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Abstract: Streamflow is a very important component of the hydrological cycle, and variation in
the streamflow can be an indication of hydrological disaster. Thus, the accurate quantification of
streamflow variation is a core concern in water resources engineering. In this study, we evaluated
the factors influencing streamflow and decomposed their effects in three large rivers: the Buk Han
River (BHR), the Nam Han River (NHR), and the Lower Han River (LHB). The Pettit test was used
to investigate breakpoints in conjunction with the climate elasticity approach and decomposition
framework to quantify and decompose the effects of climate variability and anthropogenic activity.
The abrupt breakpoints in the streamflow and precipitation data were detected in 1997 and 1995.
Considering these breakpoints, we divided the time series into two periods: the baseline period
and the post-baseline period. Climate elasticity approaches were used to quantify the effects of
climate variability and anthropogenic activity during the baseline period, post-baseline period, and
future periods (2031–2060 and 2071–2100) under the Representative Concentration Pathways’ 4.5 and
8.5 scenarios. The results revealed that climate variability was the leading cause of alteration in the
streamflow in the BHR and NHR, accounting for 76.52% to 80.51% of the total change, respectively.
Meanwhile, the LHR remained more sensitive to anthropogenic activity, which accounted for 56.42%
of the total variation in streamflow. Future climate change also showed an increase in precipitation
and temperature in both scenarios, especially during the far-future period (2071–2100). This variation
in the climatic factor was shown to affect the future streamflow by 22.14% to 27.32%. These findings
can play a very important role in future planning for large river basins, considering the impacts of
increasing anthropogenic activity and climate change to reduce the risks of hydrological hazards.

Keywords: streamflow; climate variability; anthropogenic activities; multi-model ensemble

1. Introduction

Global warming has become a core concern of researchers in the area of hydrology
and water resources [1]. It has been proven from experimental evidence from various
regions of the globe that the hydrological cycle has been influenced by warming, including
anthropogenic warming due to the release of greenhouse gases (GHGs) into the atmo-
sphere [2]. This addition of greenhouse gases eventually results in a rise in evaporation
and extensive precipitation events [1,3–5]. A warming trend of 0.23 ◦C/decade in the
mean annual temperature over South Korea has been observed during the last five decades,
which has resulted in an increased frequency of extreme temperature events with greater
values during the 1980s and 1990s.
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Recently, streamflow generation on the catchment scale has become a global concern
in this changing environment [6–8]. Variation in streamflow has been observed in response
to climate and watershed changes, including climate warming, urbanization, irrigation,
and watercourse alteration, etc. As an example of climate warming, according to the fifth
assessment report of the Intergovernmental Panel on Climate Change [9], the mean global
temperature increased by 0.74 ◦C from 1880 to 2012. The global temperature can result in
changes in rainfall, air temperature, potential evaporation, sunshine hours, humidity, and
other climate variables that can lead to possible variation in streamflow [10]. The streamflow
is also closely related to various anthropogenic activities. These activities include a shift
in land use/land cover (LULC), construction dams, embankments, urbanization, changes
in agriculture patterns, deforestation, and operational management practices, which are
believed to have a direct or indirect impacts on the hydrological cycle of a watershed [11–14].
Therefore, the hydrological response to anthropogenic activities and future climate change
has turned out to be a core issue among the research community in the fields of hydrology
and water and environmental engineering.

The unpredictable environment of the hydrological response can disturb planning,
management, and disaster control strategies. Xin et al. [15] rationalized the combination
of climate change and the impact of human activities with basin hydrology. Moreover,
a climate elasticity approach was established for the estimation of the effects of climate
variability and human activities on streamflow conditions. This approach has been widely
used to quantify the factors affecting streamflow conditions [4,7,16,17].

In recent years, it has been documented that the global water cycle has been disturbed in
response to the combined effects of climate variability and anthropogenic activities [15,18].
Therefore, it is essential to investigate the hydrological responses to climate variability
and anthropogenic activities to improve insight into watershed hydrology. In Korea, the
streamflow has been determined to be sensitive to human activities [19]. Compared to
other rivers in Korea, the relative proportion of human activities in the Han River basin
(HRB) was observed to be more sensitive [20,21]. The HRB is one of the largest inland
rivers in the country, and it plays a vital role in the development of the country because
more than 60% of the country’s population lives within this basin. Therefore, there is a
huge demand for water, which leads to an increase in the difference between water demand
and supply. The Seoul metropolitan city, which is the hub of the country’s economy, also
lies within this basin, which has accelerated urbanization and industrialization and led
to a remarkable change in the land use and land cover in the basin during the last four
decades [19]. Furthermore, urbanization was the leading feature of land conversion in the
HRB as a rapid increase in urbanization was noticed in the 1990s.

Thus, anthropogenic activities affect the splitting of precipitation on the basin scale.
Apparently, it would not be erroneous to ignore the impacts of anthropogenic activities on
streamflow alterations. Recently, the quantification of factors influencing streamflow has
remained an issue that is not often studied by hydrological researchers [15,21–24]. Tan and
Gan [25] found that the mean annual streamflow observed in the Canadian river basins
decreased in response to human activities. Shahid et al. [26] reported that the change in
LULC decreased the annual runoff in the San River basin, Pakistan. Villarini and Wasko [27]
concluded that globally, although the variation in the streamflow in response to climate
change is ambiguous, the basins influenced by anthropogenic activities remained more
sensitive to changes in streamflow. In Iran, agricultural land development decreased the
annual streamflow during the historical period by 21%. However, this impact will change
from 14 to 44% in the future periods under climate change scenarios. Considering this
global background, very few studies have been carried out to evaluate and decompose the
effects climate variability and anthropogenic activities on streamflow. In this study, an at-
tempt was made to evaluate and decompose the alteration in the streamflow in response to
climate variability and anthropogenic activities in large basins considering climate change
scenarios. A comprehensive framework was adopted, consisting of the determination of
change points, the identification of trends in the time-series of precipitation and streamflow,
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and the decomposition of the impacts of climate variability and anthropogenic activities.
In this study, three catchments of the HRB: the Buk Han River (BHR; North Han River),
Nam Han River (NHR; South Han River), and Lower Han River (LHR), were taken into
consideration. The objectives of this study were to: (1) analyze the influence of climate
variability and anthropogenic activities on the streamflow of the catchment, (2) evaluate
the quantitative contribution of climate variability and anthropogenic activities during the
observation period (1966–2014) with the application of a climate elasticity approach, and
(3) compute the projected variation in the streamflow under the Representative Concentra-
tion Pathways (RCP) 4.5 and 8.5, based on the CMIP5 projections.

2. Study Area and Data

The HRB is one of the large river basins in Korea and is located in the middle of the
Korean peninsula between 36◦30′–38◦55′ N and 126◦24′–129◦20′ E. The length of the river
is 483.1 km, with a catchment drainage area of 2385.6 km2. This large basin can be naturally
divided into three main rivers: the NHR, BHR, and LHR, which are presented in Figure 1.
The HRB is the most densely populated basin in Korea, with more than half of the country’s
population living in this basin, including Seoul, a metropolitan city in South Korea with
a population of 25 million. The HRB has continental, mountainous, and humid climatic
conditions, with an average elevation of about 406 m, and the mean annual precipitation
and temperature are 1300 mm and 12 ◦C, respectively [28].

Water 2022, 14, x FOR PEER REVIEW 3 of 16 
 

 

climate change scenarios. A comprehensive framework was adopted, consisting of the 
determination of change points, the identification of trends in the time-series of precipita-
tion and streamflow, and the decomposition of the impacts of climate variability and an-
thropogenic activities. In this study, three catchments of the HRB: the Buk Han River 
(BHR; North Han River), Nam Han River (NHR; South Han River), and Lower Han River 
(LHR), were taken into consideration. The objectives of this study were to: (1) analyze the 
influence of climate variability and anthropogenic activities on the streamflow of the 
catchment, (2) evaluate the quantitative contribution of climate variability and anthropo-
genic activities during the observation period (1966–2014) with the application of a climate 
elasticity approach, and (3) compute the projected variation in the streamflow under the 
Representative Concentration Pathways (RCP) 4.5 and 8.5, based on the CMIP5 projec-
tions. 

2. Study Area and Data 
The HRB is one of the large river basins in Korea and is located in the middle of the 

Korean peninsula between 36°30′–38°55′ N and 126°24′–129°20′ E. The length of the river 
is 483.1 km, with a catchment drainage area of 2385.6 km2. This large basin can be naturally 
divided into three main rivers: the NHR, BHR, and LHR, which are presented in Figure 1. 
The HRB is the most densely populated basin in Korea, with more than half of the coun-
try’s population living in this basin, including Seoul, a metropolitan city in South Korea 
with a population of 25 million. The HRB has continental, mountainous, and humid cli-
matic conditions, with an average elevation of about 406 m, and the mean annual precip-
itation and temperature are 1300 mm and 12 °C, respectively [28]. 

 
Figure 1. Location of the study area and hydro-meteorological stations. 

The meteorological data, consisting of daily precipitation and temperature (max and 
min) for the period from 1966 to 2014, were collected from the official website of the Korea 
Meteorological Administration (http://www.data.kma.go.kr, accessed on 15 July 2021). 
The monthly discharge data from the BHR, NHR, and LHR for the period of 1966 to 2014, 
the LULC, and the population data were obtained from the Water Management Infor-
mation System (http://www.wamis.go.kr/Main.aspx, accessed on 23 August 2021). The 
detailed features of the LULC data during the baseline (1966–1997) and post-baseline 
(1998–2014) periods (defined later) are presented in Table 1. The projected precipitation 
and temperature data were generated by general circular models (GCMs). Table 2 shows 
the source and resolution of the four GCMs used in this study. The projected data were 

Figure 1. Location of the study area and hydro-meteorological stations.

The meteorological data, consisting of daily precipitation and temperature (max and
min) for the period from 1966 to 2014, were collected from the official website of the
Korea Meteorological Administration (http://www.data.kma.go.kr, accessed on 15 July
2021). The monthly discharge data from the BHR, NHR, and LHR for the period of 1966
to 2014, the LULC, and the population data were obtained from the Water Management
Information System (http://www.wamis.go.kr/Main.aspx, accessed on 23 August 2021).
The detailed features of the LULC data during the baseline (1966–1997) and post-baseline
(1998–2014) periods (defined later) are presented in Table 1. The projected precipitation
and temperature data were generated by general circular models (GCMs). Table 2 shows
the source and resolution of the four GCMs used in this study. The projected data were
obtained from the website of the Earth System Grid Federation (http://esgf-node.llnl.gov,
accessed on 27 August 2021) from 2031 to 2100 under both the RCP 4.5 and 8.5 scenarios,
which were based on CMIP5. These projected data were used to estimate the future climate
impact on streamflow. The Hargreaves equation, which requires the least amount of and

http://www.data.kma.go.kr
http://www.wamis.go.kr/Main.aspx
http://esgf-node.llnl.gov
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mostly readily available input data sets, such as minimum and maximum temperature [29],
was used to measure the potential evapotranspiration, due to the unavailability of huge
hydro-meteorological data sets.

Table 1. Proportion of land use land cover during the baseline period and post-baseline period.

Characteristics
of Watershed

Buk Han River Nam Han River Lower Han River

Baseline
1966–1997

Post-Baseline
1998–2014

Baseline
1965–1997

Post-Baseline
1998–2014

Baseline
1965–1995

Post-Baseline
1996–2014

Urbanized/Dry
land 0.51 3.61 0.95 2.77 21.60 35.4

Cultivable land 19.25 20.80 9.92 7.80 23.14 12.8
Forest 75.77 69.91 85.78 84.70 44.82 37.41

Grass land 2.05 1.75 0.75 1.32 2.63 4.41
Marsh 0.10 0.55 0.01 0.38 0.44 1.16

Impervious 1.51 1.45 0.01 0.81 4.37 5.18
Water bodies 0.90 1.93 0.12 2.22 3.11 4.17

Note: All the values in the table are in percentage (%).

Table 2. Details of the GCMs used in this study.

GCMS Source Resolution

HadGEM2-ES Met office Hadley Center 2.5◦ × 2.023◦

IPSL-CM5-LR Institute Pierre-Simon Laplace 1.875◦ × 1.250◦

MIROC-ESM-EHEM JANSTEC, NIES, and AORI 3.750◦ × 1.895◦

NorESM-M Norwegian Climate Center 2.5◦ × 1.895◦

3. Methods

A comprehensive framework was adapted, as shown in Figure 2, for evaluating and
decomposing the changes to streamflow due to climate variability and anthropogenic
activities under climate change conditions.
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3.1. Identification of Trends

Innovative trend analysis (ITA) was applied to investigate the trends in the hydro-
meteorological data. This test has been frequently used and has universal applicability [30,31].
As Shah et al. [32] specified a detailed procedure of ITA, the trend indicator of ITA was
defined by Sen [33] as:

ITA =
1
n

n

∑
i=1

(ki − ji)
µ

(1)

where ITA is the trend indicator, n is the number of data points, µ is the average value
time series, and ji and ki indicate the observation points. A positive value of ITA signifies
that the time series possesses an increasing trend, whereas a negative ITA indicates a
decreasing trend.

3.2. Investigation of Breakpoints

In this study, a broadly used and highly endorsed non-parametric Pettit method was
applied to ascertain breakpoints. Several studies have utilized this approach to categorize
abrupt breakpoints and to distinguish the baseline and post-baseline periods [34]. The
procedure for the Pettit breakpoint test considers the time series as two series: e1, . . . , et
and et+1, . . . , eN. The Pettit Ut,N is given by Equation (2) as follows:

Ut,N =
t

∑
i=1

N

∑
j=t+1

sgn
(
ei − ej

)
(2)

The probability of break points for each year can be measured as follows:

ρ ≈ 1− exp

(
−6U2

t,N

N3 + N2

)
(3)

3.3. Decomposing the Relative Contribution of Climate Variability and Anthropogenic Activities

Alterations in streamflow can be influenced by the combined interaction of climate
variability and anthropogenic activities. Climate variability is mainly attributed to external
forces. Thus, these forces are considered to be independent variables [35]. The relative
contributions of climate variability (RCC) and anthropogenic activities (RCA) can be
quantified as follows:

|∆Q| = |∆QC|+ |∆QA| (4)

RCA(%) =
∆QA
|∆Q| × 100(%) (5)

RCC(%) =
∆QC
|∆Q| × 100(%) (6)

3.4. Decomposing the Relative Contribution of Climate Variability and Anthropogenic Activities

The Budyko assumption depends on the principle of the water and energy balance of
a catchment. The sum of precipitation is equal to the sum of streamflow and evaporation,
whereas inbound solar radiation is the same as the outbound thermal radiation from the
earth [16]. Considering this relationship, Budyko [36] anticipated that the ratio of yearly
evapotranspiration to precipitation (evaporation index) would likely be associated with
the ratio of yearly potential evapotranspiration to precipitation (dryness index (ϕ)) and
the physical characteristics of the catchment. In general, the Budyko assumption can be
written as:

ET = P× f(ϕ, C) (7)

where ET is the evapotranspiration, P is the precipitation, and C is the catchment character-
istics. Equation (7) reveals the typical linkage of the evaporation ratio and dryness index.
However, for practical applications, it must be in a certain form. Therefore, the Budyko
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curve-based functions proposed by Zhange et al. [37] express the aforementioned linkage
as follows:

PET
P

= 1 +ϕ− (1 + (ϕ)) (8)

PET
P

=
1 + wϕ

1 + wϕ+ (1 + wϕ)− 1
(9)

where PET is the potential evapotranspiration, and w indicates the catchment characteristics,
which are a function of vegetation types and topographical characteristics.

∆QC =

(
εP

∆P
P
− εPET

∆PET
P

)
×Q (10)

where ∆P and ∆PET reflect the change in precipitation and the potential evapotranspiration,
respectively. εP and εPET are the streamflow elasticities to precipitation and potential
evapotranspiration, respectively. The streamflow elasticities, εP and εPET, are connected,
as εP + εPET = 1. Thus, ∆QC and ∆QA are the increments of streamflow due to climate
variability and anthropogenic activities, respectively.

To compute the ∆QC, εP and εPET are initially required to be analyzed. In this study,
we applied the Budyko hypotheses procedure that can be expressed as:

εP = 1 +
ϕ× f′(ϕ)
1− f(ϕ)

(11)

where f′(ϕ) is the derivative of the function from the Budyko-based approach.

4. Results
4.1. Investigation of Breakpoints

To quantify and decompose the hydrological response to climate warming and anthro-
pogenic activities in the river basin, we initially diagnosed the spurious breakpoint in the
time series. We detected the breakpoints in the hydro-meteorological times series using
the Pettitt test, and the results are shown in Figure 3. The breakpoints in precipitation and
streamflow in all three of the rivers were observed during the 1990s. In the BHR and NHR,
both the precipitation and streamflow times series showed similar breakpoints in 1997.
Meanwhile, the breakpoint in streamflow in the LHR was detected in 1995. The breakpoints
in our study are comparable with those in recent studies conducted over the HRB [19,21].
Considering the breakpoints, we divided the time series into two sub-series: the baseline
period from 1966 to the breakpoint detection year, assuming that the streamflow during
this period was only influenced by climate variability, and the post-baseline period from
the breakpoint to 2014, assuming that the streamflow during this period was influenced by
both climate variability and anthropogenic activities.

4.2. Characteristics of LULC in the HRB

The characteristics of LULC in the HRB were mainly dominated by three types of
land use: forests, cultivable land, and urbanization. However, remarkable variations in
the proportion of land use were noticed. These variations were observed distinctly in the
BHR, NHR, and LHR, as shown in Table 1. During the baseline period, the fractions of
forests, cultivable land, and urbanized land were 75.7%, 19.2%, and 0.51% in the BHR;
85.7%, 9.9%, and 0.95% in the NHR; and 44.8%, 23.14%, and 21.6% in the LHR, respectively.
However, during the post-baseline period, significant reductions in forest by 8.3% and 15%
were observed in the BHR and LHR, respectively, whereas rapid growth in urbanization
compared to the baseline period, accounting for 86.3%, 65.7%, and 39.6% were detected
in the BHR, NHR, and LHR, respectively. The ratio of cultivable land was observed to be
reduced in both the NHR and LHR. This variation in land use indicated that ecological
progression began in the watershed. As denoted in Table 1, the forest and cultivable land
areas were gradually converted into urban areas in all of the river basins. The proportional
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variation of the LULC indicated that, within the baseline period, the reductions in cultivable
land were observed as 27.17 and 83.3% in the NHR and LHR, respectively. However, an
extensive increase of urbanization was observed as 39.6 to 86.3%. Condensing the LULC
change, the time series of all the river basins were classified into two sub-series with
the baseline period that had relatively less variation in LULC from 1966 to around 1990.
Whereas the post-baseline period had a rapid fraction in LULC that began in the 1990s and
continued to the last year of the present study on record.
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4.3. Variation in the Time-Series of Precipitation and Streamflow

The inconsistencies in precipitation and streamflow in the BHR, NHR, and LHR for
the period of 1966–2014, and future periods (2031–2060 (P1) and 2071–2100 (P2)) were
evaluated using the ITA. The trends observed in both precipitation and streamflow are
shown in Figure 4, which showed a significant shift from the baseline period to the post-
baseline period in all river basins. Negative values of ITA for precipitation and streamflow
in the BHR and LHR were observed during the baseline period, which showed decreasing
trends. However, the values of the trend indicator ITA for the post-baseline period were
observed to be positive (increasing) in all river basins. Abrupt shifts in the precipitation
and streamflow trends from decreasing to increasing during the baseline and post-baseline
periods were observed in the BHR and LHR. Considerable increases in precipitation and
streamflow in the HRB were also reported by Shah et al. [21]. This significant variation in
precipitation and streamflow may be in response to anthropogenic activities, including the
LULC change, the construction of dams and levees, urbanization, and changes in irrigation,
deforestation, and operational management practices, which might alter the hydrology of
the watershed.
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4.4. Relative Contributions of Climate Variability and Anthropogenic Activities

The Budyko-based climate elasticity approach was adapted to evaluate and decompose
the streamflow changes from climate variation and anthropogenic activities in all three
large rivers in the HRB. First, the elasticity coefficient for streamflow, corresponding to
climatic variables, such as precipitation (εP) and potential evapotranspiration (εPET), for
the BHR, NHR, and LHR were estimated using the Budyko-based curve. The results of the
climate elasticity approach are compiled and shown in Table 3. The values of the elasticity
coefficients for precipitation (εP) were 1.95, 1.96, and 1.86, and the elasticity coefficients of
potential evapotranspiration (εPET) were observed as −0.95, −0.96, and −0.86 in the BHR,
NHR, and LHR, respectively. These results suggest that climate variability was a key factor
responsible for the alteration in streamflow. However, the impact of climate variability
varied in each river basin in the HRB, as shown in Figure 5. The effects of climate variability
in the BHR and NHR accounted for 76.52% and 80.51% of the total change, respectively.
Precipitation remained a primary factor of the climate variability in both the BHR and
NHR. Whereas the impact of climate variability remained a secondary source of altering
streamflow in the LHR, causing 43.57% of the total change in streamflow. Meanwhile,
the proportion of anthropogenic activities was observed to be less than that of climate
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variability in the BHR and NHR, accounting for 23.48% and 19.5% of the total change,
respectively. Whereas the impact of anthropogenic activities was a leading source of the
alteration in the streamflow in the LHR, accounting for 56.42% of the total variation.

Table 3. Relative contributions of climate variability and anthropogenic activities to streamflow alteration.

Variable
Nam Han River Buk Han River Lower Han River

Baseline Post-Baseline Baseline Post-Baseline Baseline Post-Baseline

P 1260.3 1403.9 1283.7 1433.32 1286.83 1350.78
PET 960.8 902.2 960.8 902.21 960.8 939.7

Q 654.3 781.2 844.21 1021.06 632.99 737.77
εP 1.96 - 1.95 - 1.86 -
εPET −0.96 - −0.95 - −0.86 -

∆P - 143.61 - 149.62 - 63.95
∆PET - 56.26 - 58.61 - 21.1

∆Q - 126.88 - 176.85 - 104.78
∆QC - 80.51 - 76.52 - 43.57
∆QA - 19.5 - 23.48 - 56.42

Note: P, PET, and Q are the precipitation, potential evaporation, and streamflow, respectively. ε is the coefficient
of elasticity, and ∆ represents the change in a variable compared to the baseline period.
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alteration in the Buk Han River, Nam Han River, and Lower Han River.

4.5. Change in the Projected Precipitation and Temperature under the RCP Scenarios

Future variation in the extent of precipitation was computed with both the RCP
4.5 and 8.5 scenarios for the future periods. To evaluate the impacts of climate variabil-
ity on streamflow alteration in the HRB, the data were divided into three periods: P0
(1966–1997) was chosen as the baseline period, and the other two periods were future
periods: P1 (2031–2060) and P2 (2071–2100). The variations in precipitation of P1 and P2
were compared to those of P0 under the RCP 4.5 and 8.5 scenarios, as demonstrated in
Table 4. Corresponding to the scenarios, the annual increase in precipitation of P2 was
relatively greater than that of P1 ranging from 11.1% to 13% compared to that of P0 under
the RCP 4.5 and 8.5 scenarios, respectively.
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Table 4. Variation in the precipitation in the HRB under the RCP 4.5 and 8.5 scenarios compared to
that during the baseline period.

Scenario Period Annual Spring Summer Fall Winter

RCP 4.5
2031–2060 10.8% 14.30% 10.20% 11.00% 10.30%
2071–2100 11.1% 13.3 10.40% 11.40% 11.00%

RCP 8.5
2031–2060 11.40% 12.70% 12% 9.80% 9.30%
2071–2100 13% 12.10% 10.20% 10.20% 8.40%

Furthermore, seasonal variations in the future precipitation were observed in both
scenarios and are shown in Table 4. Seasonally, a slight decrease in precipitation was
observed in the spring and summer, whereas a slight increase during the fall season was
observed between P1 and P2 under both the RCP 4.5 and 8.5 scenarios. Figure 6 exhibits the
monthly variation in the precipitation that increased in April, May, and November, whereas
it decreased in June under the RCP 8.5 scenario. However, an increase in precipitation was
observed during May and August and a decrease was observed in October under the RCP
8.5 scenario.
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Figure 6. Rate of change in monthly precipitation under the: (a) RCP 4.5; (b) RCP 8.5 scenarios,
corresponding to the projected future precipitation from 2031 to 2060 and 2071 to 2100 as compared
to the baseline period.

The results of the temperature variations are shown in Table 5. These results indicate
that the temperature will follow an increasing trend. Temperature variations under the
RCP 4.5 and 8.5 scenarios are shown in Figure 7, which revealed that warming will be less
under the RCP 4.5. However, it will constantly be increasing under the RCP 8.5.

Table 5. Variation in the projected annual temperatures (mean, minimum, and maximum) under the
RCP 4.5 and 8.5 scenarios for future periods compared to those of the baseline period.

Scenario Period
Mean Temperature Min. Temperature Max. Temperature

Value ∆T (◦C) Value ∆T (◦C) Value ∆T (◦C)

Baseline 1966–2000 12.5 - 8.6 - 17.1 -

RCP 4.5
2031–2060 14.4 1.9 10.1 1.5 19.2 2.1
2071–2100 15.3 2.7 11.0 2.4 20.1 2.9

RCP 8.5
2031–2060 14.6 2.1 10.3 1.7 19.4 2.3
2071–2100 17.1 4.5 12.8 4.1 22.0 4.9

Note: ∆T (◦C) indicates the change in temperature compared to the baseline period.
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We used the climate elasticity approach (Equation 10) to compute the variations in
the streamflow under climate change conditions in response to precipitation and evapo-
transpiration under the RCP scenarios. The results revealed the projected variation in the
streamflow in response to climate factors, as shown in Table 6. Considering the results
obtained from the multi-model ensemble (MME) under the RCPs 4.5 and 8.5 scenarios for
the period of P1, the projected variations in the precipitation were 4.6% to 11.18%, and
the evapotranspiration varied from −6.23% to −6.34%, respectively. However, during
P2, under both scenarios, variation in the precipitation increased from 10.35% to 10.53%,
and the evapotranspiration increased due to the increase in temperature during P2, which
accounted for 11.79% to 16.76%. These variations in the future climate factors might lead to
alteration of the streamflow in the basin. The projected variation in the streamflow during
P2 ranged from 22.14% to 27.33% compared to the baseline period under the RCP 4.5 and
8.5 scenarios.

Table 6. Relative variation in streamflow for the projected future periods using the climate elasticity
model under the RCP 4.5 and 8.5 scenarios, compared to that during the baseline period.

Scenario Period εP εPET ∆P
P

∆PET
PET εP

∆P
P εPET

∆PET
PET ∆Q

RCP 4.5
2031–2060 1.54 −0.54 2.98 11.48 4.60 6.23 10.83
2071–2100 1.69 −0.69 6.13 17.10 10.35 11.7 22.14

RCP 8.5
2031–2060 1.55 −0.55 7.16 11.48 11.18 −6.34 4.86
2071–2100 1.57 −0.57 6.69 17.09 10.53 16.79 27.32

Note: Unit for the ∆P/P, ∆PET/PET (%).

5. Discussion

In this study, we evaluated and decomposed the influence of climate variability and
anthropogenic activities on the streamflow alteration in large basins using MME projections
under the RCP 4.5 and RCP 8.5 scenarios in the HRB. To achieve our objective, we first
identified the breakpoints for the precipitation, evaporation, and streamflow time series
and found breakpoints during the 1990s in all three rivers: the BHR, NHR and LHR. Our
breakpoint results are consistent with those of recent studies on the HRB [19,21]. These
studies also determined breakpoints during the 1990s that were that start of anthropogenic
activities in the basin. Furthermore, we quantified the effects of climate variability and
anthropogenic activities on streamflow alteration using the climate elasticity approach. We
found that climate variability was the dominant factor accounting for 76.52% and 80.51%
of the total variation in the streamflow, while anthropogenic activities remained secondary,
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accounting for 23.48% and 19.5% of the variation in the streamflow in the BHR and NHR,
respectively. However, a large variation in the relative proportions was observed in the
LHR, with climate variability contributing 43.57% and anthropogenic activities contributing
56.7%. The higher contribution of anthropogenic activities in the LHR could have been due
to rapid urbanization and LULC changes in the basin.

We investigated the impacts of future climate change on the streamflow using MME
for the RCP 4.5 and 8.5 scenarios. Our results indicated that significant increases in the
precipitation and temperature were expected during P1 and P2 compared to those in P0.
The variation in the climatic factors could cause variation in the streamflow during the
future periods. Variations of 4.6% to 10% and 10.35% to 10.53% in precipitation and −6.23%
to −6.34% and 11.79 to 16.79% in evapotranspiration were projected in the RCP 4.5 and
RCP 8.5 scenarios, respectively. These variations in climate factors could cause an alteration
in the streamflow ranging from 22.14% to 27.32% in the future. Our results for future
climate warming effects cannot be compared with those from other studies because there
have been no such studies conducted on the HRB. However, compared to our baseline
results, the results for the future period suggest that climate warming effects will remain
below 50%. These results indicate that anthropogenic activities might increase significantly
in the future.

6. Conclusions

In this study, the quantitative effects of climate variability, anthropogenic activities,
and future climate change on streamflow conditions in three large river basins: the BHR,
NHR, and LHR, were assessed and decomposed using the climate elasticity approach and
decomposition framework. The core findings of the current study are as follows:

(1) Three rivers, the BHR, NHR, and LHR, showed a significant variation in climate
factors, which altered the streamflow. Significant increases in the streamflow in
the BHR, NHR, and LHR of 176.85, 126.88, and 104.75 mm/year, respectively, were
observed during the post-baseline period;

(2) The relative contributions to the total streamflow variations indicated dominance of
the climate warming factor in the BHR and NHR with 76.52% to 80.51%, respectively.
However, anthropogenic activities remained the leading factor of alteration in the
LHR at 56.42%;

(3) The alteration in the streamflow was associated with changes in the climate factor.
Precipitation and temperature were expected to increase in the future under both the
RCP 4.5 and 8.5 scenarios. This increase altered the streamflow in the basin up to
22.14% to 27.32% compared to that of the baseline period, especially for the future
period (2071–2100).

The findings of this study showed that the relative contributions of factors affecting
streamflow in all three rivers, the BHR, NHR, and LHR, were influenced by both climate
variability and anthropogenic activities. Climate change could be a key component for
future changes in the streamflow. We recommend careful insight, especially on rapidly
increasing anthropogenic activities and future warming in the climate, to mitigate expected
hazards in the basin. These findings will be beneficial for achieving an integrated water
resource management and will aid in planning water management strategies to reduce
the risk of hydrological disasters. This study is limited to local regions. However the
framework of the analysis could be adapted to other regions of the world with similar
climate conditions. We also recommend future research to investigate the individual
impacts of each climate and anthropogenic activity on streamflow conditions.
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