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Abstract.  Identifying the causes (climate vs. human 1 Introduction
activities) for hydrological variability is a major challenge
in hydrology. This paper examines the flow regime shifts, The temporal pattern of river flow over a period of time is
changes in the climatic variables such as precipitation, evapthe river flow regime, which is a crucial factor sustaining
oration, temperature, and crop area in the semi-arid Hailiutuhe aquatic and riverine ecosystems. Regime shifts are de-
catchment in the middle section of the Yellow River by per- fined in ecology as rapid reorganizations of ecosystems from
forming several statistical analyses. The Pettitt test, cumulaone relatively stable state to another (Rodionov and Over-
tive sum charts (CUSUM), regime shift index (RSI) method, |and, 2005). Flow regime shifts represent relatively sudden
and harmonic analysis were carried out on annual, monthlychanges in temporal characteristics of river discharges in dif-
and daily discharges. Four major shifts in the flow regimeferent periods. It is widely accepted that climate change and
have been detected in 1968, 1986, 1992 and 2001. Charaguman activities are the main driving forces for hydrologi-
teristics of the flow regime were analyzed in the five peri- cal variability (e.g. Milliman et al., 2008; Zhao et al., 2009;
ods: 1957-1967, 1968-1985, 1986-1991, 1992-2000, angtu, 2011). However, distinguishing the causes for the flow
2001-2007. From 1957 to 1967, the flow regime I’eﬂeCtSregime shifts is still a major challenge in hydrology.
quasi natural conditions of the high variability and larger am-  gy,dies show that flow regime shifts in river basins can
plitude of 6 months periodic fluctuations. The river peak flow o 55¢ribed to the changes in climatic variables, land cover
was reduced by the construction of two reservoirs in the pexnq jand use, river regulations, and other human activities;
riod 1968-1985. In the period of 1986-1991, the river dis- o example, soil and water conservation measures. The cli-
charge further decreased due to the combined influence gfyatic variables were considered as the major driving factors
river diversions and increase of groundwater extractions for,, long-term changes in river discharge (Amell and Rey-
irrigation. In the fourth period of 1992—-2000, the river dis- nard, 1996; Neff et al., 2000; Middelkoop et al., 2001; Jha
charge reached lowest flow and variation in corresponding tQy¢ al., 2004: Christensen et al., 2004: Wolfe et al., 2008:
alarge increase in crop area. The flow regime recovered, butimilsena et al., 2009: Masih et al., 2011). The impacts of
not yet to natural status in the fifth period of 2001-2007. Cli- f;ture climate changes on stream discharge were also pre-
matic factors are found not likely responsible for the changesyicteq (Gellens and Roulin, 1998; Chiew and McMahon,
in the flow regime, but the changes in the flow regime arep002; Eckhardt and Ulbrich, 2003; Drogue et al., 2004; Th-
corresponding well to historical land use policy changes. 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- 2011a), Wuding River (Yang et al., 2005) and Lijiang River
encing the runoff generation and infiltration processes. ThegHe et al., 2010). Zhao et al. (2009) studied the streamflow
construction of dams can significantly reduce the high flowsresponse to climate variability and human activities in the
and increase the low flows (Maheshwari et al., 1995; Mag-upper Yellow River Basin, and suggested that the climate ef-
illiganan and Nislow, 2005). The hydrological response alsofects accounted for about 50 % of total streamflow changes
depends on a combination of precipitation, evaporation, tranwhile effects of human activities on streamflow accounted
spiration, basin permeability and basin steepness (Lavers dbr about 40%. But the type of human activities was not
al., 2010) or runoff generation in headwater catchments, im4dentified. Furthermore, the changes in river discharge in-
poundments in small dams and increased extractions for irduced by soil and water conservation measures were exam-
rigated crop production (Love et al., 2010). These studiesned in the Loess Plateau (Li et al., 2007; Dou et al., 2009)
mainly focused on the relationship between the mean anand Wuding River (Xu, 2011). The effects of dam construc-
nual stream flow and the corresponding factors by perform+ion (Yang et al., 2008) and operation (Yan et al., 2010) on
ing statistic tests on indicators of hydrological alterations orflow regimes in the lower Yellow River were assessed by an-
comparing modelled and measured discharges. alyzing the indicators of hydrological alterations (Richter et

In China, the relations between the stream flow, precipi-al., 1996), which suggested that dams affect the stream flow
tation and temperature were investigated in the Tarim Riverby increasing the low flows and decreasing the high flows.
(Chen et al., 2006), Yellow River (Fu et al., 2007; Hu et al.,
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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 lIrrigation for 93 ha crop land
6 Hongshijiao 1992 1082 Diversion dam lIrrigation for 113 ha crop land
7 Shuanghong 1995 1101 Diversion dam Irrigation for 100 ha crop land
8 Wanjialiandu 1995 1043 Diversion dam lIrrigation for 133 ha crop land
9 Wujiafang 1997 1150 Diversion dam lIrrigation for 60 ha crop land
10 Weijiamao 2008 1130 Diversion dam lIrrigation for 67 ha crop land

Much of the present studies focus on the relations amonds one tributary of the Hailiutu River, named Bulang river,
the changes in climate and their linkage with the streamflowwhich is situated at the middle part of the catchment. There
regime. However, the regime shift of the river discharge canare two reservoirs constructed; one at the upstream of the
also be caused by the human activities, but very often theseélailiutu River and the other one at the Bulang tributary for
factors cannot be distinguished (e.g. Uhlenbrook, 2009). Al-local water supply. The information on the construction of
though some studies on climate change, dam regulation, huthe reservoirs and water diversions is listed in the Table 1.
man activities of soil and water conservations, and their ef- Geographically, the Hailiutu catchment is a part of the
fects on the river discharge have been conducted in the Loedglaowusu semi-desert. However, the catchment is mainly
Plateau of the Yellow River and its tributaries, no study fo- covered by xeric shrubland (Fig. 2), which occupies around
cused so far on the regime shifts caused by human activitie88 % of the surface area (Table 2). The crop land mixed with
vs. climate controls in the sandy region in the middle sectionwind-breaking trees occupies only 3% of the total surface
of the Yellow River Basin. area. Most crop lands are located in the river valley and in

This paper reveals the flow regime shifts by means of dethe Bulang sub-catchment. Grassland areas can be found in
tecting changes in annual, monthly, and daily characteristicdocal depressions where groundwater is near to the surface.
of the river discharge and connects with changes in climateThe catchmentis characterized by a semi-arid continental cli-
water resources development, and land use in the sandy renate. The long-term annual average of daily mean tempera-
gion of the middle section of the Yellow River Basin. The ture from 1961 to 2006 is 8°C with the highest daily mean
results provide a better understanding of the hydrological retemperature of 38.8C recorded in 1935 and the lowest value
sponse to climate and human activities in a semi-arid area. 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 mmiathe max-
imum annual precipitation at Wushenqji is 616.3 mmh in
2002, and the minimum annual precipitation is 164.3 m a
River is one of the branches of the Wuding River, which Tgégggo(gggSr,lfgjﬂlrige;?;;cél;gfstli;;agg:ugoigISOJLHS S{SIt;
is the major tributary of the middle Yellow River (Fig. 1). August and September (Fig. 3b). The mean annual pan

The total area of the Hailiutu catchment is around 2645.km : : . :
The surface elevation of the Hailiutu catchment ranges fromevaporatmn (recorded from evaporation pan with a diame-
er of 20cm) is 2184 mm& (Wushengi metrological sta-

1020 m in the southeast to 1480 m above mean sea level ifn

the northwest. The land surface is characterized by undulat 2" 1985-2004). The monthly pan evaporation significantly

ing sand dunes, low hills at the northern and western watef  cr€ases from April, reaches highest in May to July, and

divide, and an U-shaped river valley in the downstream area_decreases from August (Fig. 3c). The mean monthly dis-

A hydrological station is located at the outlet of the Haili- tharges at Hanjiamao station vary from 0.86em" in Apri

—1; .
utu catchment near Hanjiamao village with a mean annuafo 11.6n?s~in August (Fig. 3d).
discharge of 2.64 A1 for the period 1957-2007. There

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
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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 year, which is used to analyze the changes in peak flows.
Annual mean monthly minimum discharge is the average of

There are four meteorological stations situated in and aroundninimum daily flow Qf 12 months in every year, and is used
the Hailiutu catchment (Fig. 1), and one hydrological sta- {0 analyze changes in low flows. Annual mean monthly stan-

tion with daily discharge measurements from 1957 to 2007dard deviation is the average of standard deviations of daily
at the outlet of the catchment. Daily precipitation at meteo-discharges in every month, and is used to analyze the varia-
rological stations, air temperature from 1961 to 2006 at Yulin ion in monthly mean flows. The climatic variables such as
and Hengshan, monthly pan evaporation from 1978 to 2004';1n'nual prempltatloln, annual total heavy preC|p|t§1t|0n (daily
at Yulin, and monthly pan evaporation from 1985 to 2008 "ainfall >10mmd™), number of days of heavy rainfall, av-

at Wushengi were collected for analyses (Table 3). Fou€'age air temperature in the growing season from April to
characteristic time series were derived from daily river dis- October, and annual pan evaporation were analyzed for pos-
charge series for flow regime shift detection. Annual meanSiPl€ climate changes. The crop area data from 1949 to 2007
discharge is the average of daily discharges in each yealVas collected in the Yuyang district, a part of which is located
which is used to analyze changes in mean flows. Annualn the Hailiutu catchment. The crop area is an indicator of
maximum discharge is the maximum daily discharge in every'a”d 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 (krﬁ) Percent
Bare soil or constructed area <0 148 5.6
Low density shrubland @ NDVI <0.15 1656 62.6
High density shrubland 0.15\DVI<0.3 669 253
Grassland 0. NDVI <0.4 90 3.4
Crop land and trees 04NDVI <0.7 82 3.1
Total 2645 100

amount of river water diversion and groundwater extractionoccurrence of a single change point in the time series, while
rates was not measured and recorded; thus were not availabieultiple change points can be detected by CUSUM and RSI

for analysis. methods. In this study, these three methods were used to de-
tect the regime shifts. A change point is accepted only, if at
2.3 Methods of regime shift detection least two methods detected the same point. Furthermore, in

order to verify this change point, the Student t-test in differ-

Among all the methods of detection of the regime shifts orence in two means was used to ascertain that the mean in the
the change points, detection of shifts in the means is the mogub-set before the change point and the mean in the sub-set
common type (Rodionov, 2005). In this paper, the Pettitt testafter the change point are statistically significantly different.
(Pettitt, 1979), cumulative sum chart (CUSUM) with boot- The periodic characteristics of hydrological variables can be
strap analysis (Taylor, 2000a, b), regime shift index (RSI)analyzed by harmonic series (Zhou, 1996). Harmonic anal-
calculated by a sequential algorithm of the partial CUSUM yses for monthly discharges and standard deviations of the
method combined with the t-test (Rodionov, 2004) were ap-discharge were applied for different periods based on the pre-
plied for detecting the shifts in the means of hydrological andliminary analyses of the flow regime shift. The periodicity,
climatic variables and crop areas. magnitude and phase shift of the harmonic components were

The Pettitt test is a non-parametric trend test for identifi- investigated in order to detect shifts in the periodic charac-
cation of a single change point in the time series data, whicHeristics. Finally, flow duration curves (FDC) of different pe-
is often used to detect abrupt changes in hydrological seriegods were constructed for investigating the changes of daily
(e.g. Love et al., 2010). The tests were carried out by thedischarge characteristics.
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 i
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 3-1  River flow regime changes
construction of the CUSUM chart for the data sets, then cal-
culates the confidence level by performing a bootstrap anal3.1.1 Change point detection
ysis for the apparent changes. A sudden change in the di-
rection of the CUSUM indicates a sudden shift in the aver-The change points for flow regime shifts in 4 characteris-
age. Rodionov (2004) proposed a sequential algorithm thatic river flow series were detected and are listed in Table 4.
allows for early detection of a regime shift and subsequentFigure 4 presents the detection results of flow regime shifts
monitoring of changes in its magnitude over time. Start with with the characteristic series (solid line curve) and their step
initial subdivision of the data at certain point with the pre- trends (dashed line). Four change points were detected in
defined cut-off length, the RSI method estimates the regimehe annual mean discharge, these changes occur in 1968,
shift by statistically testing the means of the previous sub-1986, 1992 and 2001. Three change points were detected in
sets and subsequent data sets. Then continuously increastt® annual maximum discharge: 1971, 1988 and 2000. The
the number of the subsequent data sets and recalculates ta@nual mean monthly minimum discharge had four change
means until the difference in the means is statistically signifi-points in 1965, 1985, 1991 and 1998. Finally, the annual
cant. The regime shift point is identified when the means aramean monthly standard deviation had three change points in
statistically different. This point is considered as a possible1971, 1990 and 2000. The change points of the annual mean
starting point of the new regime. Among the methods intro-monthly standard deviation are corresponding well to the
duced above, the Pettitt test is widely used for examining theannual maximum discharge, while the change points in the

q% Detection of regime shifts
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Table 3. List of available data in the research catchment.

Elevation
Type Name m (a.m.s.l) Data information
) ) - daily discharge from 1957 to 2007; daily river stage

Hydrological station Hanjiamao 1037 (1958~ 1960; 1963~ 1966; 1979~ 1981; 1991~ 1997; 2000)
Hanjiamao 1037 daily rainfall in 1961-1963; 1970-2007
Henan 1247  monthly rainfall and pan evaporation 1985-2004

Meteorological stations Wushengi 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 maximumwere found in the third period from 1990 to 1999 except for a

and minimum flows, but also the average flow. smaller amplitude of 0.15 #s~1. The variations of river dis-
charges were substantially reduced in these two periods. The
3.1.2 Harmonic analysis fourth period from 2000 to 2007 shows the similar periodic

changes with two harmonics as in the first period; however,

The harmonic analysis of monthly mean discharge time sethe summer peak (in August) is smaller (Fig. 5).

ries shows the distinct periodic characteristics in the identi- Figure 6 illustrates the flow duration curves (FDCs) in the
fied 5 periods (Table 5). Two discharge peaks occur in evenfive different periods in the mean daily flow values. The high
year in the first period from 1957 to 1967: a smaller peakflows, median flow, and low flows in the first period from
in February—March and a larger peak in August-Septembel 957 to 1967 are significantly larger than those in other pe-
(Fig. 5). The small peak in the winter period reflects the max-riods. Less difference were found among the high flows in
imum groundwater discharge, while the large summer peakhe second, third, and fifth periods, while the high flow is
resulted from direct rainfall-runoff conversion. In the sec- lowest in the fourth period from 1992 to 2000. The median
ond period from 1968 to 1985, the winter peak is shifted oneflow (50 % value) in the second period of 1968-1985 is the
month earlier to January—February, while the summer peak isecond largest value among the medians in different FDCs,
delayed by one month to October (Table 5). The magnitudewhile the median flow in the fourth period 1992—-2000 is low-
of the summer peak became smaller than the winter peakgst. The low flows in five periods show a similar pattern as
which is a clear indication of effects of the reservoirs and wa-the medians.

ter diversions on the monthly flow regime. The summer peak

disappears in the third period from 1986 to 1991, resulting in3.2 Past climate and land use changes

only annual periodic fluctuation with the peak flow occurring

in November—January produced by groundwater dischargeThe correlation coefficients among monthly precipitation at
The monthly flow regime in the fourth period from 1992 to four meteorological stations are more than 0.83 (Table 6).
2000 resembles the third period. However, the amplitude ofThe correlation coefficients between annual pan evaporation
the variation is much smaller, which indicates increased irri-at Yulin and Wushengi are also higher than 0.78. The cor-
gation water consumption by water diversions from the riverrelation coefficient between the annual average air temper-
and groundwater extraction. The amplitude of the annual peature at Yulin and Hengshan is 0.98. The high correlation
riodic fluctuation is increased due to the increase of ground-coefficients indicate that the annual precipitation, pan evapo-
water discharge in November to January in the fifth periodration, and air temperature at the meteorological stations are
from 2001 to 2007. spatially homogeneous and consistent.

Three change points were detected in mean monthly stan- The results of regime shift detection of climate variables
dard deviation series, which, therefore, was divided into 4and crop area in Hailiutu catchment are shown in Table 7 and
periods. There are two peaks in mean monthly standard deFig. 7. No significant shifts were found in the annual precipi-
viation of discharge time series in the first period from 1957 tation, total heavy precipitation (daily rainfa10 mmd-1),
to 1970, one peak occur in February and another in Augushumber of days of the heavy precipitation, and pan evapora-
(Fig. 5). The amplitude of the peak in August is very large in- tion time series by all three methods. Since the temperature
dicating large discharge variations during the summer rainyfrom November until March is below zero, ground freezes
season. Only one 12-month periodicity with an amplitudein winter season. There are also no ever-green plants in the
of 0.39n?s™1 and peak in July was found in second pe- catchment. Thus evaporation can be assumed zero in win-
riod from 1971 to 1989. The similar harmonic characteristicster season. The growing season starts from April and ends
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(1984-2005) at Wushengi meteorological station; @)danean 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 growingwas detected at 1997 at Yulin and Hengshan meteorologi-
season has impact on actual evaporation. Therefore, averagal stations. Three change points of crop area were detected
temperature in growing season (from Aril to October) wasat 1971, 1990, and 1999. The crop area was decreased by
used for the detection of temperature changes. A significan? % from the period of 1957-1970 to the period of 1971
increase in the average temperature in the growing seasot989. The crop area was increased by 15 % from the period
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Table 4. List of available data in the research catchment.

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

Time series Timing of the change points
Annual mean 1967 1968 1986 1988 1992 2001
V4 AV V4
1957 Pettitt Pettitt Pettitt Pettitt 2007
CUSUM CUSUM CUSUM CUSUM
RSI RSI RSI
Annual maximum 1971 1988 2000
\V4 \V4
1957 Pettitt Pettitt Pettitt 2007
CUSUM CUSUM CUSUM
RSI
Annual mean
monthly minimum 1960 1965 1967 1985 1991 1998
1957 v : V. : : 2007
Pettitt Pettitt Pettitt Pettitt
CUSUM CUSUM CUSUM CUSUM
RSI RSI RSI RSI
Annual mean
monthly standard deviation 1971 1990 2000
\V4 \V4 \V4
1957 Pettitt Pettitt Pettitt 2007
CUSUM CUSUM CUSUM

RSI RSI

RSI

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.

4.1 Characteri

4 Analysis of the results

stics 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

Correlation

coefficients Pyyiin ~ Pwushengi  PHenan  PHengshan

Pyulin 1

Pwushenai 0.89 1

Prenan 0.88 0.84 1 ral variations wi
PHengshan 0.89 0.83 0.95 1

the previous period.

Hydrol. Earth Syst. Sci., 16, 87403 2012

in the first period from 1957 to 1967 represents quasi natu-

th a mean discharge value of 3.4%mt,

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
of 1971-1989 to the period of 1990-1998. The crop area in, symmer originating from seasonal rainfall. In the sec-

the last period of 1999-2007 was decreased by 17 % fromyng period from 1968 to 1985, the flow regime can be char-
acterized by a lower mean discharge value of 2.72m,

12 and 6 month
implies that the

periodicities, and lower daily flows, which
discharge had been affected. In the third
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the dashed lines are the their step trends.
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Table 7. Regime shift detection results of climate variables and crop area.

Time series Timing of the change points
Average temperature from April to October at Yulin
1985 1997
\4 v
1957 Pettitt Pettitt 2007
CUSUM
RSI
Average temperature from April to October at Hengshan
1985 1997
v Y
1957 Pettitt Pettitt 2007
CUSUM
RSI
Crop area in Yuyang
1970 1971 1990 1991 1999
vV A% \Y4
1957 Pettitt Pettitt Pettitt 2007
CUSUM CUSUM CUSUM
RSI RSI RSI

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 decreasefibws since the actual evaporation was expected to increase
to 2.3n¥s 1. The magnitude of the summer peak dis- with a higher temperature. On the contrary, river flow has
charge became smaller than the winter peak. The daily flowsncreased since 2001. The main cause was the significant de-
continuously declined in the fourth period of 1992—-2000. crease of crop area with the implementation of the policy to
The discharge reached lowest levels with a mean value ofeturn farmland to forest and grassland that started in 1999.
1.92n? s~ 1, lowest amplitude of harmonic components, and In the study catchment, crop area in large parts returned to
lowest daily flows. The discharge recovered comparably tothe natural vegetation cover, which consists of desert bushes.
the previous but not yet to the natural level in the fifth period Actual evaporation from desert bushes is much smaller than
of 2001-2007 with a mean value of 2.4%871, 12 month  from irrigated cropland under a higher temperature. The de-

periodicity, and comparable higher daily flows. crease of net water use because of large decrease in crop area
had much larger impact on the river flow than a possible in-
4.2 Causes of flow regime shifts crease of actual evaporation from desert bushes under higher

temperature. This explains why river flows have increased

oo : s in spite of the temperature increase. Therefore, the flow
The climatic variables such as precipitation, pan evapora-

tion, and the human activities are normally correlated with regime shifts in the Hailiutu River were not likely caused by

the observed discharge variability. Hu et al. (2011b) ana-C“matIC changes.

lyzed trends in temperature and rainfall extremes from 16 Figure 8 connects the local/regional land policies with the
meteorological stations in the Yellow River source region. changes in crop area and observed flow regime shifts in Hail-
They found significant warming trends in the whole sourceiutu River. The changes of crop area in Yuyang district can
area, but no significant changes in the annual rainfall for therepresent the changes in the amount of water diverted from
majority of the stations except in the upper part of the re-river and groundwater exploitation for irrigation. The crop
gion. Thus, the decrease of the stream flow in the sourcarea has been influenced by the policy for cultivation and
region of the Yellow River can be ascribed to the increaseagriculture during the last 51yr (Fig. 8). The crop area re-
of temperature resulting in higher evaporation losses. In thisnained at a certain level from 1957 to 1970 when the crop
study, no significant changes in the annual precipitation, thdand development and degradation processes were balanced.
heavy rainfall (daily rainfal>10 mmd1), and the number The crop area gradually decreased from early 1970’s when
of heavy rainfall days, were detected. There are no signifi-the cultivated land was converted to terraces for agriculture
cant changes detected in pan evaporation rates. The changéth the policy of emulating Dazhai on agriculture campaign
point detection methods indentified an increase of averag€¢Bi and Zheng, 2000). The policy of distributing the culti-
growing-season temperature since 1997. This temperatureated land to farmers was implemented in the early 1980’s,
increase could also have an impact on the decrease of rivaxhich eventually stimulated the farmers to enlarge the crop
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Fig. 8. lllustration 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 duconstructed to secure the irrigation for the crop land. The
ing 1990-1998 for the vegetable production according toChinese government has implemented a program to return
the policy of non-staple food supply in urban districts in the crop land to forest or grassland for ecosystem rehabili-
1988 (Wang and Xu, 2002), which implies that intensive wa- tation since 1999 (Li and Lv, 2004), which resulted in a de-

ter diversion works and groundwater extraction wells werecrease of crop area from 2000 to 2007. Land cover change
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caused by the cultivation policy is related to crop area ChangeFable 8. Correlation coefficients among discharge, precipitation, air

in the study area. In the river valley, it is the change be-temperature in growing season, and crop area from 1968 to 2006.
tween maize and nursery garden for trees. Trees (especially

young, fgs‘g growing trees) may consume more water, t_)ut the ommal) Pmmal) Agopkmd T(C)
area is limited. In the upper part of the catchment, it is the

change between maize and desert bushes. Desert bushes (nof (MM aj) 1.00

irrigated) consume much less water compared to irrigated i(mn(qkang _g'ﬁ _01;?8 100

maize. We can conclude that with a large decrease of crop 7¢) 033 021 005 100

area since 1999 (Fig. 8), actual evaporation was decreased

resulting in an increase of river discharge. Although temper-g is the annual mean discharge at Hanjiamao stafioandT are the annual precipi-
ature increased in the same period, but the increase of actug{sigirltand temperature in growing season at Yulin statieysp is crop area in Yuyang
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 significantlyin Yuyang district from 1968 to 2006 were selected for the
retard and reduce surface runoff and, hence, are expected tinalysis. Table 8 shows the correlation coefficients among
have great impact on the discharge variability and particu-the variables. It is clear that the annual mean discharge is
larly on the annual maximum streamflow (Li et al., 2007). positively dependent of the precipitation, but negatively de-
The change point in the annual maximum discharge was dependent of crop area and air temperature. It can further be
tected at 1971 when the two reservoirs were constructed iseen that the correlation coefficient between river discharge
the main river and tributary. In the subsequent period ofand crop area is much larger than those of precipitation
1971-1984, the standard deviation decreased due to the coror temperature.
bined effects from the reservoirs and groundwater exploita- The regression equation among the discharge, precipita-
tion. The maximum discharge and standard deviation werdion, air temperature in growing season, and crop area was
slightly increased in the period of 1985-1990 when less opfound as follows:
eration of the hydraulic engineering works during the initial
stage of policy that the farmers could cultivate individually @ =1248+0.004x P —2.904x T —0.079x Acrop (1)

(Zhang et al., 2009). In the fourth period of 1990—1999,Where theQ is the annual mean discharge in mrtap is

the maximum discharges are lowest due to the combined efy | -\ precipitation in mnT&, T is annual average temper-

fects of reservoirs and construction of several water diver'ature in°C, andAcrop is the crop area in ké The multiple
. o . . . , crop
sions for Irrigation. The_ increase of maximum discharge 6.mdregression analysis (Fig. 9) yielded a coefficient of determi-
the standard deviation in the fifth period indicate a reductlonnation of 0.64, indicating that 64 % of the variation in the
of water diversion. , . annual mean discharge can be explained by the combined
The low flows during the dry season are sensitive 10 yation of the precipitation, crop area and temperature in
changes in the groundwater system because the groundwgioing season. With an increase of crop area or tempera-
ter discharge dominates in the dry season. The groundway, ¢ yiver discharge decreases since the actual evaporation
ter abstractions started in the 1970's based on the analysig -;eases with the increased temperature or crop area. The

of annual mean monthly minimum discharge. The intensive,eqrassion could be likely improved if the actual data of water
groundwater exploitation is responsible for the lowest mini- yiersion and groundwater extraction would be available.
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. 5 Conclusions

4.3 Regression analysis The flow regime shift detection and harmonic analysis show
that the flow regime of the Hailiutu River has been changed
The lack of historical data on river water diversions, ground-dramatically over the last 51 yr. Four major shifts in the flow
water abstractions, detailed land cover changes and actuaégime have been detected in 1968, 1986, 1992 and 2001.
evaporation prevent a full quantitative cause-effect analysisThe first period from 1957 to 1967 represents in general the
Nevertheless, the simple regression analysis of annual meamatural variation of the river flow with higher annual mean
discharge against annual precipitation, crop area and annudischarge, large annual maximum discharge, large standard
average air temperature in growing season was performed tdeviation of mean monthly discharges, 6-month periodicity
get insight on their cause-effect relations. Based on the reef two flow peaks (one in winter and one in summer) per
sults of detection for flow regime shifts, the flow regime has year, and the high daily flow variability. The flow regime
been disturbed since 1968. The annual mean discharge & modified in the second period from 1968 to 1985 mainly
the Hanjiamao station, annual precipitation and air temperby the construction of reservoirs and water diversion works,
ature in growing season at the Yulin station, and crop areavhich resulted in lower annual mean discharge, significant
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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 deviationThe simple regression analysis of annual mean discharge
of mean monthly discharges, and low daily flows. In the third against annual precipitation, crop area and average air tem-
period of 1986-1991, the discharge continuously decreasegerature in growing season indicates that the largest contri-
due to the combined impacts by the river water diversion andoution to the variation in river discharges comes from crop
the increase of the groundwater extraction. The summer flovarea, the combined effects of temperature and precipitation
peak is vanished because of river water diversion, leavingon flow variation is smaller than that of the crop area.
only the winter flow peak formed by groundwater discharge. Expansion of the crop area in 1989-1999 not only caused
The winter flow peak is shifted one month earlier possibly lowest river flow, but the decrease of regional groundwater
due to the irrigation return flow in the river valley, which still levels threaten the health of the desert vegetation. The degra-
needs to be investigated. The annual mean discharge, annuddtion of the desert vegetation ecosystem forced the local
maximum discharge, and the annual average standard devigovernment to implement the policy of return farmland to
tion of mean monthly discharge were lowest in the fourth pe-desert vegetation in order to reduce groundwater abstraction
riod of 1992—2000 due to a large increase of crop land withfor irrigation since 1999. This is the only time in the study
intensive water diversion and groundwater extraction for ir- catchment that the human policy was changed in response to
rigation. The flow rate and variation recovered, but not yetthe hydrological regime change. The positive effects have
to natural levels in the fifth period of 2001-2007, which can been observed since 2001.: river flow is recovered; vegetation
be attributed to the decrease of water extraction as a resultealth is improved.
of the implementation of the policy of returning farmland to  The river flow regime changes might have consequences
forest and grassland in the catchment. In the study catchen riparian ecosystems and downstream water use. The
ment, the policy of return farmland to forest and grasslandsustainable water resources development and management
means to convert cropland to natural xeric bushland. Then the Hailiutu river catchment must consider the interac-
bushland is not irrigated and evaporates less than irrigatetions of groundwater and river flow, and the consequences
cropland, which seems to be the main reason for the streanndn the vegetation and downstream water use. Future re-
flow increases from 2001 onwards. search work should analyze effects of groundwater extrac-
tion on river flows and groundwater dependent vegetation in
The analyses show that there are no significant climatehe catchment.
changes in the Hailiutu River catchment. Only the average . . _ -
air temperature in the growing season (April to October) was/\CknowledgementsThis study is supported by the Asia Facility
increased since 1997, but has not caused significant chang&¥ China project “Partnership for research and education in water
in the flow regime. On the contrary, historical land use pol- and ecosystem interactions ,_the Honor Power Foundgtlon, and
. . .__the Dutch government. Special thanks to the Yellow River Con-
icy changes had alyvays ha.d the footpr.lnt m_ the flow reg'me.servancy Commission for making the data available for this study.
changes. Reservoirs and river water diversions are the maifthe constructive comments by M. Sivapalan and an anonymous
causes of reduction and disappearance of summer flow peakgviewer helped to improve the final manuscript.
Groundwater extraction for irrigation reduces river base flow
and contributes to the decrease of the annual mean discharggdited by: N. Verhoest
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