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Abstract

The snow and glacier-fed Swat River Basin (SRB), located in the Hindukush region of
Pakistan, plays a vital role in supporting ecosystems and downstream communities.
However, the basin is highly vulnerable to climate change, as evidenced by frequent
historical floods. This study simulated historical and future snowmelt runoff using

the Snowmelt Runoff Model (SRM), integrated with an enhanced MODIS snow and
glacier product (MOYDGLO06*), along with Digital Elevation Model (DEM) and hydro-
meteorological data. The model was calibrated and validated over 2005-2009 and
2011-2015, respectively, using basin-wide and zone-wise simulation approach. The
key findings of the study indicated: 1) SRM coupled with the improved snow product
effectively simulated daily river discharge, achieving mean Nash—Sutcliffe Efficiency
(NSE) values of 0.90-0.91 and Volume Differences (D) of 0.51% to —1.31% during
calibration, and NSE of 0.84-0.87 with D  of —0.83% to —2.27% during validation.
The basin-wide approach performed more consistently due to integrated hydrological
representation and lower parameter uncertainty. 2) Future projections under three
RCP scenarios indicate increases of ~8—18% (2046—2065) and ~7-34% (2081—
2100) in mean annual flow and increases of ~7—16% and ~7—-30% in mean summer
flow, respectively. An increase of 1 °C in temperature is projected to enhance both
seasonal and annual flows by about 6—-7%. These projected increases are primarily
attributed to enhanced snow and glacier melt due to rising temperatures. The findings
emphasize the need for adaptive strategies in water resources management and
flood risk mitigation in the study area, especially under changing climatic conditions.
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as well as the daily temperature and precipi-
tation data employed in the snowmelt-runoff
model, cannot be made publicly available due
to restrictions imposed by the data providers.
These datasets may, however, be obtained
upon formal written request from the Project
Director, Surface Water Hydrology Project
(SWHP), Water and Power Development
Authority (WAPDA), Lahore office or by
contacting via Phone#+92-42-99202211 or
Email: webinfo@wapda.gov.pk, and the Deputy
Director, Pakistan Meteorological Department
(PMD), Islamabad, Phone#+92-51-9250367 or
Email: info.cdpc@pmd.gov.pk.
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1. Introduction

The Indus River Basin (IRB) relies heavily on snow and glacial melt from the
Hindukush-Karakoram-Himalaya (HKH) region [1], which accommodates the active
hydrological zone of the basin [2]. The water from the Indus River is crucial for
electricity generation, irrigation, and provides clean drinking water to downstream
communities in Pakistan [3]. The catchment hydrology of IRB and its sub-basins in
Pakistan is disrupted because the HKH region is facing significant threats from global
warming and climate change resulting into enhanced glacier melting and altering
snow patterns, affecting the seasonal flow of the Indus River and its tributaries [4,5].
Winter precipitation due to low pressure western weather systems is expected to
escalate in the HKH region due to climate change, which is anticipated to maintain
positive snow/glacier mass balance [4,6]. However, the increasing summer tempera-
tures and monsoon precipitation will speed-up the snow and glacier melt process
resulting into extreme floods in the region including Kabul and Swat River Basins [7].
Hence, Pakistan becomes one of the most vulnerable countries due to its susceptibil-
ity to the consequences of climate change. This poses a serious risk to water avail-
ability for irrigation, hydropower, and domestic use in the region and requires water
resource and disaster management [8].

Swat and Kabul River catchments are frequently prone to floods such as that of
2010 with ~11327 m?¥/s, impacting the 24 districts [9] of Khyber Pakhtunkhwa (KP)
province of Pakistan. The surrounding areas of the districts Peshawar, Nowshera and
Charsada received 200-280 mm rainfall during the 2010 flood period and became
endangered to flood risks due to very high flood stage (with a discharge of ~6258
m?/s) in the Kabul River. These areas are prone to flash as well as riverine floods
[10]. District Swat'’s precipitation is reported to decline by -0.73 mm while temperature
has risen by 0.028 °C per year during 1985-2015 period [11]. Such high temperature
in high-altitude sub-catchment of IRB results in higher summer runoff due to snow
and glacier melt [12] and contributes to enhance the flood frequency and magnitude
and related destruction when combined with monsoon precipitation [10].

With this challenge, it is crucial to use reliable hydrological tools to simulate conse-
quential runoff to determine the availability of water supply for future needs and mit-
igate the related flood hazards [2,4,5,13]. Predicting future runoff from high-altitude
snow and glacier catchments through hydrological modeling (HMs) is challenging due
to data limitations [14]. Various hydrological models, often combining remote sensing
and ground observations, are used to simulate and forecast melt runoff in mountain-
ous areas [2,3]. The input data for various HMs includes climatic data, drainage area,
vegetation cover, soil moisture, and aquifers characteristics of the watershed to simu-
late the runoff [15]. Based upon spatial distribution characteristics of model, the snow
melt models can be categorized as lumped, semi-distributed and distributed models
[16]. The lumped snowmelt model assumes snow cover and melting rate as consis-
tent factors across the watershed or sub-basin [17]. Semi-distributed models, includ-
ing HBV [18], SWAT [13] and the Precipitation-Runoff Modeling System (PRMS) [19],
usually divide the watershed into sub-watersheds or hydrological response units [20]
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according to a certain characteristic of the watershed (e.g., elevation, vegetation coverage, land use types, and topo-
graphic factors) [21].

Snowmelt Runoff Model (SRM), a degree-day, lumped and conceptual model, developed by Martinec [14] is widely
used for snow-fed mountainous catchments [22] which uses remotely sensed snow-cover data as basic input. By analyz-
ing the effects of climatic variation on snowmelt flow in the Upper Indus Basin, SRM can estimate snowmelt runoff effi-
ciently in high mountain locations. Butt and Bilal [23] endorsed that SRM in conjunction with MODIS snow cover product
can be used effectively for runoff forecasts in the Astore River basin. SRM was used to efficiently simulate streamflow
from snowmelt in the Buha watershed within the Qinghai Lake basin for 2003—-2009 period [24]. The model performance
was examined by using two different precipitation products as inputs, i.e., station measured precipitation and gridded
APHRODITE-precipitation [25], with two different snow cover products, namely, flexible multiday combined MODIS Terra—
Aqua (MODISMC) maps, and the standard MODIS/Terra 8-day composite (MOD10A2) product. The results of a study
[26] indicated that SRM has efficiently simulated the flow in Shyok River for 2000—2006 period. The study concluded that
SRM equipped with remotely sensed snow cover data is an appropriate tool to estimate snowmelt runoff in high mountain
data-scarce catchments. SRM was employed to evaluate the snowmelt impacts on high flows from Ajichai catchment in
northwestern Iran and found it effective to be used for high-altitude catchments [27]. All mentioned studies suggested that
while selecting a snowmelt runoff simulation model, it’s crucial to comprehensively consider data availability, watershed
characteristics, and time scale of simulation.

The snow and glacier-fed Swat River Basin (SRB) currently lacks a comprehensive spatiotemporal assessment of its
water availability. Particularly, there is a critical gap in understanding both its historical patterns and how future climate
change scenarios will impact its river flow [28]. Additionally, estimating snow- and glacier-melt runoff in the field and pre-
dicting the resulting high river discharges, particularly during summer, is challenging due to limited gauging infrastructure
in the SRB. This missing knowledge and data scarcity hinders effective water resource planning, hazard mitigation and
adaptation strategies in this flood prone mountainous region. So, this study aimed to simulate river runoff in the SRB by
coupling ground and remote sensing data with hydrological models and to estimate the future stream flow under potential
climatic scenarios from the “Swat River”. Specific objectives of this study are to (i) simulate the water availability in the
Swat River Basin using SRM integrated with remotely sensed improved MODIS snow products, and (ii) project future river
flow from SRB under various climate change scenarios for assisting the informed adaptation strategies for water resource
management.

2. Hydro-geographical setting

The chosen study area, i.e., Swat River Basin (SRB), lying between 34°33'49" and 35°54'8" North Latitude and
71°55'8"and 72°50'38" East Longitude, is a sub-catchment of the Indus River basin, situated in Khyber Pakhtunkhwa
(KP) province of Pakistan and surrounded by Hindukush Mountain range [29]. The Swat River Basin is best described

as a snow- and glacier-fed, with supplementary rain-fed contributions, particularly during the spring (February-April) and
summer monsoon (June-August) period. The Swat River originates in Kalam, where two glacier-fed streams, Gabral and
Ushu, converge. A mean snowmelt runoff contribution of ~65-75% is reported to the total annual runoff of the Swat River
[30]. The important features of the SRB including location map, with digital elevation model (DEM), zonal classification,
location of flow gauge and meteorological stations are presented in Fig 1 and Table 1. The total area of this watershed
has been estimated ~5745 km? and has an elevation range of 681-5898 meters above mean sea level (m ASL) with mean
elevation of ~2600 m ASL as estimated from the DEM and the hypsometric curve (Fig 1 and S1 Fig). Total glacier cover is
estimated as ~203 km? (~3.5%) from the Randolf Glacier Inventory (RGI) version 7 [31]. For the application of zone-wise
SRM, the SRB was divided into four zones described as A, B, C and D, classified using the elevation range as shown in
Fig 1, S1 Fig and Table 1. The spatial characteristics of basin and respective zones are presented in Fig 1 and Table 1.
Four weather stations (WS) Kalam, Malam Jabba, Saidu sharif, and Dir are situated inside or just outside the boundary
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Fig 1. Study area map of the Swat River Basin. a) Location of Swat River Basin in Pakistan and HKH, and b) Digital elevation model (DEM) of
Swat River Basin showing the elevation variation and superimposed by hydro-meteorological stations, streamlines and glacier cover. HKH

boundary was downloaded from Regional Dataset System (RDS) portal [32] of ICIMOD. Country Shapefile was downloaded from open access Natural
Earth data portal (Made with Natural Earth. Free vector and raster mapdata@naturalearthdata.com).

https://doi.org/10.1371/journal.pcim.0000739.9001

Table 1. Basin-wide and zone-wise spatial characteristics of Swat River Basin estimated from DEM for SRM application.

Zone Area (km?) Area (%) Elevation band (m ASL) Mean Elevation (m ASL)
A 1377.02 23.97 681-1500 ~1150
B 1319.10 22.96 1501-2500 ~1950
Cc 1108.00 19.28 2501-3500 ~3000
D 1941.34 33.79 3501-5898 ~4100
Entire Basin ~5745.45 - 681-5898 ~2600

https://doi.org/10.1371/journal.pclm.0000739.t001

(Fig 1) of SRB whose data were used in this study. While the discharge data of river flow gauge installed at the Chakdara
town (Fig 1) on the river bridge is used to carry out the flow simulation using SRM.
Swat valley, having a 2.3 million population, is characterized by humid, sub-humid and semi-arid climate [33]. Its max-

imum area is used for agriculture, while 26% is covered by wild vegetation, forests, water streams and just 4% is built-up
area [34]. SRB is vulnerable to frequently occurring flood hazards and deadliest disaster, where the upper reaches of the
basin experiences flash floods characteristics while intense and frequent riverine flood dominates the downstream areas
due to unusual and prolonged summer monsoon rainfall as well as heavy snow and glacier melting [29,35]. Since 2000
and particularly the year 2010 and 2022, SRB has experienced the most devastating floods resulting into socio-economic
and environmental losses, where agriculture, tourism, transportation and public property are found to be the most affected
sectors [8]. Therefore, it becomes quite necessary to forecast the hydrology of the Swat River Basin to timely adapt to any
future catastrophes that might occur in the region.
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3. Data sets and methodology

This section presents data sets, sources, data treatment, methods and techniques used to achieve the objectives of this
study.

3.1. Data sets, sources and treatment

To achieve the objectives of the study, two types of datasets were utilized (i) in-situ daily hydro-meteorological data,
including river flow, temperature and precipitation data, and (ii) satellite based remote sensing data for elevation and daily
snow cover area (SCA).

3.1.1. In-situ daily hydro-meteorological data. In-situ daily flow data as well as data of climatic variables like
temperature (maximum, minimum and average) and precipitation, was obtained for the period of 10 years 2005-2015
(excluding the incomplete data of 2010) for the study area. Daily flow data of the Swat River measured at the Chakdara
gauging station (Fig 1) was acquired from the “Surface Water Hydrology Project (SWHP)” of “Water and Power
Development Authority (WAPDA)” while “Pakistan Meteorological Department (PMD)” provided data on climatic variables.
The climatic data is measured at three stations, i.e., Saidu Sharif, Kalam and Malam Jabba located inside the SRB (Fig 1).
Due to the unavailability of daily meteorological data from Kalam and Malam Jabba stations, this study relied on daily data
from Saidu Sharif and a neighboring station Dir (Fig 1) for hydrological modelling. Table 2 presents the information related
to flow gauge and meteorological stations used in this study for the period 2005-2015. Flow gauge data for 2010 from
August-October was missing because the gauge went non-functional after 2010 floods. Therefore, this year was excluded
from SRM simulations.

It is important to estimate the daily zonal temperatures for the zone-wise approach of SRM. The daily zonal mean tem-
peratures for each of the four zones were calculated by extrapolating the mean temperature at Dir and Saidu Sharif sta-
tions and using the catchment’s lapse rate value of 0.66 °C per 100 meters, which is the average of lapse rates between
the weather stations as given in Table 3. The highest lapse rate (0.87 °C/100m) is found between Dir and Saidu Sharif
weather stations, while lowest lapse rate (0.45 °C/100m) is between Dir and Malam Jabba. These lapse rate values were

Table 2. Information related to flow gauge and meteorological stations used in this study for the period 2005-2015.

Stations Geographical Coordinates (Degree, Minutes, Seconds) Elevation (m ASL) | Available Data Time Step
Flow Guage Chakdara 34°38'38.4“N,72° 144 4" E 686 Daily
Weather Stations | Saidu Sharif 34° 43 58.8°N, 72°21'0"E 961 Daily

Dir 35°12°0“N, 71° 510" E 1375 Daily

Kalam 35°2848“N, 72° 34’ 37.2" E 2103 Monthly

Malam Jabba | 34°48 0“N, 2° 34’ 12" E 2591 Monthly

https://doi.org/10.1371/journal.pclm.0000739.t002

Table 3. Temperature lapse rates between weather stations calculated from the available tempera-
ture data of all weather stations in the Swat River Basin.

Weather Stations (elevation, m ASL) Lapse Rate (°C/100 meter)
Dir (1375) & Saidu Sharif (961) 0.84
Dir (1375) & Kalam (2103) 0.69
Dir (1375) & Malam Jabba (2591) 0.45
Saidu Sharif (961) & Kalam (2103) 0.75
Saidu Sharif (961) & Malam Jabba (2591) 0.55
Catchment’s average lapse rate 0.66

https://doi.org/10.1371/journal.pclm.0000739.t003
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calculated by using the average of available observed temperature data on two climate stations, i.e., Dir and Saidu Sharif
obtained from PMD, and their elevations [36]. Actual lapse rate was crucial to obtain and use instead of global lapse rate
since SRM is sensitive to change in temperature and varying snow cover data over the study period [3]. The average of
the daily total precipitation recorded at Dir and Saidu Sharif weather stations was used for all the zones in basin-wide and
zone-wise application of SRM although this may underrepresent the orographic precipitation and snowfall processes at
higher elevations. However, SRM is designed to be used for data scarce mountainous areas, and it is less sensitive to
precipitation data. To compensate for such data scarcity, SRM estimates discharges using remotely sensed snow cover
data as basic input. For zone-wise approach, the discharge generated from each zone is summed up by SRM to simulate
the flow from the entire catchment.

3.1.2. Satellite remote sensing data. Two important satellite-based data were used in SRM, i.e., topographic
characteristics based on DEM and snow cover maps of the studied region. The data processing was simplified according
to SRM format requirement by integrating the Python Programming codes and ArcGIS-Pro software developed by
“Environmental System Research Institute” (ESRI).

“Digital Elevation Model (DEM)” provides data for acquiring the topographical characteristics of the study area
and for the extraction and delineation of watersheds and are significant for hydrological simulations [37]. In addition,
it can also be utilized to create a hypsometric (area-elevation) curve. “Shuttle Radar Topography Mission (SRTM)
provides DEM with a spatial resolution of ~30 m and a near global coverage [38] and can be accessed through the
“United States Geological Survey (USGS)” Earth Explorer web data portal in addition to other portals. For this study,
the void filled SRTM DEM was downloaded from the online data portal https://portal.opentopography.org/datasets.
This DEM was treated to delineate the watershed, streamlines, specific elevation zones (Fig 1) and to develop the
hypsometric curve (S1 Fig) to visualize the catchment’s mean elevation and area distribution under various eleva-
tion zones. Basin-wide and zone-wise topographical characteristics of the study area estimated from the DEM, are
presented in Fig 1 and Table 1.

“Moderate Resolution Imaging Spectroradiometer (MODIS)” is an advanced satellite sensor onboard two NASA satel-
lites namely “Terra” (launched in 1999) and “Aqua” (launched in 2002) in addition to several other sensors. Due to their
synchronized orbits, Terra and Aqua together offer complementary data sets every 1-2 days, providing global coverage
thereby making MODIS data essential to get insights into Earth’s climate, hydrology and land dynamics [39,40]. In the
current study, an “Improved MODIS TERRA/AQUA composite snow and glacier (RGI 6.0) data” for the study period
2005-2015 was utilized for the snow cover estimation. This improved and cloud free MODIS data was developed [41,42]
by taking MOD10A2.006 (Terra product) and MYD10A2.006 (Aqua product) 8-day Composite collection 6 (C6) as input.
This data is developed for High Mountain Asia (HMA) (latitude 24.32-49.19N and Longitude 58.22-122.48 E) and it
contains the MODIS snow cover merged with Randolph Glacier Inventory (RGI 6.0), the accuracy of which is reported by
Pfeffer et al. [43]. The cloud-free MODIS data “MOYDGLO06*” is therefore an improved snow cover and glacier combined
product that is available from 2002 to 2021 [44]. The data is available with 8-day temporal and 500 m spatial resolution
and was freely accessed through online data portal “https://doi.pangaea.de/10.1594/PANGAEA.901821” [41]. Although
MODIS data has a coarser spatial resolution for complex terrain, but it is validated by the previous studies [45—49] with
high-resolution sensors and is found as a reliable option for hydrological simulations for snow and glacier dominated
mountainous basins [5,26]. The delineated Swat watershed and various elevation zones were used as a mask to extract
the basin-wide and zone-wise snow cover over the data period 2005-2015 using python codes and ArcGIS Pro. Daily
values of snow cover were then calculated by linear interpolation between 8-days MODIS images. Pixel values in this data
are represented by Digital Numbers and are explained in Table 4.

The pixel value of 25 representing “no snow” in the extracted MODIS images were ignored while the pixel counts
representing snow and glacial cover, i.e.,198, 199, 200, 238, 239, 242, 248, 249, 250 and 252 were used to estimate the
snow and glacier cover. The snow and glacier cover area were determined from these pixel values by using equations

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000739 October 22, 2025 6/23



https://portal.opentopography.org/datasets
https://doi.pangaea.de/10.1594/PANGAEA.901821

PLO?%. Climate

Table 4. Pixel values (codes) and their description for the MOYDGLO06* improved snow and glacier product [50,51].

Pixel value Feature in combined product Pixel value Feature in combined product

25 No snow 240 Exposed debris

198 Snow in Terra 242 Debris cover under Terra and Aqua snow
199 Snow in Aqua 248 Clean ice under Terra snow

200 Snow in both Terra and Aqua 249 Clean ice under Aqua snow

238 Debris under Terra snow 250 Exposed ice

239 Debris under Aqua snow 252 Clean ice under Terra and Aqua snow

https://doi.org/10.1371/journal.pcim.0000739.t004

mentioned in [42]. When calculating total snow and glacier cover on a given date, a weight of 0.5 was used for snow pixel
if it was present in either the Terra or Aqua product described by values 198, 199, 238, 239, 248, and 249 and a weight of
1 for the pixels with snow in both the Terra and Aqua products with values 200, 242, 250 and 252.

3.2. Methodology

The detailed methodological steps adopted for this study are presented in Fig 2.

3.2.1. Snowmelt runoff model. The windows-based snowmelt-runoff model (Win-SRM) was used to simulate
the daily discharges of the Swat River. SRM, a degree-day (temperature index) hydrological model, developed by
Jaroslav Martinec, is widely used for the mountainous basins where snowmelt is the significant source of water
[14]. It can be applied to any size of mountain basins ranging from 0.76 to 917,444 km? and any elevation range
by accommodating up to 16 elevation zones of the basin [52]. Initially, it was applied for the small European (43
km?) Dischma basin in eastern Switzerland [14], however, with the increasing availability of remote sensing data for
snow cover, SRM is now being applied to larger basins [53]. This model can evaluate the effect of climate change
on seasonal snow cover and runoff [53] and has successfully undergone the runoff simulation tests by the World
Meteorological Organization [2].

Methodology
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Fig 2. Flowchart outlining the systematic approach employed in research methodology.

https://doi.org/10.1371/journal.pclm.0000739.g002
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Input variables include daily precipitation, air temperature and snow cover area. Additionally, the basin area, zone area
(in zone-wise application) and the hypsometric (area elevation) curve are also required. The input variables and eight
parameters to be calibrated for a successful simulation of daily discharge using SRM are given in Table 5.

The governing equation used for superimposing the daily water produced from the snowmelt and rainfall on the calcu-
lated recession flow, for transforming it into daily discharge from the catchment, is given as equation 1 [53].

A . 10000

Qn+1 = [CSn- an (Tn + ATn) Sn + CRnPn] 86400

(1 _kn+1)+ann+1 (1)

where Q. =Runoff at time step n+1 (e.g., daily runoff in m%s); C=the runoff coefficient expressing the losses as a ratio
(runoff/precipitation, with C_ referring to snowmelt and C__ to rain; a=the degree day factor, DDF (cm.°C-'.d"") indicating
the snowmelt depth resulting from 1 degree-day; T, =the number of degree-days (°C.d), AT =the adjustment by tempera-
ture lapse rate when extrapolating the temperature from the station to the average hypsometric elevation of the basin
or zone (°C.d); S=the ratio of the snow covered area (SCA) to the total area; P=the precipitation contributing to runoff
(cm); n=the sequence of days during the discharge computation period; A=the area of the basin or zone (km?), K . =the
recession coefficient (X, and Y ) indicating the decline of discharge in a period without snowmelt or rainfall. A pre-selected
threshold temperature, T_,, determines whether this precipitation is rainfall and immediately converts it into runoff when
T>T_,, however, it is stored as snow if the T<T_, until the melting conditions occur.

Two distinct accuracy criteria are employed to assess the efficiency of SRM to simulate the daily flow: i) “difference of
volume (D )" and ii) “Nash-Sutcliffe Efficiency (NSE) Coefficient”. The formulas for their computation are given below in

equations 2 and 3:

/
Ve= VR 400

Dy (%) = VR 2)

U]

Where, “VR” is seasonally or yearly measured runoff volume, and “Vyg” is seasonally or yearly simulated runoff volume.

n N2

NSE =1- M
>ieq (Qi— Qi) (3)
Where, “Q;” is the average measured discharge of the given year or snowmelt season, “n” is the number of daily dis-
charge values [54,55].

In this study, the snowmelt-runoff model was applied using two approaches: a basin-wide approach, treating the entire
catchment as a single unit, and a zone-wise approach, dividing the basin into elevational zones to account for altitude-
dependent variations in temperature, precipitation, and snow cover. To simulate the basin-wide and zone-wise daily discharge,

Table 5. Variables and Parameters used in SRM and their units.

Variables (Daily) Temperature, T (minimum and maximum or | Daily snow-covered area, Daily

average); (°C) SCA; (Fraction value)
Precipitation, P (Centimeters-cm) Discharge, Q; (Cubic meter per
second "’?3)
Parameters Temperature lapse rate, y; (°C/100m) Rainfall contributing area (RCA)
Degree day factor, a; (cm.°C~".d™" Recession coefficient (k)
Critical temperature, T_,; (°C) Rainfall runoff coefficient (c,)
Time lag (hours) Snowmelt runoff coefficient (cs)

https://doi.org/10.1371/journal.pclm.0000739.t005
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the SRM was calibrated over the data years 2005—2009 by adjusting the parameters (Table 5) and validated over 2011-2015.
Considering the changes in the physical environment with altitude [2,3,56], the zone-wise application was used by reclassify-
ing the Swat River Basin (SRB) into four elevation zones, i.e., A, B, C and D (Fig 1 and Table 1), where Zone A is the lowest
elevation zone (681-1500 m ASL) and zone D is the highest elevation zone (3501-5898 m ASL). The best parameter values
were determined by taking assistance from the published literature for the region where the catchment area is situated or by
theoretical judgment [26]. Due to uncertainties in the variable values particularly discharge, the year 2010 was excluded from
the analysis. The best suited parameters were obtained after many runs of the SRM to simulate the flow of the Swat River.
3.2.2. Integration of climate change scenarios in the calibrated SRM. Calibrated and validated SRM was
integrated with climate change scenarios to predict future flow under varying climatic conditions. Representative
Concentration Pathways (RCP) climate change scenarios (Table 6) statistically downscaled for the Indus River
Basin (IRB) for the mid- and late-21%t century [6], were used to assess the annual and seasonal summer flows. Many
researchers have leveraged these downscaled RCP scenarios for estimating the projected changes in river flows in
different basins [2,4,26,57-59]. Su et al. [6] compared the simulation results of CMIP5 (Coupled Model Inter-comparison
Project phase 5) multi-model ensemble in the Indus River Basin (IRB) with the CRU (Climatic Research Unit) and
APHRODITE (Asian Precipitation-Highly-Resolved Observational Data Integration Towards Evaluation) datasets. The
equidistant Cumulative Distribution Functions matching method (EDCDFm) was applied to correct the systematic bias
between simulations and observations, and high-resolution simulations were statistically downscaled. This process
effectively tailored global climate models to the IRB’s complex topography and seasonal variations, enabling region-
specific impact assessments. Projections for precipitation and temperature within the IRB were subsequently developed,
encompassing the mid-21st century (2046—2065) and the late-21s century (2081-2100). Table 6 shows variations in
average annual and seasonal summer precipitation and temperature under RCPs scenarios.

4. Results and discussion
4.1. Spatio-temporal variations in the hydro-meteorological variables

Hydro-climatological data of the Swat River Basin is presented in Figs 3-5, which shows mean monthly discharge, total
monthly precipitation, mean monthly temperature and mean monthly snow cover area (SCA) over a period of 2005-2015.
4.1.1. Variation in basin-wide temperature, precipitation, discharge and snow cover area. The overall basin-
wide hydro-meteorological characteristics of SRB over 2005-2015 are demonstrated in Fig 3 revealing the variations in
monthly mean temperature, total precipitation, discharge and snow cover area. The mean annual temperature of the basin
was estimated to be~17 °C, with overall the highest mean monthly temperature observed in the month of July (~27 °C)
and lowest mean monthly temperature in the month of January (~6.5 °C) over the data period of 2005-2015 (Fig 3). Over
the course of the year, two distinct phases of change are observed in the mean monthly temperature. The first is a sharp
rise beginning in February, with temperatures increasing at a rate of ~4.8 °C per month until May. After this, the rate of

Table 6. Annual and seasonal summer variation in mean temperature and precipitation for mid-21st (2046—2065) and late-21t century
(2081-2100) in the IRB [6].

Time Period RCP Scenarios Mean Annual Mean Seasonal (summer)
Temperature (°C) Precipitation (%) Temperature (°C) Precipitation (%)

Mid-21¢t century (2046—2065) 2.6 1.21 3.2 1.24 1.6

4.5 1.93 0.1 1.90 3.2

8.5 2.71 6.2 2.58 9.5
Late-21%t century (2081-2100) 2.6 1.10 5.6 1.14 3.8

4.5 2.49 4.0 2.38 7.3

8.5 5.19 7.8 4.82 16.5

https://doi.org/10.1371/journal.pclm.0000739.t006
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Fig 3. Basin-wide hydro-climatological data of the Swat River Basin (SRB) showing monthly mean discharge and total precipitation, monthly
mean temperature variation and monthly mean snow cover area (SCA) over the data period 2005-2015.

https://doi.org/10.1371/journal.pclm.0000739.g003

increase slows, and temperatures peak in July. From August to December, temperatures decline rapidly at a rate of ~5

°C per month, followed by a slower decrease that continues until the lowest temperatures are reached in January. This
temperature variation plays a key role in the runoff generation from the snow and glacier melting in the study area. Lowest
specific mean monthly temperature value was recorded as ~4.13 °C in January 2012, and the highest temperature as
~28.12 °Cin July 2014.

The lowest mean monthly temperature and ultimately the lowest discharge is found in January. This is because the
winter discharge from November-January is generated through low melting induced by low temperatures with no signifi-
cant contribution by the rainfall-runoff. On the other hand, the peak monthly mean temperature and discharge was found
in June-July. The reason for this maximum discharge is higher temperature causing accelerated melting overlapped by the
summer monsoon rainfall-runoff.

The average of total annual precipitation was~122cm (1220 mm) as estimated from the data. The maximum of total
precipitation occurs during the February—April months (~49 cm) followed by June-September (~43 cm). Maximum value of
monthly total precipitation of ~43 cm was recorded in July of 2010. This was the exceptional case and caused catastrophic
floods in 2010 in the study area. Otherwise, the maximum monthly precipitation values were found in February 2011
(~30cm) and March 2014 (~29cm). For the total monthly precipitation (Fig 3), it is observed that there are two precipi-
tation seasons influencing the study area: the westerly weather pattern bringing precipitation from February to April and
summer monsoon from June to September [3,26].

The mean annual discharge over the study period was estimated to be ~253 m¥s. It is found that the highest discharge
occurs in the months from May-August with highest mean flow in the month of June (~474 m?®/s). The rising temperatures
in summers cause rapid melting of snow which ends up magnifying the discharge in the Swat River. Conversely, months
with minimum flow, span from November to February with lowest mean discharge in January (~100 m?/s). Freezing
minimum temperatures, excessive snowfall due to westerlies and reduced snowmelt decelerate the water flow from the
mountains, thereby resulting in less discharge during winters. The river flow begins to increase as the temperature starts
rising in late winter and peaking in summer (June-July), demonstrating the primary discharge of SRB driven by snowmelt
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Fig 4. Mean monthly basin-wide snow cover variation over the period of 2005-2015 in the study area.

https://doi.org/10.1371/journal.pclm.0000739.g004

from spring to early summer [60], and by sustaining the summer discharge due to remaining snow-glacier melt and mon-
soon precipitation. Such hydro-climatological profile of SRB is aligned with the defining characteristics of mountainous and
snow dominated river basins.

Temporal variations in basin-wide mean monthly SCA of Swat River Basin are shown in Fig 3 (mean monthly of entire data
period) and Fig 4 (mean of each data year). Mountainous basins like Swat River Basin are characterized by gradual decline
in spatial extent of seasonal snow cover during snowmelt season. Overall, it is found that in the SRB, snow accumulates from
October to February, followed by melting from March to September, showing a declining trend. Analysis indicates a mean
annual SCA of ~50%, peaking at ~72% in February and reaching a low of ~31% in September. February’s maximum SCA is
due to westerly winds causing heavy snowfall (Fig 3) at higher elevations and persistent cold that slows down the melting pro-
cess. Conversely, summer’s high temperatures drive extensive melt, leading to September’s minimum SCA. Spatially, north-
ern slopes in the basin have a consistent snow cover year-round (Fig 5) due to higher elevation zones in the north as apparent
from the DEM (Fig 1) and thus lower mean temperatures, while southern slopes have lower elevation zones experiencing
higher mean temperatures causing snow to melt faster hence lower mean annual snow coverage. Maximum mean annual
SCA of ~54% was observed during 2005 whereas 2010 was the year with least mean annual SCA of ~48% (Fig 4).

4.1.2. Variation in zonal SCA and mean temperature. In zone-wise application of SRM, daily zonal SCA and zonal
mean temperature are used as basic input. The average of the basin’s daily total precipitation may be used in each zone
if the zonal precipitation data is not available knowing that the SRM is less sensitive to precipitation input. Zonal SCA
was estimated from improved MODIS data, while the zonal mean temperature at the hypsometric mean elevation of each
zone was estimated by using the basin’s temperature lapse rate value for all four elevation zones (A, B, C, and D) of the
Swat River Basin over the study period. The radar graph (Fig 6) illustrates the monthly mean SCA and mean temperature
variation for all elevation-based zones.

A clear seasonal snow cover pattern across all the zones is evident in Fig 6a with distinct variations in magnitude and
duration among them. Zone D maintains the highest mean monthly snow cover (~97.5-100%) from November to May.
Zone D is the highest elevation zone where the colder temperatures, governed by the environmental lapse rate, are
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Fig 5. Spatial variation in the basin-wide mean monthly SCA of the Swat River Basin over data period 2005-2015.
https://doi.org/10.1371/journal.pclm.0000739.9005

responsible for the precipitation in the form of snow and its prolonged retention over months [2,61]. On the other hand,
Zone A demonstrates minimal mean snow cover, with a peak slightly exceeding ~12% in January signifying its warmer,
lower-elevation status. Zone B and Zone C demonstrate peak SCA in February, i.e., ~68% and ~100%, respectively. Mean
(minimum-maximum) annual SCA for zone A, B, C and D were found to be ~5% (~1-12%),~31% (~12—-67%),~65%
(~29-100%), and ~88% (~57—100%), respectively, over data period 2005-2015.

Fig 6a clearly depicts the snow accumulation phases, evident from October through December, and peaking in January
and February. Conversely, the significant decline from March onwards indicates the melt season, accelerating into late
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Fig 6. Mean monthly zonal (a) SCA, and (b) temperature variations in the Swat River Basin during 2005-2015.
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spring and early summer (May-July). High flow values from June-September also indicate an overlapped monsoon sea-
son. This signifies the seasonal transition from snowmelt-dominated runoff to rainfall-driven or baseflow contributions [62].
Such distinct zone-wise stratification indicates the significant influence of elevation or climatic differences influencing snow
accumulation and melting within the basin [53].

The zone-wise mean monthly temperature variation is presented in Fig 6b. Mean (minimum-maximum) annual tem-
perature for zone A, B, C and D were found to be~17.5 °C (~6.6-27 °C),~12.2 °C (~1.4-22 °C),~5.3 °C (~-5.6—-14.8 °C),
and ~-1.96 °C (~-12.8-7.5 °C), respectively, over data period 2005-2015. Zone A (lowest altitude) is found to have the
highest mean annual temperature while Zone D (highest altitude) has the lowest mean annual temperature. However, the
variation in temperature during the year shows maximum monthly temperature in July and minimum monthly temperature
in January for all the zones.

4.2. Basin-wide and zone-wise simulation of historical daily discharge (2005-2015)

Daily river flow from Swat River Basin was simulated by applying basin-wide and zone-wise SRM over the data period of
2005-2015 for the melt season (April to September). Both the basin-wide and zone-wise SRM approaches were carried
out using the daily hydro-meteorological variables including the SCA. Several parameter values were adopted from previ-
ous studies [2,3,5,63] on mountainous basins of the UIB, while others were adjusted during calibration to reflect seasonal
variations in temperature, precipitation, and snow conditions in specific months. These adjustments were constrained
within logical ranges consistent with values reported in the literature for the hydrological response of mountain catch-
ments. The best calibrated parameter values used for simulating river discharge from Swat River Basin are presented in
Table 7.

Arange of DDF (0.3—0.65cm.°C~".d"") was obtained for SRB due to certain factors like seasonal variation (more abla-
tion during hotter months) and difference in characteristics of snow and ice (snow density, albedo effect, thermal proper-
ties). The lag time refers to the time taken between the occurrence of a rainfall or snowmelt event and the resulting runoff
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Table 7. Parametric values of SRM for simulation of basin-wide and zone-wise river discharge from the Swat River Basin.

Parameters Basin-wide Zone-wise
Zone A Zone B Zone C Zone D

Temperature lapse rate, AT; (°C/100m) 0.66 0.66 0.66 0.66 0.66
Critical Temperature, T_.; (°C) 0 0 0 0 0
Degree day factor, a; (cm.°C~'.d™") 0.3-0.45 0.35-0.65 0.35-0.65 0.35-0.65 0.35-0.65
Lag time, (h) 10-15 12 12 12 12
Snowmelt runoff coefficient, C_ 0.13-0.4 0.23-0.6 0.23-0.6 0.23-0.6 0.23-0.6
Rainfall runoff coefficient, C_ 0.12-0.4 0.15-0.5 0.15-0.5 0.15-0.5 0.15-0.5
Rainfall Contributing Area, RCA 0=No Rain, 0=No Rain, 0=No Rain, 0=No Rain, 0=No Rain,

1=Rain 1=Rain 1=Rain 1=Rain 1=Rain
X, 0.09-1.08 0.996-1.08 0.997-1.08 0.997-1.08 0.997-1.08
Y, 0.005-0.08 0.017-0.04 0.017-0.03 0.017-0.03 0.017-0.03

https://doi.org/10.1371/journal.pclm.0000739.t007

to reach the farthest point in the watershed. Therefore, time lag is usually small for a smaller basin and more for larger
ones [53]. Arange of time lag, (10—15 hours) was taken for the Swat River Basin to ensure that the model accurately
captures various factors influencing water movement in this mountainous basin. The runoff coefficients, C_and C, were
adjusted according to the months with a dominant pattern of contribution from the snowmelt or rainfall. Similarly, RCA
(Rainfall Contributing Area) was taken 1 in the months when rainfall events are frequent in the basin, i.e., February-April
and July-August while it was taken 0 in the months when snow is dominant. Lastly, X_and Y _recession coefficient values
were used to adjust the time and magnitude of peaks for fine tuning of the simulated curve.

Table 8 presents SRM’s efficiency over calibration and validation periods using basin-wide and zone-wise application
for the simulation of river discharge. This approach ensured that the SRM parameters efficiently captured inter-annual
variability in runoff response. Overall, the SRM showed strong predictive performance, aligning with its recognized
effectiveness in simulating the discharge for the snow and glacier dominated mountainous catchments [3,26]. For the
basin-wide approach, the highest NSE of 0.95 was achieved particularly in 2005 and 2014 indicating significantly a high
alignment between simulated and observed runoff during these years. While the lowest NSE (0.82) for the basin-wide
approach occurred in 20086, still expressing a highly acceptable model performance [53]. In case of volume difference, the
basin-wide approach showed its best performance in 2012 with D =0.03%, however the major deviation as an underesti-
mation was indicated in 2011 with D =-3.64%.

The calibration and validation phase demonstrated satisfactory outcomes as can be seen from the basin-wide and
zone-wise values of D, and NSE in Table 8. Likewise, for the zone-wise approach, the highest NSE (0.93) was observed
in 2005 (during calibration), with the lowest (0.80) was recorded in 2011 and 2013, i.e., during the validation. Volume dif-
ferences for the zone-wise method were negligeable in 2007 (~0.03%), however the model showed large underestimation
of -4.56% in 2013. The model efficiently simulated the year 2007 discharge with basin-wide (zone-wise) approach pre-
senting a D =0.61% (0.03%) and NSE=0.93 (0.91), hence it was chosen as base-year for simulation of future discharge
under RCPs. The minor year-to-year fluctuations in model performance likely result from varying quality of input data or
the occurrence of extreme weather events and shifts in how snowmelt contributed to runoff each year may not be fully
captured by SRM.

Figs 7 and 8 illustrate the SRM’s model performance across the calibration (2005-2009) and validation period
(2011-2015) by comparing the simulated and observed discharge for the basin-wide and zone-wise application, respec-
tively. The model’s ability to capture the temporal dynamics of discharge is evident from the close agreement between the
simulated (red line) and measured (blue line) hydrographs.
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For the basin-wide application (Fig 7), the average value of NSE was 0.90 and 0.87 with volume differences (D,) of
0.51% and -1.31% during calibration and validation, respectively. Similarly, for the zone-wise application (Fig 8), the
average NSE was 0.91 and 0.84 with D values of -0.83% and -2.27% during calibration and validation, respectively.
Hence, for the basin-wide (zone-wise) application, the average NSE and D, over the entire data period (2005-2015) were
0.88(0.87) and -0.40% (-1.5%), respectively. These metrics indicate a reliable fit between observed and simulated dis-
charge during the calibration for both applications and demonstrate that the model’s predictive competence remained sub-
stantial, though slightly reduced, when applied to data periods not used during its initial calibration. The D, values suggest
a slight overestimation of total water volume during basin-wide calibration and a slight underestimation in both validation
periods, with a more noticeable underestimation in the zone-wise validation. Overall, the SRM model demonstrates a con-
vincing ability to simulate discharge across both basin-wide and zone-wise scales.

Table 8. SRM’s efficiency over calibration (2005-2009) and validation (2011-2015) period using basin-wide and zone-wise application for sim-

ulation of river discharge in the study area.

Year Basin-wide Zone-wise
Difference of Nash-Sutcliffe Difference of Nash-Sutcliffe
Volume (D) (%) Coefficient (NSE) Volume (D) (%) Coefficient (NSE)
Calibration 2005 1.16 0.95 -0.76 0.93
2006 -2.95 0.82 -1.84 0.88
2007 0.61 0.93 0.03 0.91
2008 0.84 0.92 -2.40 0.91
2009 2.91 0.87 0.83 0.90
Validation 2011 -3.64 0.83 -3.85 0.80
2012 0.03 0.85 0.24 0.85
2013 -1.89 0.87 -4.56 0.80
2014 1.16 0.95 -4.07 0.91
2015 -2.19 0.84 0.91 0.82

https://doi.org/10.1371/journal.pclm.0000739.t008
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Fig 7. Basin-wide evaluation of SRM efficiency in simulating melting season (April to September) river discharge during the calibration
(2005-2009) and validation (2011-2015) period for the Swat River Basin.

https://doi.org/10.1371/journal.pclm.0000739.9007
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Fig 8. Zone-wise evaluation of SRM efficiency in simulating melting season (April to September) river discharge during the calibration
(2005-2009) and validation (2011-2015) period for the Swat River Basin.

https://doi.org/10.1371/journal.pclm.0000739.g008

A correlation (Coefficient of Determination, R?) between the observed and simulated runoff of the Swat River Basin over
the entire data period of 2005-2015 (excluding 2010) is shown in Fig 9. This correlation demonstrates the strong ability of
the SRM to simulate discharge in the Swat Basin, at the basin-wide and zone-wise scale.

The simulated discharge shows a close alignment between R?=0.91 for basin-wide (Fig 9a) and R?2=0.91 for zone-wise
(Fig 9b). However, some scatters, particularly at higher discharge rates, suggest a degree of variability in the model’s
accuracy at peak flows. Fig 9c demonstrates the performance of the SRM model by illustrating the relationship between
basin-wide and zone-wise simulated Swat River discharges. The red line represents the best-fit linear regression between
these two approaches depicting the strong positive correlation (R2=0.93). These results highlight the model’s robustness
in accurately simulating hydrological responses, upholding its suitability for both long-term discharge analysis and under-
standing spatial variations in discharge within the high-altitude mountainous basin such as SRB at basin-wide and zone-
wise scales. However, lack of gauged weather data in such areas has contributed to the limitations in precisely capturing
all discharge fluctuations which eventually affected the runoff simulation results.

Throughout the study, the basin-wide approach consistently delivered slightly better NSE values and showed more
stable runoff volume differences compared to the zone-wise method, particularly during the validation period. This indi-
cates that basin-wide SRM approach proves to be remarkably consistent and reliable in offering deeper insights into
specific local processes as compared to the approach of dividing the basin into zones [3] for simulating the total discharge
of the Swat River Basin. The improved performance of the basin-wide simulation over the zone-wise approach in this
study can be attributed to several key factors. Basin-wide modeling offers a more integrated representation of hydrolog-
ical processes, reducing complexity by requiring fewer parameters (only for one zone) and avoiding inconsistencies that
may arise from subdividing the basin. It ensures continuity in snowmelt and runoff processes, minimizes the influence of
localized input data anomalies or scarcity, error accumulation, data quality [3,57] and avoids irregular zonal boundaries
that can distort flow dynamics. As a result, it delivers more stable and reliable discharge predictions, particularly evident
during the validation period, as reflected in the higher NSE values and consistent runoff volumes. Other reasons could be
that the hydrological processes can vary significantly with scale, that may cause a model to perform well at basin level but
compromise in capturing the distinctions of unique hydrological characteristics of zones (smaller sub basins) [53]. Such
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Fig 9. Correlation of measured and simulated discharge over a period of 2005-2015 for the (a) basin-wide application, (b) zone-wise applica-
tion, and (c) between basin-wide and zone-wise simulated discharges.

https://doi.org/10.1371/journal.pclm.0000739.9009

as, the factors like precipitation, snowmelt, and land cover can exhibit more variability at the zone level. The model might
struggle to capture the complexities and accurately represent this erraticism with the same set of variables used for the
entire basin.

4.3. Impacts of climate change on the mean annual and summer flows under future RCPs climatic scenarios

The calibrated and validated SRM was applied to predict future annual and summer flow dynamics of the Swat River
Basin under the climate change by applying the future RCP scenarios. Summer snowmelt season (April to Septem-
ber) being hydrologically significant was the focus of this investigation as the peak discharge responsible for flooding
or filling the reservoirs happens during this period. The year 2007 was among the best, simulated with NSE>0.93 and
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this simulated flow was chosen as reference (base) year. For applying RCP scenarios on annual flow, the year of March
2007- April 2008 was simulated by adjusting the parameters resulting in NSE of ~0.97 and a D, of ~2.5%. These RCPs
assessed the impacts of increase in the mean temperature and average precipitation (annual and monsoon season) in the
Swat River Basin for the mid- and late-21st century.

Figs 10a and 10b show that the mean annual river discharge is projected to increase by ~8%,~12% and ~18%,
while the mean melt season discharge is expected to increase by ~7%,~11% and ~16% under mid-21st century RCPs
2.6, 4.5 and 8.5 scenarios, respectively. Figs 10c and 10d show that the mean annual flow is projected to increase by
~7%,~16% and ~30%, while the summer (melt season) discharge is projected to increase by ~7%,~15% and ~30%
under late-21%t century RCPs 2.6, 4.5 and 8.5, respectively. In addition, a 1 °C rise in mean temperature will cause an
increase of ~7% in the mean annual flow and ~6% in the mean seasonal flow of the study area. These results indicate
that the Swat River flow increases by approximately 6—7% for each 1 °C rise in temperature, which aligns well with
previous studies reporting a 5-8% °C~" increase in discharge for snow- and glacier-fed basins in the Himalaya and
European Alps [60,64—66]. This consistency highlights the strong temperature sensitivity of cryospheric catchments
like the Swat Basin and reinforces concerns about increasing meltwater contributions under future warming scenarios.
It is important to note that SRM does not explicitly account for dynamic glacier retreat, which may reduce melt contri-
butions later in the century, nor does it incorporate ensemble climate forcing. In such cases, the projected increase in
mean annual flows by late 215! century may be considered as upper-bound estimation under high emission scenario
(RCP 8.5). Moreover, our projections should be viewed as indicative trends rather than precise forecasts for water-
resources planning.

1000 1 (a) Mid-21% Century 1000 1 (b) Mid-21°* Century
900 A 900 i Base Year 2007
300 1 o4 A  ==ee- RCP "2.6"
% wl ik iacs; ”Y;?' 2007-2008 B Y 3 | RCP "4.5"
T 600 A : 2604 . HWAN RCP "8.5"
% ggg 1l a2 fVbhad = - RCP "4.5" %500 |
SN WY Y8V, e RCP "8.5" S0
' 400 A £400 1
2300 | £300 -
200 A 200
100 1 100 A
0 T T T T T T T T T T T T T T T T T T T T 0 T T T T T T T T T T T
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Tul Aug Sep
Time Period (Daily) Time Period (Daily)
A . . 1100 1
lggg i (c) Late-21% Century 1000 - (d) Late-21* C:ntury e Base Year 2007
3l Base Year 2007-2008 900 - ) -",\|‘\ ----- RCP "2.6"
%700 | Y 7 RCP "2.6" = 800 o ,.\"“\‘ ----- RCP "4.5"
5600 1A ke RCP "4.5" g 700 A RCP "85
£500 1 /o SRR L, RCP "8.5" 5600
S £500
A 400 2
500 A& 400
300
200 200
100 100 -
0+ 0 — —

Apr May Jun Jul

Aug Sep Oct
Time Period (Daily)

Nov Dec

Apr May

Jun Jul Aug Sep

Time Period (Daily)

Fig 10. Simulation of annual (April-March) and summer (April-September) discharge under RCP climate change scenarios for the (a-b) mid-

21t century (2046-2065) and (c-d) the late-21t century (2081-2100).

https://doi.org/10.1371/journal.pcim.0000739.9010
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In the Swat River Basin, all RCP scenarios project an upward trend in discharge during early summer, coupled with
reduced late-summer runoff, indicating a shift in snowmelt timing. The peaks in flow during June and July highlight
climate-driven changes in snowmelt volume and timing, emphasizing the basin’s high sensitivity to warming. These
warming trends are expected to cause earlier snowmelt onset and increased discharge volumes, extending its effects
into winter through elevated baseflows and accelerated melt dynamics [4,67]. However, if these scenarios come true, the
glaciers situated in this basin may disappear and mean SCA may significantly reduce till the end of the century after pro-
ducing accelerated flows. The magnitude of these changes varies with RCP scenarios, being most distinct under RCP 8.5,
moderate under RCP 4.5, and lowest under RCP 2.6, reflecting the influence of climate change on snow and ice melting
and the occurrence of extreme events like floods. Such changes can escalate the risk of flooding and erosion, challenges
already evident in the region’s hydrological records [6,68]. Furthermore, the anthropogenic activities (deforestation, urban-
ization and floodplain encroachment) further exacerbate these impacts by disrupting the natural flow and resilience of the
basin, emphasizing its long-term vulnerability and the urgent need for adaptive water resource strategies to reduce basin’s
risk to hydro-meteorological hazards and disasters [35,69].

While SRB possesses a relatively smaller glaciated area, accurately modeling this contribution remains crucial

for optimizing overall simulation performance. A recognized constraint of the SRM is its inherent inability to directly
account for glacier-melt runoff, a process intricately shaped by factors such as ice thickness, surface albedo, and
debris cover. However, employing a simplified degree-day methodology with consistent DDFs represents a well-
established and widely adopted practice in high-mountain environments facing data scarcity such as UIB. This
approach proves particularly practical where the detailed input required for physically-based energy balance modeling
(e.g., glacier albedo, precise ice thickness, or debris distribution) is not feasible. To mitigate the typical uncertainties
related to SRM, a DDF-based models, utilized for mountainous basins, the integrated cloud-free MODIS
“MOYDGLO06*” snow cover data was used, which helped in simulating the timing and magnitude of snowmelt more
realistically, and assisted in addressing the issues of potential overestimation of runoff under warming scenarios.
This study acknowledges that a more physically explicit representation of glacier-melt processes could be achieved
through spatially and temporally variable DDFs or a full energy balance model. However, this level of detail exceeds
the scope of this study which was centered on incorporating refined remotely sensed snow cover data designed for
long-term hydrological projections under changing climatic conditions.

It is worth noting that structure of SRM does not explicitly capture the differences between debris-covered and clean
ice surfaces or albedo variability and sub-monthly rain-on-snow events that can substantially alter runoff peaks [70,71].
This may miss the short-lived sharp peaks (e.g., flash floods or extreme runoff days) which are sensitive to glacier-melting
process [71,72]. However, since glaciers in our study area are just 3.5% of basin, it will not change the overall basin water
budget too much, hence, the overall results are still reliable. Furthermore, employing a spatially and temporally variable
degree-day factor (DDF) or adopting an energy balance model could yield a more physically robust representation of
glacier melt processes. Nevertheless, this lies beyond the scope of the present study, which instead emphasizes the inte-
gration of enhanced remotely sensed snow cover data into a parsimonious modeling framework designed for long-term
hydrological simulations under climate change.

This study also acknowledges that although SRM is relatively less sensitive to precipitation due to higher reliance on
remotely sensed snow cover data, the compromised precipitation data due to limited meteorological stations may cause
bias into simulated runoff. Similar limitations have been reported by different studies [4,5,26]. Future studies can address
this gap by incorporating gridded climate reanalysis and satellite precipitation datasets (e.g., CHIRPS, APHRODITE) to
compete with limited ground observations and improve the spatial representations of meteorological inputs.

Lastly, it is worth noting that this study has successfully presented a hybrid methodology by coupling SRM with
data driven techniques. Under the general concept of deep learning, computational accuracy was enhanced by using
python-based scripts developed for the extraction of remotely sensed snow cover, while integrating it with ArcGIS Pro
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software. Such deep learning and hybrid models may offer significant opportunities for future work that could complement
process-based approaches like SRM.

5. Conclusions

This study employed SRM coupled with improved cloud-free snow and glacier composite products to simulate snowmelt
runoff from snow- and glacier-fed Swat River Basin. The research investigated the future rise in river discharge by assess-
ing how the cryosphere dynamics specifically snow, and glacier melt are altered by the rising temperatures and shifts in
precipitation patterns projected under various 21%-century RCP climate scenarios.

The study confirms that: 1) SRM yields robust simulations of daily river discharge in snow-fed basins when integrated
with improved snow cover products, with both basin-wide and zone-wise approaches performing well, though the basin-
wide setup offered greater stability and reduced parameter uncertainty. 2) Model projections under RCP scenarios sug-
gest substantial increases in river flows, with mean annual discharge expected to rise by ~8—18% in the mid-21st century
and ~7-34% by the late 21t century, while summer flows may increase by ~7—16% and ~7—30% over the same periods.
Additionally, a 1 °C rise in temperature is likely to enhance both annual and seasonal flows by ~6—7%, underscoring the
sensitivity of the basin’s hydrology to future climate warming. These findings suggest a heightened flood risk and shifting
hydrological patterns, with all RCP scenarios projecting earlier peak flows in early summer followed by reduced flows in
late summer highlighting the basin’s pronounced sensitivity to climate warming. The likelihood of flooding may increase as
rising regional temperatures accelerate the melting of snow and glacier, suggesting that the policy makers should focus
on sustainable measures for the highly vulnerable downstream area and timely actions to minimize the flood destruction.
Assessing future flood risks can be effectively achieved by integrating snowmelt runoff modeling with high resolution
remote sensing data and climate change projections, particularly in data-scarce regions. In flood-prone northern Pakistan,
enhancing flow prediction accuracy and implementing comprehensive flood management strategies especially non-
structural measures like community awareness and disaster preparedness are essential for effective mitigation.
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