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ARTICLE INFO SUMMARY

The middle reaches of the Yellow River basin (MRYRB) contribute significantly to the total streamflow
and sediment discharge of the Yellow River. Significant changes in streamflow have been detected; these
changes result in part from large number of soil and water conservation measures implemented over the
past six decades in this area. This study investigates streamflow variations and evaluates the impacts of
climate variability and human activity on the mean annual flow in the MRYRB. The non-parametric
Bardossy, Editor-in-Chief, with the Mann-Kendall test and Pettitt’s test are applied to characterize the trends and abrupt changes of
assistance of Harald Kunstmann, Associate hydro-climatic variables in tiie MRYRB. The analysis was performed on streamflow data taken over the
Editor period from tlie 19505 to 2010 at 18 hydrological stations and on precipitation, temperature and poten-
tial evapotranspiration (PET) data from 43 climate stations. We find that 16 of these stations recorded
significant decreases in annual streamflow, with reduction rates ranging from 0.10 mm/yr to 1.61 mm/
yr over the study period. Precipitation at all of the stations also had negative trends, with changes ranging
from 4.7 mm/yr to —0.19 mm/yr. Temperature increased significantly at most stations, while PET
showed a mixed of upward and downward trend. Abrupt changes in streamflow at mainstream stations
occurred when large reservoirs were built, while breakpoints of streamflow at tributary stations were
mainly driven by the implementation of soil and water conservation measures. We used both Budyko’s
curve (a simple water balance model) and linear regression to evaluate the potential impacts of climate
variability and human activities on mean annual streamflow. Climate variability has a greater effect on
the streamflow reduction in the Beiluo River and Yan River, while human activities accounted for more
of the streamflow changes in other tributaries, especially in the northern catchments. In general, human
activities, including soil and water conservation projects, the operation of dams and reservoirs, and water
consumption, are found to be the dominant factors responsible for the significant decline in the annual
streamflow in the MRYRB over the last six decades.
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1. Introduction

Observational evidence in most regions throughout the world
indicates that hydrological cycles are being affected by climate
change and human activities (Huntington, 2006). Brutsaert and
Parlange (1998) showed that climate change is likely to give rise
to warmer atmospheric temperatures and accelerated hydrological
cycles globally. Climate variability has also led to changes in pre-
cipitation patterns throughout the world, while human activities
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have altered the spatial-temporal distribution of water resources
(Jiang et al., 2010; Milly et al., 2005; Wang et al., 2013a). Because
of the importance of avoiding and minimizing the economic loss
of frequently occurring floods and severe drought disasters, inves-
tigation into the effects of climate change and human activities on
streamflow has become an important scientific issue. Understand-
ing these issues is also crucial if water resources management sys-
tems are to achieve sustainability.

As a results of the recent strong warming and significant regio-
nal precipitation variation as well as the intensification of human
activities, such as agricultural irrigation, drinking water extraction,
hydraulic projects and soil and water conservation measures,
considerable attention has been paid to assessing the impacts of
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climate variability and human-induced land use changes on water
resources (Hang et al., 2011; Ma et al., 2008; Milly et al., 2008; Mu
et al., 2007; Tao et al., 2011; Zhai et al., 2010). Assessments of the
impacts of climate change on river streamflow are usually per-
formed using hydrological models or by analyzing the variation
of hydro-climatic variables. Hydrological models, such as the Soil
and Water Assessment Tool (SWAT), the Variable Infiltration
Capacity (VIC) model, the Xinanjiang model, the HBV model and
the SLURP (Semi-distributed Land Use-based Runoff Processes)
model, have been commonly applied to assess the impacts of cli-
mate change and human activities such as land use changes on
streamflow under various scenarios (Choi et al., 2009; Fohrer
et al., 2005). Although hydrological models can provide accurate
results, a large number of parameters cannot be obtained from
field measurements. Additionally, hydrological modeling requires
a large number of input data sets and is often seen as time consum-
ing for model calibration and validation Due to these limitations,
new attempts assess the effect of climate variability and human
activities have recently been made. In recent years, both the hydro-
logical sensitivity method and a simple water balance model
known as Budyko’s curve have been widely applied to separate
the effects of climate change and human activities on streamflow
(Dooge et al., 1999; Milly and Dunne, 2002; Wang et al., 2013b;
Zhang et al., 2008).

The Yellow River basin has served as the “cradle of Chinese civ-
ilization” over the past millennia and continues to play a critical
role in the development of China (Zhao et al., 2013). The Yellow
River is a major source of freshwater for the approximately 107
million people who live within the river basin. However, stream-
flow in the Yellow River basin displays evident decline, particularly
in the recent ten years after the “Grain for Green” project launched
in 1999. The middle reaches of the Yellow River basin (MRYRB)
between Toudaoguai and Huayuankou stations are an impoitant
section that contributes significantly to the total streamflow and
sediment discharge of the Yellow River. In the last six decades,
numerous soil and water conservation measures have been imple-
mented in the MRYRB, including the construction of check-dams,
reservoirs and terraces, returning croplands to grasslands and
reforestation. Significant reductions in both streamflow and sedi-
ment flux in this region have been detected at rates of decrease
up to 60% and 80%, respectively (Zhao et al., 2012).

Thus, many studies have investigated the variability of MRYRB
streamflow in response to climate changes and human activities
to support future water resource management and to strategize
approaches to maintaining the aquatic ecosystems of the rivers
(Liu and Zheng, 2004; Wang et al., 2013a; Zhao et al., 2012). Piao
et al. (2010) showed that climate was the dominant factor control-
ling runoff; increased withdrawals can explain approximately 35%
of the declining runoff observed at the Huayuankou station in the
lower reaches of Yellow River over the last half-century. Wang
et al. (2006) found that human activities referring to the construc-
tion of dams and reservoirs and increasing water consumption
were responsible for the decreased streamflow in the Yellow River.
Gao et al. (2011) assessed the changes in streamflow between the
Toudaoguai and Huayuankou stations, and found that a decrease in
precipitation was responsible for 28% of the decrease in streamflow
from 1986 to 2008 in the MRYRB, while the remaining 72% was due
to human activities. However, most of these studies primarily ana-
lyzed streamflow variations by using the mainstream gauging sta-
tions (Liu and Cui, 2011; Lu, 2004). The changing streamflow
properties and their connection to natural and anthropogenic
impacts in the MRYRB have not been extensively analyzed, espe-
cially after the “Grain for Green” project launched by Chinese gov-
ernment in 1999. Furthermore, the scientific community still
disagrees on how climate change and human activities affect the
regional water resources in the Yellow River basin. The objectives

of this study, therefore, are (1) to assess the spatial and temporal
variation of streamflow in the MRYRB and (2) to quantify the
effects of climate variability and human activities on streamflow
there.

2. Study area and data
2.1. Geographic setting

The middle reaches of the Yellow River are located between
Toudaoguai and Huayuankou hydrological stations, a section of
the mainstream river 1234 km in length (Fig. 1). The drainage area
covers six provinces (Gansu, Ningxia, Inner Mongolia, Shaanxi,
Shanxi and Henan) and an area of 362,000 km?. There are more
than 30 large tributaries (catchment areas larger than 1000 km?)
along the middle reaches; these tributaries contribute nearly 44%
of the total discharge of the Yellow River. The middle reaches of
the Yellow River flow through the Loess Plateau, where severe ero-
sion occurs. The large amounts of mud and sand discharged into
the river here accounting for 88% of the total sediment in the Yel-
low River and malke it the most sediment-laden river in the world
(Zhao et al., 2012). The basin lies in a semi-arid climate zone that is
dominated by the Scutheast Asian summer monsoon. The spatial
and temporal distribution of the precipitation within the middle
reaches of the Yellow River basin is uneven. Average annual precip-
itation ranges from 320 mm in the north to 836 mm in the south,
and the potential evapotranspiration (PET) ranges from 810 to
1260 mm. The rainfall in the rainy season, from May to October,
accounts for more than 70% of the total annual rainfall.

The sustainable development of the region’s society and econ-
omy over the past six decades has been restricted by changes that
occurred in the Yellow River (Song et al., 2007; Zhao et al., 2013).
As shown in Fig. 2, the annual runoff of the Yellow River has
decreased significantly since the 1980s due to climate change
and intensive human activities. For example, at Huayuankou sta-
tion, the annual runoff was 23.56 km?/yr in 2000-2010, which
was only 51.43% of that observed in 1950-1960 (Fig. 2). To meet
the demands of the large regional population, agriculture and
industry, the average annual water withdrawal from the river
was approximately 47.80 km> over the period from 2000 to 2009
(YRCC, 2013). The amount of water used to fill reservoirs increased
rapidly over the past 60 years and has reached up to more than
30 km®/yr in recent years. Three large reservoirs with total storage
capacity of 43.05km?3, Longyangxia, Liujiaxia and Xiaolangdi
(shown in Fig. 2), have greatly reduced the annual streamflow
due to their extraordinary trapping effects (Yao et al., 2011). In
addition, large-scale soil and water conservation measures have
been applied to control severe soil erosion in the upper-middle
reaches of the Yellow River basin since the 1950s and particularly
after the 1980s. By 2006, various soil and water conservation mea-
sures had been applied to approximately 1.03 x 10° km? of the
catchment; these measures have significantly altered the hydro-
logical regime of the river. Thus, there is a great need to quantita-
tively assess the changes in water resources and the potential
effects of climate changes and anthropogenic measures in the
Yellow River basin over the past decades.

2.2. Data

The hydrological data include monthly observed streamflow at
gauging stations located in the mainstream and tributaries
(Table 1) throughout the study area (Fig. 1). Stations with data
records less than 54 years in length were excluded from this anal-
ysis. Hydrological data at 4 mainstream stations and 14 stations in
the tributaries from the 1950s to 2010 were provided by Yellow
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Fig. 2. Decrease in annual streamflow associated with various anthropogenic measures.

River Conservancy Commission (YRCC) and are shown in Table 1.
The homogeneity and reliability of the data were checked and
firmly controlled by the YRCC before the data were released.
Daily meteorological data were obtained from 43 stations in
and around the middle reaches of the Yellow River basin from
the 1950s to 2010. Six climate variables (precipitation, tempera-
ture, relative humidity, sunshine duration, actual vapor pressure
and wind speed) were provided by the National Climate Centre
of China Meteorological Administration (CMA). Potential evapo-
transpiration was calculated using the Penman-Monteith equation
following the procedure outlined in FAO-56 (Allen et al., 1998).

3. Methodology

3.1. Trend detection

This study applies the non-parametric Mann-Kendall test to
detect trends in the hydro-climatic time series (Kendall, 1975;
Mann, 1945). The method has been commonly used to examine
trends in hydro-meteorological time series such as streamflow, pre-
cipitation and temperature in various regions throughout the world
(Mu et al., 2007; Yue and Wang, 2004; Zhao et al., 2010). For the
given time series X(x1, X2, . . .,X;,), the statistic S is defined as:
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Table 1
List of hydrological stations used in this study.

Stations Location Period Average rainfall (mm/yr) Average runoff (km?/yr) Drainage area (10* km?)
Toudaoguai 1950-2010 21.36 36.79
Longmen Mainstream 1950-2010 26.36 49.76
Tongguan 1950-2010 34.31 68.22
Huayuankou 1950-2010 37.69 73.00
Xianyang Wei River 1950-2010 540.1 4.07 4.68
Huaxian Wei River 1950-2010 587.3 6.80 10.65
Zhangjiashan Jing River 1950-2010 510.8 1.61 4.32
Zhuangtou Beiluo River 1950-2010 536.7 0.70 2.56
Shenmu Kuye River 1956-2010 429.2 0.43 0.73
Baijiachuan Wauding River 1953-2010 409.5 1.14 2.97
Ganguyi Yan River 1952-2010 495.6 0.20 0.59
Gaojiachuan Tuwei River 1956-2010 406.4 0.33 0.33
Wenjiachuan Kuye River 1954-2010 429.2 0.54 0.86
Yanchuan Qingjian River 1954-2010 514.7 0.14 0.36
Hejin Fen River 1950-2010 504.7 10.06 3.87
Shenjiawan Jialu River 1957-2010 395.4 0.59 0.11
Huangfu Huangfu River 1954-2010 389.5 1.34 0.32
Linjiaping Qiushui River 1954-2010 498.5 0.70 0.17
0 i 1 Xj > X; 3.3. Separating the iinipact of climate change and human activity on
S="> sgn(x; — x;) where sgn(x; —x) =¢ 0 X =x; (1)  streamflow
i=2 j=1 -1 x<x

Mann (1945) and Kendall (1975) addressed that the statistic S is
approximately normally distributed. Its variance is calculated as:

n(n—1)(2n +5)
18 (2)

The standardized statistic is:

(S—1)/\/varS) S>0

Z=40 §$=0 (3)
S+1)/\/var(S) S<O0

A positive values of Z indicates an upward trend, whiie a nega-
tive Z indicates a downward trend. The null hypothesis of no trend
is rejected if |Z| > 1.96 at 5% significance level. The effects of the
serial correlation on the MK test were eliminated by using the
Trend-Free pre-whitening procedure (Yue and Wang, 2004).
According to the calculated autocorrelation coefficients at lag-1
for each annual time series, the hydro-ciimatic series are time-
independent.

var(S) =

3.2. Breakpoint analysis

The Pettitt’s test (Pettitt, 1979) is a non-parametric method
widely applied to detect the abrupt changes of hydro-climatic vari-
ables (Gao et al., 2011). For a given time series X(x1, X2, ..., Xn),
divided into two samples X1, Xa,...,X; and X1, X¢+2, - - -, Xn, the Pettitt’s
test uses a version of the Mann-Whitney statistic U, calculated
as:

t n
Ui = Zngn(x[ —x) if t=2,..,n 4)

i=1 j=1

where the sgn() function is the same as mentioned in the MK test.
The breakpoint is defined to be where |U;,| reaches its maximum
value, K;;:

Ky = Max|U,. | (5)

The significance level associated with K, is determined approx-
imately by:

P =exp (LK")Z> (6)

n3 4 n?

To quantitatively analyze the effects of climate variability and
human activities on streamflow, both the water balance based
Budyko model (1974) and a simple linear regression method were
applied to the hydro-climatic series during the two periods identi-
fied by the Pettitt’s test.

The water balance in a catchment scale can be quantified as:

Q=P—E,—AS (7)

where P is the precipitation (mm), E, is the actual evapotranspira-
tion (mm), Q is the runoff depth (mm), and AS is the changes in
the catchment water storage (mm), which is assumed to be zero
over a long period. Following an assumption similar to that made
by Budyko (1974), the actual evapotranspiration can be estimated
as (Fu, 1981):

E PET PET\™ "™
p=1+7p - [”(T) } (8)

where m is a model parameter estimated based on the vegetation
type, hydraulic property, and topography (Fu, 1996). A detailed
description of the values is available in Zhang et al. (2001).

A change in the observed mean annual streamflow AQ . may
result from climate variability AQgin, or from human activities
AQhumun-

Aawtal = Aaclima + AGhurnan (9)

To assess the effects of climate change and human activities,
we divided the streamflow records for each catchment that has
undergone significant changes in qualities such as land use, dams,
afforestation or deforestation into two periods. The first period
represents the baseline, when no significant human activities
occurred, while the second represents the changed period and is
associated with significant human activities. Thus, a change in
the average annual streamflow is calculated as:

AQ=0Q,-Q (10)

where AQ denotes the change in average annual streamflow and
Q; and Q; are the average annual streamflow during the baseline
period and changed period, respectively.

Precipitation and PET are the primary climatic variables deter-
mining the annual water balance (Zhang et al., 2004). Variations
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in these variables could lead to changes in the annual streamflow.
The relationship between these variables can be estimated as:
2Q 2Q

= 5p AP+ 5ppr APET (11)

AQ.clima P OPET

where AP and APET are the changes in precipitation and PET,
respectively. Consequently, the impact of climate change on
streamflow can be quantified as:

9 _ PV (pET™ 4 P/ (12)
opP

0Q _ prr(mt) pppm | pmyl/m-1

appr = PET™ D (PET™ - P)™ T 1 (13)

In contrast, simple linear regression is a statistical method that
does not consider the physical hydrological processes that were
also established between streamflow and precipitation within
the two periods (the changing period and the reference period).
The regression equation between annual streamflow (Qy) and
basin-averaged annual precipitation (Py) in the reference period
can be expressed as follows:

Qref = aPref -b (14)

By extending these regression equations between streamflow
and precipitation in the changing period, the contribution to
streamflow changes by human activities and precipitation can be
estimated as:

AQh = Gﬁt - achange where Qﬁt = aT)change +b (15)

AQP = achange - Qref (16)

where Qg is the calculated mean streamflow, Q hange iS the cbserved
mean streamflow and Pyang is the precipitation during the chang-
ing period, and parameters a and b are the same as those in Eq. (14).

4. Results
4.1. Trends in annual hydro-meteorological variables

Fig. 3 shows trends in streamflow, precipitation, temperature
and PET, estimated by the MK test and the least square method.
Overall, the average annual streamflow shows a significant
decreasing trend (P<0.05) at most stations except Zhuangtou
and Yanchuan stations. As shown in Fig 3a, the annual streamflow
at Gaojiachuan, Shenjiawan and Wenjiachuan stations decreases
the most, with average reduction rates of —1.49 mm/yr,
—1.61 mm/yr and 1.48 mmy/yr, respectively. The streamflow at
Zhuangtou and Yanchuan stations shows a more gently decreasing
trend with average rates of decrease of —0.10 mm/yr and
—0.22 mmy/yr, respectively. Previous studies have shown that sig-
nificant reductions in streamflow during the past decades were
mainly the result of intensive human activities such as agricultural
irrigation, industrial development, urbanization and reservoirs
construction and soil and water conservation control implementa-
tion (Wang et al., 2011; Zhao et al., 2012).

To better understand climate changes, we analyzed trends of
the climatic variables including precipitation, temperature and
PET during the past several decades in the MRYRB. The results
are shown in Fig. 3b-d. Precipitation at all of the stations exhibited
negative trends, with rates of decrease ranging from —4.7 mm/yr
to —0.19 mm/yr (Fig. 3b) over the study period. Significant down-
ward trends are detected at some stations in the Wuding River
basin, the Fen River basin and the western Wei River basin.
Decreased precipitation throughout the middle reaches of the Yel-
low River basin indicated that the region experienced a relative dry

period during the last half century. Temperature at most stations
increased by 0.03-0.59 °C per decade; only one station exhibited
a downward trend. The PET has a positive trend in the western
MRYRB, with increases from 0.26 mm/yr to 3.65 mm/yr over the
study period. Significant downward trends in PET are detected at
several stations in the eastern MRYRB, though, with rates of
decrease ranging from —4.5 mm/yr to —0.15 mm/yr. These mixed
changing trends in PET may be caused by several climatic vari-
ables. Significant temperature increases are responsible for the
positive PET in the western MRYRB, while an evident reduction
in sunshine duration leads to negative PET in the eastern MRYRB.
These changes in sunshine duration are not shown in this work.

4.2. Abrupt changes in streamflow

Pettitt’s test was applied to examine abrupt changes in annual
streamflow at both mainstream and tributary stations. Fig. 4 shows
the abrupt changes in annual streamflow at 18 stations on both the
mainstream and tributaries of the Yellow River. At the mainstream
stations, these abrupt changes mostly occurred in the mid-1980s;
this pattern can be largely attributed to the operation of the Long-
yangxia reservoir, which has a storage capacity of 24.7 km?, in the
upper reaches of the Yellow River. The abrupt changes in annual
streamflow in the tributaries occurred intensively between the
1980s and 1999, which likely predominantly resulted from large
scale soil and water conservations practices. Accordingly, these
breakpoints divide the study period for all the catchments into
two periods: the pre-change and post-change periods.

4.3. Changes in streamflow regime

A Flow duration curve (FDC) provides a simple but comprehen-
sive graphical view of streamflow variability and is the complement
of the cumulative distribution function of daily flow (Li et al., 2007).
To further examine changes in the flow regime of the catchments,
we plotted the FDCs using daily streamflow records that we divided
into pre-change and post-change periods as defined by the abrupt
change analysis described in the previous section.

Fig. 5 shows the daily FDCs for the pre-change and post-change
periods for Huaxian and Shenmu stations. These two stations
are typical in terms of their catchment areas, precipitation, and
the timing of the abrupt changes in annual streamflow. The magni-
tude of the daily flow during the post-change period was generally
less than that in the pre-change period at both stations.
Specifically, the 5th percentile of daily flow (Qs) dropped by
47.1% and 67.3%, and Qso dropped by 51.1% and 63.9% at Huaxian
and Shenmu stations, respectively.

4.4. Periodic streamflow changes associated with ENSO events

The El Nifio/La Nifia-Southern Oscillation (ENSO) is a quasi-
periodic climate pattern that occurs across the tropical Pacific
Ocean. A number of previous studies have detected significant link-
ages between ENSO and hydro-climatic variables at inter-annual
timescales (Trenberth, 1997; Chiew and McMahon, 2002; Wang
et al., 2006). In this study, we used wavelet transform analysis to
examine the variation of periodicities in monthly streamflow at
Longmen and Huayuankou stations and in the ENSO series to
investigate the possible linkage between ENSO and streamflow in
the Yellow River basin.

As shown in Fig. 6a and b, the wavelet power spectrum of the
streamflow illustrates continuous periodicities of 0.5 and 1 year
at both stations at 95% confidence level during 1950-1968 and
1974-1985. However, discontinuous cyclicities in the streamflow
wavelet analysis at Longmen and Huayuankou stations were
observed from 1969 to 1973 and after 1986. This phenomenon is
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most likely caused by intensive human activity in the upper and
middle reaches of the Yellow River basin. The discontinuity sug-
gests notable trapping effects of two large reservoirs: Liujiaxia
(since 1968) and Longyangxia (since 1986), which have a total
storage capacity of 30.4 km>. Furthermore, numerous soil and
water conservation measures were implemented over the past sev-
eral decades, especially after the 1980s. These measures greatly
altered hydrological processes in the MRYRB and may have led to
the discontinuous periodicities in streamflow.

In addition, a 4-year periodicity was detected in the early
1970s; this pattern is likely related to the variance in ENSO. The
wavelet power spectra for the El Nifio 3 SST is shown in Fig. 6c,
and reveals that power is broadly distributed with peaks in the

2- to 8-year range at 95% confidence level. ENSO has relative low
wavelet power in the 4-year band from 1963 to 1970 and in the
7- to 8-year band from the late of 1960s to the mid-1990. The
opposite phases can be clearly seen during the same periods in
the streamflow wavelet analysis in Fig. 6a and b. Studies consis-
tently suggest that most moderate and strong ENSO events corre-
spond to relatively low precipitation and annual streamflow
(Wang et al., 2006; Lu, 2004). In the MRYRB, extremely strong
ENSO events were detected in 1982-1983, 1997, and 2008 and
were linked to relative low precipitation and streamflow. Thus,
ENSO may have a strong linkage with streamflow changes and
may affect regional runoff discharge by shifting the pattern of pre-
cipitation throughout the global climate system (Lu, 2004).
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4.5. Effects of climate variability and human activities on streamflow

Changes in streamflow for a given study area are affected by
many factors that can be attributed to climate variability and
human activity. The percentage change in average annual stream-
flow attributable to climatic variability and human activity are
shown in Table 2. Streamflow at most stations is decreasing at
extremely high rates (18-76%), which may be partly affected by
significant decreases in precipitation. Human activities are
expected to account for more of this reduction in mean annual
streamflow than are the effects of climate change; this prediction
is true at most stations, but not at Zhuangtou station in Beiluo
River. Specifically, climate variability (AQ°) contributed 5.2-62.4%
of the change in mean annual streamflow for the catchments in

MRYRB. Although most catchments had larger decreases in annual
precipitation, less than 50% of the streamflow reduction was attrib-
utable to climate change. This observation is particularly applica-
ble in the northern part of the study area (e.g., Gaojiachuan,
Wenjiachuan, Huangfu and Shenjiawan), where climate variability
accounts for less than 20% of the reduction in streamflow.

5. Discussions

5.1. Impacts of climate change and human activity on streamflow
discerned from double mass curves

To further address the impacts of human activity on stream-
flow, double mass curves (DMCs) and linear regression lines were
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plotted to show the correlation between cumulative annual
streamflow and precipitation. In general, the DMC was expected
to be a straight line if streamflow was not influenced by human
activities. The curves show the best fit between streamflow and
precipitation (Zhang and Lu, 2009). However, in most cases, evi-
dent abrupt breakpoints can be identified in the DMCs, suggesting
that the variations in hydrological processes were not only influ-
enced by precipitation but also by human activities.

Fig. 7 shows the DMCs between cumulative annual streamflow
and precipitation at six stations in both the mainstream and tribu-
taries. Some abrupt changes in the DMCs are evident (shown in
Fig. 7). The relationships between runoff and precipitation are well
represented by two straight lines with different slopes before and
after the times of abrupt change. As shown in Fig. 7, the slopes of
the regression lines are lower after the transition years than before
for the DMCs at most stations, which suggests large reductions in
streamflow in periods following the transition years. Specifically,
the DMCs at all of the mainstream stations turn downward around
1986, which correlates with the construction of the Longyangxia
reservoir, although soil and water conservation measures have sig-
nificantly affected water discharge between Toudaoguai and Hua-
yuankou (Gao et al., 2011). Previous studies have confirmed that

the Longyangxia reservoir, the largest reservoir in the Yellow River
basin, has significant effects on the streamflow regime of stations
downstream of it (Yao et al., 2011; Zhao et al., 2012). The abrupt
breakpoints identified in the DMCs mostly agree well with those
from the Pettitt’s test, suggesting that the results detected are rea-
sonable and meaningful. In contrast, the DMCs at tributary stations
display abrupt changes in the mid-1980s or around 1999. This
observation may imply that intensive human activities have
greatly altered hydrological processes in the MRYRB. The impact
of human activities (e.g., irrigation, industrial development, urban-
ization, and the construction of reservoirs) has increased in recent
years. These activities have led to the withdrawal or consumption
of a large proportion of the water resources in the study area.

5.2. Estimation of climate and anthropogenic contributions by linear
regression between streamflow and precipitation

The simple linear regression method assessed the relative con-
tributions of precipitation and human activity in the MRYRB to
changes in streamflow (Table 3). Generally, the contributions of
human activities and variations in precipitation are consistent with
the results from Budyko’s curve, summarized in Table 2. Human
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Table 2
Effects of climate variability and human activities on streamflow in the MRYRB.
Stations Period P (mm/yr) PET (mm/yr) Q (mm/yr) AQC (%) AQ" (%)
Huaxian Pre-1985 569.1 985.6 78.0
Post-1986 513.0 1025.7 45.2 373 62.7
Wenjiachuan Pre-1996 395.8 1230.1 73.4
Post-1997 3513 13341 19.1 103 89.7
Zhangjiashan Pre-1999 512.6 1036.9 40.0
Post-2000 497.9 1093.8 239 32.7 67.3
Zhuangtou Pre-1969 581.5 1101.9 315
Post-1970 5314 1127.5 25.8 46.4 53.6
Baijiachuan Pre-1983 429.3 12559 46.0
Post-1984 382.2 1239.8 30.0 14.6 854
Gaojiachuan Pre-1988 417.7 1194.4 117.2
Post-1989 386.9 1186.9 76.5 5.2 94.8
Ganguyi Pre-1999 538.1 11274 36.3
Post-2000 501.1 1276.6 24.6 56.2 43.8
Yanchuan Pre-1979 490.2 1116.8 41.8
Post-1980 443.0 11914 344 35.0 65.0
Huangfu Pre-1984 420.4 1264.7 51.3
Post-1985 3104 1263.9 12.3 16.6 834
Linjiaping Pre-1985 479.5 1199.9 56.5
Post-1985 403.2 1251.1 243 33.6 66.4
Hejin Pre-1979 507.7 1206.9 394
Post-1980 445.1 1130.5 194 141 85.9
Shenjiawan Pre-1985 412.3 12539 723
Post-1986 382.8 1243.6 20.3 6.4 93.6
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Fig. 7. Double mass curve analysis between streamflow and precipitation at different stations.

activities played a dominant role in the reduction of streamflow for
most catchments, especially in the north. At the Huaxian, Zhuang-
tou and Linjiaping stations, however, significant decreases in pre-
cipitation and relatively slight reductions in streamflow (shown
in Table 3) suggest that climate variability was the dominant cause
of the of streamflow changes. However, the linear regression and
Budyko’s curve methods do not agree on the contribution fractions
at all stations; they disagree at Huaxian and Yanchuan stations, for
example. This discrepancy may be caused by changes in PET, as the
linear regression equation only considers precipitation.

Li et al. (2007) found that soil conservation measures were
responsible for 87% of the total reduction in mean annual stream-
flow, while the remaining 13% was attributable to climate variabil-
ity in the Wuding River basin. This observation is consistent with
our results. However, our results do not completely agree with
Zhang et al. (2008). They found that climate variability and soil
conservation measures had contributed almost equally to the
streamflow reduction for the whole MRYRB during the period from
the 1950s to 2000. The discrepancies may be due to different
lengths of the streamflow time series. Additionally, advances in soil
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Table 3

Relative contribution to changes of streamflow from precipitation and human activity using linear regression in the MRYRB.
Stations Period Qchange (Mm) Linear regression equation Qpic (mm) AQP (mm) AQ" (mm) AQP (%) AQ" (%)

EClﬁ[ Rz

Huaxian 1986-2010 45.2 0.315P, — 101.16 0.77 60.42 -17.57 -15.23 53.6 46.4
Wenjiachuan 1997-2010 22.3 0.169P; + 8.69 0.41 67.95 -8.22 —45.62 15.3 84.7
Zhangjiashan 2000-2010 239 0.122P;f — 22.87 0.71 37.83 -2.20 —13.89 13.7 86.3
Zhuangtou 1970-2010 25.8 0.100P¢; — 24.74 0.74 27.28 —-4.12 —1.48 64.2 35.8
Baijiachuan 1984-2010 30.0 0.076P,er + 12.22 0.61 4242 —3.60 -12.41 22.5 77.5
Gaojiachuan 1989-2010 76.5 0.121P; + 66.50 0.39 113.44 -3.7 —36.68 9.1 90.9
Ganguyi 2000-2010 24.6 0.058P,¢+5.14 0.30 34.16 -2.13 -9.53 18.2 81.8
Yanchuan 1980-2010 344 0.110P,¢ — 8.92 0.44 39.99 —4.86 -5.57 46.6 534
Huangfu 1985-2010 123 0.186P,s — 10.49 0.52 47.18 -4.16 —34.84 10.7 89.3
Linjiaping 1986-2010 243 0.238P¢r — 63.02 0.74 37.63 —18.85 —-13.36 58.5 41.5
Hejin 1980-2010 19.4 0.109P,¢s — 15.31 0.42 33.29 -6.11 —20.28 23.2 76.8
Shenjiawan 1986-2010 303 0.176P,; — 0.05 0.44 67.14 -5.19 —36.87 123 87.7

and water conservation practices and the spatial and temporal het-
erogeneities of precipitation may lead to inconsistent results. It
should be noted that streamflow decreased more significantly in
recent years, especially after the “Green for Grain” project
launched in 1999.

5.3. Anthropogenic impacts on streamflow in the MRYRB

5.3.1. Impacts of soil and water conservation on streamflow

A series of soil and water conservation practices have been car-
ried out in the MRYRB since the late 1950s, including engineering
structures such as terraces and dams and biological measures such
as afforestation and planting grass. The engineering measures
affect the streamflow by reducing flood peaks and storing water
within check-dams and reservoirs. These measures consequently
decrease both the magnitude and the variability of the streamflow.
The biological measures may have delayed these effects on stream-
flow because the plants take up water and accelerate its evapo-
transpiration with their growth (Zhang et al., 2002).

Table 4 shows the statistics of soil and water conservation mea-
sures in the MRYRB over the past six decades. These measures have
been implemented at variable rates that were slower before the
1970s and accelerated significantly afterwaids due to various gov-
ernment-sponsored conservation projects (Mu et al., 2007). The
area protected by soil and water conservation measures doubled
or tripled from the 1970s to 1989, reaching approximately
4.99 million hm?, which is 18.1% of the area between Toudaoguai
and Tongguan stations (not counting the Fen River basin). The
measures included 1.0 million hm? of terraces, 3.33 million hm?
of afforestation, 0.55 hm? of planted grassland and 0.10 million
hm? of check-dams (Table 4). By 2006, approximately 37.2% of
the region had been controlled by various soil and water conserva-
tion measures. The dramatically increased soil and water conserva-
tion measures are likely responsible for the decreased streamflow
in those catchments, particularly after the 1980s. The statistics

Table 4
Statistics of soil and water conservation measures between Toudaoguai and Tongguan
(10* hm?).

Year Terrace Forests Pasture Check-dam
1959 530 19.66 4.15 0.36
1969 24.12 52.13 6.55 1.85
1979 56.22 135.58 15.70 4.67
1989 100.62 333.11 55.14 10.09
1996 144.09 444.03 63.73 12.24
2006 285.40 586.14 140.73 13.10

Statistic data was collected from Wang and Fan (2002) and Yao et al. (2011). Data in
Fen River basin was not available.

show that the engineering measures occupy a smaller area than
the biological measures do (Table 4); however, their effects on
streamflow are substantial because they have direct and immedi-
ate effects on hydrological processes.

5.3.2. Influences of reservoirs on streamflow

The regulation of streamflow through dams and reservoirs is
the human activity that most directly influences streamflow
regimes and regional water balances. At the global scale, approxi-
mately 70% of rivers are intercepted by large reservoirs to meet a
range of social, economic and environmental demands, including
hiydropower generation, agricultural irrigation, flood control and
domestic consumption (Nilsson et al.,, 2005). More than 45,000
dams over 15 m in height have been in operation since the 20th
century.

By the year 2000, more than 3150 reservoirs had been built in
the Yellow River basin; 171 of these are large- or medium-sized
and have total storage capacity of 33.6 km? (Xu et al., 2010). A
recent statistical report estimates the total storage capacity of all
registered reservoirs was to be approximately 72 km?, which is
much higher than the basin’s 2000-2010 mean annual streamflow
of 23.6 km? (Zhang et al., 2005). There are 24 particularly large res-
ervoirs (storage capacity greater than 0.10 km?) scattered in the
Yellow River basin, three of which are along the mainstream and
are the most influential: the Liujiaxia, Longyangxia and Xiaolangdi
reservoirs (Wang et al, 2006). Wavelet analysis of monthly
streamflow at Huayuankou station from 1950 to 2010 shows that
the seasonal dynamics have been completely altered since 1986,
which is mainly due to the operations of large dams and reservoirs
(Fig. 6b). Furthermore, the seasonal variability of the streamflow
has been reduced, which is largely the result of regulation by dams
and reservoirs in the Yellow River basin. The observed streamflow
in flood seasons accounted for more than 70% of the annual
streamflow in the 1950s, but decreased to 51% after 2000. This
change occurred because most of the reservoirs reduced the flood
peaks dramatically through water storage in the rainy season and
water release in the dry season for agricultural irrigation.

5.3.3. Long-term water consumption in the MRYRB

Increasing water demands associated with the rapid develop-
ment of the regional economy and the expansion of irrigated land
have led to the over-exploitation of both river runoff and ground-
water. The average annual withdrawal from the Yellow River basin
has been approximately 50 km?, of which approximately 74% was
from surface water and 26% was from groundwater (Giordano
et al., 2004). Groundwater withdrawal data from the Bulletin of
Water Resources in China (1998-2008) indicated that groundwater
withdrawal in the Yellow River basin was approximately 13 km?/yr
(Xu et al., 2010). Agricultural production in the semi-arid Yellow
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River basin is heavily dependent on irrigation. Agriculture is by far
the largest user of water, accounting for 80% of the total with-
drawal; industrial, urban and rural domestic sectors share the
remaining 20% (Giordano et al., 2004). Previous studies have found
that the irrigation areas expanded from 800,000 hm? in 1949 to
7.51 million hm? by 1997 (Cai and Rosegrant, 2004). In addition,
a considerable number of dams, reservoirs pump-sites and wells
have been built in the basin over the last 60 years.

Fig. 8 displays the mean annual inflow, water extracted and
water consumed in various river sections. Compared with the pei-
iod before 1997, there is a general decrease in the mean annual
inflow in each section from 1998 to 2009, particularly in the sec-
tion between Toudaoguai and Longmen stations (Fig. 8b). The total
water consumed within the river basin now exceeds the stream-
flow currently observed to enter the Bo Sea. Agricuitural irrigation
and the operation of reservoirs play an important role ii the reduc-
tion of streamflow in the sections in the upper reaches and
between the Longmen and Huayuankou stations (Fig. 8). In con-
trast, numerous soil and water conservation measures must be
responsible for the significant reduction of streamflow in the sec-
tion from Toudaoguai to Longmen, because water consumed from
1998 to 2009 is lower than it is in the other two sections. Three
large irrigation areas: the Ningxia, Inner Mongolia and Guanzhong
irrigation districts are scattered in the upper and middle reaches of
the Yellow River basin. These irrigation districts consumed
approximately 6.41, 7.59 and 1.32 km?/yr, respectively, from
1997 to 2006, which accounts for 71.4% of the total streamflow
at Huayuankou during that period (Yao et al., 2011).

6. Conclusions

This study examines the spatial distribution and temporal var-
iation of precipitation, PET, temperature and streamflow by using
hydro-climatic series from the 1950s to 2010 in the MRYRB. Indi-
vidual impacts of climate variability and human activities were
investigated using Budyko’s curve, and potential causes for the
streamflow changes were identified. The conclusion of our study
can be summarized as follows.

A general decrease in the annual precipitation and a rising tem-
perature trend have been detected in the MRYRB. Precipitation at
all the stations illustrates decreases ranging from —4.7 mm/yr to
—0.19 mm/yr from the 1950s to 2010. The increasing temperature
and decreasing precipitation suggest that the study area has been
experiencing a relative warm, dry period over the last 60 years.
Variable trends in PET are observed in different regions of the
MRYRB. The strong ENSO events and monsoon activities, which

primarily affect regional precipitation, together with global climate
change influence the hydrological cycle in the MRYRB.

The average annual streamflow shows a significant decrease
(P<0.05) at all stations except Zhuangtou and Yanchuan; the
decreases range from 0.10 mm/yr to 1.61 mm/yr over the study
period. Abrupt changes in streamflow occurred in the mid-1980s
and around 1999 in the tributaries, which may have resulted from
the implementation of soil and water conservation measures.
Streamflow at mainstream stations showed abrupt changes in
1985 that were evidently due to the trapping effects of reservoirs.
Flow duration curves and wavelet transform analysis indicate sig-
nificant changes in both streamflow regimes and periodicities.

Climate variability and human activities are two distinct con-
tributors to the observed streamflow reduction. Consistent results
were obtained from the Budyko’s curve equation and linear regres-
sion analysis. Generally, climate variability had a greater effect on
streamflow reduction in the Beiluo and Yan Rivers, while human
activities accounted for more of the streamflow changes in other
tributaries. The adoption of large-scale soil and water conservation
measures since the early 1980s altered the natural streamflow
regimes and led to an abrupt reduction in streamflow. The signifi-
cant decline in streamflow at mainstream stations in the year 1985
coincided well with the operation of reservoirs. The overall results
show that human activities, such as soil and water conservation
projects, the construction of key water control projects and agricul-
tural irrigation seem to be the major causes of the significant
decline in the annual streamflow in the MRYRB over the last six
decades.
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