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The runoff change in Weihe River is significantly decreasing with the climate change and the huge increasing of human activities.
The analysis of the variation changes of runoff would provide scientific understanding of Weihe River basin and similar basins.
Mann-Kendall method is used to detect the variation changes of annual and seasonal runoff of 1919–2011 at the outlet station, that
is, Huaxian station, in the mainstream of Weihe River. The results show that the runoff variation point is 1990, and there were
significant changes in trends and periodicals, corroborated by wavelet variance analysis, Kendall’s rank tests, and trends persistence
test, in annual, seasonal, and monthly runoff at the variation point of 1990. Attribution analysis indicates that the primary drivers
of the shift in runoff variation were human activities rather than climate change, as water consumption (particularly groundwater
consumption) increased sharply in the 1990s.

1. Introduction

In recent decades, there are significantly changes in climate,
such as temperature, precipitation, and hydrology as runoff,
flood and drought. Runoff volumes in a catchment are
influenced by numerous factors, like climatic variables (par-
ticularly precipitation), human activities, subsurface drainage
patterns, and various other geographical and hydrological
variables [1–3]. With the changing of the factors, runoff
changes significantly. Many aspects of the Earth’s climate
system have changed abruptly and further variations are
predicted [4, 5]. Runoff in catchments of various regions is
changing [6]. Notably, the runoff is declining in catchments
of the Haihe River [7], Yellow River [8], Liaohe River, and
Yangtze River [9].

The sequential Mann-Kendall test is a statistical test that
has been used (e.g., [1, 7]) in detecting variation changes in
runoff volumes and many other variables. This test, initially
developed by Mann [10] and modified by Kendall [11], is
straightforward, robust, and can handle both missing values
and values below detection limits [12–14]. It is recommended
as a standard method for detecting variation changes in seri-
ally independent hydrological data [15, 16]. Using the Mann-
Kendall method, Yang and Tian [7] found that variations
in runoff in the Haihe River basin occurred in the period

of 1978–1985. Zhang et al. [17] found that the sediment and
runoff in Yangtze River basin have a significant change in
1980s.

In this paper, the variation in Weihe River is analyzed
using the sequential Mann-Kendall test method. It examines
both seasonal and annual trends, using data obtained from
the Huaxian hydrological station. A variation at around 1990
is then corroborated by wavelet variance analysis, which is
used to detect changes in runoff periodicity [18–22], Kendall’s
rank test (a nonparametric method for detecting or testing
trends), and rescaled range analysis (a nonlinear technique
for evaluating the persistence of apparent trends), which are
widely used in hydrology (e.g., [23–28]). Finally, we explore
the probable causes of the shift in runoff by the analysis of
attribution [29], focusing on the factors that contribute to
reductions in precipitation and increases in human water
consumption in the Weihe River catchment.

2. Methodology

The sequential Mann-Kendall test [10, 30] is used to detect
variation changes in runoff (annual, seasonal, and monthly)
from 1919 to 2011 at the Huaxian hydrological station. In
this test, the null hypothesis is that a series of observations
of a variable 𝜏

𝑖
(where 𝑖 = 1, . . . , 𝑛) are independent and
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Figure 1: Map of the River Wei Basin.

identically distributed.The alternative hypothesis is that there
is a monotonic trend in 𝜏

𝑖
. The Mann-Kendall test statistic,

𝐷
𝜏
, is calculated here using the following model:

𝐷
𝜏
=

𝜏

∑

𝑖=1

𝑅
𝑖 (
𝜏 = 2, 3, . . . , 𝑖) , (1)

where

𝑅
𝑖
= {

+1, 𝑥
𝑖
> 𝑥
𝑗

0, 𝑥
𝑖
≤ 𝑥
𝑗

(𝑗 = 1, 2, . . . , 𝑖) (2)

𝑅
𝑖
is normally distributed with a mean and variance given by

(3) and (4), respectively:

𝐸 (𝐷
𝜏
) =

𝜏 (𝜏 − 1)

4

, (3)

𝑉 (𝐷
𝜏
) =

𝜏 (𝜏 − 1) (2𝜏 + 5)

72

. (4)

Sequential values of a statistic, 𝑈𝐹
𝜏
(for which 𝑈𝐹

1
= 0),

are now calculated from

𝑈𝐹
𝜏
=





𝐷
𝜏
− 𝐸 (𝐷

𝜏
)





√𝑉 (𝐷
𝜏
)

. (5)

The data series is then reversed, and values corresponding
to 𝑈𝐹

𝜏
(𝑈𝐵
𝜏
= −𝑈𝐹

𝜏
; 𝜏 = 𝑛, 𝑛 − 1, . . . , 1 and 𝑈𝐵

1
= 0) are

calculated.

If the two sequences are accepted at a defined probability
level, 𝛼, then |𝑈𝐹

𝜏
| < 𝑈𝐹

1−𝛼/2
, where 𝑈𝐹

1−𝛼/2
is the critical

value of a standard normal distribution for a probability
exceeding 𝛼/2.

A positive 𝑈𝐹
𝜏
or 𝑈𝐵

𝜏
value indicates an upward trend,

and negative values indicate a downward trend in variable
𝜏 with time. Further, if 𝑈𝐹

𝜏
or 𝑈𝐵

𝜏
> 𝑈𝐹

1−𝛼/2
there is

a significant upward trend, while 𝑈𝐹
𝜏
or 𝑈𝐵

𝜏
< 𝑈𝐹

1−𝛼/2

indicates a significant downward trend.
In this study, 𝛼 is set at 𝑃 < 0.05. The sequential Mann-

Kendall test enables detection of the approximate time of
changes in trends from intersections of the forward and
backward curves of the test statistic. If the intersection point
is significant at 𝛼 = 0.05, then the critical point of change is
at that point [31]. Hence, the Mann-Kendall test provides an
efficient method for pinpointing the starting times of trends
[7].

3. Study Area and Data

3.1. Study Area. TheWeihe River rises in the Niaoshu hill, in
Gansu province, and flows into the Yellow River in Shaanxi
province. Its catchment covers 132 million km2 (107∘39–
108∘37 E to 33∘42–34∘14N; Figure 1), and the mean annual
streamflow amounted to 7.53 billion m3 (equivalent to an
annual runoffdepth of 572mm/year) from 1951 to 2011.Huax-
ian station (34∘35 E, 109∘42N) is an important hydrological
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Figure 2: Annual runoff volumes in theWeihe River at the Huaxian
hydrological station from 1919 to 2011.
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Figure 3: Estimated annual precipitation in the Weihe River basin
from 1956 to 2011.

station, which monitors the flow from 105.3 million km2 of
the catchment, that is, 81% of the total Weihe River basin
area. It was established in 1919 and is the closest station to the
confluence with the Yellow River. Mean annual streamflow
is approximately 7.14 billion m3 from 1951 to 2011, and mean
annual precipitation is 512mm. However, the streamflow is
distinctly seasonal and substantially higher in the period
from July to October than in the following period from
November to June of the next year.

3.2. Data. Monthly mainstream runoff data collected at
Huaxian hydrological station from January 1919 to December
2011 (Figure 2) were obtained from the records. Monthly
precipitation data from January 1956 to December 2011,
collected from 18 monitoring stations in the Weihe River
basin, were obtained from the Chinese meteorological data
sharing system. Locations of theHuaxian hydrological station
and rain gauging stations are shown in Figure 1 and Table 1.
The annual areal precipitation ofWeihe River basin (Figure 3)
was calculated from the area-weighted monthly precipitation
data collected at the 18 rain gauging stations.

4. Results and Discussion

4.1. Annual Runoff Test. The sequential Mann-Kendall test
is used to diagnose the variations in annual, seasonal, and
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Figure 4: Mann-Kendall test statistics (𝑈𝐹 and 𝑈𝐵 values) calcu-
lated from annual runoff data at the Huaxian station.

monthly runoff data obtained from the Huaxian station for
the sequence from 1919 to 2011. Values of𝑈𝐹 and𝑈𝐵 sequence
calculated from the annual runoff data show that runoff in
theWeihe River basin significantly declined during the study
period. The point of intersection of the 𝑈𝐹 and 𝑈𝐵 curves
indicates that the variation of annual runoff began in 1990
(Figure 4), that of spring runoff (1 March–31 May) began in
1999, that of summer runoff (1 June–31 August) began in 1990,
that of autumn runoff (1 September–31 November) began in
1989, that of winter runoff (1 December–28 January) began
in 1977, that of wet season runoff (1 July–31 October) began
in 1990, and that of dry season runoff (without wet season in
a year) began in 1991 (Figure 5). Figures 4 and 5 show that
annual runoff trend is similar to autumn wet and dry season.
So, according to the results, 1990 is chosen as variation of the
whole catchment. The result is similar to that of the previous
study in the same area. Bai and Zhang [32] found that there
are variation points in 1990s by using the rank sum test.

4.2. Basic Law Changes at Variation Point

4.2.1. Mean Changes. Aiming to verify the variation changes,
mean change is an important factor. As the sequential Mann-
Kendall test results show, 1990 is the year of the variation
beginning time, so 1990 is chosen as a demarcation point.The
sequence was divided into two parts, one is the former (1919–
1989) and another is the latter (1990–2011). The identified
time of the variation in the annual runoff is verified by a
marked difference in mean values in the periods before and
after it, which amounted to 8.74 billion m3 before 1990 and
4.67 billion m3 from 1990 to 2011, a decrease of 41%.

In order to analyze the seasonal variation changes in
runoff in more detail, the time series can be divided into
five periods: 1919–1969 (selected as a baseline), 1970–1979,
1980–1989, 1990–1999, and 2000–2011. Runoff values for each
month during each of the periods are shown in Table 2. The
data clearly show that the flowdeclined relative to the baseline
period in all subsequent periods, particularly in 1990–1999
and 2000–2011, when the runoff volumes were lower than
50% compared to the baseline volumes in seven months.
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Table 1: Locations of the 18 rain gauging stations that provided the precipitation data examined in this study.

Station no. Station name Province Latitude (N) Longitude (E) Elevation (m)
52986 Lintao Gansu 35/21 103/51 1893.8
52996 Huajialing Gansu 35/23 105/00 2450.6
53817 Guyuan Ningxia 36/00 106/16 1753.0
53821 Huanxian Gansu 36/35 107/18 1255.6
53903 Xiji Ningxia 35/58 105/43 1916.5
53915 Pingliang Gansu 35/33 106/40 1346.6
53923 Xifengzhen Gansu 35/44 107/38 1421.0
53929 Changwu Shaanxi 35/12 107/48 1206.5
53947 Tongchuan Shaanxi 35/05 109/04 978.9
56093 Minxian Gansu 34/26 104/01 2315.0
57006 Tianshui Gansu 34/35 105/45 1141.7
57016 Baoji Shaanxi 34/21 107/08 612.4
57034 Wugong Shaanxi 34/15 108/13 447.8
57036 Xi’an Shaanxi 34/18 108/56 397.5
57046 Huashan Shaanxi 34/29 110/05 2064.9
57134 Foping Shaanxi 33/31 107/59 827.2
57144 Zhen’an Shaanxi 33/26 109/09 693.7
57143 Shangzhou Shaanxi 33/52 109/58 742.2

Table 2: Monthly runoff volumes during the five subperiods (108 m3) and changes relative to baseline (1919–1969) values.

Year 1919–1969 1970–1979 1980–1989 1990–1999 2000–2011

Month Mean Mean Mean
change

Percent
change Mean Mean

change
Percent
change Mean Mean

change
Percent
change Mean/108 m3/s Mean

change
Percent
change

January 2.36 1.21 −1.16 −48.9% 1.52 −0.85 −35.8% 1.06 −1.30 −55.1% 1.54 −0.82 −34.8%
February 2.37 1.39 −0.97 −41.1% 1.61 −0.76 −32.0% 1.18 −1.19 −50.2% 1.37 −1.00 −42.3%
March 3.28 1.78 −1.50 −45.8% 2.04 −1.23 −37.6% 2.07 −1.21 −36.9% 1.50 −1.77 −54.1%
April 4.53 3.17 −1.36 −29.9% 3.62 −0.91 −20.1% 3.32 −1.21 −26.8% 1.79 −2.74 −60.6%
May 5.66 5.26 −0.40 −7.0% 5.86 0.20 3.6% 4.12 −1.54 −27.1% 2.39 −3.26 −57.7%
June 5.09 2.38 −2.71 −53.2% 6.25 1.16 22.9% 4.05 −1.04 −20.4% 2.33 −2.76 −54.2%
July 12.17 7.21 −4.95 −40.7% 11.58 −0.58 −4.8% 7.57 −4.59 −37.7% 4.11 −8.06 −66.3%
August 13.74 7.37 −6.37 −46.3% 13.11 −0.63 −4.6% 6.64 −7.09 −51.6% 7.10 −6.63 −48.3%
September 14.15 12.73 −1.42 −10.0% 15.89 1.73 12.3% 5.36 −8.79 −62.1% 10.58 −3.57 −25.3%
October 10.73 10.65 −0.08 −0.7% 10.67 −0.06 −0.6% 4.63 −6.11 −56.9% 10.17 −0.57 −5.3%
November 5.62 4.69 −0.93 −16.6% 5.14 −0.48 −8.5% 2.77 −2.85 −50.6% 4.12 −1.50 −26.6%
December 3.10 1.63 −1.47 −47.5% 1.87 −1.23 −39.6% 1.01 −2.09 −67.3% 2.23 −0.87 −28.0%

The most pronounced decline was during July in the most
recent period (2000–2011), when the mean runoff volume
was just 0.411 billion m3, compared to the baseline volume of
1.217 billion m3, a drop of 66.3%. In the second period (1970–
1979), there is only one percent volumes above 50%, and 6 are
before 40%, the high percent shows that it has an obviously
change in the period. The main reason for the significant
decline of runoff volumes is that there is a huge numbers
of human activities happened in the periods. These findings
confirm that the runoff variation changed substantially in the
1990s.

4.2.2. Periodicity Changes. Wavelet variance analysis is one of
several methods based on wavelet functions that have been

developed and applied to detect changes in the periodicity
of cycles of the data collected from hydrological system [18–
22]. Application of this method, using equations presented
by, clearly show that there were substantial reductions in
annual runoff, the periodicity of two sequences. One is before
variation point (1919–1989), and the other is after (1919–2011).
Figure 6 shows that the before sequence has 18 and 37 years
period and the after sequence has 7, 17, and 45 years. Because
of the dramatically change after variation, the total has a
short period. These results further corroborate the variation
in runoff trends detected at around 1990.

4.2.3. Trends and Persistence Changes. As mentioned in the
introduction, Kendall’s rank test is a nonparametric method
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Figure 5: Mann-Kendall test statistics (𝑈𝐹 and 𝑈𝐵 values) calculated from seasonal runoff data at the Huaxian station.

for detecting or testing trends, and rescaled range analysis
is a nonlinear technique for evaluating the persistence of
apparent trends, both of which are widely used in hydrology
(e.g., [23–28]). Application of Kendall’s rank test to explore
further the trend changes clearly shows that therewas a highly
significant (𝑃 < 0.001) decline in runoff during the entire
study period from 1919 to 2011, although there was a slight
(nonsignificant) increase in the years before 1989 (Table 3).
Furthermore,Hurst values [23], obtained from rescaled range
analysis (𝑅/𝑆), for the former series 1919∼1989, have a slight
(nonsignificant) increase, and positive persistence. Because
of the dramatical change after the variation, the total trend
is decline, but after the variation is increase. They all have
positive persistence, but the total one is smaller.

4.2.4. Hydrological Parameters Changes. Key parameters for
assessing changes in river runoff are the coefficient of varia-
tion (Cv) and skewness (Cs). Changes in these hydrological
parameters during the study period are shown in Table 4.
The data show that Cv slightly increased from 0.405 to 0.456

Table 3: Results of runoff trend and persistence tests of 1919–1989
and 1990–2011 (throughout the study period).

1919–1989 1919–2011

Trends 0.442 −2.828
Insignificantly upward Significantly downward

Persistence 0.978 0.762
Positive Positive

Table 4: Coefficients of variation (Cv) and skewness (Cs) of annual
runoff volumes of 1919–1989, 1919–2011 (the whole study period).

1919–1989 1919–2011
Cv 0.405 0.456
Cs 0.802 0.841

between 1919–1989 and 1919–2011, while Cs significantly fell
from 0.802 to 0.841, further corroborating the significant
variation change that occurred around 1990.
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Figure 6: Results of the wavelet variance analysis for runoff periodicity in 1919–1989 and 1919–2011.

Table 5: Changes in mean precipitation (mm) and runoff (108 m3) in the five periods from 1956 to 2011.

Period Mean
precipitation

Mean
change

Percent
change Mean runoff /(108 m3/s) Mean change Percent change Specific value/108 m3 Rate changes

1956–1969 594.48 93.95
1970–1979 553.8 −40.67 −6.80% 59.41 −40.67 −43.30% 6.33
1980–1989 576.09 −18.39 −3.10% 79.15 −14.8 −15.80% 5.09 0.19
1990–1999 509.46 −85.02 −14.30% 43.73 −50.22 −53.50% 3.74 0.41
2000–2011 530.83 −63.65 −10.70% 49.23 −44.72 −47.60% 4.45 0.3

Table 6: Changes in mean precipitation (mm) and runoff (108 m3) from 1956–1989 to 1990–2011.

Period Mean precipitation Mean change Percent change Mean runoff Specific value /108 m3 Rate of migration
1956–1989 506.02 69.04
1990–2011 521.11 15.10 3.0% 46.73 −22.31 −32.3%

4.3. Attribution Analysis. In recent years, there are a lot
of studies focusing on the driving factors in hydrological
research [33–36]. Climate change and human activities are
considered as the main factors driving runoff decline in most
of river basins [6, 7]. In order to evaluate the contribution
of these drivers to the changes in runoff in the Weihe River
during the study period, the time series is divided into five
periods 1956–1969 (baseline), 1970–1979, 1980–1989, 1990–
1999, and 2000–2011.

(1) Contributions of Precipitation. Climate change has an
important impact on runoff change [37, 38]. To assess the
contribution of precipitation to the shift in runoff trends,
changes of precipitation from baseline (1956–1969) values
during subsequent periods are compared to changes of runoff
(Table 5). There was a marked decline in both runoff at
the Huaxian station and precipitation in the Weihe River
basin. However, the relationships differ that precipitation was
6.80%, 3.10%, 14.30%, and 10.70% lower in the following

periods, while the falls in runoff were 43.30%, 15.80%, 53.50,
and 47.60%, respectively.

The precipitation and runoff values for the periods before
and after the identified variation of 1990 are presented in
Table 6. Precipitation in the catchment at the Huaxian station
slightly increased, by 3.0%, in the latter period, but runoff
volumes fell by 32.3%, confirming the substantial divergence
between changes in precipitation and runoff before and after
1990.

(2) Human Water Consumption. Human water consumption
in the Weihe River basin significantly increased in the 1990s,
especially industrial and domestic water consumption, with
rapid increases in groundwater consumption [39]. Total
annual consumption increased by 56% from 2.793 billion m3
(2,383 million m3 of surface water and 410 million m3 of
groundwater) before 1990s to 4.263 billion m3 (2.05 billion
m3 of surface water and 2.213 billion m3 of groundwater)
after 1990s. The increase in water consumption, mainly due
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to a massive rise in exploitation of groundwater, closely
correlates with the decrease in runoff carried by the Weihe
River (Table 6). Soil and water conservation have an obvi-
ously increased, the mean annual runoff have an significantly
increased, which is from 116 million m3 (before 10 1990s)
upto 300 million m3 (after 1990s). The results clearly indicate
that the decline in runoff in the Weihe River basin has been
largely driven by human activities rather than climate change,
as Yang and Tian [7] found in the Haihe River catchment.

5. Conclusion

The results obtained by applying the sequential Mann-
Kendall test to a long series of runoff data (1919–2011) col-
lected at the Huaxian station in the Weihe River in the Loess
Plateau show that variations occurred in annual, seasonal,
and monthly runoff volumes around 1990. This finding is
strongly corroborated by the results of wavelet variance
analysis, Kendall’s rank tests, trend persistence tests, and
shifts in skewness coefficients. Attribution analysis indicates
that the primary drivers of the shift in runoff volumes
were human activities rather than climate change, because
water consumption increased sharply in the 1990s but not
precipitation.
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