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s u m m a r y

In this paper, the trends of the annual streamflow and precipitation and cross correlations between them
were analyzed in nine large river basins of China during 1956–2005. The results indicate that: (1) the
annual mean streamflow decreases in arid and semi-arid regions of north China; however, increasing
trends occur in south and Southwest China; (2) the annual streamflow and precipitation exhibit reason-
able correlation in nine large river basins except those located in inland areas. The annual streamflow
over most areas of China is fed by precipitation; however, the decline in streamflow is faster than the
decreases of precipitation since 1970s in the arid and semi-arid regions of north China. The relationship
between the annual precipitation and streamflow presents a non-stationary state in north China. This
non-stationary relationship is strongly influenced by both human activities and precipitation changes;
(3) a significant increase of water use might be the major factor responsible for the steeper decline in
streamflow than in precipitation in Haihe River, Yellow River and Songliao River basins in north China.
In inland river areas, increase of water use and actual evapotranspiration might result in decline in
streamflow although precipitation has an increase tendency. This paper sheds light on the non-stationary
relationship between annual precipitation and streamflow and possible underlying causes, which will be
helpful for a better understanding of the changes of precipitation and streamflow in China at large scale
and in other regions of the world.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Access to water is already a serious issue for people in many
parts of the world and, given recent United Nations estimates,
the situation is not likely to improve (Meek and Meek, 2009). From
a resource perspective, streamflow is a measure of sustainable
water availability which is most vital for sustainable development,
utilization of water resources and better governance (Dong et al.,
2009).

It is now common knowledge that human activities including
water diversions and land development, in addition to climate,
have a significant impact on streamflow and other hydrological
processes (Milly et al., 2005). Many previous studies showed that
continental runoff had increased during the 20th century despite
more intensive human water consumption (Labat et al., 2004;
Probst and Tardy, 1987; Shiklomanov, 2000; Gedney et al., 2006).
However, it has also been widely discussed that decrease in
ll rights reserved.
streamflow in many areas during the past decades is highly influ-
enced by human activity (Zhang et al., 2001, 2007, 2008; Ren et al.,
2002). Regional patterns of streamflow changes are complex and
less certain than those in temperature. Milly et al. (2005) analyzed
the trends of observed global streamflow and found that less runoff
occurred in sub-Saharan Africa, southern Europe, southernmost
South America, Southern Australia and western mid-latitude North
America, while the observed streamflow increases in the La Plate
basin of southern South America, Southern through central North
America, the Southeastern quadrant of Africa, and northern
Australia.

Shortage of water is becoming one of the key restricting factors
of the development of Chinese society and economy. Although
China’s water resources rank sixth in the world by total volume,
per capita water availability is roughly one quarter of the world
average. Moreover, water resources are not distributed evenly
across regions and time. Based on the observed streamflow of 19
key hydrological control stations in the six large basins in east Chi-
na for the past 50 years, Zhang et al. (2007) found that the ob-
served annual streamflow in the six large basins has generally

http://dx.doi.org/10.1016/j.jhydrol.2011.07.041
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decreased during the study periods, with significant decreases de-
tected in the northern China. Yangtze River shows only a small and
statistically insignificant increase in annual runoff (Piao et al.,
2010), but a significant positive trend is found in flood discharges
in the middle and lower basins during 1960–2000 (Jiang et al.,
2007). Ma et al. (2008) showed the existence of non-stationary
relationships between precipitation and streamflow in the arid re-
gion of northwest China with larger changes in streamflow than in
precipitation. Some river catchments showed a statistically signif-
icant change point in streamflow but not in precipitation. For Hai-
he River catchment with strong human activities, agricultural
water use is likely the main driving factor of runoff decline (Yang
and Tian, 2009). With farmers’ empowerment via the 1978 land re-
form policy, irrigation has become a routine agronomic practice
(Yang and Tian, 2009). For instance, since 1980 irrigated land area
increased by 29.35%, 48.70% and 26.42% for Beijing, Hebei and
Shanxi in Haihe River catchment, respectively. According to the
Department of Water Resources of Hebei Province’s (1984) docu-
ments, the agricultural water use in most of the mountain counties
was higher than 90% in the early 1980s, and the evapotranspiration
from farmlands is far higher than annual precipitation (Zhang
et al., 2006). The percentage of farmland area is significantly re-
lated with runoff decline in Haihe River catchment. Ren et al.
(2002) found that sharp decline of runoff in Haihe River catchment
was less driven by climate than by human activity, which ac-
counted for 79.22% of the total runoff change. A decline in runoff
was also found in the Yellow River over the last five decades (Fu
et al., 2004; Piao et al., 2010). Investigation by Piao et al. (2010)
shows that climate is dominant in controlling runoff and increased
withdrawals can explain about 35% of the declining runoff ob-
served at the Huayuankou station in the lower reaches of Yellow
River over the last half-century.

Although many researchers have addressed changing properties
of streamflow and possible underlying causes in some regions of
China (e.g. Jiang et al., 2007; Piao et al., 2010; Ren et al., 2002;
Zhang et al., 2006, 2007, 2009), the streamflow changes and their
relationship with precipitation and human influences at basin
scales in whole China, have not been analyzed thoroughly so far,
Fig. 1. Locations of the main rivers and concerned hydro-meteorological stations in nine l
Yellow River basin; (IV) Huaihe River basin; (V) Yangtze River basin; (VI) Rivers in South
Rivers in northwest China basin (40 hydrologic stations and 160 precipitation gauging s
and which is of great scientific merits in understanding spatial
and temporal patterns of streamflow in China.

Therefore, the purposes of this study were: (1) to detect the
temporal and spatial variabilities of annual mean streamflow and
precipitation in nine large river basins of China; (2) to evaluate
the relationship between the annual streamflow and precipitation
in the basins in order to clarify the reasons for the streamflow
changes at a large scale; and (3) to analyze human influences on
streamflow–precipitation relationship by using effective irrigation
area (EIA) and irrigation amount associated with streamflow
decreasing. This information will be helpful for further under-
standing of the changes and possible causes of annual streamflow
in China. Particular attention is paid to analyze the non-stationary
relationship between the streamflow and precipitation in nine
large rivers in China as Milly et al. (2008) pointed out that stationa-
rity is dead and should no longer serve as a central, default
assumption in water-resource risk assessment and planning. The
methodology and procedure of evaluation on multiyear stream-
flow variations may also provide useful hint for those who are
working on water resources management and planning in other re-
gions of the world.
2. Data and methods

2.1. Study area and data

China is situated in eastern Asia on the western shore of the Pa-
cific Ocean and has a climate dominated by monsoonal winds. It
features clear precipitation differences in winter and summer. In
addition, precipitation differs from region to region because of
the country’s extensive territory and complex topography. Gener-
ally, the precipitation decreases from southeast to northwest.

China has a large number of rivers with a total length of
420,000 km. There are more than 50,000 rivers with a drainage
area of more than 100 km2 and more than 1500 rivers with a drain-
age area of more than 1000 km2. As affected by the topography and
climate, the rivers are distributed very unevenly over regions. Most
arge river basins. (I) Songhuajiang and Liaohe River basin; (II) Haihe River basin; (III)
east China basin; (VII) Pearl River basin; (VIII) Rivers in Southwest China basin; (IX)
tations).
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of the rivers are situated in the wet eastern monsoon climatic zone,
directly flowing into the sea, with the major ones including the
Liaohe River, Huaihe River, Haihe River, Yangtze River, Yellow Riv-
er, Pearl River, etc. The northwestern China is dry with little precip-
itation, and has only a small number of rivers, most of which are
inland ones without connection to the sea, and there are also large
no runoff areas (MWR, 2004).

The depth of natural river runoff, which depends on precipita-
tion, evapotranspiration and physical characteristics of watersheds,
gradually descends in magnitude from the southeast towards the
northwest. The runoff depth is more than 1000 mm in some south-
eastern regions and less than 10 mm in some western regions. The
total volume of river runoff in the five northern river basins (Song-
hua-Liaohe, Haihe, Huaihe, Yellow and Inland Rivers with a total
catchment area of 2.27 million km2) accounts for less than 20% of
the national total while the total volume of the four southern river
basins (Yangtze, Pearl, Southeast and Southwest rivers with a total
catchment area of 2.86 million km2) accounts for more than 80% of
the national total. The rivers in the northern areas show a bigger in-
tra-year runoff variation. The highest accumulated runoff of consec-
utive 4 months (June–September) accounts for more than 80% of
the annual total in the northern areas, and this ratio has a value
of about 60% for the rivers in the southern areas.

Annual mean streamflow covering 1956–2005 from 40 hydro-
logical stations and annual mean precipitation data from 160
Table 1
Annual streamflow at control hydrological stations in nine large river basins of China.

River basin River name Hydrologic stations L

Song-Liao R. (I) Songhuajiang R. Jiangqiao0 4
Songhuajiang R. Harbin1 4
Liaohe R. Tieling1 4

Haihe R. (II) Zhangweinan R. Guantai1 3
Yingding R. Shizhali1 4
Yingding R. Xiangshuipu1 4
Chaobai R. Zhangjiafen1 4

Yellow R. (III) Yellow R. Jimai0 3
Yellow R. Tangnaihai1 3
Yellow R. Huayuankou2 3
Yellow R. Lijin3 3

Huaihe R. (IV) Huaihe R. Wangjiaba1 3
Huaihe R. Wujiadu3 3

Yangtze R. (V) Yangtze R. Zhimenda0 3
Yangtze R. Yichang1 3
Yangtze R. Hankou2 3
Yangtze R. Datong3 3

Southeast R. (VI) Minjiang R. Yangkou1 2
Minjiang R. Shijiao3 2

Pearl R. (VII) Xijiang R. Wuzhou1 2
Xijiang R. Gaoyao1 2
Dongjiang Boluo1 2
Qianjiang Wuxuan1 2

Southwest R. (VIII) Nujiang R. Daojieba3 2
Brahmaputra R. Lasa1 2
Brahmaputra R. Nuxia2 2

Inland R. (IX) Tarim R. Aksu R. Xidaqiao0 4
(IX-a) Yarkant R. Kaqun0 3

Kalakash R. Wuluwati0 3
Yulongkash R. Tongguziluoke0 3
Kaidu R. Dashankou0 3
Tarim R. Alar1 4
Tarim R. Xinquman2 4
Tarim R. Yingbazha3 4
Tarim R. Qiala3 4

Northwest R. Heihe R. Yingluoxia1 3
(IX-b) Heihe R. Zhengyixia3 3

Shiyanghe R. Jiutiaoling1 3
Shulehe R. Changmapu1 3

Note: 0, 1, 2 and 3 indicates headwater, upstream, midstream, and downstream rivers.
National Meteorological Observatory (NMO) stations within the
nine large river basins were used in this study. The discharge sta-
tions were chosen considering the location, length of the observa-
tion period and quality of the data observed. The meteorological
data were provided by the National Climatic Centre (NCC) of the
China Meteorological Administration (CMA). The location of the
nine large river basins of China and the gauging stations can be re-
ferred to Fig. 1 and Table 1. The catchment average precipitation
for each river basin was computed using the arithmetic average
method. Homogeneity of the meteorological data was calculated
using a von Neumann ratio, cumulative deviations, and Bayesian
procedures (Buishand, 1982; Peterson et al., 1998). The dataset of
160 meteorological stations tested by these three methods are
homogeneous at >95% confidence level (Becker et al., 2007; Zhang
et al., 2010a).

2.2. Methods

The Mann–Kendall trend test (MK; Mann, 1945; Kendall, 1975;
Sneyers, 1990) is widely used in the literature to analyze trends in
the climate data. The MK test has different variants. This study fol-
lows the procedure that starts by simply comparing the most re-
cent data with earlier values. A score of +1 is awarded if the
most recent value is larger, or a score of �1 is awarded if it is smal-
ler. The total score for the time-series data is the Mann–Kendall
atitude Longitude Drainage (km2) Annual mean streamflow (108 m3)

6�470N 123�410E 162,569 644
5�460N 126�360E 389,769 1283
2�20N 123�50E 120,764 89

6�20N 114�50E 17,800 31
0�130N 114�370E 23,944 14
0�310N 115�110E 14,507 11
0�370N 116�470E 8506 16

3�460N 99�390E 45,019 127
5�30N 100�090E 121,972 633
4�550N 113�390E 730,036 1223
7�490N 118�250E 750,000 964

2�260N 115�360E 30,630 294
2�560N 117�230E 121,330 846

3�020N 97�130E 137,704 385
0�420N 111�170E 1006,000 13,659
0�370N 114�80E 1488,000 22,314
0�460N 117�40E 1705,383 28,113
6�480N 117�550E 12,669 417
3�510N 112�570E 38,363 1300
3�340N 111�180E 327,006 6383
2�550N 112�280E 351,535 6932
3�440N 114�420E 25,325 745
3�340N 109�390E 196,655 4005

4�590N 98�530E 110,224 1716
9�390N 91�040E 26,225 298
9�280N 94�340E 36,652 1883

0�070N 80�150E 42,123 260
7�590N 76�540E 50,248 210
6�520N 79�260E 19,983 143
6�490N 79�550E 14,575
7�590N 76�540E 18,827 111
0�320N 81�190E 143
1�020N 82�430E 17,580 119
1�120N 84�470E 435,508 94
1�040N 86�350E 21
8�480N 100�110E 10,009 50
9�490N 99�280E 35,634 32
7�560N 102�140E 1077 27
9�490N 96�510E 10,961 28



Fig. 2. Annual streamflow and its linear trend in nine large river basins of China during 1956–2005. Note: the order of listed rivers in each figure is from upstream to
downstream; I, II, . . . , IX are in order of basin number shown in Fig. 1. Solid linear line means the significant linear trend at >95% level and dashed linear means a non-
significant linear trend.
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Fig. 3. The distribution of Cumulative Sum of Departures of Modulus Coefficient (Kp) in nine large river basins of China (Kp refers to Eq. (2) and the Y-axis differs in size).
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Fig. 4. Trends of annual streamflow (a) and precipitation (b) in China by using MK
method.

Table 2
Comparison of the results of MK and t-test methods in detecting trend in precipitation
and discharge data in China (1956–2005).

Station number MK method t-Test method

Precipitation Streamflow Precipitation Streamflow

Increasing trends 62 12 61 12
Decreasing

trends
77 10 80 10

Significantly
increasing
trends

11 5 10 6

Significantly
decreasing
trends

10 13 9 12

Note: the numbers respesent the number of stations with (significant at 5% level)
trend. Total number of stations for precipitation is 160, and for discharge is 40.
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statistic, Z, which is then compared to a critical value, Z1�a/2 (where
a is significance level and Z1�a/2 is the Z value found in the stan-
dard normal distribution table). In a two sided test for trend, the
null hypothesis of no trend, Ho will be rejected if Z > Z1�a/2 or
Z < �Z1�a/2.

As a complementary method of trend analysis, simple linear
regression was also used in this paper for long-term linear trend
test. The simple linear regression method is a parametric t-test
method, which consists of two steps: fitting a linear simple regres-
sion equation with the time t as independent variable and the
hydrological variable (i.e. precipitation and discharge in this study)
Y as dependent variable; testing the statistical significance of the
slope of the regression equation by the t-test (Xu, 2001; Zhang
et al., 2009). The parametric t-test requires that the data to be
tested is normally distributed. The normality of the data series is
first tested in the study by applying the Kolmogorov–Smirnov test.
The reasons for using the t-test method as a complement to the MK
method are (1) the t-test is a parametric method and when the
assumptions are fulfilled, it is a powerful test, (2) when results of
the t-test method are plotted, changes of the original time series
and the linear trend are visible, and (3) using two methods pro-
vides a valuable cross-check.

Both the MK and t-test methods are influenced by the serial cor-
relation in the time series, and when the serial correlation exists it
has to be eliminated by prewhitening (Yue et al., 2002; Yue and
Wang, 2002). ‘Prewhitening’ is one of the methods used to prevent
false indication of trend, where the serial correlation is removed
from the data by assuming a certain correlation model, usually a
Markovian one (e.g., Storch, 1995).

To evaluate more details on temporal variability of hydrological
time series, cumulative curve analysis was also performed. The
cumulative curve method was first used by Hurst (1951) to deter-
mine the storage capacity of reservoirs on the Nile River. The
Cumulative Sum of Departures of Modulus Coefficient (CSDMC)
was used in this paper to detect the streamflow variability in dif-
ferent regions. The CSDMC is expressed by the following formula:

Ri ¼ Q i=Qði ¼ 1;2;3; . . . ;NÞ ð1Þ

Kp ¼
Xp

i¼1

ðRi � 1Þ ðp ¼ 1;2;3; . . . ;NÞ ð2Þ

where i is the sequential value of a time series of N years, Kp is the
cumulative sum of departures of CSDMC during 1 � p years, Qi is an-
nual streamflow, Q is long-term annual mean streamflow. The peri-
ods with downward trends of Kp (negative slope) represent
intervals of lower streamflow than average, while upward trends
(positive slope) represent intervals of higher streamflow than aver-
age (McGilchrist et al., 1975). Cumulative sum charts (CUSUM) is
used for abrupt change point detection in climate series. A sudden
change in the direction of the CUSUM indicates a sudden shift in
the average. A period where the CUSUM chart follows a relatively
straight path indicates a period where the average does not change.

3. Results

3.1. Trends of annual mean streamflow in nine large river basins in
China

The variabilities and linear trends of annual mean streamflow in
the nine large river basins in China are shown in Fig. 2 for the rep-
resentative hydrological stations selected from each river basin in
Table 1. The order of the 10 graphs in Fig. 2I, II, . . . , IX-a, IX-b) cor-
responds to the location of the basins showed in Fig. 1. It is seen
that for the Song-Liao River, Haihe River, and Yellow River, the
mainstream runoff showed significant decreasing trends by t-test
(Fig. 2I–III), while increasing trends occurred in the Yangtze River,
Minjiang River, Pearl River and Southwest Rivers (Fig. 2V–VIII).
However, for the streamflow in Inland Rivers, such as the north-
west rivers of Heihe River, Shiyanghe River and Shulehe River
(Fig. 2IX-a) and Tarim River (Fig. 2IX-b), increasing trends can be
found in the headwater and upstream areas, while decreasing
trends are found in the lower reach of the mainstream.

The distribution curves of CSDMC for the nine large river basins
are shown in Fig. 3. It is see that for Song-Liao river basin, three
change points can be detected from the CSDMC variations with
two peaks in around 1965 and 1999 and a valley in around 1982
(Fig. 3I). One change point for Haihe River basin (Fig. 3II) can be
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detected from the CSDMC with a single apex. The CSDMC of Haihe
River basin presents most significant variations with largest Kp val-
ues among the nine larger river basins. Change points from positive
Fig. 5. The variability and linear trend of annual streamflow and precipitation in China.
means a non-significant linear trend.
to negative direction occurred in early 1970s at Shizhali station
and in the late 1970s for other two stations. As for Yellow River ba-
sin (Fig. 3III), departure from the average becomes more significant
Solid linear line means the significant linear trend at >95% level and dashed linear



Table 3
The correlation coefficients between precipitation and streamflow in nine larger river
basins of China.

River basin Control hydrological
station

Correlation
coefficient

Runoff
coefficient (%)

Song-Liaohe
R. (I)

Harbin 0.66a 21

Haihe R. (II) Guantai 0.59a 11
Yellow R. (III) Lijin 0.57a 9
Huaihe R. (IV) Wujiadu 0.75a 25
Yangtze R. (V) Datong 0.85a 45
Southeast R.

(VI)
Shijiao 0.67a 68

Pearl R. (VII) Gaoyao 0.75a 41
Southwest R.

(VIII)
Nuxia 0.39a 56

Inland R. (IX-
a)

Yingbazhua 0.09 5

Zhengyixia 0.21 22

a Indicates that the correlation is significant at >95% confidence level.
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at the stations located toward downstream. Streamflow changed in
positive direction from 1950s until end of 1960s. Between 1970s
and middle 1980s, the annual streamflow of Huayuankou and Lijin
changed around the average (Figs. 2 and 3). After about 1985, a
sharp change in negative direction was found for both stations.
From the plot of CSDMC, we can see that mean annual streamflow
for Huaihe River, Yangtze River, Minjiang River, Pearl River and riv-
ers in southwest do not change as much as that of north rivers
although smaller variabilities are seen (Fig. 3IV–VIII). The patterns
of streamflow changes in Minjiang River are consistent with that in
Pearl River: streamflow is large during the 1970s and 1990s, and
small in the 1960s and 1980s. Larger variabilities of annual stream-
flow were found for Inland Rivers (rivers in northwest and Tarim
River) (Fig. 3IX-a and IX-b), of which the streamflow variabilities
in the downstream reach are opposite to those in the upstream.
For the northwest rivers in Fig. 3IX-a, a negative change of the
streamflow was found during the first half of the period, and a po-
sitive change since then in the headstream. In the downstream,
however, a positive change of the streamflow was found up to late
1980s, and negative change since then. For the downstream of Tar-
im River in Fig. 3IX-b, the change point from positive to negative
direction occurred in the early 1970s.

3.2. The relationship between the annual streamflow and precipitation

Fig. 4 shows the spatial distribution of the MK trend of annual
streamflow for all hydrological stations in Table 1 and precipitation
trends for 160 stations in nine representative rivers in China during
1956–2005. In general, decreasing trends of precipitation could be
seen in Song-Liao River basin, Yellow River basin, Haihe River basin
and upper Yangtze River basin, but increasing trends were found in
lower and middle Yangtze River basin, Minjiang River basin, South-
west River basin and Inland areas. The comparison of the results of
the MK and t-test methods for the same data sets is shown in Table
2. It is seen that the methods result in very similar results, and the
minor difference found in the table is because the value of testing
statistics lies close to the critical value.

The change tendency of annual streamflow accords with that of
annual precipitation except for Inland Rivers in the western China.
For Inland Rivers, three upper rivers of Yingluoxia, Changmapu and
Jiutiaoling stations in Northwest River (Fig. 2IX-a region), and two
headwater rivers of Kaqun and Dashankou stations in Tarim River
(Fig. 2IX-b region) present positive trends of both streamflow and
precipitation. However, for lower and downstream rivers, opposite
trends (negative streamflow and positive precipitation) were
found.
Fig. 5 also shows that, except for the Inland areas (Fig. 5IX-a and
IX-b), the trend of streamflow at the outlet station of the river is in
line with the trend of areal precipitation, but the decrease of
annual streamflow is more dramatic than that of annual precipita-
tion in north China. The straight line slopes of streamflow for Song-
Liao River, Haihe River and Yellow River are �1.12, �2.22,
�1.09 mm/a2, respectively, steeper than �0.97, �2.05,
�0.74 mm/a2 for precipitation (Fig. 5I–III). Opposite trends be-
tween basin outlet streamflow and precipitation are seen in the ex-
tremely drought region of inland basins.

Table 3 lists the correlation coefficients between annual stream-
flow at control stations (outlets of rivers) and areal precipitation in
the nine large river basins during 1956–2005. We can find that
there are good relationships between the annual streamflow and
precipitation in large river basins except those in Inland areas.
The extremely low correlations between precipitation and stream-
flow in the Inland areas indicate that streamflow changes are not
controlled by precipitation variations.

To assess the deviations of the annual streamflow from annual
precipitation during the past 50 years, the cumulative curve of pre-
cipitation and runoff depth was calculated and plotted for the nine
large river basins of China (Fig. 6). It is seen that, the cumulative
annual precipitation in the nine large river basins is characterized
by a straight line, while the cumulative lines of streamflow are
quite different from that of precipitation in north China rivers
(e.g. Haihe River, Yellow River, Heihe River, Tarim River). The
cumulative runoff depth for most areas in north China slowed
down from 1970s at different extent (Fig. 6I–III and IX-b). The dis-
crepancy of cumulative annual precipitation and streamflow indi-
cates that significant change of rainfall-runoff relationship has
occurred since then.

The changes of rainfall–runoff relationship can be further ana-
lyzed by using runoff coefficient, which represents annual runoff
amount in unit precipitation. Fig. 7 shows the variability and linear
trend of runoff coefficient in north China during 1956–2005. We
can find that the trends of runoff coefficient significantly decreased
for Song-Liao River, Haihe River and Yellow River in north China
(Fig. 7a), and Heihe River and Tarim River in northwest China
(Fig. 7e and f) while increased in south China (e.g. Yangtze R. and
Nujiang R. in Fig. 7c and d). Runoff coefficient for Huaihe River in
Fig. 7b has not presented any trend or tendency. After 1970s, runoff
coefficients for the three rivers of Song-Liao River, Haihe River and
Yellow River are extremely lower than those during 1950s and
1960s. Mean of runoff coefficient is 19.1%, 8.6% and 7.4% after
1970s for Song-Liao River, Haihe River and Yellow River, respec-
tively, compared with 23.6%, 16.5% and 14.2% during 1950s and
1960s. The runoff coefficients of Haihe River and Yellow River after
1970s were reduced by half of those in 1950s and 1960s.

3.3. Human influences on streamflow – precipitation relationship

Runoff was not only driven by precipitation but also by evapo-
transpiration and human activities, such as irrigation, dam con-
structions and land use and land cover changes. The estimated
annual actual evapotranspiration presents a decreasing trend in
most areas east of 100�E in China and increase in areas west of it
between 1960 and 2002 (details referring to Gao et al., 2007).
The decreasing trends range from about 30 mm/10 years to
10 mm/10 years for most parts of the Haihe River basin. From
the aspect of multi-year water balance in a catchment without
any human interference, the decrease trend of annual actual
evapotranspiration should slow down runoff decrease. The dis-
crepancy of cumulative annual precipitation and streamflow
(Fig. 6) and faster decreases of runoff than precipitation in north
China (Fig. 5) indicate that in addition to precipitation changes,
strong human activities have interfered on streamflow since 1970s.
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The increasing water use taken from river course and reservoirs
for irrigation is a main cause for the decreases of observed runoff in
the northern part of China (Ren et al., 2002). Fig. 8a shows effective
irrigation area (EIA) in China and a typical region of Hebei province
in Haihe River basin, where agriculture primarily depends on irri-
gation. We can see that EIA linearly increases by a factor of 5 dur-
ing 1950–2005, from 10 million hm2 in the earlier 1950s to
55 million hm2 in 2005 for whole China, and from less than 1 mil-
lion hm2 to 4.7 million hm2 in Hebei province which area occupies
Fig. 6. The cumulative curve of precipitation (CCP) and r
more than half of Haihe River basin. For the total irrigation amount
of north China showed in Fig. 8b, it linearly increases from 10 bil-
lion m3 to 55 billion m3 during the earlier 1950s–middle of 1970s,
maintains steady amount around 55 billion m3 during middle of
1970s–middle of 1990s, and decreases after then. The 55 billion m3

irrigation water is about half of total outlet streamflow of three
large north China rivers of Song-Liaohe River, Haihe River and Yel-
low River. Although the irrigation water has little increase since
1970s, industry and domestic water use increased dramatically
unoff depth (RH) in nine large river basins of China.
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from 7.0 billion m3 in 1980 to 21 billion m3 in 2005 (China sustain-
able development strategy report, 2007). As the actual evapotrans-
piration decreases, the increasing water use is the main reason that
streamflow decline is faster than precipitation decease for these
three rivers in the north China.

The streamflow in Haihe River catchment has been found de-
creased significantly which might affect the water use for irrigation
and drinking. The annual irrigation amount during 1990s is about
28.5 billion m3, larger than 21.6 billion m3 of the total streamflow.
The deficit part of the water needs for irrigation was partly ob-
tained by extracting groundwater and partly obtained by import-
ing water from other basins.

The correlation between the EIA of Hebei province and stream-
flow of four river basins in Haihe River is shown in Fig. 9. It is seen
that the correlation between the EIA and streamflow is even higher
than that between streamflow and precipitation (Table 3). There-
fore, the human activity combined with precipitation decline are
identified as the main driving factors of runoff decline in the arid
and semi-arid regions of China (Fig. 9 and Table 3). The significant
increasing trend of EIA is also found in the whole China which
might be related to the decline in runoff coefficient in other basins
of China during the past 50 years.
(a)

(c)

(e)

Fig. 7. The variability and linear trend of runoff coefficient of basins in (a) north China, (b
China (Heihe R.), and (f) Tarim R. Solid linear line means the significant linear trend at
For extremely dry Inland Rivers, the total water utilization for
irrigation, industry and domestic (more than 80% for irrigation) ex-
cesses the multiyear average streamflow. In Tarim River basin, irri-
gation area increased from 0.35 million hm2 in 1950s to
0.78 million hm2 in 1990s, and irrigation amount reached
0.148 billion m3 in 1990s, twice over that in 1950s (Wang et al.,
2003). Meanwhile, the annual actual evapotranspiration driven
by more precipitation and higher temperature tended to increase
since 1960 (Gao et al., 2007). Therefore, although streamflow in
the headwater rivers presents increase tendency due to increases
of precipitation and snow melting (Jian and Shuo, 2006), this in-
crease could not compensate for the loss of streamflow in the low-
er and downstream areas due to increase of evapotranspiration
and irrigation.
4. Discussions

The annual variability of streamflow is mainly controlled by the
annual cycle of precipitation, evapotranspiration and catchment
management practice. The study shows that, there have been sig-
nificant decreasing trends in annual streamflow in north China
(b)

(d)

(f)

) Huaihe R., (c) Yangtze R. and Pearl R., (d) Southwest China (Nujiang R.), (e) Norwest
>95% level and dashed linear means a non-significant linear trend.



(a)

(b)

Fig. 8. The variability of effective irrigation area (EIA) and irrigation water in China
during 1949–2009. The EIA data comes from: China Statistics Yearbook (http://
www.stats.gov.cn/tjsj/ndsj/2008/indexch.htm) and Statistical Yearbook of Hebei
Province. The irrigation water data comes from Yu and Wu (2009).
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(arid and semi/arid regions). The absolute and relative reductions
in streamflow were greater than the changes in precipitation since
1970s.
(a)

(c)

Fig. 9. Correlations between the streamflow and effective irrigation area (EIA) in Haihe
smaller than 0.01 indicate that the correlation is significant at >99% confidence level).
The water resources in China are inconsistent with the distribu-
tion of population, farmland and economy. The four northern river
basins account for 46% of the national population, 45% of the
national GDP, 65% of the national farmland, 59% of the national irri-
gated farmland, but less than 20% of the national water resources
and the per capita volume of water resources is only 1/3 of that
in the southern river basins (Chen, 2005). The plain areas in the
lower reaches of the Yellow, Huaihe and Haihe rivers account for
1/3 of the national GDP and industrial output, but only 7.7% of
the national water resources, while the Southwestern Rivers ac-
count for 21.3% of the national water resources, but only 0.7% of
the national GDP and industrial output (Chen, 2005).

Stramflow decrease would result in serious ecological and envi-
ronment problems. Most of the grassland in China has degraded or
is degrading due to streamflow decrease. Wetlands and lakes have
been drastically shrunk during last few decades due to climate
change, water resource exploitation and land use change. About
800 lakes with a total area of 13,000 km2 have disappeared since
the 1950s (Pu et al., 1991). Since the 1990s, river dry-up in north
China has attracted more attention, and was considered as one of
the critical ecological problems in China. As river dries up, the river
habitat is completely destroyed and the wetlands related to the
river disappear. The Yellow River dried up in 1972 for the first
time. Annual average dry-up days were 13 in the 1970s. Since then
it has run dry sporadically. As a fitting indicator of the worsening
situation, from 1985 the river has run dry for part of each year.
In 1997, a drought year, the Yellow River failed to reach the sea
for a record of 226 days. Before 1990, the dry-up episodes occurred
mainly in early summer (May, June and July). Since the 1990s, the
river dried up for varying numbers of days in almost every month.
In response to this and related problems, in 2000 the Chinese gov-
ernment launched the ‘South-to-North Water Diversion Project’,
which, together with a better water resources management policy,
to a certain degree alleviated the serious water deficit. After 2000,
zero-flow hydrological events seem to disappear. However, as
Zhang et al. (2010b) pointed out that this does not mean that the
(b)

(d)

River basin. (R is the correlation coefficient and P is the significance level. P-values

http://www.stats.gov.cn/tjsj/ndsj/2008/indexch.htm
http://www.stats.gov.cn/tjsj/ndsj/2008/indexch.htm
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water shortage problems in the Yellow River basin were solved.
Sound water resource management is still urgently needed.

5. Conclusions

In this study, we analyzed the variations of annual streamflow
and relationship between the annual streamflow and precipitation
during 1956–2005 in China with the aim of exploring the changes
in streamflow in nine large river basins and possible causes for de-
cline in streamflow in China. Some interesting conclusions are ob-
tained as follows:

(1) Annual mean streamflow significantly decreased in north
and northwest China, such as Song-Liao River basin, Yellow
River basin, Haihe River basin and the downstream region
in Inland River basin, while increased in upstream region
of Inland River basin, and for rivers in south and Southwest
China during the past 50 years.

(2) Relatively, a good relationship between the annual stream-
flow and precipitation exists in most large river basins
where the trend of streamflow is led by the changes of pre-
cipitation in a large scale, but the change of streamflow is
greater than precipitation in the arid and semi-arid regions
of north China and Inland area.

(3) A comparison of the cumulative annual precipitation and
streamflow curves in nine large river basins in China showed
that cumulative curves of streamflow depart from that of
precipitation curves for north China and the Inland Rivers
since 1970s, meaning that other factors than precipitation
have caused the decline of streamflow. The runoff coefficient
in north basins with heavy human interferences decreased
sharply. There exists a non-stationary relationship between
the annual precipitation and streamflow in north China
and the Inland River basins during the past 50 years.

(4) Significant increasing trend of effective irrigation area (EIA)
and water use is found both in whole China and in Hebei
province. As actual evapotranspiration increases during the
last 50 years for Haihe River, Yellow River and Songliao River
in north China, faster decline in streamflow than precipita-
tion decrease indicates that human activities significantly
influence the relationship between precipitation and runoff.
For inland areas where actual evapotranspiration increases
along with precipitation increase, decline in streamflow of
downstream rivers is primarily caused by human activities
and temperature increase.

Quantitative evaluation of the relationship between streamflow
and irrigation water use as well as other causes for the whole China
is yet to be done when more data are made available. It is worth of
noting that quantifying the causes of the runoff changes at large
scale is both an important and challenging task given the limita-
tions of the availability of data and robustness of methodology.
Furthermore, in order to provide reference results for water re-
sources planning, irrigation scheme designing and operation and
for industrial and domestic water supply, variability of streamflow
and its causes at finer time scale (i.e. seasonal and monthly) need
to be studied, which imposes further challenge on future research.
Nevertheless, this paper sheds light on the relationship between
annual precipitation and streamflow in a large scale, which will
be greatly helpful for better understanding of the decline in
streamflow and underlying causes in China.

Acknowledgements

This paper is financially supported by the Key Project of Chinese
Ministry of Education (No. 308012), National Basic Research
Program of China (973 Program) (No. 2006CB403200), and fully
supported by the National Natural Science Foundation of China
(Nos. 40930635, 40801015 and 50679025). We would like to thank
the National Climate Centre in Beijing for providing valuable cli-
mate datasets. Thanks should be extended to Dr. Xianwu Xue, Dr.
Hui Tao and Dr. Zhicai Zhang for their constructive discussion.
Thanks to the editor and two anonymous reviewers for their con-
structive comments on the earlier manuscript, which lead to a
great improvement of the paper.
References

Becker, S., Hartmann, H., Zhang, Q., Wu, Y., Jiang, T., 2007. Cyclicity analysis of
precipitation regimes in the Yangtze River basin, China. Int. J. Climatol..
doi:10.1002/joc.1572.

Buishand, T.A., 1982. Some methods for testing the homogeneity of rainfall records.
J. Hydrol. 58, 11–27.

Chen, M., 2005. The mixed mechanism in the management of water resources in
China. Chin. J. Popul., Resour. Environ. 3 (4), 3–12.

China Sustainable Development Strategy Report, 2007 – Water: Governance and
Innovation, 2007, 2007. 2007. Science Presses, Beijing, China.

Dong, Y.H., Wang, Z.H., Chen, Z.Y., Yin, D.W., 2009. Centennial fluctuations of flood-
season discharge of upper and middle Yangtze River basin, China (1865–1988):
cause and impact. Front Earth Sci. Chin. 3 (4), 471–479.

Fu, G.B., Chen, S.L., Liu, C.M., et al., 2004. Hydro-climatic trends of the Yellow river
basin for the last 50 years. Clim. Change 65, 149–178.

Gao, G., Chen, D.L., Xu, C.Y, et al., 2007. Trend of estimated actual evapotranspiration
over China during 1960–2002. J. Geophys. Res., 2006 112, D11120. doi:10.1029/
2006JD008010.

Gedney, G., Cox, P.M., Betts, R.A., Boucher, O., Huntingford, C., Stott, P.A., 2006.
Detection of a direct carbon dioxide effect in continental river runoff records.
Nature 439 (16), 835–837.

Hurst, H., 1951. Long term storage capacity of reservoirs. Trans. Am. Soc. Civil Eng.
116, 770–799.

Jian, W., Shuo, L., 2006. Effect of climatic change on snowmelt runoffs in
mountainous regions of Inland Rivers in Northwestern China. Sci. China, Ser.
D Earth Sci. 49 (8), 881–888.

Jiang, T., Su, B.D., Hartmann, H., 2007. Temporal and spatial trends of precipitation
and river flow in the Yangtze River Basin, 1961–2000. Geomorphology 85, 143–
154.

Kendall, M.G., 1975. Rank Correlation Methods. Griffin, London.
Labat, D., Godderis, Y., Probst, J.L., Guyot, J.L., 2004. Evidence for global runoff

increase related to climate warming. Adv. Water Resour. 27, 631–642.
Ma, Z.M., Kang, S.Z., Zhang, L., Tong, L., Su, X.L., 2008. Analysis of impacts of climate

variability and human activity on streamflow for a river basin in arid region of
northwest China. J. Hydrol. 352, 239–249.

Mann, H.B., 1945. Nonparametric tests against trend. Econometrica 13, 245–259.
McGilchrist, C.A., Woodyer, K.D., 1975. Note on a distribution-free CUSUM

technique. Technometrics 17, 321–325.
Meek, T.H., Meek, L.A., 2009. Increasing inequality is already making shortages

worse. Nature 459, 31. doi:10.1038/459031b.
Milly, P.C.D., Dunne, K.A., Vecchia, A.V., 2005. Global pattern of trends in streamflow

and water availability in a changing climate. Nature 438, 347–350.
Milly, P.C.D., Betancourt, J., Falkenmark, M., Hirsch, R.M., Kundzewicz, Z.W.,

Lettenmaier, D.P., Stouffer, R.J., 2008. Stationarity is dead: whither water
management? Science 319, 573–574.

Ministry of Water Resources of PR China (MWR), 2004. General Introduction of
Rivers in China. <http://www.mwr.gov.cn>.

Peterson, A.T., Navarro-Sigüenza, A.G., Benítez-Díaz, H., 1998. The need for
continued scientific collecting: a geographic analysis of Mexican bird
specimens. Ibis 140, 288–294.

Piao, S.L., Ciais, P., Huang, Yao., et al., 2010. The impacts of climate change on water
resources and agriculture in China. Nature 467 (2), 43–51.

Probst, J.L., Tardy, Y., 1987. Long range stream-flow and world continental runoff
fluctuations since the beginning of this century. J. Hydrol. 94, 289–311.

Pu, P.M., Tu, Q.Y., Wang, S.M., 1991. Progress of limnology in China. Chin. J. Oceanol.
9 (3), 193–206.

Ren, L.L., Wang, M.R., Li, C.H., Zhang, W., 2002. Impacts of human activity on river
runoff in the northern area of China. J. Hydrol. 261 (1–4), 204–217.

Shiklomanov, I.A., 2000. Appraisal and assessment of world water resources. Water
Int. 25, 11–32.

Sneyers, R., 1990. On the Statistical Analysis of Series of Observations. WMO
Technical Note 143. WMO No. 415, TP-103, Geneva, World Meteorological
Organization, p. 192.

Storch, V.H., 1995. Misuses of statistical analysis is climate research. In: Storch, V.H.,
Navarra, A. (Eds.), Analysis of Climate Variability: Applications of Statistical
Techniques. Springer-Verlag, Berlin, pp. 11–26.

Wang, S.D., Wang, Y.G., Wang, J., Mao, W.Y., Shen, Y.P., 2003. Change of climate and
hydrology in the Tarim River basin during past 40 years and their impact. J.
Glaciol. Geocryol. 25 (3), 315–320.

Xu, C.-Y., 2001. Statistical analysis of a conceptual water balance model,
methodology and case study. Water Resour. Manage. 15, 75–92.

http://dx.doi.org/10.1002/joc.1572
http://dx.doi.org/10.1029/2006JD008010
http://dx.doi.org/10.1029/2006JD008010
http://dx.doi.org/10.1038/459031b
http://www.mwr.gov.cn


Z. Zhang et al. / Journal of Hydrology 409 (2011) 81–93 93
Yang, Y.H., Tian, F., 2009. Abrupt change of runoff and its major driving factors in
Haihe river catchment, China. J. Hydrol. 374, 373–383.

Yu, J.J., Wu, K., 2009. Past and perspective of agricultural water supply in
the North China. Resour. Sci. 31 (9), 1493–1497 (in Chinese with English
abstract).

Yue, S., Wang, C.Y., 2002. Applicability of prewhitening to eliminate the influence of
serial correlation on the Mann–Kendall test. Water Resour. Res. 38 (6), 1068.
doi:10.1029/2001WR000861.

Yue, S., Pilon, P., Cavadias, G., 2002. Power of the Mann–Kendall test and the
Spearman’s rho test for detecting monotonic trends in hydrological time series.
J. Hydrol. 259, 254–271.

Zhang, X.B., Harvey, K.D., Hogg, W.D., Yuzyk, T.R., 2001. Trends in Canadian
streamflow. Water Resour. Res. 37 (4), 987–998.

Zhang, X., Pei, D., Chen, S., Sun, H., Yang, Y., 2006. Performance of double-cropped
winter-summer maize under minimum irrigation in the North China Plain.
Agron. J. 98 (6), 1620–1626.
Zhang, J.Y., Zhang, S.L., Wang, J.X., Li, Y., 2007. Study on runoff trends of the six
larger basins in China over the past 50 years. Adv. Water Sci. 18 (2), 230–234 (in
Chinese).

Zhang, Q., Chen, G.Y., Su, B.D., et al., 2008. Periodicity of sediment load and runoff in
the Yangtze River basin and possible impacts of climatic changes and human
activities. J. Hydrol. Sci. 53 (2), 457–465.

Zhang, Z.X., Zhang, Q., Xu, C.Y., Liu, C.L., Jiang, T., 2009. Atmospheric moisture
budget and floods in the Yangtze River Basin, China. Theor. Appl. Climatol. 95,
331–340.

Zhang, Z.X., Zhang, Q., Chen, X., et al., 2010a. Statistical properties of moisture
transport in East Asia and their impacts on wetness/dryness variations in North
China. Theor. Appl. Climatol.. doi:10.1007/s00704-010-0346-z.

Zhang, Q., Xu, C.-Y, Yang, T., Hao, Z.-C., 2010b. The historical evolution and
anthropogenic influences on the Yellow River from ancient to modern times. In:
Tvedt Terje, Coopey Richard (Eds.), A History of Water, Series II, vol. 2: Rivers
and Society From the Birth of Agriculture to Modern Times, pp. 142–162.

http://dx.doi.org/10.1029/2001WR000861
http://dx.doi.org/10.1007/s00704-010-0346-z

	Evaluating the non-stationary relationship between precipitation and streamflow  in nine major basins of China during the past 50years
	1 Introduction
	2 Data and methods
	2.1 Study area and data
	2.2 Methods

	3 Results
	3.1 Trends of annual mean streamflow in nine large river basins in China
	3.2 The relationship between the annual streamflow and precipitation
	3.3 Human influences on streamflow – precipitation relationship

	4 Discussions
	5 Conclusions
	Acknowledgements
	References


