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Abstract. Identifying the causes (climate vs. human
activities) for hydrological variability is a major challenge
in hydrology. This paper examines the flow regime shifts,
changes in the climatic variables such as precipitation, evap-
oration, temperature, and crop area in the semi-arid Hailiutu
catchment in the middle section of the Yellow River by per-
forming several statistical analyses. The Pettitt test, cumula-
tive sum charts (CUSUM), regime shift index (RSI) method,
and harmonic analysis were carried out on annual, monthly,
and daily discharges. Four major shifts in the flow regime
have been detected in 1968, 1986, 1992 and 2001. Charac-
teristics of the flow regime were analyzed in the five peri-
ods: 1957–1967, 1968–1985, 1986–1991, 1992–2000, and
2001–2007. From 1957 to 1967, the flow regime reflects
quasi natural conditions of the high variability and larger am-
plitude of 6 months periodic fluctuations. The river peak flow
was reduced by the construction of two reservoirs in the pe-
riod 1968–1985. In the period of 1986–1991, the river dis-
charge further decreased due to the combined influence of
river diversions and increase of groundwater extractions for
irrigation. In the fourth period of 1992–2000, the river dis-
charge reached lowest flow and variation in corresponding to
a large increase in crop area. The flow regime recovered, but
not yet to natural status in the fifth period of 2001–2007. Cli-
matic factors are found not likely responsible for the changes
in the flow regime, but the changes in the flow regime are
corresponding well to historical land use policy changes.

1 Introduction

The temporal pattern of river flow over a period of time is
the river flow regime, which is a crucial factor sustaining
the aquatic and riverine ecosystems. Regime shifts are de-
fined in ecology as rapid reorganizations of ecosystems from
one relatively stable state to another (Rodionov and Over-
land, 2005). Flow regime shifts represent relatively sudden
changes in temporal characteristics of river discharges in dif-
ferent periods. It is widely accepted that climate change and
human activities are the main driving forces for hydrologi-
cal variability (e.g. Milliman et al., 2008; Zhao et al., 2009;
Xu, 2011). However, distinguishing the causes for the flow
regime shifts is still a major challenge in hydrology.

Studies show that flow regime shifts in river basins can
be ascribed to the changes in climatic variables, land cover
and land use, river regulations, and other human activities;
for example, soil and water conservation measures. The cli-
matic variables were considered as the major driving factors
for long-term changes in river discharge (Arnell and Rey-
nard, 1996; Neff et al., 2000; Middelkoop et al., 2001; Jha
et al., 2004; Christensen et al., 2004; Wolfe et al., 2008;
Timilsena et al., 2009; Masih et al., 2011). The impacts of
future climate changes on stream discharge were also pre-
dicted (Gellens and Roulin, 1998; Chiew and McMahon,
2002; Eckhardt and Ulbrich, 2003; Drogue et al., 2004; Th-
odsen, 2007; Steele-Dunne et al., 2008). The changes in land
cover (Matheussen et al., 2000; Cognard-Plancq et al., 2001;
Costa et al., 2003; Bewket and Sterk, 2005; Poff et al., 2006;
Guo et al., 2008) and land use (Fohrer et al., 2001; Tu, 2006;
Zhang and Schilling, 2006; Rientjes et al., 2011; Masih et
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Fig. 1. Map of the Hailiutu catchment, the numbers nearby the stations are indices of hydraulic engineering works in the Table 1.

al., 2011) would eventually alter the river discharge by influ-
encing the runoff generation and infiltration processes. The
construction of dams can significantly reduce the high flows
and increase the low flows (Maheshwari et al., 1995; Mag-
illiganan and Nislow, 2005). The hydrological response also
depends on a combination of precipitation, evaporation, tran-
spiration, basin permeability and basin steepness (Lavers et
al., 2010) or runoff generation in headwater catchments, im-
poundments in small dams and increased extractions for ir-
rigated crop production (Love et al., 2010). These studies
mainly focused on the relationship between the mean an-
nual stream flow and the corresponding factors by perform-
ing statistic tests on indicators of hydrological alterations or
comparing modelled and measured discharges.

In China, the relations between the stream flow, precipi-
tation and temperature were investigated in the Tarim River
(Chen et al., 2006), Yellow River (Fu et al., 2007; Hu et al.,

2011a), Wuding River (Yang et al., 2005) and Lijiang River
(He et al., 2010). Zhao et al. (2009) studied the streamflow
response to climate variability and human activities in the
upper Yellow River Basin, and suggested that the climate ef-
fects accounted for about 50 % of total streamflow changes
while effects of human activities on streamflow accounted
for about 40 %. But the type of human activities was not
identified. Furthermore, the changes in river discharge in-
duced by soil and water conservation measures were exam-
ined in the Loess Plateau (Li et al., 2007; Dou et al., 2009)
and Wuding River (Xu, 2011). The effects of dam construc-
tion (Yang et al., 2008) and operation (Yan et al., 2010) on
flow regimes in the lower Yellow River were assessed by an-
alyzing the indicators of hydrological alterations (Richter et
al., 1996), which suggested that dams affect the stream flow
by increasing the low flows and decreasing the high flows.
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Table 1. Hydraulic engineering works in the Hailiutu catchment.

Year of Elevation
No. Name construction m (a.m.s.l) Type Water use

1 Chaicaoba 1970 1072 Diversion dam Irrigation for 53 ha crop land
2 Tuanjie 1971 1218 Reservoir Water supply for power plant;

irrigation for 33 ha crop land
3 Maluwan 1972 1124 Diversion dam Irrigation for 187 ha crop land
4 Geliugou 1972 1166 Reservoir Irrigation for 33 ha crop land
5 Caojiamao 1989 1184 Diversion dam Irrigation for 93 ha crop land
6 Hongshijiao 1992 1082 Diversion dam Irrigation for 113 ha crop land
7 Shuanghong 1995 1101 Diversion dam Irrigation for 100 ha crop land
8 Wanjialiandu 1995 1043 Diversion dam Irrigation for 133 ha crop land
9 Wujiafang 1997 1150 Diversion dam Irrigation for 60 ha crop land
10 Weijiamao 2008 1130 Diversion dam Irrigation for 67 ha crop land

Much of the present studies focus on the relations among
the changes in climate and their linkage with the streamflow
regime. However, the regime shift of the river discharge can
also be caused by the human activities, but very often these
factors cannot be distinguished (e.g. Uhlenbrook, 2009). Al-
though some studies on climate change, dam regulation, hu-
man activities of soil and water conservations, and their ef-
fects on the river discharge have been conducted in the Loess
Plateau of the Yellow River and its tributaries, no study fo-
cused so far on the regime shifts caused by human activities
vs. climate controls in the sandy region in the middle section
of the Yellow River Basin.

This paper reveals the flow regime shifts by means of de-
tecting changes in annual, monthly, and daily characteristics
of the river discharge and connects with changes in climate,
water resources development, and land use in the sandy re-
gion of the middle section of the Yellow River Basin. The
results provide a better understanding of the hydrological re-
sponse to climate and human activities in a semi-arid area.

2 Materials and methods

2.1 Study area

The Hailiutu catchment is located in the middle section of
the Yellow River Basin in Northwest China. The Hailiutu
River is one of the branches of the Wuding River, which
is the major tributary of the middle Yellow River (Fig. 1).
The total area of the Hailiutu catchment is around 2645 km2.
The surface elevation of the Hailiutu catchment ranges from
1020 m in the southeast to 1480 m above mean sea level in
the northwest. The land surface is characterized by undulat-
ing sand dunes, low hills at the northern and western water
divide, and an U-shaped river valley in the downstream area.
A hydrological station is located at the outlet of the Haili-
utu catchment near Hanjiamao village with a mean annual
discharge of 2.64 m3 s−1 for the period 1957–2007. There

is one tributary of the Hailiutu River, named Bulang river,
which is situated at the middle part of the catchment. There
are two reservoirs constructed; one at the upstream of the
Hailiutu River and the other one at the Bulang tributary for
local water supply. The information on the construction of
the reservoirs and water diversions is listed in the Table 1.

Geographically, the Hailiutu catchment is a part of the
Maowusu semi-desert. However, the catchment is mainly
covered by xeric shrubland (Fig. 2), which occupies around
88 % of the surface area (Table 2). The crop land mixed with
wind-breaking trees occupies only 3 % of the total surface
area. Most crop lands are located in the river valley and in
the Bulang sub-catchment. Grassland areas can be found in
local depressions where groundwater is near to the surface.
The catchment is characterized by a semi-arid continental cli-
mate. The long-term annual average of daily mean tempera-
ture from 1961 to 2006 is 8.1◦C with the highest daily mean
temperature of 38.6◦C recorded in 1935 and the lowest value
of −32.7◦C observed in 1954. The monthly mean daily air
temperature is below zero in the winter time from November
until March (Fig. 3a). The growing season starts in April and
lasts until October. The mean value of the annual sunshine
hours is 2926 h (Xu et al., 2009). The mean annual precip-
itation for the period 1985 to 2008 is 340 mm a−1, the max-
imum annual precipitation at Wushenqi is 616.3 mm a−1 in
2002, and the minimum annual precipitation is 164.3 mm a−1

in 1999 (Wushenqi meteorological station monitoring data,
1985–2008). Majority of precipitation occurs in June, July,
August and September (Fig. 3b). The mean annual pan
evaporation (recorded from evaporation pan with a diame-
ter of 20 cm) is 2184 mm a−1 (Wushenqi metrological sta-
tion, 1985–2004). The monthly pan evaporation significantly
increases from April, reaches highest in May to July, and
decreases from August (Fig. 3c). The mean monthly dis-
charges at Hanjiamao station vary from 0.86 m3 s−1 in April
to 11.6 m3 s−1 in August (Fig. 3d).

www.hydrol-earth-syst-sci.net/16/87/2012/ Hydrol. Earth Syst. Sci., 16, 87–103, 2012



90 Z. Yang et al.: The causes of flow regime shifts in the semi-arid Hailiutu River, Northwest China

33 
 

 797 

Figure 2. NDVI map of the Hailiutu catchment, interpretation of remote sensing data from TM 798 
image, observed on Aug, 2008; see Table 2 for the conversion of NDVI values to land cover 799 
classes. 800 
 801 

Fig. 2. NDVI map of the Hailiutu catchment, interpretation of remote sensing data from TM image, observed on August 2008; see Table 2
for the conversion of NDVI values to land cover classes.

2.2 Data

There are four meteorological stations situated in and around
the Hailiutu catchment (Fig. 1), and one hydrological sta-
tion with daily discharge measurements from 1957 to 2007
at the outlet of the catchment. Daily precipitation at meteo-
rological stations, air temperature from 1961 to 2006 at Yulin
and Hengshan, monthly pan evaporation from 1978 to 2004
at Yulin, and monthly pan evaporation from 1985 to 2008
at Wushenqi were collected for analyses (Table 3). Four
characteristic time series were derived from daily river dis-
charge series for flow regime shift detection. Annual mean
discharge is the average of daily discharges in each year,
which is used to analyze changes in mean flows. Annual
maximum discharge is the maximum daily discharge in every

year, which is used to analyze the changes in peak flows.
Annual mean monthly minimum discharge is the average of
minimum daily flow of 12 months in every year, and is used
to analyze changes in low flows. Annual mean monthly stan-
dard deviation is the average of standard deviations of daily
discharges in every month, and is used to analyze the varia-
tion in monthly mean flows. The climatic variables such as
annual precipitation, annual total heavy precipitation (daily
rainfall >10 mm d−1), number of days of heavy rainfall, av-
erage air temperature in the growing season from April to
October, and annual pan evaporation were analyzed for pos-
sible climate changes. The crop area data from 1949 to 2007
was collected in the Yuyang district, a part of which is located
in the Hailiutu catchment. The crop area is an indicator of
land use change and the related water use for irrigation. The
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Table 2. Land cover in Hailiutu catchment.

Land cover NDVI Area (km2) Percent

Bare soil or constructed area ≤ 0 148 5.6
Low density shrubland 0< NDVI ≤ 0.15 1656 62.6
High density shrubland 0.15<NDVI≤0.3 669 25.3
Grassland 0.3< NDVI ≤ 0.4 90 3.4
Crop land and trees 0.4< NDVI ≤ 0.7 82 3.1

Total 2645 100

amount of river water diversion and groundwater extraction
rates was not measured and recorded; thus were not available
for analysis.

2.3 Methods of regime shift detection

Among all the methods of detection of the regime shifts or
the change points, detection of shifts in the means is the most
common type (Rodionov, 2005). In this paper, the Pettitt test
(Pettitt, 1979), cumulative sum chart (CUSUM) with boot-
strap analysis (Taylor, 2000a, b), regime shift index (RSI)
calculated by a sequential algorithm of the partial CUSUM
method combined with the t-test (Rodionov, 2004) were ap-
plied for detecting the shifts in the means of hydrological and
climatic variables and crop areas.

The Pettitt test is a non-parametric trend test for identifi-
cation of a single change point in the time series data, which
is often used to detect abrupt changes in hydrological series
(e.g. Love et al., 2010). The tests were carried out by the
software Datascreen (Dahmen and Hall, 1990) at a probabil-
ity threshold ofp = 0.8. The time series data were manually
divided into sub-series in order to detect the change points in
different periods. Abu-Taleb et al. (2007) used the CUSUM
and bootstrap analysis for examining annual and seasonal rel-
ative humidity variations in Jordan, which begins with the
construction of the CUSUM chart for the data sets, then cal-
culates the confidence level by performing a bootstrap anal-
ysis for the apparent changes. A sudden change in the di-
rection of the CUSUM indicates a sudden shift in the aver-
age. Rodionov (2004) proposed a sequential algorithm that
allows for early detection of a regime shift and subsequent
monitoring of changes in its magnitude over time. Start with
initial subdivision of the data at certain point with the pre-
defined cut-off length, the RSI method estimates the regime
shift by statistically testing the means of the previous sub-
sets and subsequent data sets. Then continuously increases
the number of the subsequent data sets and recalculates the
means until the difference in the means is statistically signifi-
cant. The regime shift point is identified when the means are
statistically different. This point is considered as a possible
starting point of the new regime. Among the methods intro-
duced above, the Pettitt test is widely used for examining the

occurrence of a single change point in the time series, while
multiple change points can be detected by CUSUM and RSI
methods. In this study, these three methods were used to de-
tect the regime shifts. A change point is accepted only, if at
least two methods detected the same point. Furthermore, in
order to verify this change point, the Student t-test in differ-
ence in two means was used to ascertain that the mean in the
sub-set before the change point and the mean in the sub-set
after the change point are statistically significantly different.
The periodic characteristics of hydrological variables can be
analyzed by harmonic series (Zhou, 1996). Harmonic anal-
yses for monthly discharges and standard deviations of the
discharge were applied for different periods based on the pre-
liminary analyses of the flow regime shift. The periodicity,
magnitude and phase shift of the harmonic components were
investigated in order to detect shifts in the periodic charac-
teristics. Finally, flow duration curves (FDC) of different pe-
riods were constructed for investigating the changes of daily
discharge characteristics.

3 Detection of regime shifts

3.1 River flow regime changes

3.1.1 Change point detection

The change points for flow regime shifts in 4 characteris-
tic river flow series were detected and are listed in Table 4.
Figure 4 presents the detection results of flow regime shifts
with the characteristic series (solid line curve) and their step
trends (dashed line). Four change points were detected in
the annual mean discharge, these changes occur in 1968,
1986, 1992 and 2001. Three change points were detected in
the annual maximum discharge: 1971, 1988 and 2000. The
annual mean monthly minimum discharge had four change
points in 1965, 1985, 1991 and 1998. Finally, the annual
mean monthly standard deviation had three change points in
1971, 1990 and 2000. The change points of the annual mean
monthly standard deviation are corresponding well to the
annual maximum discharge, while the change points in the
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Table 3. List of available data in the research catchment.

Elevation
Type Name m (a.m.s.l) Data information

Hydrological station Hanjiamao 1037
daily discharge from 1957 to 2007; daily river stage
(1958∼ 1960; 1963∼ 1966; 1979∼ 1981; 1991∼ 1997; 2000)

Meteorological stations

Hanjiamao 1037 daily rainfall in 1961–1963; 1970–2007
Henan 1247 monthly rainfall and pan evaporation 1985–2004
Wushenqi 1302 monthly rainfall and pan evaporation 1985–2008
Hengshan 1036 daily rainfall, relative humid, wind speed, air temperature 1961–2006
Yulin 1082 daily rainfall, relative humid, wind speed, air temperature 1961–2006

annual mean discharge are caused not only by the maximum
and minimum flows, but also the average flow.

3.1.2 Harmonic analysis

The harmonic analysis of monthly mean discharge time se-
ries shows the distinct periodic characteristics in the identi-
fied 5 periods (Table 5). Two discharge peaks occur in every
year in the first period from 1957 to 1967: a smaller peak
in February–March and a larger peak in August-September
(Fig. 5). The small peak in the winter period reflects the max-
imum groundwater discharge, while the large summer peak
resulted from direct rainfall-runoff conversion. In the sec-
ond period from 1968 to 1985, the winter peak is shifted one
month earlier to January–February, while the summer peak is
delayed by one month to October (Table 5). The magnitude
of the summer peak became smaller than the winter peak,
which is a clear indication of effects of the reservoirs and wa-
ter diversions on the monthly flow regime. The summer peak
disappears in the third period from 1986 to 1991, resulting in
only annual periodic fluctuation with the peak flow occurring
in November–January produced by groundwater discharge.
The monthly flow regime in the fourth period from 1992 to
2000 resembles the third period. However, the amplitude of
the variation is much smaller, which indicates increased irri-
gation water consumption by water diversions from the river
and groundwater extraction. The amplitude of the annual pe-
riodic fluctuation is increased due to the increase of ground-
water discharge in November to January in the fifth period
from 2001 to 2007.

Three change points were detected in mean monthly stan-
dard deviation series, which, therefore, was divided into 4
periods. There are two peaks in mean monthly standard de-
viation of discharge time series in the first period from 1957
to 1970, one peak occur in February and another in August
(Fig. 5). The amplitude of the peak in August is very large in-
dicating large discharge variations during the summer rainy
season. Only one 12-month periodicity with an amplitude
of 0.39 m3 s−1 and peak in July was found in second pe-
riod from 1971 to 1989. The similar harmonic characteristics

were found in the third period from 1990 to 1999 except for a
smaller amplitude of 0.15 m3 s−1. The variations of river dis-
charges were substantially reduced in these two periods. The
fourth period from 2000 to 2007 shows the similar periodic
changes with two harmonics as in the first period; however,
the summer peak (in August) is smaller (Fig. 5).

Figure 6 illustrates the flow duration curves (FDCs) in the
five different periods in the mean daily flow values. The high
flows, median flow, and low flows in the first period from
1957 to 1967 are significantly larger than those in other pe-
riods. Less difference were found among the high flows in
the second, third, and fifth periods, while the high flow is
lowest in the fourth period from 1992 to 2000. The median
flow (50 % value) in the second period of 1968–1985 is the
second largest value among the medians in different FDCs,
while the median flow in the fourth period 1992–2000 is low-
est. The low flows in five periods show a similar pattern as
the medians.

3.2 Past climate and land use changes

The correlation coefficients among monthly precipitation at
four meteorological stations are more than 0.83 (Table 6).
The correlation coefficients between annual pan evaporation
at Yulin and Wushenqi are also higher than 0.78. The cor-
relation coefficient between the annual average air temper-
ature at Yulin and Hengshan is 0.98. The high correlation
coefficients indicate that the annual precipitation, pan evapo-
ration, and air temperature at the meteorological stations are
spatially homogeneous and consistent.

The results of regime shift detection of climate variables
and crop area in Hailiutu catchment are shown in Table 7 and
Fig. 7. No significant shifts were found in the annual precipi-
tation, total heavy precipitation (daily rainfall>10 mm d−1),
number of days of the heavy precipitation, and pan evapora-
tion time series by all three methods. Since the temperature
from November until March is below zero, ground freezes
in winter season. There are also no ever-green plants in the
catchment. Thus evaporation can be assumed zero in win-
ter season. The growing season starts from April and ends

Hydrol. Earth Syst. Sci., 16, 87–103, 2012 www.hydrol-earth-syst-sci.net/16/87/2012/
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Figure. 3. (a) mean monthly air temperature (2005–2008); (b) Mean monthly precipitation 803 
(1984–2005); (c) mean monthly pan evaporation (1984–2005) at Wushenqi meteorological station; 804 
and (d) mean monthly discharge at Hanjiamao station (1957–2007), the error bars indicate the 805 
standard deviations for precipitation, potential evaporation, air temperature and the percentiles of 806 
the discharge. 807 

Fig. 3. (a) Mean monthly air temperature (2005–2008);(b) mean monthly precipitation (1984–2005);(c) mean monthly pan evaporation
(1984–2005) at Wushenqi meteorological station; and(d) mean monthly discharge at Hanjiamao station (1957–2007), the error bars indicate
the standard deviations for precipitation, potential evaporation, air temperature and the percentiles of the discharge.

in October in this region. The temperature in the growing
season has impact on actual evaporation. Therefore, average
temperature in growing season (from Aril to October) was
used for the detection of temperature changes. A significant
increase in the average temperature in the growing season

was detected at 1997 at Yulin and Hengshan meteorologi-
cal stations. Three change points of crop area were detected
at 1971, 1990, and 1999. The crop area was decreased by
7 % from the period of 1957–1970 to the period of 1971–
1989. The crop area was increased by 15 % from the period

www.hydrol-earth-syst-sci.net/16/87/2012/ Hydrol. Earth Syst. Sci., 16, 87–103, 2012
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Table 4. List of available data in the research catchment.
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The black line represents the time from 1957 to 2007, the triangle symbols above the time line stand for change points detected at the year, the detection methods for the change
points are summarized below the time line.

Table 5. Harmonic characteristics of monthly discharge and standard deviation at Hanjiamao station.

Monthly mean 1957–1967 1968–1985 1986–1991 1992–2000 2001–2007

Periodicity (month) 6 12/6 12 12 12
Amplitude 0.52 0.47/0.26 0.58 0.35 0.71
Peak discharge occurs in Feb–Mar/Aug–Sep Jan–Feb/Oct Dec–Jan Dec–Jan Dec–Jan

Standard deviation 1957–1970 1971–1989 1990–1999 2000–2007

Periodicity (month) 12/6 12 12 12/6
Amplitude 0.80/0.44 0.39 0.15 0.46/0.25
Peak discharge occurs in Feb/Aug Jul Jul Feb/Aug

Table 6. Correlation coefficients of monthly precipitation at
meteorological stations.

Correlation
coefficients PYulin PWushenqi PHenan PHengshan

PYulin 1
PWushenqi 0.89 1
PHenan 0.88 0.84 1
PHengshan 0.89 0.83 0.95 1

of 1971–1989 to the period of 1990–1998. The crop area in
the last period of 1999–2007 was decreased by 17 % from
the previous period.

4 Analysis of the results

4.1 Characteristics of flow regime changes over time

According to the change point detection results, the annual
mean flow regime at Hanjiamao station from 1957 to 2007
can be divided into 5 distinctive periods. The flow regime
in the first period from 1957 to 1967 represents quasi natu-
ral variations with a mean discharge value of 3.49 m3 s−1,
a 6 month periodicity, and the comparable high daily dis-
charges. Two peaks in monthly mean discharge series re-
flect a small discharge peak in winter with maximum base-
flow from groundwater discharge and a large discharge peak
in summer originating from seasonal rainfall. In the sec-
ond period from 1968 to 1985, the flow regime can be char-
acterized by a lower mean discharge value of 2.72 m3 s−1,
12 and 6 month periodicities, and lower daily flows, which
implies that the discharge had been affected. In the third
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Figure 4. Flow regime shifts in the annual mean discharge (a), annual maximum discharge (b), 809 
annual mean monthly minimum discharge (c), and the annual mean monthly standard deviation (d) 810 
at Hanjiamao station from 1957 to 2007, the solid lines are the characteristic series  and the 811 
dashed lines are the their step trends. 812 

Fig. 4. Flow regime shifts in the annual mean discharge(a), annual maximum discharge(b), annual mean monthly minimum discharge(c),
and the annual mean monthly standard deviation(d) at Hanjiamao station from 1957 to 2007, the solid lines are the characteristic series and
the dashed lines are the their step trends.
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Figure 5. Harmonic changes in monthly mean discharge and standard deviation at Hanjiamao 814 
station for different periods. 815 
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Fig. 5. Harmonic changes in monthly mean discharge and standard deviation at Hanjiamao station for different periods.
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Figure 6. Flow duration curves for mean daily discharges at Hanjiamao station in the 5 different 837 
periods. 838 

Fig. 6. Flow duration curves for mean daily discharges at Hanjiamao station in the 5 different periods.
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Figure 7． Annual precipitation (a), Heavy precipitation (>10mm/d) (b), number of days of heavy 840 
precipitation (c), annual mean temperature from April to October (d) at meteorological stations 841 
from 1961 to 2006. Annual pan evaporation (e) and annual crop area (f) in Yuyang district from 842 
1957 to 2007, the dashed lines are the step trends. 843 

Fig. 7. Annual precipitation(a), Heavy precipitation (>10 mm d−1) (b), number of days of heavy precipitation(c), annual mean temperature
from April to October(d) at meteorological stations from 1961 to 2006. Annual pan evaporation(e) and annual crop area(f) in Yuyang
district from 1957 to 2007, the dashed lines are the step trends.
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Table 7. Regime shift detection results of climate variables and crop area.
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The black line represents the time from 1957 to 2007, the triangle symbols above the time line stand for change points detected at the year, the detection methods for the change
points are summarized below the time line.

period of 1986–1991, the mean discharge further decreased
to 2.3 m3 s−1. The magnitude of the summer peak dis-
charge became smaller than the winter peak. The daily flows
continuously declined in the fourth period of 1992–2000.
The discharge reached lowest levels with a mean value of
1.92 m3 s−1, lowest amplitude of harmonic components, and
lowest daily flows. The discharge recovered comparably to
the previous but not yet to the natural level in the fifth period
of 2001–2007 with a mean value of 2.41 m3 s−1, 12 month
periodicity, and comparable higher daily flows.

4.2 Causes of flow regime shifts

The climatic variables such as precipitation, pan evapora-
tion, and the human activities are normally correlated with
the observed discharge variability. Hu et al. (2011b) ana-
lyzed trends in temperature and rainfall extremes from 16
meteorological stations in the Yellow River source region.
They found significant warming trends in the whole source
area, but no significant changes in the annual rainfall for the
majority of the stations except in the upper part of the re-
gion. Thus, the decrease of the stream flow in the source
region of the Yellow River can be ascribed to the increase
of temperature resulting in higher evaporation losses. In this
study, no significant changes in the annual precipitation, the
heavy rainfall (daily rainfall>10 mm d−1), and the number
of heavy rainfall days, were detected. There are no signifi-
cant changes detected in pan evaporation rates. The change
point detection methods indentified an increase of average
growing-season temperature since 1997. This temperature
increase could also have an impact on the decrease of river

flows since the actual evaporation was expected to increase
with a higher temperature. On the contrary, river flow has
increased since 2001. The main cause was the significant de-
crease of crop area with the implementation of the policy to
return farmland to forest and grassland that started in 1999.
In the study catchment, crop area in large parts returned to
the natural vegetation cover, which consists of desert bushes.
Actual evaporation from desert bushes is much smaller than
from irrigated cropland under a higher temperature. The de-
crease of net water use because of large decrease in crop area
had much larger impact on the river flow than a possible in-
crease of actual evaporation from desert bushes under higher
temperature. This explains why river flows have increased
in spite of the temperature increase. Therefore, the flow
regime shifts in the Hailiutu River were not likely caused by
climatic changes.

Figure 8 connects the local/regional land policies with the
changes in crop area and observed flow regime shifts in Hail-
iutu River. The changes of crop area in Yuyang district can
represent the changes in the amount of water diverted from
river and groundwater exploitation for irrigation. The crop
area has been influenced by the policy for cultivation and
agriculture during the last 51 yr (Fig. 8). The crop area re-
mained at a certain level from 1957 to 1970 when the crop
land development and degradation processes were balanced.
The crop area gradually decreased from early 1970’s when
the cultivated land was converted to terraces for agriculture
with the policy of emulating Dazhai on agriculture campaign
(Bi and Zheng, 2000). The policy of distributing the culti-
vated land to farmers was implemented in the early 1980’s,
which eventually stimulated the farmers to enlarge the crop
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Figure 8. Illustration of the causes for regime shifts; the cultivation policy, crop area, annual 845 
discharge, and temperature form April to October at Yulin meteorological station.  846 

Fig. 8. Illustration of the causes for regime shifts; the cultivation policy, crop area, annual discharge, and temperature form April to October
at Yulin meteorological station.

area (Zhang et al., 2009). The crop area was increased dur-
ing 1990–1998 for the vegetable production according to
the policy of non-staple food supply in urban districts in
1988 (Wang and Xu, 2002), which implies that intensive wa-
ter diversion works and groundwater extraction wells were

constructed to secure the irrigation for the crop land. The
Chinese government has implemented a program to return
the crop land to forest or grassland for ecosystem rehabili-
tation since 1999 (Li and Lv, 2004), which resulted in a de-
crease of crop area from 2000 to 2007. Land cover change
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caused by the cultivation policy is related to crop area change
in the study area. In the river valley, it is the change be-
tween maize and nursery garden for trees. Trees (especially
young, fast growing trees) may consume more water, but the
area is limited. In the upper part of the catchment, it is the
change between maize and desert bushes. Desert bushes (not
irrigated) consume much less water compared to irrigated
maize. We can conclude that with a large decrease of crop
area since 1999 (Fig. 8), actual evaporation was decreased
resulting in an increase of river discharge. Although temper-
ature increased in the same period, but the increase of actual
evaporation by the temperature increase was much less than
the reduction of actual evaporation by the crop area decrease.

The hydraulic works such as reservoirs may significantly
retard and reduce surface runoff and, hence, are expected to
have great impact on the discharge variability and particu-
larly on the annual maximum streamflow (Li et al., 2007).
The change point in the annual maximum discharge was de-
tected at 1971 when the two reservoirs were constructed in
the main river and tributary. In the subsequent period of
1971–1984, the standard deviation decreased due to the com-
bined effects from the reservoirs and groundwater exploita-
tion. The maximum discharge and standard deviation were
slightly increased in the period of 1985–1990 when less op-
eration of the hydraulic engineering works during the initial
stage of policy that the farmers could cultivate individually
(Zhang et al., 2009). In the fourth period of 1990–1999,
the maximum discharges are lowest due to the combined ef-
fects of reservoirs and construction of several water diver-
sions for irrigation. The increase of maximum discharge and
the standard deviation in the fifth period indicate a reduction
of water diversion.

The low flows during the dry season are sensitive to
changes in the groundwater system because the groundwa-
ter discharge dominates in the dry season. The groundwa-
ter abstractions started in the 1970’s based on the analysis
of annual mean monthly minimum discharge. The intensive
groundwater exploitation is responsible for the lowest mini-
mum discharge in the period of 1992–2000. The increase of
the minimum discharge in the fifth period indicates a possible
reduction of groundwater extraction.

4.3 Regression analysis

The lack of historical data on river water diversions, ground-
water abstractions, detailed land cover changes and actual
evaporation prevent a full quantitative cause-effect analysis.
Nevertheless, the simple regression analysis of annual mean
discharge against annual precipitation, crop area and annual
average air temperature in growing season was performed to
get insight on their cause-effect relations. Based on the re-
sults of detection for flow regime shifts, the flow regime has
been disturbed since 1968. The annual mean discharge at
the Hanjiamao station, annual precipitation and air temper-
ature in growing season at the Yulin station, and crop area

Table 8. Correlation coefficients among discharge, precipitation, air
temperature in growing season, and crop area from 1968 to 2006.

Q (mm a−1) P (mm a−1) Acrop (km2) T (◦C)

Q (mm a−1) 1.00
P (mm a−1) 0.42 1.00
Acrop (km2) −0.71 −0.40 1.00
T (◦C) −0.33 −0.21 −0.05 1.00

Q is the annual mean discharge at Hanjiamao station,P andT are the annual precipi-
tation and temperature in growing season at Yulin station,Acrop is crop area in Yuyang
district.

in Yuyang district from 1968 to 2006 were selected for the
analysis. Table 8 shows the correlation coefficients among
the variables. It is clear that the annual mean discharge is
positively dependent of the precipitation, but negatively de-
pendent of crop area and air temperature. It can further be
seen that the correlation coefficient between river discharge
and crop area is much larger than those of precipitation
or temperature.

The regression equation among the discharge, precipita-
tion, air temperature in growing season, and crop area was
found as follows:

Q = 124.8+0.004×P −2.904×T −0.079×Acrop (1)

Where theQ is the annual mean discharge in mm a−1, P is
annual precipitation in mm a−1, T is annual average temper-
ature in◦C, andAcrop is the crop area in km2. The multiple
regression analysis (Fig. 9) yielded a coefficient of determi-
nation of 0.64, indicating that 64 % of the variation in the
annual mean discharge can be explained by the combined
variation of the precipitation, crop area and temperature in
growing season. With an increase of crop area or tempera-
ture, river discharge decreases since the actual evaporation
increases with the increased temperature or crop area. The
regression could be likely improved if the actual data of water
diversion and groundwater extraction would be available.

5 Conclusions

The flow regime shift detection and harmonic analysis show
that the flow regime of the Hailiutu River has been changed
dramatically over the last 51 yr. Four major shifts in the flow
regime have been detected in 1968, 1986, 1992 and 2001.
The first period from 1957 to 1967 represents in general the
natural variation of the river flow with higher annual mean
discharge, large annual maximum discharge, large standard
deviation of mean monthly discharges, 6-month periodicity
of two flow peaks (one in winter and one in summer) per
year, and the high daily flow variability. The flow regime
is modified in the second period from 1968 to 1985 mainly
by the construction of reservoirs and water diversion works,
which resulted in lower annual mean discharge, significant
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Figure 9. Fit of prediction by multiple regression of the annual mean discharge at Hanjiamao 848 
station with the climatic variables at Yulin station and crop area in Yuyang district from 1968 to 849 
2006. 850 
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Fig. 9. Fit of prediction by multiple regression of the annual mean discharge at Hanjiamao station with the climatic variables at Yulin station
and crop area in Yuyang district from 1968 to 2006.

reduction of summer flow peak, smaller standard deviation
of mean monthly discharges, and low daily flows. In the third
period of 1986–1991, the discharge continuously decreased
due to the combined impacts by the river water diversion and
the increase of the groundwater extraction. The summer flow
peak is vanished because of river water diversion, leaving
only the winter flow peak formed by groundwater discharge.
The winter flow peak is shifted one month earlier possibly
due to the irrigation return flow in the river valley, which still
needs to be investigated. The annual mean discharge, annual
maximum discharge, and the annual average standard devia-
tion of mean monthly discharge were lowest in the fourth pe-
riod of 1992–2000 due to a large increase of crop land with
intensive water diversion and groundwater extraction for ir-
rigation. The flow rate and variation recovered, but not yet
to natural levels in the fifth period of 2001–2007, which can
be attributed to the decrease of water extraction as a result
of the implementation of the policy of returning farmland to
forest and grassland in the catchment. In the study catch-
ment, the policy of return farmland to forest and grassland
means to convert cropland to natural xeric bushland. The
bushland is not irrigated and evaporates less than irrigated
cropland, which seems to be the main reason for the stream-
flow increases from 2001 onwards.

The analyses show that there are no significant climate
changes in the Hailiutu River catchment. Only the average
air temperature in the growing season (April to October) was
increased since 1997, but has not caused significant changes
in the flow regime. On the contrary, historical land use pol-
icy changes had always had the footprint in the flow regime
changes. Reservoirs and river water diversions are the main
causes of reduction and disappearance of summer flow peaks.
Groundwater extraction for irrigation reduces river base flow
and contributes to the decrease of the annual mean discharge.

The simple regression analysis of annual mean discharge
against annual precipitation, crop area and average air tem-
perature in growing season indicates that the largest contri-
bution to the variation in river discharges comes from crop
area, the combined effects of temperature and precipitation
on flow variation is smaller than that of the crop area.

Expansion of the crop area in 1989–1999 not only caused
lowest river flow, but the decrease of regional groundwater
levels threaten the health of the desert vegetation. The degra-
dation of the desert vegetation ecosystem forced the local
government to implement the policy of return farmland to
desert vegetation in order to reduce groundwater abstraction
for irrigation since 1999. This is the only time in the study
catchment that the human policy was changed in response to
the hydrological regime change. The positive effects have
been observed since 2001: river flow is recovered; vegetation
health is improved.

The river flow regime changes might have consequences
on riparian ecosystems and downstream water use. The
sustainable water resources development and management
in the Hailiutu river catchment must consider the interac-
tions of groundwater and river flow, and the consequences
on the vegetation and downstream water use. Future re-
search work should analyze effects of groundwater extrac-
tion on river flows and groundwater dependent vegetation in
the catchment.

Acknowledgements.This study is supported by the Asia Facility
for China project “Partnership for research and education in water
and ecosystem interactions”, the Honor Power Foundation, and
the Dutch government. Special thanks to the Yellow River Con-
servancy Commission for making the data available for this study.
The constructive comments by M. Sivapalan and an anonymous
reviewer helped to improve the final manuscript.

Edited by: N. Verhoest

www.hydrol-earth-syst-sci.net/16/87/2012/ Hydrol. Earth Syst. Sci., 16, 87–103, 2012



102 Z. Yang et al.: The causes of flow regime shifts in the semi-arid Hailiutu River, Northwest China

References

Abu-Taleb, A. A., Alawneh, A. J., and Smadi, M. M.: Statistical
analysis of recent changes in relative humidity in Jordan, Am. J.
Environ. Sci, 3, 75–77, 2007.

Arnell, N. and Reynard, N.: The effects of climate change due to
global warming on river flows in Great Britain, J. Hydrol., 183,
397–424, 1996.

Bewket, W. and Sterk, G.: Dynamics in land cover and its ef-
fect on stream flow in the Chemoga watershed, Blue Nile basin,
Ethiopia, Hydrol. Process., 19, 445–458, 2005.

Bi, Y. Y. and Zheng, Z. Y.: The actual changes of cultivated area
since the founding of new China, Resources Science, 22, 8–12,
2000, (in Chinese with English abstract).

Chen, Y., Takeuchi, K., Xu, C. C., and Xu, Z. X.: Regional climate
change and its effects on river runoff in the Tarim Basin, China,
Hydrol. Process., 20, 2207–2216, 2006.

Chiew, F. H. S. and McMahon, T. A.: Modelling the impacts of
climate change on Australian streamflow, Hydrol. Process., 16,
1235–1245, 2002.

Christensen, N. S., Wood, A. W., Voisin, N., Lettenmaier, D. P.,
and Palmer, R. N.: The effects of climate change on the hydrol-
ogy and water resources of the Colorado River basin, Climatic
Change, 62, 337–363, 2004.

Cognard-Plancq, A. L., Marc, V., Didon-Lescot, J. F., and Nor-
mand, M.: The role of forest cover on streamflow down sub-
Mediterranean mountain watersheds: a modelling approach, J.
Hydrol., 254, 229–243, 2001.

Costa, M. H., Botta, A., and Cardille, J. A.: Effects of large-scale
changes in land cover on the discharge of the Tocantins River,
Southeastern Amazonia, J. Hydrol., 283, 206–217, 2003.

Dahmen, E. and Hall, M. J.: Screening of hydrological data: tests
for stationarity and relative consistency, 49, International Insti-
tute for Land Reclamation and Improvement, 1990.

Dou, L., Huang, M. B., and Hong, Y.: Statistical Assessment of the
Impact of Conservation Measures on Streamflow Responses in a
Watershed of the Loess Plateau, China, Water Resour. Manage.,
23, 1935–1949, 2009.

Drogue, G., Pfister, L., Leviandier, T., El Idrissi, A., Iffly, J. F., Mat-
gen, P., Humbert, J., and Hoffmann, L.: Simulating the spatio-
temporal variability of streamflow response to climate change
scenarios in a mesoscale basin, J. Hydrol., 293, 255–269, 2004.

Eckhardt, K. and Ulbrich, U.: Potential impacts of climate change
on groundwater recharge and streamflow in a central European
low mountain range, J. Hydrol., 284, 244–252, 2003.

Fohrer, N., Haverkamp, S., Eckhardt, K., and Frede, H. G.: Hydro-
logic response to land use changes on the catchment scale, Phys.
Chem. Earth B, 26, 577–582, 2001.

Fu, G. B., Charles, S. P., Viney, R. N., Chen, S. L., and Wu, J. Q.:
Impacts of climate variability on stream flow in the Yellow River,
Hydrol. Process., 21, 3431–3439, 2007.

Gellens, D. and Roulin, E.: Streamflow response of Belgian catch-
ments to IPCC climate change scenarios, J. Hydrol., 210, 242–
258, 1998.

Guo, H., Hu, Q., and Jiang, T.: Annual and seasonal streamflow
responses to climate and land-cover changes in the Poyang Lake
basin, China, J. Hydrol., 355, 106–122, 2008.

He, Y. Q., Pu, T., Li, Z. X., Zhu, G. F., Wang, S. J., Zhang, N.
N., Wang, S. X., Xin, H. J., Theakstone, W. H., and Du, J. K.:
Climate change and its effect on annual runoff in Lijiang Basin-

Mt. Yulong Region, China, Jo. Earth Sci., 21, 137–147, 2010.
Hu, Y., Maskey, S., Uhlenbrook, S., and Zhao, H.: Streamflow

trends and climate linkages in the source region of the Yellow
River, China, Hydrol. Process., 25, 1099–1085, 2011a.

Hu, Y., Maskey, S., and Uhlenbrook, S.: Trends in temperature and
rainfall extremes in the Yellow River source region, China, Cli-
matic Change, 1–27,doi:10.1007/s10584-011-0056-2, 2011b.

Jha, M., Pan, Z., Takle, E. S., and Gu, R.: Impacts of climate
change on streamflow in the Upper Mississippi River Basin:
A regional climate model perspective, J. Geophys. Res., 109,
D09105,doi:10.1029/2003JD003686, 2004.

Lavers, D., Prudhomme, C., and Hannah, D. M.: Large-scale cli-
mate, precipitation and British river flows: Identifying hydro-
climatological connections and dynamics, J. Hydrol., 395, 242–
255, 2010.

Li, D. H. and Lv, F. Y.: The function and economy of shrub in return
farmland to forest and grass plan in Yulin, Shanxi forest, No 13
Green forum, 2004 (in Chinese).

Li, L. J., Zhang, L., Wang, H., Wang, J., Yang, J. W., Jiang, D. J., Li,
J. Y., and Qin, D. Y.: Assessing the impact of climate variability
and human activities on streamflow from the Wuding River basin
in China, Hydrol. Process., 21, 3485–3491, 2007.

Love, D., Uhlenbrook, S., Twomlow, S., and Zaag, P.: Changing
hydroclimatic and discharge patterns in the northern Limpopo
Basin, Zimbabwe, Water SA (Online), 36, 335–350, 2010.

Magilligan, F. J. and Nislow, K. H.: Changes in hydrologic regime
by dams, Geomorphology, 71, 61–78, 2005.

Maheshwari, B., Walker, K. F., and McMahon, T.: Effects of regula-
tion on the flow regime of the River Murray, Australia, Regulated
Rivers: Research & Management, 10, 15–38, 1995.

Masih, I., Uhlenbrook, S., Maskey, S., and Smakhtin, V.: Stream-
flow trends and climate linkages in the Zagros Mountains, Iran,
Climatic Change, 104, 317–338,doi:10.1007/s10584-009-9793-
x, 2011.

Matheussen, B., Kirschbaum, R. L., Goodman, I. A., O’Donnell,
G. M., and Lettenmaier, D. P.: Effects of land cover change
on streamflow in the interior Columbia River Basin (USA and
Canada), Hydrol. Process., 14, 867–885, 2000.

Middelkoop, H., Daamen, K., Gellens, D., Grabs, W., Kwadijk, J.
C. J., Lang, H., Parmet, B. W. A. H., Schädler, B., Schulla, J., and
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