m3/s

was recorded in the period of 1954–2009 (Gao et al. 2005).

Due to sparse vegetation, thick and highly erodible loess,

uneven seasonal distribution of rainfall, relatively high inten-

sity of rainstorms and irrational anthropogenic activities, soil

erosion in the Huangfuchuan watershed has created serious

damage. Since the mid-1950s, water and soil conservation

measures have been undertaken in this watershed. Prior to

the 1970s, soil conservation measures included mainly grass

sowing and afforestation of small areas. According to statisti-

cal data, the area of afforestation and grass sowing accounted

for 86.3 % of the area in which soil conservation measures

were applied, which, at that time, occupied just 6.7 % of the

entire basin. Sediment check dams were built on a large scale

in the 1970s and further soil conservation measures were

implemented after 1983 when the basin was listed as one of

the national key basins requiring soil erosion control. By the
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end of the 1980s, the proportion of controlled area was 16.7 %

of the basin, of which areas of grass and forest conservation

measures accounted for 90 %. As a national key basin, the

second phase of soil erosion control began in 1993. The

controlled area increased to 28.2 % by the end of 1997. At

the end of 2006, an area of 1,765 km2 had been controlled

with engineering and biological measures accounting for 2.4

and 97.6 %, respectively (Zhu et al. 2003; Wang et al. 2011).

2.2 Data and methods

The annual runoff at Huangfu station was obtained from the

Yellow River Water Yearbook and the Yellow River Water

Resources Bulletin. The daily precipitation and temperature

data, recorded at the meteorological stations used in this

research (Fig. 1), were supplied by the Yellow River Water

Conservancy Commission and the ChinaMeteorological Data

Sharing Service System. The period of the runoff and meteo-

rological records extended from 1956 to 2009. To estimate the

spatial field of annual precipitation and annual temperature,

spatial interpolation was performed by kriging. The data of

water and soil conservation measures and water use were

obtained from the studies by Wang and Zhu (2002), Zhu

et al. (2003) and Wang et al. (2011), including the areas of

terracing, sediment check dams, forestation and grass sowing.

The principal form of water use within the basin is water

diversion for irrigation and therefore, the area of irrigated land

was used to represent the influence of water use. The principal

anthropogenic activities in different periods are listed in

Table 1.

Using the meteorological data, the De Martonne aridity

index was calculated for the period of 1956–2009. A Mann-

Kendall (Mann 1945; Kendall 1975) test was used to examine

the significance of tendency of the series. Three methods were

used to diagnose abrupt changes in the series of runoff and

climatic factors: the sequential cluster (Ding 1986), Pettitt

(Pettitt 1979) and Lee-Heghinian (Lee and Heghinian 1977)

tests. A further two methods were employed to build a linear

Fig. 1 Map of the study area, the
inset showing the location of the
Huangfuchuan basin
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runoff model. All seven methods are explained simply in the

following.

(1) Mann-Kendall (MK)

The non-parametric MK statistical test is based on the

correlation between the ranks of a time series and their

time order (Mann 1945; Kendall 1975; Li et al. 2007). It

is assumed that the time series are independent. For a time

series {xt, t=1, 2, …, n}, the test statistic S is given by

S ¼
Xn−1

i¼1

Xn

j¼iþ1
aij ð1Þ

aij ¼ sign x j−xi
� �

¼ sign R j−Ri

� �

¼
1; x j−xi > 0
0; x j−xi ¼ 0

−1; x j−xi < 0

8

<

:

ð2Þ

where Ri and Rj are the ranks of observations xi and xj of

the time series, respectively.

Under the assumption that data are independent and

identically distributed, the mean and variance of the S

statistic (E(S) and V(S)) are given by

E Sð Þ ¼ 0 ð3Þ

V Sð Þ ¼ n n−1ð Þ 2nþ 5ð Þ=18 ð4Þ

where n is the number of observations.

The original MK statistic, designated by Z, can be

computed as

Z ¼
S−1ð Þ =

ffiffiffiffiffiffiffiffiffiffi

V Sð Þ
p

; S > 0
0 ; S ¼ 0

S þ 1ð Þ=
ffiffiffiffiffiffiffiffiffiffi

V Sð Þ
p

; S < 0

8

<

:

ð5Þ

If −Z1−a/2≤Z≤Z1−a/2, then the null hypothesis of no

trend can be accepted at a significance level of a; other-

wise, the null hypothesis can be rejected and an alternative

hypothesis can be accepted at the significance level of a .

The null hypothesis for the MK test can only be valid

if the data are independent and randomly ordered. Cox

and Stuart (1955) thought that the existence of a positive

serial correlation increases the possibility of the MK test

detecting a trend that does not exist. Yue et al. (2000)

demonstrated that the existence of a positive serial corre-

lation would cause an overestimation of the probability of

trend and vice versa. In this study, to guarantee a real

trend being detected, the autocorrelation (lag 1) of the

time series is verified by the Dubin-Watson (DW) test.

According to the frequency distribution table of the DW

test statistics, the lower and upper bounds are 1.53 (dL)

and 1.6 (dU), respectively, at a significance level of 0.05.

DW indices (lag 1 autocorrelation) of the precipitation

and temperature series are 2.01 and 2.143, respectively,

which are smaller than 2.47 (or 4−dL). This shows that

both series are independent.

(2) Sequential cluster

Sequential cluster is based on an orderly classification

approach (Ding 1986). In essence, it estimates the opti-

mal dividing point that has the smallest sum of squared

residuals, expressed as Sn(τ), in the two groups before

and after the point of interest. Sn(τ) is given by

Sn τð Þ ¼ V r þ V n−r ¼
X

xi − x̄τ

� �2

þ
X

xi − x̄n−τ

� �2

; 1≤τ ≤n

ð6Þ

where xτ and xn−τ are the means, and Vr and Vn-r are the

squared residuals before and after point τ, respectively.

(3) Pettitt test

The Pettitt test is a non-parametric approach (Pettitt

1979). It constructs the statistic Ut,N:

U t;N ¼ U t−1;N þ
XN

j¼1
sgn xt−xið Þ; t ¼ 2; 3;…;N ð7Þ

sgn xt−xið Þ ¼
1; xt−xi > 0
0; xt−xi ¼ 0

−1; xt−xi < 0

8

<

:

ð8Þ

The abrupt change appears at the point with maximum

Kt,N, which is the absolute value of the statistic Ut,N. The

value of p is used to estimate the significance of the

change point. Kt,N and p are given by

K t;N ¼ max U t;N

�

�

�

�; 1≤ t≤N ; p≅2exp −6K t;N
2= N 3 þ N 2
� �� 	

ð9Þ

Apoint is considered an abrupt change point for p≤0.5.

Table 1 The main human activi-
ties in five periods hm2

Periods Sediment check dams Terraces Irrigation Forestation Grass sowing

1959–1968 68 481 610 4,011 405

1969–1978 317 1,048 655 9,936 1,924

1979–1988 562 1,744 1,444 36,379 10,555

1989–1998 1,470 4,519 1,905 73,541 31,865

1999–2006 1,271 2,190 2,390 100,830 38,992
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(4) Lee-Heghinian

The Lee-Heghinian test is based on the theory of Bayes

(Lee and Heghinian 1977). It is assumed that the popula-

tion follows a Gaussian distribution and that the prior

distribution of abrupt changes is a uniform distribution.

Through calculating the posterior distribution f(τ) of all

points in a series, abrupt changes can be identified from

the peaks of the curve of f(τ), which is given by

f τ jx1; x2;⋯; xnð Þ ¼ k n=τ n−τð Þ½ �φ R τð Þ½ �− n−2ð Þ=2 ð10Þ

R τð Þ ¼
Xτ

t¼1
xt − x̄τð Þ2 þ

Xn

t¼τþ1
xt − x̄n−τð Þ

2
h i

.

Xn

t¼1
xt − x̄τð Þ2; 1≤τ ≤n−1

ð11Þ

(5) Principal component regression

Principal component regression (Jolliffe 1986) is used

to deal with the high correlation amongst the influencing

factors when constructing the models between runoff

and the influencing factors. It is a combination of prin-

cipal components analysis and regression analysis. The

principal components analysis of the time series of all the

influencing factors selects the lowest number of principal

components that have the largest percentage of variance

and a total variance percentage close to or greater than

70 % (Jolliffe 1986; Ferre 1995). Then, the runoff coef-

ficient is related to the selected principal components

through regression analysis. Finally, the coefficient of

each factor and constant term are established by reverting

the principal components to the influencing factors.

(6) De Martonne aridity index

A suggestive indicator for the characterisation of arid-

ity was proposed by De Martonne (1926). It requires

minimal data, as described by the following equation:

I ¼
P

T þ 10
ð12Þ

where P is the mean annual precipitation (mm) and T is

the mean annual temperature (°C). The denominator

contains an additional value of 10 °C to produce positive

results in regions with negative average annual temper-

atures, such as mountainous regions or deserts in the

middle latitudes (Lungu et al. 2011). The climate is

classified as humid, semiarid or arid depending on

whether the value of I is greater than 20, 10–20 or below

10, respectively (Alizadeh 2001; Neira Mendez 2005).

Equation (12) suggests that the degree of climatic aridity

is influenced by both precipitation and temperature.

(7) Linear runoff model

The ratio of annual runoff to annual precipitation, or

runoff coefficient (RC), provides a measure of a basin’s

water yield (Guardiola et al. 2011). Hence, it is used here

to analyse the relationship between runoff variation and

the influencing factors. According to the mechanism of

runoff generation, a linear runoff model is constructed as

follows:

RC ¼ β þ σ jX j ð13Þ

where Xj represents the influencing factors, and β and σj
are coefficients.

The influencing factors include climate change, indicated

by the aridity index, and anthropogenic activities. In the

Huangfuchuan basin, soil conservation measures and water

use for irrigation are the principal anthropogenic activities that

affect the processes of runoff generation. Soil conservation

measures primarily include terracing, sediment check dams,

forestation and grass sowing. These measures alter the pro-

cesses of runoff generation by increasing the infiltration ca-

pacity of slopes and intercepting runoff in river channels.

Because the areas assigned to these measures have increased

with time, they are highly correlated with each other and their

real contributions to runoff cannot be revealed by regression

analysis. Therefore, in this study, a weighted area is used

instead of the area of each type of water and soil conservation

measure. According to Zhang et al. (1994), the capacity of

runoff interception of terraces, sediment check dams, forests

and grass on the Loess Plateau is 700.5, 4500, 199.5 and

150 m3 ha−1, respectively. Thus, assuming a weight of 1 for

the terraces, the weights of the sediment check dams, forests

and grass would be 4500/700.5, 199.5/700.5 and 150/700.5,

respectively.

3 Results

3.1 Changes in climate and runoff

3.1.1 Trends of meteorological factors

The trends of precipitation and temperature in the study area

from 1956 to 2009 are displayed in Fig. 2.

The slopes of the trend lines reveal that precipitation de-

creased by 1.52 mm/a and that temperature rose by 0.02 °C in

this period. The MK test statistic for the temperature series is

3, indicating a significant increasing tendency, whereas it is

−1.86 for the precipitation series, suggesting that the visually

discernible negative trend is not statistically significant.

To study the trend of climate change, the period from 1956

to 2009 was divided into five intervals: 1956–1969, 1970–

1979, 1980–1989, 1990–1999 and 2000–2009. The means of

precipitation and temperature in each period were calculated

The influence of climate change and anthropogenic activities 141



and they are presented in Table 1. It can be seen that the

temperature exceeded the 54-year average, but that precipita-

tion was less than the 54-year average in the two decades after

1990.

Precipitation exhibits a negative trend with a much larger

variance during the period from the 1950s to the 1960s and

similar results have been presented Wang et al. (2006b), Sui

et al. (2008), and Yin et al. (2009). Temperature shows a

downward trend in the period from the 1950s to the 1970s.

According to Tang et al. (2009) and Chen et al. (2013), this

was a cold period around the world. Since the 1980s, global

temperature has been increasing (Houghton 2007). Chen et al.

(2013) have stated their viewpoint that solar activity, volcanic

activity and sea–air exchange are the reasons behind climatic

variation.

3.1.2 Trend of climatic aridity variation

The decreasing trend of I, calculated by Eq. (12), is shown

clearly in Fig. 3, indicating the aggravation of climatic aridity

in the Huangfuchuan watershed during the past 54 years. The

mean of aridity index I in each decade is listed in Table 2. It

can be seen that the values of I in the three decades after 1980

are less than the 54-year average.

3.1.3 Trend of runoff

As shown in Fig. 4, runoff exhibits a negative trend in the

period from 1956 to 2009 with an average rate of decline of

0.11 m3/s/a. The mean runoff in each period is given in

Table 1. It can be seen that runoff declined substantially in

the two decades after 1990 and that the average runoff of the

last decade was 73 % less than the 54-year average.

3.2 Abrupt changes in runoff and meteorological factors

3.2.1 Abrupt changes in runoff

The abrupt change of runoff recorded at the Huangfu hydro-

logical station in the period from 1956 to 2009 is examined

using three diagnostic methods and the results are presented in

Fig. 5.

Obviously, the abrupt changes appear around 1979 and

1999, dividing the curve into three sections. The Pettitt test

shows that these two points are statistically significant divid-

ing points with p values of 0.003 and 0.04, respectively.

3.2.2 Abrupt changes in meteorological factors

The sequential cluster method is used to diagnose the abrupt

changes in precipitation, temperature and the aridity index

Fig. 2 Changes in annual precipitation and temperature in the
Huangfuchuan basin from 1956 to 2009

Fig. 3 Changes in aridity index (I) in the Huangfuchuan basin from 1956
to 2009

Table 2 Changes of temperature, precipitation, aridity index and runoff
in five periods

Periods Temperature
(°C)

Precipitation
(mm)

Aridity
index

Runoff
(m3/s)

1956–1969 6.8 438 26.1 6.1

1970–1979 6.7 401 24 5.6

1980–1989 6.3 366 22.5 4.0

1990–1999 7.2 387 22.6 2.9

2000–2009 7.7 362 20.5 1.1

54-year average 6.9 394 23.4 4.1
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series in the period 1956–2009 and the results are presented in

Fig. 6.

Figure 6a shows the changes in Sn(τ) of the precipitation

series in the period from 1956 to 2009. An abrupt change can

be recognised around 1961. By applying the sequential cluster

method to the series between 1962 and 2009, another abrupt

change can be identified around 1998. These two points are

also found in the Sn(τ) of the aridity index series (Fig. 6c). The

changes in Sn(τ) of the temperature series discloses two abrupt

changes around 1982 and 1999 (Fig. 6b).

3.3 Impacts of climate change and anthropogenic activities

on runoff

Using the available data of soil and water conservation mea-

sures and irrigation land in the period from 1959 to 2006, the

relation of runoff to the aridity index and anthropogenic

activities is quantified through principal components regres-

sion. The results show that the first component accounts for

69 % of the total variance and the first two components for

97 %; therefore, two components are selected. Then, the

runoff coefficient is related with the two components using

multiple regression analysis. After replacing the two compo-

nents with their constitutive elements, the coefficients of

aridity index, and areas of soil conservation measures and

irrigation in the derived relation are found to be 0.00347,

−0.267 and −6.74, respectively.

As mentioned above, soil erosion control has been per-

formed on a large scale in the Huangfuchuan basin up to 1979,

which coincides with the first abrupt change in the annual

runoff series detected by this study. For quantifying the con-

tributions of different influencing factors to runoff variation,

the period before the first abrupt change is termed the ‘refer-

ence period’. The period after the first abrupt change is termed

the ‘measurement period’, during which the runoff was influ-

enced by both climate change and anthropogenic activities.

This is divided further into two measurement periods by the

second abrupt change around 1999. Using the relation of

runoff coefficients to the aridity index and areas of soil con-

servation measures and irrigation derived above, the influ-

ences of aridity variation, soil conservation measures and

irrigation in two measurement periods are established and

displayed in Table 3.

Fig. 4 Changes of annual runoff of the Huangfuchuan River from 1956
to 2009

Fig. 5 Statistical results of the
abrupt change in runoff series. a
Sequential cluster Sn(τ); b Pettitt
K; c Lee-Heghinian f(τ)

Fig. 6 Sequential cluster statistical results of the abrupt change in climate
factors. a Precipitation Sn(τ); b Temperature Sn(τ); c Aridity index Sn(τ)

The influence of climate change and anthropogenic activities 143



4 Discussion

4.1 Causes for occurrence of abrupt changes in runoff

Three diagnostic methods have detected the same abrupt

changes, i.e., 1979 and 1999, in the runoff series recorded at

the Huangfu station during 1956 to 2009. Ran et al. (2008)

and Wang et al. (2009) also found that the runoff series of the

basin exhibited an abrupt change around 1979, and Wang

et al. (2009) detected another abrupt change around 1996 in

the runoff series from 1956 to 2005 when using a double mass

curve. Hence, the existence of the two abrupt changes detected

in the runoff series recorded at the Huangfu station between

1956 and 2009 can be regarded as a proven fact.

As stated above, although water and soil conservation

measures have been performed in the Huangfuchuan water-

shed since the 1950s, it was in the 1970s that the sediment

check dams were built on a large scale within the watershed.

The sediment check dams not only reduced soil losses, but

also, directly or indirectly, changed the river runoff. Thus, this

might be the reason for the runoff changing abruptly around

1979.

The state increased the investment in soil erosion control

after 1983, but this had achieved little by the end of the 1980s.

To accelerate the progress of soil erosion control, soil conser-

vationmeasures were implemented on a large scale after 1993.

Moreover, in order to promote the restoration of local ecosys-

tems, the programme of returning farmland to forests/grass

and of protecting natural forests was launched on the Loess

Plateau in 1997. This programme also had a great impact on

soil erosion control and runoff generation. In addition, we

detected an abrupt change in 1998 in the aridity index series.

Therefore, the abrupt change in runoff around 1999 should be

a reflection of the effects of climate change, the ecosystem

restoration programme, and/or expanded soil conservation

measures in the Huangfuchuan basin.

4.2 Impacts of climate change and anthropogenic activities

on runoff

Table 3 shows that anthropogenic activities, including soil

conservationmeasures and irrigation, were the most important

factor affecting runoff reduction in the measurement periods.

The proportion of runoff reduction caused by soil

conservation measures increased from 28 % in 1979–1998

to 30 % in 1999–2006. Water diversion for irrigation was the

primary reason for runoff reduction related to anthropogenic

activities in 1979–1998, although this declined by 5 % in

1999–2006, which could be related to the projects for the

restoration of the natural environment. Following the imple-

mentation of the project returning farmland to forest or grass,

the areas of forest and grass increased more quickly than that

of irrigation, which resulted in an increase in the percentage

contribution of soil conservation measures, but a decrease in

that of water diversion for irrigation during 1999–2006. Com-

pared with anthropogenic activities, the contribution of cli-

mate change to runoff reduction is less than 50 %. However,

with increasing climatic aridity, the contribution of climate

change to runoff reduction increased from 40% in 1979–1998

to 44 % in 1999–2006.

5 Conclusions

Runoff has reduced significantly in the Huangfuchuan basin

over the past 50 years with two abrupt changes around 1979

and 1999. Meanwhile, climatic aridity within the basin has

clearly increased with two abrupt changes around 1961 and

1998, which also occurred in the precipitation series. The first

abrupt change in the annual runoff of the basin is related to the

large-scale construction of sediment check dams, and the sec-

ond is related to the abrupt increase of climatic aridity and the

large-scale implementation of soil conservation measures and/

or ecosystem restoration. It is estimated that over half of the

runoff reduction within the basin can be attributed to anthropo-

genic activities, of which water diversion for irrigation was the

main contributor during 1979–1998. The contribution of soil

conservation measures to runoff reduction increased and that of

water diversion for irrigation reduced during 1999–2006, main-

ly due to the implementation of the project for the restoration of

the natural environment. Following the increase of climatic

aridity, the impact of climate change on runoff deviation within

the basin increased from 1979–1998 to 1999–2006.
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