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Abstract: Decreased streamflow of the Yellow River basin has become the subject of considerable
concern in recent years due to the critical importance of the water resources of the Yellow River basin
for northern China. This study investigates the changing properties and underlying causes for the
decreased streamflow by applying streamflow data for the period 1960 to 2014 to both the Budyko
framework and the hydrological modelling techniques. The results indicate that (1) streamflow
decreased 21% during the period 1980-2000, and decreased 19% during the period 2000-2014 when
compared to 1960-1979; (2) higher precipitation and relative humidity boost streamflow, while
maximum/minimum air temperature, solar radiation, wind speed, and the underlying parameter, 7,
all have the potential to adversely affect them; (3) decreased streamflow is also linked to increased
cropland, grass, reservoir, urban land, and water areas and other human activities associated with
GDP and population; (4) human activity is the main reason for the decrease of streamflow in the
Yellow River basin, with the mean fractional contribution of 73.4% during 1980-2000 and 82.5%
during 2001-2014. It is clear that the continuing growth of human-induced impacts on streamflow
likely to add considerable uncertainty to the management of increasingly scarce water resources.
Overall, these results provide strong evidence to suggest that human activity is the key factor behind
the decreased streamflow in the Yellow River basin.

Keywords: Budyko hypothesis; hydrological processes; attribution evaluation; climate change;
human activity

1. Introduction

Understanding of hydrological processes and their causes and mechanisms is crucial for effective
basin-scale water resource management and the conservation of fluvial ecosystems [1-3]. It also
represents the first step for any study of the impacts of climate change and human activities on the
hydrological cycle at both the regional and global scale [4-6]. Hydrological processes are influenced
by both climatic changes such as increased or decreased precipitation and human activities such as
land use and land cover changes (LUCC) and the construction of water reservoirs, although it is
important to note that the magnitudes of human- and climate-induced impacts on streamflow changes
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can differ markedly from one river basin to another [7,8]. In recent years, the scientific question—what
is the impact on streamflow from a 10% annual change in precipitation?—has attracted increasing
attention from hydrologists and geoscientists [9,10], with more and more research appearing that seeks
to identify the underlying factors influencing streamflow variations utilizing climate elasticity as an
important indicator [11-13].

The Yellow River, which is the second largest river in China, is an important water source
that supplies a large part of north-western and northern China. However, dwindling streamflow
throughout its vast river basin are rapidly becoming a serious concern [14]. Largely as a result of
climatic change and intensifying human activities, particularly the ever-increasing level of withdrawal
for agricultural irrigation, the streamflow in the lower Yellow River has decreased markedly since
1986 [15]. The Yellow River basin, with drainage area of 75.3 x 10* km?, supplies water to 12% of the
population of China, but the significant decreases in its streamflow, particularly since the 1990s, is now
the focus of considerable concern [14,16].

Due to the critical importance of the water resources within the Yellow River basin and the
decreased streamflow in recent years, which are posing serious challenges for regional water resource
management, a great deal of research has been conducted into the changes in streamflow and their
potential causes. With respect to methodologies, analyses of the factors influencing streamflow in
the Yellow River basin have utilized both purely hydrological [17,18] and Budyko assumption-based
models [16,19,20]. Hydrological models are good choices for modelling hydrological processes when
physical mechanisms or causes are the main focus, although a great deal of uncertainty can be expected
related to the precise model structure and parameterization implemented [21]. Validation of the model
is very necessary for hydrological modelling as an inappropriate validation of a hydrological model
has the potential to lead to significant errors in the subsequent evaluation of the impacts of climate
change on streamflow [22]. Although Budyko based models benefit from certain physical implications
compared to traditional statistical methods and are both convenient and effective [20], they must also
be carefully validated.

It should be pointed out that the key parameter of Budyko framework, , is believed to well reflect
the changing properties of underlying features such as land use and land cover [19,23,24]. However,
as yet few researchers have attempted to delve more deeply into its implications for human activities
such as the building of water reservoirs and population growth, even though these could have a major
impact on the performance of Budyko framework when modelling hydrological processes that take
into account more human-induced impacts [25]. Most studies in this area have tended to assess the
attribution of streamflow change for specific tributaries within the Yellow River basin, e.g., Weihe
basin [26,27], Loess Plateau [20,24]; parts of the basin, e.g., upper Yellow River [28]; or a specific
hydrological station, such as Tangnaihai hydrological stations [29]. Few studies that have so far been
published to examine the hydrological processes for the entire Yellow River basin. Besides, those
studies generally focused on a limited number of influencing factors such as precipitation [16,20,26,27],
potential evaporation [16,26,27], and changes in either underlying watershed properties [20] or
human activities [16,26]. This is a complex area, however, and there are many more factors that
could potentially affect streamflow in a river basin such as this, including maximum/minimum air
temperature, wind speed, relative humidity, solar radiation, and human activities such as cropland
changes, forest land changes, and variations in water area, to name but a few.

Based on the Budyko framework, this study attempted to address (1) the elasticity and
contribution of meteorological factors—such as precipitation, wind speed, maximum/minimum
air temperature, relative humidity, and solar radiation—to the streamflow change; (2) the implications
of underlying parameters, 1, and its relationship with the human activities and the land use/land cover;
and (3) what is the main reason for the decreasing streamflow in Yellow River basin from the perspective
of climate change and/or human activities. The fractional contributions of six meteorological factors
and the underlying parameter, #, to streamflow change were quantified at 37 stations along the main
stem of the Yellow River basin. These results were tested and compared with those obtained from a
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conventional hydrological model, SIMHYD model, to confirm the robustness of the proposed model
and the physical implications of the underlying parameter, 1, considered in depth. This study provides
a solid foundation for future work on the management of basin-scale water resources and serves as a
reference case for similar studies of other major river basins around the world.

2. Data

Monthly streamflow data were collected from 37 stations across the Yellow River basin for the
period 1960-2000, 12 of which are located along the main stem and the remaining 25 along 18 tributaries
(Figure 1; Table 1). The daily streamflow data were only collected by two stations (Jimai and Tangnaihai
station) and were used for validation of the hydrological modelling. There are three stations containing
missing monthly data. However, only one station had three months of missing values, and two other
stations had only one month of missing values. The missing values are very few, therefore, the missing
data were processed using the simple seven-year moving average method. The missing values in these
series were filled by the average in the same months before and after three years. Annual streamflow
data were collected from nine stations (Table 1) for the period 2001-2014. Meteorological data for the
period 1960-2014 were collected from 77 stations and consisted of precipitation, maximum /minimum
air temperature, wind speed, and relative humidity. The locations of the meteorological stations are
shown, but not numbered, in Figure 1.

The elevation dataset used here was the 30-arc-second (1-km) gridded, quality-controlled global
Digital Elevation Model (DEM) obtained from http:/ /www.ngdc.noaa.gov/mgg/topo/globe.html.
The drainage basin area was extracted from this elevation dataset and is also shown in Figure 1.
Spatial interpolations of the meteorological data were based on the inverse distance weighted method,
taking into account the impact of altitude on the spatial distribution of meteorological factors; the
spatial resolution was 100 m x 100 m. The areal average data for the meteorological variables of each
sub-catchment area was obtained by applying the Zonal Histogram tool in the ArcGIS software package.
To probe the impacts of socio-economic factors on streamflow changes, the GDP (Gross Domestic
Product) and population density data were collected with a spatial resolution of 1 km x 1 km, and
land use/land cover data for 2000 were provided by the Data Center of Resources and Environment,
Chinese Academy of Sciences.
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Figure 1. Locations of the 37 hydrological and meteorological stations in the Yellow River basin, China.
The five-point stars are the limits for the upper, middle, and lower reaches.
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Table 1. Basic characteristics of 37 hydrological stations throughout the Yellow River.

Drainage Area Annual P Annual E,

Z
4

Location River Hydrological Stations Data Period

(10* km?) (mm) (mm)
Jimai 1 4.86 19602000 434 849
Magqu 2 8.67 1960-2000 530 828
Tangnaihai 3 11.86 1960-2014 519 830
Main stream Guide 4 13.62 1960-2000 498 841
Xunhua 5 14.67 19602000 492 844
Lanzhou 6 20.65 19602014 468 854
Shizuishan 7 27.67 1960-2000 425 916
. Zuli River Jinyuan 8 1.07 1960-2000 397 921
Upper basin
Qinshui River Quanyanshan 9 1.43 1960-2000 358 1125
Kundulun River Taerwan 10 0.02 1960-2000 424 919
Zhao Ri Minxian 11 1.49 1960-2000 563 796
a0 River Honggi 12 2.49 1960-2014 539 804
Daxia Ri Shuangcheng 13 0.40 1960-2000 489 831
axia Kiver Zhegiao 14 0.62 1960-2000 501 809
Datong River Minhe 15 151 1960-2000 374 896
Longmen 16 52.26 1960-2014 390 1031
Main stream Sanmenxia 17 65.12 1960-2000 428 1024
Xiaolangdi 18 66.22 1960-2000 429 1024
Kuye River Wenjiachuan 19 0.86 1960-2014 402 1146
Fen Ri Hekouzhen 20 9.11 19602000 455 1057
en River Hejin 30 3.94 19602000 487 1055
Qingjian River Yanchuan 21 0.36 1960-2000 485 1059
Middle basin Dahei River Qixiaying 2 027 1960-2000 359 1063
Beidao 23 2.75 1960-2000 506 863
Wei River Linjiacun 24 3.54 1960-2000 530 868
Xianyiang 25 4.80 19602000 565 886
Jin River Yuluopin 26 1.90 1960-2000 468 1032
Wuding River Baijiachuan 27 297 1960-2014 370 1187
Beiluo Ri Jiaokouhe 28 2.04 1960-2000 515 1022
€Hiuo River Zhuangtou 29 2,57 19602014 526 1043
Main St Huayuankou 31 70.21 1960-2014 440 1027
am steam Lijin 32 72.25 19602014 448 1029
Yiluo River Lingkou 33 023 1960-2000 696 1021
Lower basin Yi River Longmenzhen 34 0.53 1960-2000 752 1026
Qin River Heishiguan 35 0.93 1960-2000 564 1002
D Ri Laiwu 36 0.03 19602000 700 1136
awen iver Daicunba 37 0.84 1960-2000 813 1085

3. Methodology

3.1. Elasticity of Factors Influencing Streamflow

The Budyko hypothesis [30] stated that the water balance equation is primarily controlled by
precipitation and potential evapotranspiration. Yang and Yang [31] deduced the following fluvial
hydro-energy balance equation based on the Budyko hypothesis:

PE,

R=P———0
(pr+E)"

@

where 7 is the underlying surface parameter or land use and land cover change (LUCC) [19,23,24].
Based on the water balance equation, R = P — E, we have R =f (P, E, n). Streamflow changes can
thus be computed by the following differential equation:

dR P dEy  dn

arn _ . ar 4L an 2
R = P p T E, ten )
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_dfp _ 9df Ey _ 9dfn .. .. .
where ep = 551, €y = g R & = Gk and ¢p, ¢, and ¢, denote the elasticity of precipitation,

potential evaporation, and the change of underlying surface to streamflow, respectively. The elasticity
of those factor denotes the percentage change of streamflow according to the 1% increase of each
climatic variable.

Generally, the Penman-Monteith equation is recommended by the United Nations Food and
Agriculture Organization (FAO) for modeling evapotranspiration [32], namely:

0.408A(Ry — G) + v g 7 Uz (vps — vp)
A+ 7(1+0.340,)

®)

Ep =

where Ej is the potential evaporation (mm-day_l), Rn is the net radiation at the crop surface
(MJ-m~2.day 1), G is the soil heat flux density (MJ-m~2-day '), T is the mean daily air temperature
at a height of 2 m (°C), U, is the wind speed at 2 m above the ground (m-s~!), vp; is the saturation
vapor pressure (kPa), vp is the actual vapor pressure (kPa), vps — vp is the saturation vapor pressure
deficit (kPa), A is the slope of the vapor pressure (kPa-°C~!), and 1 is the psychrometric constant
(kPa-°C~1). The unit conversion between MJ and Watts is: 1000 Watts-h = 3.6 MJ. The computation
procedure follows that given in Chapter 3 of FAO Paper 56 [32]. Similar to the Roderick et al. [33],
based on the Penman-Monteith equation, the impact of evaporation-related climatic variables to the
potential evaporation change can be obtained by the following differential equation:

O oE dE
04T, + ﬁduz + 29 4RH @)

JoE JoE
70dR1’l + JdTmm + 3RH

Ao~ Sp 9T & max T 5T

Substituting the Equation (4) to the Equation (2). Then, the impact of climatic variables and
underlying surface on streamflow can be evaluated by [25]:

arR _ LLPH dn o dRn o dTwex o dTuy o odUp o dRH
R — ¢P P n-—_- €Rn R TmaY T ax Tinsin Tmln U, u €RH 517 RH

®)

. &aﬂ I Tmm aEO Tmm aEO — — RH aEU
where €Ry = €K Ep OR,” ETmax = €Ep Eo 0Tmax’ €Ty = €Eo Eo 9T’ eu, = €E0 EO aUZ +€RH = €E, ‘Ey ORH*

er,,and er,,.., e, , €u, and ery denote the elasticity of solar radiation (R;), maximum temperature
(Tiax), minimum temperature (T},;,), wind speed (WS), and relative humidity (RH), respectively, to
streamflow changes. The elasticity of each variable to streamflow changes denotes the streamflow
change according to the 1% increase of each factor. It is worth noting that the impacts of
evaporation-related variables on streamflow change were realized via evaporation change.

Based on Equation (5), the fractional contribution of each individual factor influencing variations

in streamflow can be obtained using the following set of equations:

AR, = epRAP, AR, = e,RAn, ARg, = eg, R ARy, ARy, = e1,,, 78 ATomas,
ARrt,,, = STmm%]mATmin/ ARy, = SUQL%AUZ, ARRryg = SRH%ARH

min

(6)

where R is the long-term annual average streamflow and ARp, AR;;, ARgy, ART,, ., ART

min’

ARy,, and
ARRp denote changes in the streamflow due to the influences of precipitation, underlying parameter
(n), solar radiation, maximum air temperature, minimum air temperature, wind speed, and relative
humidity, respectively. Human activities have intensively changed the hydrological characteristic of
underlying features of catchment, and then effects on the streamflow yielding process. Wang et al. [34]
used the Budyko elasticity method to evaluate the attribution of streamflow in the contiguous United
States, finding that the underlying parameter, #, can be applied to mirror the influence of human
activities, such as dams, cropland, and irrigated land, on streamflow change. Similar results were also
obtained in Canada [12]. Climate change tends to exert an impact on streamflow via variations in the
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precipitation, temperature, relative humidity, and so on, so the cumulative effect on the streamflow of
these meteorological variables can be calculated as:

ARy AR
5RMm:47%ﬂx1m%ﬂmMm: fwxlw% )
where R, and 6Ryy,,, are the fractional contributions of climate change and human activities,
respectively, to changes in the streamflow expressed as a percentage of the total change, A.

3.2. SIMHYD-Based Modelling

To further confirm the rationality and robustness of the results obtained by the Budyko framework,
the SIMHYD model was also used to evaluate the impacts of climate change on streamflow in the Yellow
River basin. SIMHYD is a conceptual model that was originally developed to estimate daily streamflow
during the 1970s [35]. It is based on a consideration of streamflow yield under excess infiltration and
excess storage and several of its parameters can usefully be applied for parameterization. The SIMHYD
model has been widely used in hydrological modelling in India, Australia, and China, exhibiting
generally good modelling performance [36]. In this study, optimization of the SIMHYD model was
performed using a genetic algorithm with the Nash-Sutcliffe coefficient. The SIMHYD model is widely
used in hydrological modelling and detailed information can be obtained from [35].

The hydrological model was calibrated based on the climatic conditions and underlying surface
conditions in the benchmark period, and then the calibrated model was used to model streamflow
by imputing the meteorological data in the impact period and keeping the calibrated parameter
unchanged. The simulated streamflow in the impact period (Qs;;,) can be considered to include
the climate change in the impact period and also human activities during the benchmark period.
The observed streamflow in the benchmark period (Qys1) is related to the climate conditions and
human activities in the benchmark period. The observed streamflow in the impact period (Qos2) is the
result of the combined influences of climate change and human activities during benchmark and impact
periods. Therefore, the difference between Q;,, and Q51 was climate-induced streamflow change,
and the difference between Q2 and Qs;,, was the human-induced streamflow change [18,37], namely:

Achim = Qsim - Qobsl (8)
AQhum = Qosz - Qsim (9)

The fractional contributions of climate change and human activities to streamflow are then
calculated by Equation (7).

The simulated streamflow of the SIMHYD was evaluated by the determination coefficient [38]
(R?), which can be calculated as:

Y1 (Qopsi — Qsz‘m,z‘)2
T 1 (Qobsi — Qo)

where Qg ; and Qs;yy, ; are the observed streamflow and simulated streamflow at the time 7, respectively.
Qops is the mean of observed streamflow.

RZ=1- (10)

3.3. Detection of the Change Points

Change points can be tested by many kinds of methods. Killick and Eckley [39] indicated that
the At Most One Change (AMOC) test is free of the normality assumption based on the likelihood
function, and can be used for both means and variances test, which is suitable for to detecting the
change point. Liu et al. [40] suggested that the Ordered Clustering, a nonparametric test for variances
of time series, can be used to analyze the change point. Villarini et al. [41] considered that the Pettitt
test effective for detecting the change point. The Pettitt test is a nonparametric test which detect the
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change point in the mean when the change point is unknown. In order to avoid possible limitation
and uncertainty by individual method, the assembled change point detection by all of the three test
methods are adopted to get the final change point and confirm the change point with result from more
than one method [42].

4. Results and Discussion

4.1. Abrupt Changes in the Factors Influencing Streamflow

The length of the streamflow time series used in this study was 41 years in most cases, covering
the period 1960-2000. Tan and Gan [12] suggested that the mean time of the change points can be
taken as the time point for the subdivision of streamflow series in a study region. In order to avoid
possible limitation and uncertainty by one method, in the present study, the timing of change points
was integratively detected using AMOC [39], the Pettitt test [8], and the ordered cluster test [40].
The assembled change points were confirmed based on more than one method. If the detected results
are all different, the median change point would be selected.

The spatial distribution of the change points is shown in Figure 2a. The timing of change points
varies considerably at different locations along the Yellow River basin, but their mean time is 1979.
It should be noted here that 1980 marked the introduction of the Reform and Open policy in China,
after which the construction of hydraulic engineering facilities and water reservoirs was vigorously
pursued to support the development of agriculture and industry. It is therefore reasonable to choose
1980 as the time point at which abrupt changes are most likely to occur in streamflow series across
China and the streamflow series for the Yellow River basin was therefore subdivided into two time
intervals for this study, namely Period 1 (1960-1979) and Period 2 (1980-2000). Another time interval
of 2001-2014 was taken as the third period or Period 3.

Change in Runoff (%) Change in Runoff (%) ®)
577 - -41.0 @) || m.-64.5--40.0
[ 1-409--30.8 |-39.9--23.4
[ 1-30.7--20.0
8-19.9 - -15.

-14.9 - -.

. 1966~
1989

Figure 2. Change in mean annual streamflow from the benchmark (Period 1, 1960-1979) for Period 2
(1980-2000) (a) and Period 3 (2000-2014) (b). The dates shown in Figure 2a denote the times at which
the change points in the streamflow series occurred.

4.2. Elasticity of the Factors Influencing Streamflow

When compared to streamflow during 1960-1979, streamflow during 1980-2000 and 2001-2014
decreased with a different magnitude of 21% and 19%, respectively (Figure 2). The reductions of
streamflow in the upper Yellow River basin were smaller than those in the middle and lower Yellow
River basin, where streamflow fell by as much as 40% in places (Figure 2a). From Period 1 to Period 2,
the streamflow in the upper, middle and lower Yellow River basin fell by 12.5%, 24.2%, and 32.5%,
respectively. Figure 3 shows the spatial patterns of the elasticity coefficients of the factors driving
these changes in streamflow across the Yellow River basin. As the figure shows, different elasticity
coefficients for these factors influencing streamflow can be identified across the Yellow River basin,
with elasticity coefficients lower in the upper Yellow River basin and relatively higher in the middle
and lower Yellow River basin. Interestingly, the highest elasticity coefficients are in the Loess Plateau,
markedly above those in the middle and lower Yellow River basin, which shows the higher sensitivity
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of the plateau’s streamflow to climate variations and changes in the underlying watershed properties.
Streamflow is particularly sensitive to changes in precipitation and underlying watershed properties
(Figure 3f); a 1% increase in precipitation can cause a 1.12%-3.78% increase in streamflow, while an
increase of 1% in the underlying parameter can cause a drop of 0.47%-3.37%. In general, precipitation
and relative humidity have positive impacts on streamflow, and maximum/minimum air temperature,
solar radiation, wind speed, and underlying parameters all have a negative effect on streamflow
(Figure 3). Streamflow change is more sensitive to precipitation than the underlying parameter and
other evaporation-related factors.

B 2.82-3.78 ] 1.99-2.36 MW 1.43-1.71 M-88--64 [7-45--23 M-17--11 [9-.02-.04
B9 2.37-2.81 77 1.72-1.98 B0 1.12 - 1.42 [0-.63--46 W-22--05 [9-.10--.03 B9.05-.12

Ep (%) Emin (%)

Emax (%)

(a) P (b) Tmax (¢) Tmin
B 1.183-2.083 [ .471-.710 BN _1.568--1.054 [ -652--372 o518 --342 [1-.198 - 102
0 711-1.182 B 119 - .470 9 -1.053--.653 B -371--.053 9-341 -~199  EH-101 - -.025

ERH (%) Epys()

(d)RH HWS

-3.77--297 [-245--2.12 W-1.77 --1.27
9-2.96--2.46 [-2.11--1.78 B8-1.26 - -.47

(g) LUCC

Figure 3. Elasticity of annual streamflow in terms of: annual precipitation (a); maximum air
temperature (b); minimum air temperature (c); relative humidity (d); net solar radiation (e); wind
speed (f), and landscape parameter 7 (g).

4.3. Fractional Contribution of Driving Factors

Figure 4 compares the changes in the observed average annual streamflow and simulating one,
which is the sum of the seven factors influencing variation in streamflow by Equation (6), for the years
1980-2000. As the linear plot shows, they are in very good agreement, with a correlation coefficient of
0.99, which is significant at a 95% confidence level and a mean error of 1.5 mm (5.1%). those confirm that
the modelled streamflow changes based on the fractional contribution of the various factors do indeed
provide a good representation of the observed streamflow processes. It is worthwhile mentioning
that there is an outlier point in Figure 4, which is Laiwu hydrological station on the Dawen River
(Table 1; Figure 1). The streamflow in Laiwu station is severely affected by the reservoirs. There are two
large reservoirs in the catchment of Laiwu—i.e., Huanggian and Dongzhou reservoirs—with the sum
capacity of 1.54 x 10° m3, which accounts for 91.1% of the annual average streamflow in Laiwu station.
That led to a large decrease of the streamflow and then cause the outlier point. Figure 5 shows the
fractional contribution of the factors influencing streamflow for each of the meteorological stations in
this study. Comparing Period 2 (1980-2000) and Period 1 (1960-1979), the underlying parameter clearly
plays a key role in decreasing streamflow all across the Yellow River basin (Figure 5a). Underlying
watershed properties are responsible for decreases of up to 20.3 mm in streamflow depth and make a
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fractional contribution of up to 54.7% of the total change in streamflow. Decreased precipitation is also
important, decreasing streamflow by up to 9.8 mm and making a fractional contribution of up to 33.1%
of the total. The wind speed also contributes, increasing the streamflow depth by as much as 1.36 mm
and also boosting the stream’s flow rate, causing a further 1.39 mm increase in the streamflow depth.
Less significant contributions come from the maximum and minimum air temperatures, the relative
humidity, and solar radiation, which decrease the streamflow with fractional contributions of 1.9%,
2.5%, 1.8%, and 0.3%, respectively. The order of contribution for each influencing factors to streamflow
change from large to small are: underlying parameter > precipitation > wind speed > minimum air
temperature > maximum air temperature > relative humidity > solar radiation.

Modeled streamflow change (mm)

-200 =

I I I I I
-200 -150 -100 -50 0
Observed streamflow change (mm)

Figure 4. Comparison between the modeled (ARP + ARy, + ARRy, + ART 0y + ART,i, + ARy, + ARRH)
and observed changes in the average annual streamflow for the years 1960-2000. The red line
represents a 1:1 linear relationship.

Figure 5b shows the relative fractional contribution of the factors influencing the changes in
streamflow during Period 3 (2001-2014) relative to Period 1 (1960-1979). The fractional contribution of
precipitation here is 12.4% and underlying watershed properties make a larger fractional contribution
than precipitation to streamflow changes, at 64.4%, with an increase of 10% in the underlying parameter
causing a 25.9 mm decrease in the streamflow. Compared with the fractional contribution of the
underlying parameter to changes in streamflow during Period 2, the fractional contribution of the
underlying parameter in Period 3 increased by 9.7%. Other meteorological factors also make a
noticeably greater fractional contribution to streamflow changes during 2001-2014 compared to
the earlier time intervals. The mean fractional contributions of the maximum and minimum air
temperatures, wind speed, relative humidity and solar radiation for the most recent years are 6.0%,
4.1%, 6.9%, 5.4%, and 0.8%, respectively. In general, modifications to watershed properties are the
major cause of the decreased streamflow in the Yellow River basin. Climate change does still play
a role, however; decreased precipitation is the second most important factor driving the declining
streamflow across the river basin.
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Figure 5. Changes in the fractional contributions of various influencing factors and their relative impact
on changing streamflow between Period 2 and Period 1 (a) and between Period 3 and Period 1 (b) across
the Yellow River basin. Note: data was only available for nine stations for Period 3. U = upper reaches,
M = middle reaches, and L = lower reaches.

4.4. Climate- and Human-Induced Impacts and the Implications of Underlying Parameters

Climate change affects streamflow via changes in precipitation, air temperature, solar radiation,
relative humidity, and wind speed, while underlying parameters reflect human-induced impacts
on streamflow. For this study, the fractional contribution of climate change and human activities to
changes in streamflow were quantitatively evaluated for Periods 2 and 3 (Figure 6). The data presented
in Figure 6a clearly indicate that although climate change played a significant role in influencing
streamflow changes during Period 2 than it did in Period 1, human activities still made a higher
fractional contribution of 63.5% to the changes in streamflow across the Yellow River basin. Although
streamflow changes at stations along the tributaries of the Yellow River basin are highly sensitive to
climate change, the hydrological processes monitored by stations along the main stem of the Yellow
River are primarily influenced by human activities with an overall fractional contribution larger than
29.3%—with the mean of 73.4%—implying the more significant impact of human activities. Figure 6b
shows the increasing impact of human activities on streamflow variations in Period 3, with the mean
fractional contribution of human activities being responsible for larger than 71.6% (with the mean
of 82.5%) of the changes in streamflow. Those imply that the human activity is the key factor for
decreasing streamflow in the Yellow River basin, and the impacts of human activities appear to be
intensifying. Chang et al. [26] used the Variable Infiltration Capacity (VIC) model to evaluate the
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impact of climate change and human activities on streamflow in the Weihe River basin (a sub-catchment
of Yellow River basin), and found that the contribution of human activities to streamflow change are
64%-90% from 1970s to 2000s. Their results of human-deduced contribution are consistent with ours.

The underlying parameter, #, is known to provide a good proxy for human-induced streamflow
changes [12,24], but the impact of human activities on streamflow changes or hydrological processes
are complex in both space and time. Generally, fluvial tributaries are grouped based on the different
degrees of impacts their underlying features have on streamflow [12,34], especially different land
use and land cover changes. Based on the degree to which the Human activities affected streamflow
during Period 2 (1980-2000) relative to Period 1 (1960-1979), the 37 hydrological stations in the Yellow
River basin were classified into nine groups (about four stations for each group) for each subgraph
to address the relationship between human-induced streamflow changes and human-related factors
(Figure 7).

Legend Legend
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Figure 6. Spatial distributions of the fractional contributions of human activities and climate change to

streamflow variations during Period 2 (a) and Period 3 (b) across the Yellow River basin.

The human-induced streamflow change rates (human-induced streamflow changes/mean annual
streamflow) are compared with the land use/land cover changes (Figure 7a—f). The change of farmland
area, water area, forest area, and grass area has no obvious correlation with the human-induced
streamflow changes (Figure 7a—d). However, it is worth noting that the relationships are relatively
obvious for the cropland area changes when human-induced streamflow change in the range of
—40%—-0% (Figure 7a), implying that the farmland area changes are one of the important factors for
decreased streamflow in the Yellow River basin, but not the reason for the sharp decrease or increase
of streamflow. Actually, the Yellow River basin is mainly located in arid and semi-arid climate regions,
40% of the farmland is irrigated using the water from Yellow River. Thus, increased farmland increased
the irrigation water and hence decreased streamflow. Figure 7e shows that reservoir capacity ratio
(total storage/mean annual streamflow) has a negative correlation with the human-induced streamflow
changes. The storage of reservoirs was directly related to the impoundment effects, which increased
evaporation and hence decreased streamflow. Five large water reservoirs were constructed in the
Yellow River basin during the 1980s and 1990s with a total water storage capacity of 3.365 x 10'° m?,
62.2% of the entire water storage capacity of the reservoirs were built prior to 2000. The urban land
changes are also compared with the human-induced streamflow changes (Figure 7f). Generally, larger
urban land decreases the evaporation and infiltration, then leads to larger streamflow. However, it is
interesting to note that the human-induced streamflow changes show a negative correlation with the
urban land change. That may be due to the increasing water withdrawal along with the urbanization.

It should be noted here that human activities such as water withdrawal for agricultural and living
purposes are not easily quantifiable even given good datasets. In this study, population density and
GDP were used as indices of human activities to examine the impact of human activities on streamflow
in the Yellow River basin (Figure 7g,h). The figures show that population density and GDP are closely
related to decreased streamflow, indicating that socio-economic development and high population
density lead to significant decreases in streamflow because both require the withdrawal of large
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amounts of water, inevitably decreasing streamflow in the local area and further downstream. In this
sense, the underlying parameter, 1, includes information on both land use and land cover changes as
well as human consumption of water resources for agricultural and industrial development.
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Figure 7. Relationships between human-induced streamflow changes and underlying parameter (1),
population density, and GDP. Percentage of land use/cover changes denotes the ratio between land
use types to the entire drainage area.

4.5. Comparison of Results Obtained for the Budyko Framework and SIMHY D Model

Daily streamflow data collected at the Jimai and Tangnaihai meteorological stations for the
period of 1960-2000 were used for the SIMHYD-based hydrological modelling, with 1960-1974 as the
benchmark period and 1975-1979 the validation period. The impacts of climate change on streamflow
in those locations were then tested using the data for 1980-2000. Figure 8 shows a comparison
of the modelled and observed monthly streamflow processes, demonstrating the statistically good
modelling performance achieved by the SIMHYD model with NASH coefficients of above 0.93 when
modelling the hydrological processes at these two hydrological stations. Based on the SIMHYD-based
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modelling results, the fractional contributions of climate change to changes in the streamflow at the
Jimai and Tangnaihai monitoring stations are 52.4% and 39.2%, respectively, very close to the results
obtained using the Budyko framework (Table 2), further corroborating robustness of this new method.
The findings of this study also support those reported by previous studies in the same river basin.
Zhao et al. [16] demonstrated that streamflow changes in 16 of the 18 tributaries in the middle Yellow
River basin were primarily affected by human activities. Liang et al. [20] evaluated the effects of
ecological conservation activities for the period 1960-2009 on streamflow, reporting that the fractional
contribution of climate change to streamflow changes was 38% and that of ecological conservation
activities, which are after all a type of human activity, were 62%. Gao et al. [24] analyzed the impacts of
climate change and human activities on streamflow on the Loess Plateau, suggesting that the fractional
contributions of changes in underlying watershed properties and precipitation were 64.75% and 41.55%,
respectively. Compared to these earlier studies, the current study includes more meteorological factors
and a wider range of human activities beyond simply land use and land cover by examining changes
in forest land, cropland and water areas, population density, and GDP, as well as providing a more
detailed picture of both climate- and human-induced impacts on hydrological processes.
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Figure 8. Comparison of simulated and observed monthly streamflow depths during the calibration,
validation, and influence periods for the SIMHYD model.

Table 2. Comparison between SIMHYD-based results and those obtained by the climate elasticity
method for streamflow changes at the Jimai and Tangnaihai stations.

SIMHDY-Based Results Budyko-Based Results
Stations Climate-Induced Climate-Induced Human-Induced
Strﬁ]ﬁ;ﬂow Calibration R? Validation R? Contribution Contribution Contribution
(%) (%) (%)
Jimai —047 0.96 091 524 50.1 499
Tangnaihai —1.86 0.94 0.92 39.2 37.3 62.7

5. Conclusions

Based on an improved Budyko framework that incorporates the FAO’s Penman-Monteith model,
the elasticity of climatic and human components that influence changes in the streamflow in the Yellow
River basin were analyzed in both space and time. The results of the analysis led to the following
interesting and important conclusions:
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(1) Compared to the period 1960-1979, a mean decrease of 21% was observed in streamflow in the
Yellow River basin for the period 1980-2000, and this decrease was most strongly evident in the
lower Yellow River basin. A further decrease of 19% in the streamflow was observed for the
period 2001-2014.

(2) The impacts of the various factors influencing streamflow are different spatially across the Yellow
River basin. The highest sensitivity of streamflow changes to the factors considered in this study
was observed in the Loess Plateau. Precipitation and relative humidity both have positive impacts,
increasing streamflow, but maximum/minimum air temperature, solar radiation, wind speed, and
the underlying parameter all have negative impacts on streamflow. Streamflow change is more
sensitive to precipitation than the underlying parameter and other evaporation-related factors.

(3) Human activities have a greater effect on hydrological processes than other influential factors.
Relative to the benchmark period of 1960-1979, the fractional contribution of human activities
to streamflow changes during 1980-2000 was 63.5% and increased further during the period
2001-2014. The amplifying effect of human impacts on changing streamflow due to the rapid
intensification of human activities clearly has the potential to add considerable uncertainty for
the management of water resources, posing a serious challenge to basin-scale water resource
management in the Yellow River basin as well as in similar major river basins across the globe.

(4) Cropland, forest land, water area, and the underlying parameter, #, all have significant negative
impacts on streamflow. However, the most significant impacts were detected for GDP and
population density. The use of these relatively simple terms to represent human activities
inevitably fails to convey sufficient information regarding human-induced impacts on streamflow
in the world’s great river systems. Additional components of human activities such as water
withdrawal rates need to be considered and appropriate datasets need to be developed. How best
to take into account the full range of human activities that may affect our waterways and their
related impacts on hydrological processes remains a vitally important scientific issue that will
continue to be addressed in the ongoing research being conducted in this area.
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