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Abstract: Climate change plays a vital role in the hydrology of any river basin, which may have
multidimensional consequences. There is a need to conduct climate change impact assessment studies
with updated models and scenarios. This study aimed to assess the impact of climate change on the
streamflow and hydropower in Pakistan’s Kunhar River basin. Three general circulation models
(GCMs), under two Shared Socioeconomic Pathway scenarios (SSPs 2—45 and 5-85), the Soil and
Water Assessment Tool, and the flow duration curve were used to project the change in climatic
parameters, streamflow, and hydropower potential, respectively. The findings indicated that in
the 2080s, the precipitation, maximum, and minimum temperatures are projected to increase by
10%, 2.0 °C, and 3.0 °C under the SSP 2—45 scenario and are projected to increase by 8%, 3.7 °C,
and 4.4 °C under the SSP 5-85 scenario, respectively. The annual streamflow may increase by 15
to 11%, and the seasonal fluctuations are more likely to be dominant compared with the annual
fluctuations. The hydropower potential will probably increase by 24 to 16% under the SSP 2—45
and 5-85 scenarios in the 2080s. However, seasonal changes in streamflow and hydropower may
impact the hydropower plant operation in the basin. The Kunhar River’s hydrology may change
from snow-fed to a rainfall-runoff river.
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1. Introduction

We are living in an anthropogenic world [1]. The inadequate use and deterioration of
natural resources and ecosystems have resulted from a growing demand from development
expansion, and the situation is made worse by climate change [2]. The United Nations
has developed the Sustainable Development Goals (SDGs) to divert global development
growth in the right direction, reduce the pressure on natural resources and ecosystems, and
avoid the hazards from unexpected systematic shifts [3]. In general, SDGs 6, 7, and 13 are
related to water, clean energy, and climate change, respectively. Climate change might have
an impact on the availability of water and energy, especially hydropower [4-6]. The rise
in greenhouse gas concentration in the atmosphere brought on by human activity is what
causes climate change [2]. In 2019, the atmospheric concentration of CO, reached its highest
point in more than two million years. Additionally, the average temperatures recorded
during the decade from 2011 to 2020 surpassed those of the most recent prolonged period of
warmth, which took place approximately 6500 years ago. The Intergovernmental Panel on
Climate Change (IPCC) has projected that during the period from 2081 to 2100, the average
global surface temperature is expected to increase. Under the low greenhouse gas (GHG)
emissions scenario, it is highly likely to rise by approximately 1.0 °C to 1.8 °C. In contrast,
under the high GHG emissions scenario, there is a potential for a more significant increase,
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ranging from 3.3 °C to 5.7 °C [7]. Climate change eventually results in modifications to the
hydrological cycle, which lead to a change in water availability [8-10]. A change in water
availability is linked with changes in low-flow and high-flow timings that can influence
crop yield, groundwater recharge, green and blue water availability, and hydropower
potential [11-16]. Hydropower comprises the largest portion of renewable energy sources
and is facing a significant challenge due to climate change. According to a study in southern
Spain, half of the hydropower production may be reduced due to climate change at the end
of this century [17]. A 12% decrease is projected in hydropower generation at the Kariba
reservoir due to climate change in the Zambezi River basin (Southern Africa) [18]. A study
on the Tekeze reservoir in Ethiopia examined the impact of climate change on hydropower;
the results showed a potential increase of up to 30% by the end of this century [19]. A
study in the Kaoping river basin in Taiwan used four GCMs to examine climate change’s
effect on hydroelectric capacity; the findings showed a future decrease in hydropower
potential [20]. According to Hydropower Resources Pakistan (2022), Pakistan possesses an
estimated hydropower potential of approximately 64,000 MW, with a significant portion
still untapped, as only 10,200 MW has been harnessed to date. On the other hand, Pakistan
is currently the fifth-most climate-vulnerable country in the world [21]. This makes it more
important to estimate the impact of climate change on hydropower potential in the context
of Pakistan. No study has been conducted to investigate the impact of climate change on
the hydropower potential of the Kunhar River basin to date.

This study focuses on the impact of climate change on the streamflow and hydropower
in the Kunhar River basin, Pakistan. The decision to choose the Kunhar River basin was
based on its large capacity for hydropower generation. To determine the effects of climate
change on the Kunhar River basin, a few studies have been carried out, but these investi-
gations were only based on historical data analysis [22-25]. A couple of studies have also
reported the projected future streamflow [26,27]. However, these studies used outdated
emission scenarios, low resolution, and a very limited number of general circulation mod-
els (GCMs) for the projection of future flow. A governing equation for the GCM is the
Navier-Stokes equation, which describes the three-dimensional climatic conditions of the
Earth, ocean, and atmosphere, as well as their interactions [28]. Uncertainties in climate
projections mainly occur due to the variation in spatiotemporal resolution, numerical meth-
ods, etc., in climatic models and bias correction techniques [29,30]. However, multimodal
combined types can be used to minimize the uncertainty in climate projections [31,32]. The
aforementioned points highlight the primary areas where research is lacking. To address
these gaps, the main objectives of this study were as follows:

- To evaluate the impacts of climate change on the streamflow in the Kunhar River basin;
- To determine how climate change would influence the hydropower potential.

The primary novelty of this study includes the utilization of multiple GCMs using the
latest IPCC scenarios and evaluating the influence of climate change on the hydropower
potential within the Kunhar River basin. This work used the combined results of three
GCMs to quantify the effects of climate change on the streamflow and hydropower potential
in the Kunhar River watershed under the SSP 2—45 and 5-85 scenarios in order to reduce
uncertainty. With the aid of several methodologies, GCMs were downscaled from the global
to the regional level to lessen the uncertainty in climate forecasts [33,34]. The hydrological
model Soil and Water Assessment Tool (SWAT) was used to project streamflow. Due to
the Kunhar River watershed’s geographic significance, sharp topographic change, climatic
fluctuations, water supplies, and hydropower potential, it was chosen as the subject location
for this research. The Kunhar River alone offers enormous potential for hydropower
production, which is also susceptible to climate change.

The outcomes observed in the Kunhar River basin carry significant implications that
could extend to the Neelum and Astor River basins. Furthermore, the results of this study
can have even wider implications for other areas such as Amu Darya and Syr Darya River
Basins, which are located in Central Asia. Both have a similar terrain and hydrological
regimes [35]. This is primarily due to the striking similarities that these basins exhibit in
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terms of their physical landscape and the dynamics of their hydrological regimes. The
topography, characterized by the terrain’s shape and features, is very similar among
these river basins, suggesting that any geographical or environmental factors influencing
one are likely to be relevant to the others. Furthermore, the hydrological regime, which
encompasses the distribution, movement, and quality of water throughout these areas,
follows a comparable pattern. This means that the way that water flows, the timing of its
flow, and its response to various climatic conditions are almost the same across these basins.
Therefore, research or observations yielding insights into water management, conservation
efforts, or ecological impacts within the Kunhar River basin could provide a valuable insight
into what could be expected for other hydrologically similar basins. Understanding these
implications is crucial for regional planning, sustainable development, and environmental
protection initiatives across these interconnected landscapes.

2. Materials and Methods

This section consists of two parts: data acquisition and methodology. Hydroclimatic,
soil, land, elevation data, and data for three GCMs (under two scenarios) were collected
from different sources. The methodology of this study was based on climatic modeling,
hydrological modeling, estimation of change in flow, and change in hydropower potential.

2.1. Data Acquisition

The National Centers for Environmental Prediction’s Climate Forecast System Reanal-
ysis provides daily historical climate data (CFSR), including precipitation, highest and
lowest temperatures, wind speed, relative humidity, and solar radiation through the link
https:/ /globalweather.tamu.edu/ (accessed on 10 April 2022). These climate variables were
incorporated as inputs in the development of the SWAT model, and both maximum and
minimum temperatures, along with precipitation, were also utilized in the bias correction
process for future climatic projections. The Surface Water Hydrology Project provided the
Naran and Balakot daily observed data as well as the Ghari Habibullah/Talhatta station’s
streamflow data (SWHP) were used for the hydrological analysis for the baseline and for
the calibration and validation of the SWAT model. The Food and Agriculture Organization
of the United Nations (FAO) provided the soil information. The Digital Elevation Model
(DEM) was retrieved from the Shuttle Radar Topography Mission (SRTM). The land use
data were retrieved from the European Space Agency. Soil, land use map, and DEM were
used in the SWAT model as inputs. Table 1 lists the specifics of each type of data that were
collected for this study.

Table 1. Detail of data types and their sources.

Data Type

Spatial and Temporal

. Time Period Station Retrieval Date
Resolution

Sourc

DEM
Soil

Land use

General circulating models
Streamflow
Temperatures

Precipitation
Relative humidity

Solar radiation
Wind speed

SRTM 30 X 30 m - - 20 January 2022
FAO 1 x 1km - - 10 February 2022
Eur‘jfea“ Space 300 x 300 m 2019 - 15 February 2022
gency
ECMWEF 250 x 250 km 1979-2099 - 10 December 2022
SWHP Daily 1961-2017 1 station 1 April 2022
CFSR 30 x 30 km and Daily 1979-2014 5 stations 10 April 2022
SWHP Daily 1979-2017 2 stations 10 April 2022
CFSR 30 x 30 km and Daily 1979-2014 5 stations 10 April 2022
SWHP Daily 1979-2017 2 stations 10 April 2022
CFSR 30 x 30 km and Daily 1979-2014 5 stations 10 April 2022
CFSR 30 x 30 km and Daily 1979-2014 5 stations 10 April 2022
CFSR 30 x 30 km and Daily 1979-2014 5 stations 10 April 2022

Future climatic data was extracted from three GCMs, with a resolution of 250 x 250 km.
These were obtained from the European Centre for Medium-Range Weather Forecasts
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(ECMWEF) platform through the link https://cds.climate.copernicus.eu/cdsapp#!/dataset/
projections-cmip6?tab=form (accessed on 10 December 2022). The characteristics of GCMs
are given in Table 2.

Table 2. Characteristics of used global climate models.

Source GCMs Institute Resolution Scenario (SSPs) Duration

Australian Community Climate

ACCESS-CM-2 and Earth System Simulator 250 x 250 km 2-45 & 5-85 2020-2099
Climate Model Version 2
Centre National de Recherches
ECMWF CNRM-CMS6.1 Météorologiques Coupled Model 250 x 250 km 2-45 & 5-85 2020-2099
version 6.1

The Meteorological Research
MRI-ESM2.0 Institute Earth System Model 250 x 250 km 2-45 & 5-85 2020-2099
Version 2.0

2.2. Methodology

The methodology of this study can be divided into three main components: first, an
examination of climate patterns using multiple GCMs and scenarios; second, an analysis of
how climate affects runoff using the SWAT model; and third, an evaluation of the impact of
climate on hydropower potential with help of flow duration curve (FDC). The implications
of climate change on river flow and hydropower were estimated using the framework
shown below in Figure 1.

Study Area
v
Data Collection Downloading GCMs
v v
Hydrological Model (SWAT) Extraction of GCM data
Digital Elevation —T Historic |
Model Climatic Data
Basin Delineation Linear bias correction
v
Z2 w ¢ Land use Map
FDC < 2 > Projected Climatic
7 "‘_ Streamflow Data Parameters (2020-2099)
Design Discharge Calibration & Validation [« ¥
s v Climatic Analysis
Hydropower Potential Model Development
v v 4
Change in Hydropower Change in Streamflow Change in Climate

Figure 1. Complete flowchart of the methodology.

2.2.1. Climate Change Assessment

This section introduces the outcomes of relative change in projected climatic parame-
ters (precipitation, maximum and minimum temperatures) with respect to the baseline data
(1979-2017). Moreover, to minimize the uncertainty, the precipitation and temperature re-
sults of all three GCMs (ACCESS-CM-2, CNRM-CM6.1, and MRI-ESM2.0) were ensembled
under two scenarios (SSP 2-45 and 5-85). The SSPs have been developed to offer holistic
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scenarios that encompass both socioeconomic and climate influences. In contrast, the RCPs
mainly concentrate on greenhouse gas concentration trajectories without explicitly factor-
ing in socioeconomic aspects. This incorporation enables a more thorough evaluation of
the consequences of future climate change and the formulation of adaptation strategies [36].
The temperatures and precipitation were bias-corrected with linear technique. Projected cli-
matic parameters were divided into three time steps, 2020-2039 (2030s), 2040-2069 (2050s),
and 2070-2099 (2080s). ArcGIS was used to extract the climatic parameters (precipitation,
maximum and minimum temperatures) from the three GCMs for the historical (1979-2005)
and projected run (2020-2099). The range of projection of precipitation of different GCMs
is significantly varied in magnitude [37,38]. The projected precipitation and temperatures
were bias-corrected with the linear scaling technique. Equations (1) and (2) below provide
the scaling factor, observed monthly mean ratio, and historical run that was used to adjust
precipitation using the linear scaling approach. Equations (3) and (4) yield scaling value,
which represents the difference between the historical run of the climate model and the
long-term monthly observed temperature; this was added to the maximum and lowest
temperatures to adjust them.

* Mm(Po S(d))
Pyis = PhiS(d)'ium(Phis(d)) (1)
* le(Po S(d))
Phus = Prue( @) o) @
This = This(d) + tm (Tops (d)) — wm(This(d)) (3)
Ty = Tru(d) + i (Tops (d)) — tm (This (d)) 4)

where P stands for precipitation, T for temperature, his for historical runs, fut for future
runs, obs for station data, u for average, m for monthly, d for day, and an asterisk (*) for
bias correction.

2.2.2. Hydrological Modeling

The SWAT hydrological model, which is physically based and semi-distributed, can
simulate runoff on a daily or subday time scale. The SWAT model benefits from its uti-
lization of software code that is available in the public domain and open-source resources.
Nevertheless, it also exhibits some limitations, such as its constrained capabilities in address-
ing erosion and sediment transport, as well as its limited capacity to simulate snowmelt [38].
Equation (5), which is based on the water balance equation, serves as the foundation for
the hydrologic component of SWAT [39].

SWi=SWo+Y (Rz’ = Quurf — Ei = Wi — ng) ©®)

where SW is the initial soil water concentration, and SW; is the final soil water concentra-
tionin f days. R; is precipitation, Qg is surface runoff, E; is evapotranspiration, W; is loss
to vadose zone, and Qg is return flow. All quantities are in millimeters.

The Kunhar River watershed discharge was examined in relation to climate change
using the SWAT model. The SWAT model received as inputs DEM, soil type, land use maps,
and meteorological data. For fifteen years (1985-1999), the SWAT model was calibrated on
a monthly time step and validated for fourteen years (2001-2014). A warm-up period of
four years was used (1981-1984). Model calibration entails adjusting model parameters
so that the simulated flow captures the observed flow’s inconsistencies [40]. Manual
calibration was undertaken to enhance the alignment between simulated and observed
values. The hydrological model’s performance was assessed using three distinct statistical
metrics: Nash—Sutcliffe efficiency (NSE), percentage of bias (PBIAS), and coefficient of
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determination (R2). The acceptable values of NSE, R2, and PBIAS are >0.5, >0.5, and
—15% < PBIAS < +15%, respectively [22]. Streamflow under climate change was predicted
using the calibrated SWAT model. Additionally, with the use of SWAT calibration and
uncertainty tools, the Sequential Uncertainty Fitting Version 2 (SUFI-2) technique was
used to perform the sensitivity analysis (SWAT-CUP). One thousand iterations were used
to complete the sensitivity analysis. Sensitivity analysis is a commonly used technique
for assessing the significance of individual model parameters in influencing the system’s
behavior [40].

2.2.3. Projected Streamflow Assessment

The projected precipitation and temperature were the main inputs to obtain the
projected streamflow by using the calibrated SWAT model. However, the baseline data of
relative humidity, solar radiation, and wind speed were given as input to the calibrated
SWAT model to project the river flow. Moreover, it was assumed that there would be no
significant land use change in the watershed in the future. This assumption is based on
the baseline land use data (2019), which showed that practically most of the forests in the
Kunhar River basin are conserved forests, and that just 0.2 percent of the area was used for
urban land use. There is no other use allowed for this space. According to the Pakistan
Forest Act of 1927, reserved woods are state-owned forests that have been designated as
such. In these woods, unless otherwise noted, no activity is allowed [41]. In order to project
the river flow, the SWAT model’s input calibration was carried out using the baseline
land use data. The change in streamflow was analyzed with a comparative assessment of
baseline and projected streamflow on monthly, seasonal, and annual scales, and percentage
change was determined. Secondly, three indices were employed to calculate the change
in streamflow as a result of climate change: low flow (Q95), median flow (Q50), and high
flow (Q5). The FDC was used to derive Q95, Q50, and Q5. The FDC is a cumulative
frequency curve that calculates the percentage of times that a set of discharges was equaled
or surpassed over the course of a certain period according to Equation (6), as given by [42].

M
P(%) = ———— x 100 6
(%) = a3 ©
where P is the probability that a given flow will be equaled or exceeded (% of the time), M
is the ranked position on the listing (dimensionless), and 7 is the number of events for the
period of record (dimensionless).

2.2.4. Hydropower Analysis

The hydropower potential for a specific stretch of a stream may be easily determined
by using Equation (7) [43]. The discharge (Q), the water’s specific weight (), and the power
potential (P) of flowing water all influence the hydraulic head (H) between the intake point
and the turbine. The sole variable in a run-of-the-river hydroelectric plant is streamflow.

P=+QH (7)

The head is the angular separation between two points in space (intake and turbine).
The pressure caused by a difference in elevation between the intake and turbine is another
way to describe it. For run-of-the-river hydropower plants, the alteration in the head
caused by changes in flow is minimal. The water’s specific weight remains constant,
with streamflow being the sole variable in Equation (7). Furthermore, there are several
hydropower projects at various stages of development, with one already operational. The
hydraulic head values for the proposed sites were sourced from [44], while data for sites
under construction were extracted from [45,46]. Comprehensive site information can be
found in Table S3 within the supplementary materials. Typically, 25 to 40% of the natural
stream’s available flow is used as the design discharge [47], and 20-30% of river flow
is used for environmental flow, according to a recent estimate of the Water and Power



World 2023, 4

782

Development Authority (WAPDA), Pakistan [48]. A flow duration curve is employed to
determine the river’s design discharge [49]. In this investigation, the design discharge
(Q30) was taken as 30% of the available flow of the natural stream. Therefore, Q30 was
used to estimate the change in hydropower potential for the baseline as well as for the three
projected periods (2030s, 2050s, and 2080s) under the SSP 2-45 and 5-85 scenarios.

2.2.5. Ungauged Sites Streamflow

Flow data for Ghari Habibullah were obtainable for both the baseline and projected
time spans. The drainage area ratio (DAR) method was employed to establish the relative
flow at the specified locations [45]. Equation (8) was used to calculate the discharge at the
ungauged location:

0= (%) <@ ®)

where Ay (km?) and A (km?) are the ungauged and gauged sites’ drainage areas, respec-
tively, and Qy (m3/s) is the streamflow at the unmeasured location (x). But the “Q” (m3/s)
is the known flow at the position of the gauge. This is further explained graphically by con-
sidering an example with a gauge drainage area, as shown in Figure 2a, and an ungauged
drainage area, as shown in Figure 2b, with discharges Q and Qy, respectively.

(a) (b)

Legend Legend

. Gauged Site (Q) @ Ungauged Site (Qx)

Kunhar River Kunhar River
:] Drainage Area (A) |: Drainage Area (Ax)
I:I Kunhar Basin I:I Kunhar Basin
Kilometers
0 15 30 60

Figure 2. Kunhar River discharge at (a) gauged and (b) ungauged sites.
2.3. Study Area

The Kunhar River watershed is in Pakistan’s northeastern part of the country. The
Kunhar River is a significant tributary of the Jhelum River in Pakistan. Encompassing
a total area of 2632 square kilometers, the Kunhar River basin may not be vast when
compared with other watersheds, but it holds considerable significance for a variety of
reasons. From a topographical perspective, the Kunhar watershed presents a diverse range
of elevations and slopes. The variation in altitude is quite pronounced, with the lowest
point of the watershed standing at 642 m above sea level, which contrasts sharply with the
highest point, which soars to 5106 m above sea level. This dramatic difference in elevation
contributes to the basin’s average slope of 53%, indicating a steep and potentially rugged
terrain. Geographically, the watershed’s location and characteristics play a crucial role in
the region’s hydrology and climate patterns.

The area is subject to hydroclimatic fluctuations, which can have profound impacts
on water availability, agriculture, and the overall ecosystem. Moreover, the watershed’s
hydropower potential is significant. The river’s flow and the gradient of the terrain offer
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opportunities for the generation of hydroelectric power, which can be a clean and renewable
energy source for the region. This is particularly important for Pakistan, a country that has
been seeking to expand its renewable energy capacity to meet growing energy demands
and reduce reliance on fossil fuels. The slope map of the Kunhar River basin is shown in
the supplementary material Figure S1, and slope classes and their proportion are given in
Table S1. The Kunhar River commences in Babosar Top (4173 m) and flows into the Neelam
River near Muzaffarabad. Most of the population is rural and linked with agricultural
activity and secondly linked with tourism activities. Agriculture, forestry, and pasture are
the major land use classes in the basin. The land use map of the Kunhar River basin is
shown in Figure S2, and land use classes and their proportion are given in Table S2. There
are four classes of soil in the Kunhar River basin; more than two-thirds of the soil types
in the basin is Leptosol Medium. The soil map of the Kunhar River basin is shown in
Figure 53, and the proposition of soil classes is given in Table S3. A streamflow gauge (Ghari
Habibullah) and seven climatic gauges were used in this study. For the baseline period
(1961-2017), the average annual streamflow at Ghari Habibullah station was 102 m?/s. The
average annual maximum and minimum temperatures and precipitation in the baseline
period (1979-2017) were 11.6 °C, 0.6 °C, and 1927 mm, respectively. Two of the five climatic
gauges are named Naran and Balakot; the data of the remaining five climatic stations were
obtained from the global data source and are classified with numbers from one to five;
moreover, the completed, under construction, and raw sites for the hydropower are also
shown in Figure 3.

Station 3 Station 4

Legend

& Completed
UC sites

Raw sites

A
. Flow gauge
|

Climatic Stations

D Basin
[ ] Pakistan

Station 1

River

D Basin
DEM

(m
Kilometers High : 5106

0 10 20 40

Low : 642

Figure 3. Location map of Kunhar River basin with DEM and studied hydro-meteorological observations.

3. Results

This section is further divided into four subsections, and the details are provided below.

3.1. Climatic Projections

It was projected that the maximum and minimum temperatures may rise by 2.0 °C
and 3.7 °C and 3.0 °C and 4.4 °C under SSP 2-45 and 5-85, respectively, in the 2080s. It
was noted that the change in minimum temperature is more likely to be higher than the
change in maximum temperature in all projected three time steps (2030s, 2050s, 2080s). The
precipitation is more likely to be higher than the baseline, under both SSP 5-85 and 245, in
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all three time steps. It is expected that the precipitation may increase by nearly 10% and
8% under the SSP 2-45 and 5-85 scenarios, respectively, in the 2080s. The mean monthly
precipitation, minimum temperature, and maximum temperature based on the three GCMs
under the two SSP scenarios in the three time steps are shown in Figure 4a, 4b, and 4c,
respectively. The monthly fluctuations in projected precipitation were also significant. The
precipitation may be higher in the winter months, and early spring (March) may have
significantly higher precipitation, while late spring (April, May) may face a decline in
precipitation. The monsoon month of July may have higher precipitation, but August
may face a decline. Overall, the autumn season is more likely to have more precipitation
compared with the baseline.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

e Baseline @ PPT SSP 2-45 (2030s) PPT SSP 5-85 (2030s) PPT SSP 2-45 (2050s)
e PPT SSP 5-85 (20505) e PPT SSP 2-45 (20805) ~ emmmmmm PPT SSP 5-85 (2080s)
(b) o - (c) 30 -
o 15 1 251
[ (@)
o
¢ 10 - 20 -
5 ]
3 —
B 5 S 15 ~
— -
& o g 10
J & 1
€ Q
@ €
— -5 ] 5
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-10 - 0 A
C O - & > c 5 o += > —_—
& O 8 S ® S350 o 0 co 5525wy 2y
Sfsas323"280z0 T¢s<332°>280248
e Baseline e PPT SSP_245 (2030s) . .
PPT SSP_585 (2030s) PPTSSP_245 (20505) = T baseline == PPT S5P 2-45 (2030s)
s PPT SSP 585 (2050s) s PPT SSP_245 (20805) PPT SSP 5-85 (2030s) PPT SSP 2-45 (2050s)
e PPT SSP_585 (2080s) e PPT SSP 5-85 (20505) e PPT SSP 2-45 (2080s)

Figure 4. Baseline and combined projected monthly (a) precipitation, (b) minimum temperature, and
(c) maximum temperature.

3.2. Sensitivity, Calibration, and Validation of a Hydrological Model

Sensitivity analysis is frequently used to measure the influence of each model param-
eter on system behavior [50]. This section discusses the sensitivity analysis, calibration,
and validation of the SWAT model. As a result, this section is separated into two parts: the
first part deals with the sensitivity analysis, and the second half deals with calibrating and
validating the hydrological model.

3.2.1. Sensitivity Analysis

Twenty parameters were investigated for the sensitivity analysis with the help of
SWAT-CUP; out of the twenty, six were found to be relatively more influential in terms of
the modeled streamflow, having a significance level of more than 90%. The top six most
sensitive parameters were the following: snowmelt base temperature (SMTMP), base flow
alpha factor (ALPHA_BF), maximum snowmelt rate for snow during the year (SMFMX),
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snowfall temperature (SFTMP), snow cover equivalent that corresponds to 50% snow
cover (CNO50COV), and minimum snowmelt rate for snow during the year (SMFMN).
However, the modeled streamflow was relatively less sensitive to the remaining fourteen
parameters. The sensitivity rank for each parameter based on the p-value and ¢-test are
shown in Figure 5 (the nomenclature of the parameters shown in Figure 5 is given in
Table 3). The t-test provides a sensitivity measurement; the highest absolute value indicates
greater sensitivity, while the p-value determines the significance of sensitivity. The most
sensitive parameter has a p-value near 0 and quite a high t-value. In this study, the modeled
streamflow is the most sensitive to the snowmelt base temperature (SMTMP) due to having
the smallest p-value and the highest t-value. On the other hand, the modeled streamflow
is the least sensitive to saturated hydraulic conductivity (SOL_K) due to having a high
p-value and low t-value.

P-Value t-Stat
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Figure 5. Sensitivity analysis of parameters using SWAT-CUP.

Table 3. Complete details of the hydropower sites in the Kunhar River basin.

Power Flow Area

*
Site Lat Long (MW) (kl;IY /m?) Head (m) (3/s) (km?) Status
1 34.86 73.60 16.97 9.81 25 69.2 1274 Planned Sites
2 34.79 73.52 30.64 9.81 41 76.2 1403 Planned Sites
3 34.79 73.52 14.24 9.81 19 76.4 1407 Planned Sites
4 34.78 73.52 18.76 9.81 25 76.5 1408 Planned Sites
5 34.76 73.53 36.61 9.81 48 77.7 1432 Planned Sites
6 34.75 73.52 40.53 9.81 53 77.9 1435 Planned Sites
7 34.75 73.52 20.66 9.81 27 78.0 1436 Planned Sites
8 34.75 73.52 14.56 9.81 19 78.1 1438 Planned Sites
9 34.73 73.51 15.80 9.81 20 80.6 1483 Planned Sites
10 34.72 73.52 14.27 9.81 18 80.8 1489 Planned Sites
11 34.72 73.57 14.70 9.81 18 83.3 1533 Planned Sites
12 34.70 73.58 1.74 9.81 17 10.4 192 Planned Sites
13 34.68 73.56 20.39 9.81 22 94.5 1740 Planned Sites
14 34.66 73.53 39.74 9.81 42 96.4 1776 Planned Sites
15 34.66 73.51 40.30 9.81 40 102.7 1891 Planned Sites
16 34.66 73.48 33.92 9.81 33 104.8 1930 Planned Sites
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Table 3. Cont.

*
Site Lat Long I(’l:)/[vx)r (kl;Iy /m?) Head (m) (illgz) (ﬁll:za) Status
17 34.66 73.47 16.45 9.81 16 104.8 1930 Planned Sites
18 34.65 73.44 18.70 9.81 18 105.9 1950 Planned Sites
19 34.63 73.43 19.75 9.81 19 106.0 1952 Planned Sites
20 34.63 73.42 24.35 9.81 22 112.8 2078 Planned Sites
21 34.62 73.41 20.27 9.81 18 114.8 2114 Planned Sites
22 34.62 73.40 23.75 9.81 21 115.3 2123 Planned Sites
23 34.59 73.36 12.65 9.81 11 117.2 2158 Planned Sites
24 34.57 73.36 14.98 9.81 13 117.4 2163 Planned Sites
25 34.55 73.36 15.38 9.81 13 120.6 2221 Planned Sites
26 34.33 73.43 31.90 9.81 24 135.5 2495 Planned Sites
27 34.33 73.43 23.94 9.81 18 135.6 2497 Planned Sites
Balakot HHP 34.65 73.44 343.54 9.81 227.4 154.0 1952 Planned Sites
Naran HPP 34.94 73.74 223.18 9.81 325 70.0 905 Under
Construction
. Under
Batakundi HPP 34.92 73.81 111.21 9.81 218 52.0 702 .
Construction
Saif Ul Malook 34.91 73.66 8.52 9.81 450 1.9 57 Planned Sites
Nila da Katha HPP  34.63 73.54 14.88 9.81 394 3.9 65 Under
Construction
Patrind
Hydropower Plant 34.34 73.43 140.28 9.81 110 130.0 1274 Completed
e . Under
Suki Kinari 34.72 73.54 953.34 9.81 848 114.6 1403 .
Construction

* 7y is specific weight of water.

3.2.2. Calibration and Validation

The SWAT model was calibrated for the Ghari Habibullah station (Kunhar River basin)
on a monthly basis from 1985 to 1999, and validation was performed from 2001 to 2014 as
shown in Figure 6a and 6b, respectively. Table 4 lists the calibration parameters along with
a detailed description and their optimum values. The model’s assessment parameter values
(R?, NSE, and PBIAS) for the calibration and validation time period at Ghari Habibullah
station were obtained using the observed and simulated discharge; their values are given in
Table 5. As seen in Table 5, all the statistical parameter values fall within acceptable bounds.
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Figure 6. Hydrograph of simulated and observed runoff for (a) calibration and (b) validation periods
at Ghari Habibullah.
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Table 4. Parameters used for calibration of SWAT model with their ranges and fitted values at the
Ghari Habibullah station.

Sr. # Parameter Description Range Optimum Value Unit
1 SFTMP Snowfall temperature —5to5 —1.60 °C
2 SMTMP Snow melt base temperature —5to5 4.60 °C
3 SMFMX Max snowmelt rate for snow during the year 0to 10 2.50 °C
4 SMFMN Min snowmelt rate for snow during the year 0to 10 0.10 °C
5 SNOCOVMX Min snow water Eontent that corresponds to 0 to 500 20.00 mm H,O
100% snow cover
6 SNO50COV Snow cover equivalent that corresponds to 0to1 0.44 )
50% snow cover
7 ESCO Soil evaporation compensation factor Oto1l 0.55 -
8 EPCO Plant uptake consumption factor Oto1l 1.00 -
9 CN2 Initial SCS runoff curve no. for moisture 35 to 98 78.00 }
condition IT
10 APHA_BF Base flow alpha factor Oto1l 0.11 day
11 GW_DELAY Groundwater delay 0 to 500 86.00 day
12 GWOMN Threshol.d depth of water in shallow aquifer 0 to 5000 900.00 mm
required for the return flow to occur
13 GW_REVAP Groundwater “revap” coefficient 0.02 t0 0.2 0.075 -
14 REVAPMN Threshold. depth Sf Watej‘ in the shallow 0 to 500 450.00 m
aquifer for “revap” to occur
15 SLSUBBSN Average slope length 10 to 150 61.38 m
16 OV_N Manning’s “n” value for overland flow 0.01 to 30 0.13 -
17 CH_N2 Manning’s “n” value for the main channel 0to3 0.30 -
18 CH K2 Effective hydraulic condgcthlty in main 0 to 500 6.10 mm/h
channel alluvium
19 SOL_AWC Available water capacity of the soil layer Otol 0.21 mm I—i?)(;/mm
20 SOL_K Saturated hydraulic conductivity 0 to 2000 14.80 mm/h
Table 5. Statistical indicator ranges that are suitable for the calibration period.
Sr. # Statistical Indicators Acceptable Ranges Calibration Validation
1 Coefficient of determination (R?) >0.5 0.769 0.710
2 Nash-Sutcliffe efficiency (NSE) >0.5 0.741 0.662
3 Percent bias (PBIAS) —15% < PBIAS < +15% —3.076 —6.142

3.3. Impact of Climate Change on Runoff

The Kunhar River basin’s streamflow was predicted using the results of three GCMs
for the two scenarios SSP 2-45 and SSP 5-85; the bias-corrected outcomes of these climatic
models were converted into a runoff with the help of the SWAT model. The projected
streamflow was divided into three classes based on the time steps of 2020-2039 (2030s),
2040-2069 (2050s), and 2070-2099 (2080s). The change in streamflow due to climate change
was estimated by the percentage change in seasonal, annual, low flow (Q95), median flow
(Q50), and high flow (Q5) compared with the baseline. Precipitation in the winter and
spring seasons may rise dramatically in the 2030s. However, it may decrease slightly in
the summer and autumn. The streamflow may follow the same pattern in the 2050s and
2080s. The peak flow may shift backward from the summer to the late spring season. In
all three projected time steps, the streamflow may be higher under the SSP 5-85 scenario
compared with SSP 2-45. Moreover, the Kunhar River streamflow may increase from the
2030s to the 2080s in the winter season. On the other hand, the runoff may decrease in the
late summer and autumn seasons from the 2030s to the 2080s. Moreover, the projected
mean annual runoff of the river is more likely to be higher in all three projected timesteps
(2030s, 2050s, and 2080s) under both scenarios (SSP 2-45 and 5-85). The mean annual flow
in the 2080s was projected to increase by almost 15% to 11% based on the SSP 2—45 and
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5-85, respectively. The projected mean annual runoff is more likely to be higher under the
SSP 2-45 scenario compared with the SSP 5-85. The baseline and projected mean monthly
runoff of the Kunhar River basin are illustrated in Figure 7.

Feb Mar Apr May Jun Jul Aug  Sep Oct Nov Dec
2020-39_SSP_245 2020-39_SSP_585 2040-69_SSP_245

e 2040-69_SSP_585 = 2070-99_SSP_245  emmmmm2070-99 SSP_585

Figure 7. The baseline and projected mean monthly runoff of the Kunhar River basin.

The low flow was more likely to be decreased in all three projected time steps compared
with the baseline, and the decrease could be more significant under the SSP 5-85. The low
flow could be decreased by 23 to 30% under SSP 2-45 and SSP scenarios 5-85, respectively,
in the 2080s. However, compared with the baseline, both SSP scenarios have a higher
likelihood of increasing the median and high flow, and the rise may be more pronounced
under the SSP 5-85 scenario than under the SSP 245 scenario. The percentage change in
projected seasonal and annual streamflow, low flow, median flow, and high flow compared
with the baseline are given in Table 6.

Table 6. Change in the projected seasonal, annual, low, median, and high flow compared with the baseline.

. Annual Winter Spring Summer Autumn Q95 Q50 Q5
Timestep Scenarios
Change in Streamflow (%)
2030 2020-39_SSP_2-45 20.1 104.9 103.3 —25.8 —5.7 9.7 62.8 18.2
s 2020-39_SSP_5-85 14.1 57.1 112.5 —-31.2 —249 —15.6 16.6 25.3
2050 2040-69_SSP_2-45 15.9 814 92.5 —26.5 -0.3 -3.5 53.3 10.0
s 2040-69_SSP_5-85 7.6 774 109.7 —442 —259 —25.0 14.8 18.5
2080 2070-99_SSP_2-45 15.4 82.7 109.2 —30.8 —22.8 —223 35.1 114
S 2070-99_SSP_5-85 10.9 136.9 124.8 —52.0 —30.4 —29.9 15.6 144

3.4. Estimation of Change in Hydropower Potential

The FDC was used to estimate the change in flow that can affect the hydropower
potential. FDCs for the baseline flow and the projected flow under both SSP scenarios
were plotted, as shown in Figure 8. In the baseline time period, the Q30 at the Ghari
Habibullah station was 128.1 m?/s, while in the 2030s, the Q30 may increase from 14 to 10%
compared with the baseline under SSP 2—45 and 5-85, respectively. The change in Q30 in
projected time steps with respect to the baseline also represents the change in hydropower
potential. Similarly, an increase was noticed in the hydropower potential for the 2050s and
2080s under both scenarios. The details of hydropower change in each projected time step
under each scenario are given in Table 7. The Kunhar River basin is rich in hydropower
potential because of its steep slope and suitable river flow. Most of the hydropower sites in
the Kunhar River are suitable for run-of-the-river hydropower plants. Hydropower sites
(completed, under construction, and planned) in the Kunhar River basin have a combined
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capacity of more than 2391 MW, considering the design discharge of 30% of the available
flow of the natural stream. The impact of climate change on hydropower was analyzed
with the help of Q30 (design discharge).
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Figure 8. Flow duration curve and design discharge of Kunhar River at Ghari Habibullah.

Table 7. Change in hydropower potential in the Kunhar River basin.

Timestep Scenario Q30 (m®/s) Change in Hydropower Potential (%)
1961-2017 Baseline 128.1 -

2030 SSP 2-45 146.55 14.40
S SSP 5-85 141.40 10.38
SSP 2-45 150.55 17.53
2050s SSP 5-85 124.95 246
2080 SSP 2-45 159.25 24.32
S SSP 5-85 149.00 16.32

4. Discussion

Extreme events, such as hurricanes, floods, wildfires, heatwaves, and droughts, have
become more frequent and severe due to climate change. The Intergovernmental Panel
on Climate Change (IPCC) has provided evidence that human-induced global warming
is leading to changes in the frequency, intensity, and duration of extreme weather events.
As a result of climate change, both scenarios anticipate a substantial increase in maximum
and minimum temperatures as well as in precipitation levels in the projected time inter-
vals. According to the results of this study, in the 2080s, the maximum and minimum
temperatures and precipitation may increase compared with the baseline under the SSP
2-45 and SSP 5-85 scenarios. Similarly, the mean annual streamflow may also increase
significantly under the SSP 2-45 and 5-85 scenarios in the 2080s. In the winter and spring,
the streamflow may be much greater, and in the late summer and fall, it may be slightly
lower. The significant increase in temperature means that the winter season may contract,
snowfall may reduce, and the snowmelt rate is more likely to be higher compared with
the baseline. The significant increase in temperatures can change snowfall into rainfall in
the future, which can lead to an increase in flows in the winter and spring seasons. The
sensitivity analysis also supports this hypothesis; it was found that the most sensitive
parameters (five out of six) were related to the snow, and snow parameters are significantly
sensitive to temperature. These changes can cause water scarcity in the downstream basins,
especially in the summer season, because snow deposits may not be able to complement the
streamflow in the summer season; this could be the main reason for the decline in summer
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flow, increase in winter and spring flow, and backward shift of the peak flow. Moreover,
the increase in temperatures may cause an increase in evaporation losses and crop water
requirements. The change in seasonal flow also affects the low, median, and high flows of
the Kunhar River basin.

In the future, low and median flows may increase, while the high and low flows
may decline. Therefore, the increase in the low and median flows may help maintain
hydropower production in the winter and autumn seasons. The decrease in the high flow
may be due to the lowering of the streamflow in the summer season. However, when
analyzing the projected monthly streamflow, it was found that extreme events (floods)
can occur frequently and with higher intensity with the passage of time. To mitigate the
damages from extreme events (floods), it is recommended to construct check dams at the
secondary and tertiary tributaries of the Kunhar River. Due to climate change, the overall
hydropower potential of the basin may improve in the future. In the mid-future (2050s),
the hydropower potential may increase in SSP 2—45 but may decrease slightly in the SSP
5-85 scenario. The projected decrease in hydropower capacity of the Kunhar River basin by
47 MW under the SSP 5-85 scenario in the 2050s could lead to a range of challenges. Energy
supplies may become less reliable, and a decrease in hydropower generation could lead to
concerns about energy security, especially in regions that are heavily reliant on hydropower
for electricity production. This may result in the need to import energy from other sources,
potentially increasing energy costs and vulnerability to supply disruptions, which can lead
to price volatility in energy markets, as supply and demand dynamics change.

Considering the thirty-four hydropower plants in the Kunhar River basin, the hy-
dropower capacity may increase by 467 to 313 MW under the SSP 2-45 and SSP 5-85 scenar-
ios in the 2080s. In Pakistan, switching to hydropower generation per MW from fossil-fuel-
based electricity generation can cut carbon dioxide emissions by over 1900 tCOye/year [51].
In the 2080s, under the SSP 5-85 scenario, the increase in hydropower production due to
climate change can reduce GHG from 0.89 MtCO,e/year, which is “a blessing in disguise”.
However, the net hydropower potential may increase in the future, but the peak generation
of hydropower may shift significantly from summer to spring due to the peak shift of the
streamflow in the future. This thorough investigation provides crucial information that
may guide decision making in the areas of energy, water resources, and climate change,
especially in connection to reaching Sustainable Development Goals 13.2 (SDG 13.2), 6.6,
and 7.2. [27] conducted a similar study to determine how climate change may affect the
streamflow in the Kunhar River watershed. However, ref. [27] used only rainfall and tem-
perature data for the hydrological modeling of the Kunhar River, while a major portion of
precipitation is received in the form of snowfall in the autumn, winter, and spring seasons.
The use of rainfall data, instead of precipitation data, can lead to the underestimation
of precipitation and ultimately streamflow, especially in the winter and spring seasons.
Possibly, that is why [27] could not predict the significant increase in streamflow in the
winter and spring seasons. Moreover, ref. [27] used only one GCM (HadCM3) under A2
and B2 scenarios, which has a very low spatial resolution and outdated scenarios as well.
However, this study mainly used climatic data from the well-reputed global database
used in multiple studies [6,18] to incorporate the winter and early spring precipitation
(snowfall and rainfall). Secondly, three different GCMs under scenarios (SSP 2—45 and 5-85)
were used. Two different bias correction techniques were used to overcome uncertainty.
Moreover, this study covers the impact of climate change on hydropower potential as well.

Policy Implications

Based on the outcomes of this study;, it can be projected that there is a possibility of
an increase in temperature from 3.7 to 4.4 °C depending on the scenarios. Moreover, the
precipitation is also expected to increase by 8 to 10 percent compared with the baseline. This
increase in temperature and precipitation due to climate change is enough to alter the entire
hydrological cycle and affect the other sectors, including agriculture, water, hydropower,
etc., in the Kunhar River basin. Although climate change is a global phenomenon, its
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damages can be minimized by taking some steps by the policy makers at the local level.
One ministry (climate change) cannot tackle the entire problem. That is why there is a
need for an interconnected departmental policy to cope with the severe impacts of climate
change. Decision makers from the energy, water management, soil conservation, climate
change, agriculture, and forest ministries and related departments should make collective
and coherent policies to minimize the impact of climate change.

For example, the forest department can shape the new policy on afforestation of bare
land and steep-sloped pasture lands in the Kunhar River basin, while discussing with the
agriculture, water, energy, and climate change ministries as well. The agriculture ministry
can play a crucial role by forming a policy to prevent agricultural land expansion in the area
allocated for afforestation and at the same time provide an alternative way to provide food
security, which can contribute to the achievement of the Sustainable Development Goal
(SDG 2) that deals with zero hunger. In the same way, the soil conservation department can
use the same policy to reduce erosion and sediment transport, which can contribute to SDG
15 (Life on Land), SDG 13 (Climate Action), and SDG 6 (Clean Water and Sanitation) [52].
Similarly, the water resources ministry should also provide some input, because this policy
can also influence the groundwater recharge and surface runoff in response to land use
changes, which can help to achieve target 6.6 (protect and restore water-related ecosystems,
including mountains, forests, etc.) under SDG 6 (Clean Water and Sanitation). Afforestation
can also support the improvement of the ecosystem in the area, which can help to achieve
target 15.4 (ensure the conservation of mountain ecosystems) under SDG 15 (Life on Land).
The energy ministry is one of the main ministries concerned with policy formulation due to
the enormous hydropower potential in the Kunhar River basin, which may help to achieve
SDG 7 (Affordable and Clean Energy).

In the Kunhar River basin, a couple of hydropower projects are under construction,
but still, more than 600 MW of the potential is untapped. By making use of this untapped
potential, GHG emissions can be further reduced by more than 1.14 million tons of CO,
eqg. Annually, this will contribute to mitigating the climate change impacts locally and, to
some extent, globally, and it can also help to attain SDG 13 (Climate Action). Almost all the
potential sites are suitable for run-of-the-river hydropower plants due to the steep slope
and narrow valleys in the Kunhar River basin. In the case of run-of-the-river hydropower
plants, no major reservoir area is required, which makes it more environmentally friendly
compared with conventional dams [53,54]. Additionally, the development of a new run-of-
the-river hydropower plant in the area can also help generate jobs for the local community,
which can also help attain the indicator SDG 1.1 (eradicate extreme poverty for all people
everywhere) under SDG 1 (No Poverty). Moreover, the results of this study (Figure 8) also
indicate that extreme events, especially floods, may occur at a higher magnitude.

Hence, it is imperative for decision makers to perform a comprehensive risk assess-
ment regarding the influence of climate change on hydropower production and to develop
a contingency strategy for handling extreme flood events. The adverse impacts of floods
can substantially disrupt the processes involved in hydropower generation, spanning
production, transmission, and distribution. By enhancing the operational and managerial
aspects of power generation, hydroelectric facilities can not only boost their revenue from
generation but also assume a substantial socio-economic role within the community [55].
Significant seasonal changes in the streamflow in the Kunhar River watershed may affect
how the hydroelectric plant operates. Policies for climate change or hydropower devel-
opment should be formulated after a comprehensive discussion with the ministries of
agriculture, water, and forestry. Moreover, there should be more departmental stations for
a more accurate representation of the hydroclimatic situation of the Kunhar River basin.

5. Conclusions

This study projected the future climate and its impacts on the streamflow and hy-
dropower potential in the Kunhar River basin, Pakistan. Based on the findings, the main
conclusions are as follows:
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e  The maximum and minimum temperatures are predicted to rise by 2.0 °C and 3.0 °C
under the SSP 2-45 and by 3.7 °C and 4.4 °C under the SSP 5-85 scenario in the 2080s.

e  Based on these combined outcomes of three GCMs, precipitation may increase nearly
10 to 8% under the SSP 245 and 5-85 scenarios, respectively, in the 2080s.

e The average annual streamflow may increase by 15 and 11% under the SSP 2—45 and
5-85 scenarios, respectively, in the 2080s.

e  The high flow and median flow may increase by 14 and 15%, respectively, and the low
flow may decline by 30% under SSP 5-85 in the 2080s.

e  Moreover, climate change can alter the hydropower potential significantly, from 24
and 16% under SSP 2-45 and SSP 5-85, respectively, in the 2080s.

e  Hydropower operators might need to adjust their reservoir management strategies to
optimize energy production while accounting for changing inflow patterns.

e In most cases, a large uncertainty is associated with the climate change projections,
which is a limitation of this study.

e Itis recommended to employ several regional climate models instead of relying solely
on GCMs, apply various bias correction techniques, and incorporate future land use
data when simulating the hydrological model to minimize uncertainty.
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