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Climate changes and underlying surface of the watershed have affected the evolution of
streamflow to a different degree. It is of great significance to quantitatively evaluate main
drivers of streamflow change for development, utilization, and planning management of
water resources. In this study, the Huangshui River basin, a typical basin of the Qinghai-
Tibetan Plateau, China, was chosen as the research area. Huangshui is the largest first-
class tributary in the upstream of the Yellow River. Based on the Budyko hypothesis,
streamflow and meteorological datasets from 1958 to 2017 were used to quantitatively
assess the relative contributions of changes in climate and watershed characteristics to
streamflow change in research area. The results show that the streamflow of Huangshui
River basin shows an insignificant decreasing trend; the sensitivity coefficients of
streamflow to precipitation, potential evapotranspiration, and watershed characteristic
parameter are 0.5502, −0.1055, and −183.2007, respectively. That is, 1 unit increase in
precipitation would induce an increase of 0.5502 units in streamflow, and 1 unit increase in
potential evapotranspiration would induce a decrease of 0.1055 units in streamflow, and
an increase of 1 unit in the watershed characteristic coefficient would induce a decrease of
183.2007 units in streamflow. The streamflow decreased by 20.48 mm (13.59%) during
the change period (1994–2017) compared with that during the reference period
(1958–1993), which can be attributed to watershed characteristic changes (accounting
for 73.64%) and climate change (accounting for 24.48%). Watershed characteristic
changes exert a dominant influence upon the reduction of streamflow in the
Huangshui River basin.
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INTRODUCTION

As a significant part of the hydrological process, streamflow in
many basins of the world is experiencing a decreasing trend,
which is particularly evident in the Haihe River, Huaihe River,
Songhuajiang River, Liaohe River, and Hanjiang River of China,
and streamflow variability is generally influenced by climate
change and anthropogenic activities (Wang et al., 2013; Zhang
et al., 2015; Kong et al., 2016). Climate changes, such as
precipitation and potential evaporation changes caused by
increasing temperature, may have a crucial impact on
streamflow (Huo et al., 2008). Human activities, including
irrigation, land use changes, reservoir, and other hydraulic
engineering, can result in significant hydrological alterations.
Previous studies showed human activities are the primary
driving factor of streamflow variability (Wang et al., 2012;
Zhan et al., 2013). Due to the increases in human activities
caused by rapid growth of economy and population in lots of
places, the demand for water resources has been increased sharply
over the past decades, and the decreasing trend of streamflow will
continue (Velpuri and Senay, 2013). Situations of water shortage
recorded have increased rapidly around the world. Recently,
extreme hydrological events including floods, drought, and
heavy rainfall have been reported more frequently in a
changing environment (Thompson, 2012; Zhao et al., 2019).
Understanding the evolution of streamflow and quantifying
the individual impacts of climate change and human activities
on streamflow are crucial to managers and policy-makers for
sustainable water resources/basin management. Simultaneously,
they are essential for the sustainable use of water resources and
development of regional economics.

Researchers initially analyze components, annual and inter-
annual changes of streamflow, and the correlations with climatic
factors (Li and Tang, 1981; You, 1995). With the strengthening of
human activities, researchers gradually consider the impact of
human activities to streamflow, but it is limited to qualitative
explanation (Tang, 1995; Xu, 1995; Wang et al., 2021). The
sensitivity analysis of climate on streamflow is reported more
frequently recently, and generally the sensitivity coefficient of
streamflow to precipitation is greater than potential evaporation
in many regions (Wang and Yu, 2015). Latest studies focus on
quantitative assessments of runoff changes, including climate
change and human activities/land use changes, and indicate
that human activities are the dominant factor for runoff
variability in most of the world’s rivers (Wang et al., 2012;
Wang et al., 2013; Lv et al., 2019; Hu et al., 2020; Liu, 2020).
Vegetation condition is the most representative factor of human
activities in some areas, such as the Loess Plateau of China, the
effect of vegetation was deeply conducted (Zhao et al., 2010; Li
et al., 2019; Sun et al., 2020). However, the sensitivity analyses of
streamflow to climatic and no-climatic factors are still rare in
present studies.

In order to assess the hydrological response in a changing
environment, over the past years, two primary methods have been
applied to separate the effects of climate change and human
activities on streamflow variability: hydrologic model and
statistical methods. Hydrological models, such as SWAT model

(Zhang et al., 2012), Xinanjiang model (Jiang et al., 2007), and
GBHM model (Xu et al., 2013), are very useful to investigate
streamflow evolution, and the models require numbers of high-
quality recorded datasets as the input in order to ensure accuracy.
Simultaneously, the modeling results have some uncertainties
caused by the shortcomings from model structure, parameters,
and scale problem. By contrast, statistical methods, including
the cumulative anomaly curve method (Ran et al., 2010) and
time trend method (Wei and Zhang, 2010), are comparatively
simple, but lack a clear physical mechanism and so
provide generalized relationships. In addition, catchment
experiments also are powerful tools for assessing the impact of
vegetation on the water balance (Costa et al., 2003);
nevertheless, they are applied to small catchments due to the
limiting conditions.

Numerous methods have been proposed to study the
hydrological cycle process, and among them, hydrological
modeling method has been widely used in different regions of
the world. However, as these process-based models are complex
combinations of scientific hypotheses, their results are highly
dependent on the embedded hypotheses and often vary greatly
among models (Beer et al., 2010; Yang et al., 2015). Additionally,
they also require major efforts on model calibration and have
uncertainties in the structure and parameters of the model (Wang
and Yu, 2015). The advantage of using the Budyko framework lies
in its ability to analytically separate the impacts of mean climate
conditions and catchment properties on hydrological partitioning
(Roderick & Farquhar, 2011; Wang & Hejazi, 2011; Liu and
McVicar, 2012; Xu et al., 2014; Liang et al., 2015).

The Budyko framework demonstrates the long-term physical
distribution between precipitation, evaporation, and streamflow.
Due to the efforts and contributions of subsequent researchers,
the original Budyko equation (Budyko, 1974) has developed into
many forms, such as Fu (1981), Mezentsev–Choudhury–Yang
(Mezentsev, 1955; Choudhury, 1999; Zhang et al., 2001; Yang
et al., 2008; Wang and Tang, 2014), which all have one parameter
(ω) related to the characteristics of watershed (e.g., soils,
topography, vegetation, and land use types). Among the above
equations, Fu equation is considered to be the most widely
concerned and applied equation in the world. The parameter
(ω) can be calculated according to the method in literature (Lv
et al., 2019). Additionally, based on the Budyko framework, the
climate sensitivity method initially proposed by Schaake (1990),
which is very similar to other sensitivity (Milly and Dunne, 2002),
has been also adopted to estimate the effects of climate change
with continuous extension and improvement (Fu et al., 2007).
Researchers believe that the sensitivity method is more credible
than other statistical methods because of including basic physical
processes. Over the last studies, the climate elasticity approach
has been widely used to investigate climate- and human-induced
streamflow variability and furthermore analyze the major driving
factor of change (Ma et al., 2010).

The Huangshui River basin is the important water-producing
area of the upper catchment of the Yellow River, and streamflow
in this region has showed a reducing trend recently (Huo et al.,
2008). However, quantitatively assessing the sensitivities and
relative contributions of streamflow to different factors
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(climatic and no-climatic factors) for the whole basin have not
been reported. The major purposes of this study are to 1) explore
the temporal trends and change point of annual streamflow; 2)
obtain the sensitivity coefficients of streamflow to precipitation,
potential evaporation, and watershed characteristic; and 3)
quantitatively separate the impacts of climate change and
watershed characteristic change to streamflow changes in the
Huangshui River basin.

STUDY AREA

The Huangshui River is the largest first-level tributary on the left
bank of the upper Yellow River (Figure 1), which primarily
includes the main stream and the tributary Datong River. Its main
river length is 374 km, and the drainage area of the catchments is
32863 km2 (36°02′–38°20′N, 98°54′–103°24′E). The Huangshui
River basin is located in the transitional zone between the
Qinghai-Tibetan Plateau and the Loess Plateau. The whole
basin is shaped like leaves, narrow in the east and wide in the
west. The topography of the basin is high in the northwest and
low in the southeast. The basin is at an altitude of 1500–5200 m
and belongs to a continental climate; alpine and drought are the
climatic characteristics of this area, and the basin is one of the

regions which is frequently influenced by East Asian Monsoon,
South AsianMonsoon, and Plateau Monsoon. The average mean
temperature is 0.6–7.9°C, the average maximum temperature is
34.7°C, the average minimum temperature is −32.6°C, the
average mean evaporation is 800–1500 mm, and the average
mean precipitation is 300–500 mm. The precipitation shows
obvious season variation, and more than 70% occurs between
June and September due to the southeast monsoon from the
Bay of Bengal. The annual runoff is about 44.5 billion m3,
which mainly comes from the mixed supplies of snowmelt and
precipitation. The soil and vegetation are significantly
different in different regions of the basin due to the
comprehensive influence of terrain, altitude, climate, and
soil parent material. The main soil-forming parent materials
are the tertiary red soil and the quaternary loess.

RESEARCH METHODS

The Budyko Hypothesis
Budyko (1974) believed that on a long time, the actual
evapotranspiration of the basin was determined by a balance
between the land surface water supply conditions (precipitation)
and atmospheric evaporation requirements (net radiation or

FIGURE 1 | Location of the Huangshui River basin and hydrological and meteorological stations.
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potential evapotranspiration) and put forward the general form of
a balanced relationship:

E

P
� f(E0 / P), (1)

where E is the actual evapotranspiration (mm); P is the mean
annual precipitation (mm); E0 is the mean annual potential
evapotranspiration (mm).

Following the Budyko hypothesis, according to the physical
meaning of watershed hydrometeorology, Baopu Fu (1981)
analyzed and deduced the form of Budyko hypothesis curve
and provided another form of analytical expression:

E

P
� 1 + E0

P
− [1 + (E0

P
)ω]1/ω

, (2)

where ω is a non-dimensional parameter of the watershed
underlying characteristic, which is related to the land use, soil,
vegetation, topography, and other characteristics.

Therefore, taking the underlying surface factors of the
watershed, Budyko hypothesis was developed into a new form
of expression:

E

P
� f(E0

P
,ω) (3)

Sensitivity Analysis of Influencing Factors of Water
Watershed Runoff
Based on the water balance equation (P � E +Q) for a long period,
combined with Eq. 2, there is

Q � [Pω + Eω
0 ]1/ω − E0. (4)

Based on the definition of the sensitivity coefficient, combined
with Eq. 4, the calculation formulas of sensitivity coefficients ofQ
to P, E0, ω can be obtained as follows:

zQ

zP
� [1 + (E0

P
)ω](1/ω−1)

(5)

zQ

zE0
� [1 + ( P

E0
)ω](1/ω−1)

− 1 (6)

zQ

zω
� [Pω + Eω

0 ] · [(− 1
ω2

) · ln(Pω + Eω
0 ) + 1

ω
· 1
Pω + Eω

0

·

(lnP · Pω + lnE0 · Eω
0 )],

(7)

where ω is calculated using the least squares method.

Estimating the Contribution of Climate and Watershed
Characteristic Variabilities to Streamflow
Perturbations in precipitation, potential evaporation, and
watershed characteristic will result in changes of water balances.
Therefore, it can be suggested that the mean annual streamflow
change was caused by climate and watershed characteristic
variabilities, and this can be expressed as the following:

ΔQclimate � zQ

zP
· ΔP + zQ

zE0
· ΔE0 (8)

ΔQwatershed � zQ

zω
· Δω (9)

ΔQ � Q2 − Q1, (10)

where ΔP, ΔE0, and Δω denote changes in streamflow, potential
evaporation, and watershed characteristic, respectively; Q1, Q1

denote mean annual streamflow in the reference and change
period, respectively.

Therefore, the contribution rates of climate and watershed
characteristic variabilities can be determined in the following
expression:

Iclimate � ΔQclimate

ΔQ × 100% (11)

Iwatershed � ΔQwatershed

ΔQ × 100% (12)

The Mann–Kendall Test
1) The Mann–Kendall trend test

The Mann–Kendall trend test, recommended by the World
Meteorological Organization and widely used to detect varying
trends in hydro-climatic time series (Wang and Yu, 2015), is
adopted in this study. The test statistics is as follows:

Z �

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

S − 1������
Var(S)√ , S> 0

0, S � 0

S + 1������
Var(S)√ , S< 0

, (13)

where

S � ∑n−1
i�1

∑n
j�i+1

sgn(xj − xi) (14)

sgn(xj − xi) � ⎧⎪⎨⎪⎩
+1, xj >xi

0, xj � xi

−1, xj < xi

(15)

Var(S) � n(n − 1)(2n + 5)
18

, (16)

where xi and xj denote two simple variables from a time series
data (x1, x2, x3 . . . , xn); n is the data size; Z and S stand for a test
statistic, respectively.

Under the significance level of α, the null hypothesis of no
trend is rejected if |Z| > Z(1-α/2), where Z(1-α/2) denotes the critical
value obtained from the standard normal distribution tables. A
positive Z value indicates an upward trend and vice versa. In this
study, α � 0.05.

2) The Mann–Kendall change-point analysis

The test statistic Sk is calculated as follows:

Sk � ∑k
i�1

∑i−1
j�1

rij(k � 2, 3, 4, ..., n) (17)
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rij � { 1, xi > xj

0, xi ≤ xj
(1≤ j≤ i) (18)

Then, the statistics index UFk is calculated as follows:

UFk � Sk − E(Sk)�������
Var(Sk)

√ (k � 1, 2, 3, ..., n), (19)

where

E(Sk) � k(k − 1)
4

(20)

Var(Sk) � k(k − 1)(2k + 5)
72

(21)

Another statistics index UBk is obtained using the same
procedure shown above but with an adverse time series. The
two lines of UFk and UBk may make an intersection point at a
certain significance level, and then the point will be identified as
the abrupt point.

Precipitation-Streamflow Double
Cumulative Curve
Double cumulative curve (Huo et al., 2008) is the most intuitive
and widely used method in time series analysis, and it is adopted
to determine the time and degree when watershed characteristic
begins to significantly influence streamflow in this study. When it
is primarily affected by precipitation, the double cumulative curve
is a straight line; when other factors such as the underlying
surface of the watershed are significantly affected, the curve will
shift and have a break point. The degree of curve deviation
indicates the impact intensity of the underlying surface of the
watershed. The precipitation-streamflow double cumulative
curve can be defined by

∑Q �a∑P + b (22)

ΔQdcc � ∑Qdcc −∑Q, (23)

where ∑Q, ∑P, ∑Qdcc, and ΔQdcc denote cumulative streamflow,
cumulative precipitation, simulated cumulative streamflow, and
cumulative streamflow by watershed characteristic, respectively; a
and b denote fixed parameters.

DATA

This study utilized annual runoff data from China Hydrology
Yearbook. The observed series cover the period from 1958 to
2017. Meteorological data from eight weather stations within and
around the research area were provided by the National Climate
Center of China Meteorological Administration (http: //www.
data.cma.cn/) (Table 1). All the meteorological data series with
daily temperature, relative humidity, wind speed, sunshine
duration, and precipitation were also from 1958 to 2017, and
the potential evapotranspiration was calculated by
Penman–Monteith formula (Allen et al., 1998). The NDVI
dataset used in this study is NASA Global Inventory
Monitoring and Modeling Systems Normalized Difference

Vegetation Index third dataset (GIMMS NDVI 3 g) and it is
the longest NDVI time series so far, with a period of from 1982 to
2015, a spatial resolution of 1/12°, and a temporal interval of
15 days (Ni et al., 2020), and it is confirmed that the dataset can
provide high-quality data for places from mid to high latitudes.
Annual NDVI values are obtained by using maximum value
composite method (Zhang et al., 2013).

RESULTS

Characteristics of Streamflow Variability in
the Huangshui River Basin
The Mann–Kendall trend test of annual streamflow for
Huangshui River basin was summarized in Figure 2. The
results showed that the statistical test value (Z) was −1.59, and
its absolute value (|Z|) was less than 1.96, indicating that the
annual streamflow of the Huangshui River basin exhibited an
insignificant downward trend at the 0.05 significance level.

The Mann–Kendall mutation test was performed on the
streamflow data, as is showed in Figure 2. It can be noted
that, before 1987, although the UF and UB lines had several
intersections, however, there was no obvious abrupt point. After
1987, lines of UF and UB crossed in 1993, and the intersection
point was within the critical lines of ±1.96 (0.05 significance
level). Therefore, the abrupt change point of annual streamflow in
the Huangshui River basin was in 1993. Furthermore, the data
series from 1958 to 2017 can be split into two periods: the
reference period (1958–1993) and the change period
(1994–2017).

It was clearly seen that compared with the reference period,
the mean annual streamflow in the change period decreased from
150.71 to 130.23 mm (Figure 3). It is concluded that the annual
streamflow reduced by 20.48 mm (13.59%).

Sensitivity of Watershed Streamflow to
Climatic Factors and Watershed
Characteristic
Based on the annual data series of 1958–2017 in the Huangshui
River basin, values of the mean annual precipitation, the mean
annual streamflow, and the mean potential evapotranspiration
were 418.81, 142.52, and 833.28mm, respectively. Further,
watershed characteristic parameter (ω) calculated on the basis
of Eq. 4 was 1.7306.

These data obtained previously were used in Eq. 5, Eq. 6, and
Eq. 7; the sensitivity coefficients of streamflow to precipitation,
potential evapotranspiration, and watershed characteristic
parameter were zQ/zP � 0.5502, zQ/zE0 � −0.1055, and zQ/
zω � −183.2007, respectively. That means that every unit increase
in precipitation, potential evapotranspiration, and watershed
characteristic parameter will lead to the streamflow change by
0.5502, −0.1055, and −183.2007 units. Thus, it is suggested that
the streamflow change is positively related to precipitation, and it
is negatively related to potential evapotranspiration and
watershed characteristic. Meanwhile, among climate factors,
streamflow becomes more sensitive to change in precipitation
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FIGURE 2 | Mann–Kendall change-point detection in time series of annual streamflow.

FIGURE 3 | Annual streamflow comparison of reference period and change period in the Huangshui River basin.
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than that in potential evapotranspiration. The results also suggest
that watershed characteristic changes play a more important role
than climate changes on streamflow variability in the Huangshui
River basin.

Attribution Analysis of Streamflow Changes
in the Huangshui River Basin
Based on the data provided from the Huangshui River basin in
period of 1958–2017, the mean annual streamflow, the mean
annual precipitation, and the mean annual potential
evapotranspiration in the reference period (1958–1993) and
the change period (1994–2017) were calculated, respectively.
Further, watershed characteristic parameter (ω) can be also
calculated on the basis of Eq. 4. The results are shown in
Table 2. During two periods, P and ω increase from 411.65 to
429.56 mm and from 1.6412 to 1.8153, respectively, while E0
decreases from 836.46 to 828.51 mm, conversely.

The effects of climate changes and watershed characteristic
changes on the streamflow amount were 10.69 mm and
−31.90 mm, respectively, calculated by Eq. 8–12. The impacts
of climate and watershed characteristic changes on streamflow
are summarized in Table 3. The watershed characteristic changes

should be principally responsible for streamflow change, which
led to a large streamflow decrease of 31.90 mm and contributes
73.64% of the total streamflow change, while climate-induced
streamflow change only accounted for 24.68%.

Double Cumulative Curve Verification
As shown in Figure 4, the slope of the curve changed abruptly in
1993, which is consistent with the Mann–Kendall test result and
the division of the study period in this study. That means that
underlying surface of the watershed has significant impact on the
streamflow of the Huangshui River basin after 1993.

Figure 4 also shows that the correlation equation of
cumulative streamflow and cumulative precipitation in the
period of 1958–1993 was ∑Q � 0.3729, ∑P–14.669, the
correlation coefficient R2 was 0.9977, the time series N was
60 years, and the confidence level was 0.001.

The cumulative simulated streamflow in the change period was
obtained by using the correlation equation on the basis of cumulative
precipitation in the same period. Thus, further, the values of simulated
streamflow are calculated during the change period. During the
changing period (1994–2017), the observed mean streamflow is
130.23mm, while the simulated mean streamflow is 160.19mm
(Figure 5). Therefore, the underlying surface of watershed is
estimated to have resulted in a 29.96mm change of the basin.

DISCUSSION

Attribution Analysis of Streamflow
Variability
In spite of slowly upward trend in annual precipitation and slightly
downward trend in annual potential evaporation, slightly decreasing
trend in annual streamflow can be found for the Huangshui River
basin. That infers, streamflow is affected by other factors (primary
human activities) in addition to climate change. Huangshui River
Basin plays an important role in politics, economy, culture and
transportation in Qinghai Province, China. Due to the needs of water
supply and development, many water retaining structures (such as
reservoirs) have been built in this region, which reduces the
streamflow of Huangshui River and its tributaries directly to
different degrees and changes spatiotemporal distribution of

TABLE 2 | The changes of streamflow and meteorological and watershed
characteristic parameter in two periods.

Period Q/mm P/mm E0/mm ω

1958–1993 150.71 411.65 836.46 1.6412
1994–2017 130.23 429.56 828.51 1.8153
1958–2017 142.52 418.81 833.28 1.7306
Change/△ −20.48 17.91 −7.95 0.1741

TABLE 3 | Relative contribution rates of climate change and watershed
characteristic changes to streamflow variability.

Project △Q △Qclimate △Qwatershed Error

Influence quantity/mm −20.48 10.69 −31.90 0.73
Contribution rate/% 100 24.68 73.64 1.68

TABLE 1 | The overview of hydrological and meteorological stations in the Huangshui River basin.

ID Station Type Longitude Latitude Altitude/m

1 Qilian Meteorological station 100.25 38.18 2,787
2 Minhe 102.08 36.03 1,814
3 Guide 101.37 36.02 2,273
4 Xining 101.75 36.73 2,295
5 Gonghe 100.62 36.27 2,835
6 Gangcha 100.13 37.00 1,330
7 Menyuan 101.62 37.38 1,285
8 Wuqiaoling 102.87 37.20 3,045

1 Huangyuan Hydrological station 101.27 36.68 2,619
2 Ledu 102.42 36.48 1,971
3 Minhe 102.80 36.33 1,779
4 Jijiabao 102.78 36.32 1,818
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FIGURE 5 | Double cumulative curve comparison of simulated values and observed values in the changed period.

FIGURE 4 | Double mass curve analysis between streamflow and precipitation.
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FIGURE 6 | Change trend of annual NDVI in the Huangshui River basin from 1982 to 2015.

FIGURE 7 | Water consumption in the Yellow River basin during different periods since 1950s.
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streamflow. Researchers believe that reservoirs with large storage
capacity could lead to the strengthening of evaporation and river
channel leakage, which also reduces streamflow to some degree (Feng
et al., 2020). In addition, owing to serious soil and water loss in the
middle and lower reaches of the basin, soil and water conservations
have gradually covered this area since the 1970s, including terraced
fields, afforestation and grass-planting, and warping dam. Vegetation
is the most important land use type in Huangshui basin, with a
proportion of more than 85%, and the proportion of other land use
types is small. As seen in Figure 6, the vegetation coverage of this
region during 1982–2015 has improved dramatically, and annual
mean NDVI has increased gradually at a rate of 0.0008/year (range
from 0.6094 in 1982 to 0.6716 in 2015). Therefore, the increase in
vegetation coverage could improve the soil structure and result in the
enhancing of evaporation and infiltration and more water is trapped
in the soil, leading to streamflow decline in the basin outlet through
intercepting more precipitation (Xu, 2011; Qiu et al., 2021).

Climate change and human activities are generally considered as
the two primary factors of streamflow variation, and the effects of
them to streamflow are significantly different in different catchments.
Studies have shown that the decrease in precipitation caused by
climate change is themain reason for the decrease in the runoff of the
Congo River in Africa (Noel and Saiers, 2017); however, for the
Colorado River in the United States, the impact of human activities
on runoff changes is slightly greater than climate change (Shi et al.,
2019). In the mainstream area of the Yangtze basin, the increase in

precipitation caused by climate change is the main reason for the
streamflow variability in the upper reaches of the basin, and human
activities are themain factor in runoff change for the lower reaches of
the basin, mainly including the reduction of lake area and the
hardening of the ground caused by urbanization (Wang et al.,
2013). For the tributaries of the Haihe River, human activities are
themain factors for declining streamflow in Luanhe River catchment,
Chaohe River catchment, and Zhanghe River catchment, while
climate change is the main driver leading to decreasing
streamflow in the Huto River catchment, and increasing water
demand should be responsible for streamflow variability in the
whole basin (Wang et al., 2013). Streamflow of the Yellow River
basin shows a significantly downward trend, which is primarily
caused by human activities. As shown in Figure 7, compared
with 1950s, in the early 21st century, the water consumption of
the upper reaches and whole basin of the Yellow River basin has
increased by approximately two and three times, respectively.
Research indicates that agricultural irrigation accounted for more
than 50% of the Yellow River runoff during the same period. In
addition, in order to control serious soil andwater loss, large-scale soil
and water conservation projects have been constructed in the upper
and middle reaches of the Yellow River since the 1970s, but it also
reduces the runoff generation capacity of the basin.

In order to further understand streamflow variability of the
upper Yellow River, this study compares attributions of
streamflow in the headwaters of the Yellow River basin

FIGURE 8 | The map focusing on observed impacts of the hydrological response in the upper Yellow River.

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 75242510

Lv et al. Contribution to Decreasing Streamflow

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


(HYRB) (Zheng et al., 2009), the Tao River basin (Sun et al.,
2019), the Zuli River basin (Deng, 2001), and the Xiliugou basin
(Yao et al., 2015) of the upper Yellow River. The contributions of
runoff change in the above studies were quantitatively evaluated
by using the double mass curves method, climate elasticity
method, RCC-WBM model, and SWAT model, and the results
are listed in Figure 8. Research in the HYRB indicates that the
contribution rates of climate change and human activities to
streamflow variability were 26.20 and 73.80%, respectively, which
is extremely similar to the conclusions of this study (climate
changes account for 24.68% and watershed characteristic changes
account for 73.64%). These results suggest that the sensitivity
analysis method based on Budyko theory is used to investigate the
river basin streamflow evolution is feasible, and the results are
accurate. Besides, these also indicate related human activities have
tremendous influences on the slow decline in streamflow for the
entire upper Yellow River.

Cause-Effect of Changing Point
In this study, the streamflow of Huangshui River basin showed a
change point in 1993, which was very similar with other researches
in the upper reaches of the Yellow River. After studying climate
change in northwest China where the Huangshui River basin is
located, some researchers believe that the abrupt changes of surface
wind speed and mean annual temperature in the past 44 years
(1960–2003) are in 1990 and 1994, and the region experiences a
period of lower surface wind speed after 1990 and a warmer period
after 1994, respectively (Wang et al., 2007), and researchers believe
that obvious changes of extreme maximum and minimum
temperatures in Hexi Corridor of northwest China are in 1996
and 1993, and the subsequent climate is all warmer (Li et al., 2015).

Uncertainties
It is essential that there are some uncertainties in the assessment
of climate change and human activities on basin drainage. This
study assumes that climate and watershed characteristic changes
are independent of each other. Nevertheless, these two factors
are interacting in an exceedingly complicated way, even in the
reference period (Wang et al., 2019). In addition, we analyze
streamflow variability and estimate climate and watershed-
characteristic-induced to streamflow variability, but the
values (Table 2 and 3) show only average values during the
reference and change period and lack consideration of range or
change of the values. Moreover, the change of present
permafrost in an alpine basin significantly complicated the
hydrological processes due to climate warming, and we do
not consider the extent of its impact (Fang et al., 2019). In
fact, watershed characteristic parameter (ω) includes both
climate-induced and watershed-characteristic-induced
variabilities, and attribution analysis in this study
overestimates the effect of watershed characteristic on
streamflow variability (Xu et al., 2014). The spatiotemporal
distribution of meteorological stations is not considered in
the Budyko framework, and it is possible to have another
type of error in quantitative assessment/analysis (Shahid
et al., 2018). In the future research, these uncertainties need
be paid more attention.

CONCLUSION

Based on the Budyko framework, this study assessed relative
contributions of climate and watershed characteristic changes on
streamflow in the Huangshui River basin. The main conclusions
are as follows:

1) From 1958 to 2017, the annual streamflow of Huangshui River
basin showed an insignificant downward trend. The streamflow
series had a change point in 1993, and thus the streamflow
reference period was set to 1958–1993, and the change period was
1994–2017. In the change period, the streamflow decreased by
20.48mm (13.59%) compared with the reference period.

2) Sensitivity coefficients of streamflow to precipitation,
potential evapotranspiration, and watershed characteristic
parameter in Huangshui River basin are 0.5502, −0.1055,
and −183.2007, respectively. It shows that an increase in
precipitation by 1 unit will induce an increase of 0.5502
units in streamflow, and an increase in potential
evapotranspiration by 1 unit will induce a decrease of
0.1055 units in streamflow, and an increase in the
watershed characteristic parameter by 1 unit will induce a
decrease of 183.2007 units in streamflow.

3) During the change period (1994–2017), the streamflow change in
the Huangshui River basin is mainly caused by the watershed
underlying surface change, and its contribution rate is 77.64%,
and the impact of climate changes on runoff is only 24.68%.
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