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Abstract: Projected snow cover and river flows are important for planning and managing water
resources in snow-dominated basins of the Himalayas. To quantify the impacts of climate change
in the data scarce Panjshir River basin of Afghanistan, this study simulated present and future
snow cover area (SCA) distributions with the snow model (SM), and river flows with the snowmelt
runoff model (SRM). The SRM used the degree-day factor and precipitation gradient optimized by
the SM to simulate river flows. Temperature and precipitation data from eight kinds of general
circulation models (GCMs) were used for bias correction. The SM and SRM were first calibrated and
validated using 2009-2015 data, and then bias-corrected future climate data were input to the models
to simulate future SCA and river flows. Under both the representative concentration pathways (RCP)
4.5 and 8.5, the annual average SCA and river flow were projected to decrease in the mid and late
21st century, although seasonal increases were simulated in some instances. Uncertainty ranges in
projected SCA and river flow under RCP 8.5 were small in the mid 21st century and large in the
late 21st century. Therefore, climate change is projected to alter high-altitude stream sources in the
Hindukush mountains and reduce the amount of water reaching downstream areas.

Keywords: snowmelt runoff model; snow model; RCP scenarios; uncertainty; Panjshir sub-basin

1. Introduction

Climate change is expected to alter the hydrological cycle and influence both water availability
and demand [1]. Because the effects of climate change on water resources are complex and ambiguous,
adaptation to the changing climate is a major challenge in the world today. Climatic variability is much
greater in the Hindukush-Himalaya (HKH) mountainous region of Afghanistan, Bangladesh, Bhutan,
China, India, Myanmar, Nepal, and Pakistan, than in other parts of the world [2,3]. Glaciers are one
of the most important indicators of climate change [4,5], and the HKH region is host to some of the
world’s largest glaciers [6-8], which are the major water source of the Indus, Brahmaputra, and Ganges
rivers [9,10]. These river basins are extremely sensitive to both spatial and temporal changes in
climate [3]. HKH glaciers are among the fastest thinning glaciers in the world [11]. The temperature
is projected to increase in the HKH region by 1.7 °C to 6.3 °C by the end of the 21st century [12].
In many parts of the HKH region, monsoonal precipitation is projected to increase, and extreme
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precipitation events are projected to become more frequent [12,13], although in the western HKH
region, precipitation declines are more probable [12-15].

Through effects such as more rapid melting of snow and ice and an increased incidence of natural
hazards, rising temperatures will directly affect human society, especially in mountainous environments.
In addition, increases in the intensity and frequency of extreme precipitation events are expected to
result in higher surface flow rates and increased flood risks [16]. Moreover, climate change will lead to
more variability in the hydrological cycle [14], including more frequent floods and droughts with higher
intensities, which will increase erosion, sedimentation, and water scarcity. Furthermore, losses of
glaciers, sea ice, and snow cover, disruptions to water quality, and the degradation of ecosystems are
expected to become more extreme in the future as a consequence of these impacts of climate change
on the hydrological cycle and water resources [17]. Rising temperatures will also cause snow and
glacier covered areas to decline as a result of both increased melting of the snow and ice pack and
lower snow accumulation due to less precipitation falling as snow [18]. Hence, climate change and
climate variability are likely to influence the availability of water in mountain basins and, in the long
term, adversely affect the livelihood of people, in particular, those living in downstream areas.

Snow and ice meltwaters play a significant role throughout the HKH region because they provide
water for downstream farming, generating hydropower, and domestic use [19]. The HKH region
is estimated to contribute 50-80% of the snow and glacier meltwaters received by the Indus River
basin [19-23]. However, upstream snow and ice reserves in the HKH region, particularly in the
Brahmaputra and Indus River basins, are expected to be affected by climate change, and the resulting
changes in the volume, intensity, and spatial distribution of meltwaters will threaten the water
availability and food security of a large number of people [24]. Because of high climate variability,
data scarcity, large uncertainties in projected climate changes, and ambiguity respecting the response
of glaciers, the study of climate change impacts on the hydrology of glacier covered high-altitude
catchments in the Himalayas is challenging [25]. In mid-latitude mountainous regions, the changing
climate has had major impacts on snow cover. In particular, climate change has led to spatial and
temporal variations in both snow cover and meltwater runoff [26]. Increased water demand due to
the expected socio-economic growth and rising populations means that climate variability is likely
to place an even greater strain on water resources [27]. Thus, to identify the impacts of past, present,
and future climate change on mountain river basins, a better understanding of the impacts of climate
change on mountain hydrological cycles is needed [27].

Previous climate variability studies in the HKH region, conducted at both large and small scale,
have concluded that climate change will likely impact river flows that are driven by snow and glacier
melt. Immerzeel et al. [25] have reported that in the Langtang basin in Nepal, temperature and
precipitation can be expected to increase by 0.06 °C/year and 1.9 mm/year, respectively. They estimated
that, under climate change, glaciers will decline 32% by 2035, 50% by 2055, and 75% by 2088. Shrestha
and Nepal [6] assessed the effects of climate change on the water balance in the Hunza catchment,
a sub-basin of the Indus River basin, and estimated that future discharge of the Hunza River would
decrease by 28%, 40%, and 46% under scenarios in which glaciers receded to 4000, 4500, and 5000 m
above mean sea level (a.m.s.l.). Hayat et al. [28], who studied both present and future runoff by using a
snowmelt runoff model and Representative Concentration Pathway (RCP) scenarios, showed that the
mean annual runoff in the Astore and Hunza watersheds in Pakistan will probably increase by 11% to
58% by the mid-21st century, and by 14% to 90% by the late 21st century.

Physically based energy-balance models are essential for understanding snowmelt processes [29].
However, this group of models needs more input data [30] and therefore have limited applicability in
data-scarce basins. On the other hand, temperature index algorithms are used widely for the water
resources assessment in the sparsely gauged snow-fed large basins. Studies that have assessed the
ability of the snowmelt runoff model (SRM) [31] in the data scarce HKH and Tibetan Plateau regions
have found that the model performed well for river flow simulations [18,20,32-36]. Other studies have
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used the SRM to investigate how future increases or decreases in temperature and precipitation rate
would affect river flows [26,37-41].

The impacts of climate change on the HKH region have also been evaluated by integrating
general circulation models (GCMs) or regional circulation models with the SRM to simulate future
water availability in mountainous basins [28,42-45]. Required input climate variables to the SRM
include daily temperature, daily precipitation, and daily snow-covered area [31], but most past studies
have focused on the impacts of temperature and precipitation on climate variability, considering the
snow-covered area only hypothetically in future runoff simulations. One of the major sources of
uncertainty in these studies is the use of assumed future snow-covered area values to simulate the
future meltwater discharge from the mountain snowpack and glaciers. Therefore, it is necessary to
simulate the future snow cover area distribution especially in snow-dominated basins under various
climate change scenarios.

In the present study, before simulating runoff with the SRM, in the first step, the Snow Model
(SM) was used [46] to estimate the future snow cover area distribution under different RCP scenarios.
The SM has the ability to model the spatial and temporal distribution of snowfall, the snow-covered
area, snowmelt rate, and the snow water equivalent (SWE) of the snowpack [46-50]. In the Hindukush
region, to the best of our knowledge, no study has yet been conducted to quantify snow characteristics
and melt runoff during present and future periods. Therefore, the specific objectives of this study were
(1) to assess the impact of future climate changes on the snow-covered area and streamflow under
different climate change scenarios, and (2) to evaluate uncertainties in the climate model projections.

2. Study Area

Our study area was the Kabul River basin in northeast Afghanistan. The Kabul River originates
in the Hindukush mountains and is a tributary of the Indus River (Figure 1). The Kabul River basin
has an area of about 87,615 km? and ranges in elevation from 400 m to 7603 m a.s.l. [15]. The basin
climate is semi-arid and strongly continental. The northern and northeastern parts of the basin are
characterized by complex topography and high mountain peaks with high-elevation areas dominated
by snow and glaciers. In the southern and eastern parts of the basin, precipitation is low, whereas it is
high in the northern and northeastern parts. The average annual air temperature is about 22 °C in
eastern downstream locations, but approximately 14 °C in central upstream locations. The maximum
and minimum temperatures in the basin are observed in July and January, respectively.

Annual average precipitation in the northern and north-eastern central parts of the basin is 450 mm,
but only 300 mm in the south and eastern downstream parts. Nearly all precipitation falls as snow
during the winter, and it is stored throughout the mountains to recharge the rivers in the melt season.
Approximately 1274 glaciers, with a total area of 1594 km? and estimated ice reserves of 177 km3,
have been mapped in the Kabul basin [51]. The Kabul River flows eastward through Afghanistan and
Kabul, and then, after entering Pakistan, it joins the Indus River east of Peshawar. It is fed by several
small and large tributary rivers that originate in high-altitude areas of the basin. The main tributaries
are the Logar, Panjshir (and its own major tributary, the Ghorband River), Laghman, and Kunar rivers.
The Kabul basin occupies 12% of Afghanistan’s national territory, but it accounts for one-fourth (26%)
of the country’s total annual water flow [52,53]. The river feeds over 300,000 ha of intensively irrigated
fields supporting high-value crops in Afghanistan [53]. Climate change is expected to adversely affect
the irrigated areas of the Kabul basin mainly through extreme weather events, such as droughts and
floods [54].

This study was focused on the Panjshir sub-basin of the Kabul basin (Figure 1). The sub-basin
covers an area of about 3540 km?, as calculated by using the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) product [55]. Its mean
elevation is approximately 3498 m a.s.1., as calculated from the hypsometric curve, and its maximum
elevation is around 5694 m a.s.l. (Figure 2). The Panjshir River originates in the high mountainous
region of the Hindukush characterized by seasonal snow cover and glaciers, and it joins the Kabul
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River below its confluence with the Ghorband River on the Shamali Plain. Annual discharge from the
Panjshir sub-basin, including the Ghorband sub-basin, to the Kabul River is second largest, after the
Kunar River. In the Panjshir sub-basin, maximum precipitation is observed during the winter months
(February and March), and the mean total annual precipitation measured at Doabi climate station is
about 336 mm. The maximum summertime temperature is observed in July (average, 24 °C), and the
average minimum wintertime temperature is approximately —17 °C (Figure 3). Because of the intricate
terrain, there is a large spatial variation in the amount of precipitation over the course of a year.
The climatic conditions of the Panjshir sub-basin generally allow one crop to be grown each year
with occasional crop rotation [56]. The estimated mean annual actual evapotranspiration is about
450 mm [57].

Hindukush-Himalaya region
74 Countries in the HKH region
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Figure 1. The Panjshir sub-basin of the Kabul River basin and the HKH region.
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Figure 2. Hypsometric curve of the Panjshir sub-basin, estimated by using ASTER GDEM.
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Figure 3. Hydro-climatic data in the Panjshir sub-basin.

3. Materials and Methods

3.1. Datasets

The ASTER GDEM product with a 30 m spatial resolution was utilized to create a hypsometric
curve of the study area (Figure 2), to delineate the study catchment area, and to assess topographical
features such as altitudinal zones and their areas.

Daily climatic data (air temperature and precipitation) observed at hydro-meteorological stations
in the study area were obtained from the Water Resources Department (WRD)/Ministry of Energy and
Water-Afghanistan (MEW-A) for the period from 2009 to 2015. Further, daily discharge measured
from 2009 to 2015 at the basin outlet was also acquired from WRD/MEW-A (Table 1). There are six
hydro-meteorological stations in Panjshir sub-basin. Air temperature and precipitation data from
all of these stations were used on a daily basis. Location of these hydro-meteorological stations are
presented in Figure 1.

Table 1. Hydro-meteorological station information used in this study.

Station Name Latitude Longitude Elevation (m) Data Provided
Tang-i-Gulbahar 35.15932778 69.28868333 1625 Precipitation, Temperature, Discharge
Omarz 35.37582500 69.64085278 2042 Precipitation, Temperature
Doabi 35.34829722 69.61877222 2059 Precipitation, Temperature

Keraman 35.28355278 69.65692778 2232 Precipitation, Temperature
Khawak 35.56481111 69.89494167 2405 Precipitation, Temperature
Nazdik-i-Khawak  35.56796944 69.90390833 2407 Precipitation, Temperature

Remotely sensed snow cover data were derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) snow cover product, which provides the snow-covered area with a
spatial resolution of nearly 500 m. This study uses the combined data acquired at 8-day intervals by
Terra (MOD10A2) and Aqua (MYD10A2) sensors for the entire HKH region [58] (i.e., the maximum
snow-covered area observed during each 8-day period [59]). The approach used for obtaining the
SCA maps from MODIS images takes advantage of the binary snow cover data of product V5 [58].
The MODIS snow cover product has been widely used for simulations of river discharge [20,43,60-62].

To assess future changes in temperature and precipitation, eight Coupled Model Inter-comparison
Project Phase 5 (CMIP5) general circulation models (GCMs) were used (Table 2). In the present study,
two RCP scenarios are considered: 4.5 and 8.5 for future climate projections.
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Table 2. The CMIP5 GCMs used in this study.

ID Model Resolution Institution
1 CMCC-CM 0.7° x 0.7° Euro-Mediterranean Center on Climate Change (CMCC), Italy
Centre National de Recherches Météorologiques-Centre Européen
2 CNRM-CM5 1.4° x 1.4° de Recherche et de Formation Avancée en Calcul Scientifique

(CNRM-CERFACS), France
CSIRO Marine and Atmospheric Research and the Queensland

Climate Change Centre of Excellence (CSIRO-QCCCE), Australia

The Geophysical Fluid Dynamics Laboratory in the National
Oceanic and Atmospheric Administration (NOAA, GFDL, USA)

Institute of Meteorological Research/Korea Meteorological
Administration (NIMR-KMA), Korea

Atmosphere and Ocean Research Institute (The University of

Tokyo), National Institute for Environmental Studies, and Japan

3 CSIRO-MK3.6 1.9°x1.9°

4 GFDL CM3 2.5°x2.0°

5 HadGEM2-AO  1.9°x1.2°

6 MIROCS L4714 Agency for Marine Earth Science and Technology
(JAMSTEC), Japan
7 MPI-ESM-MR 1.9° x 1.9° Max Planck Institute for Meteorology (MPI-M), Germany
8 MRI-CGCM3 1.1°x1.1° Meteorological Research Institute (MRI), Japan
3.2. Methods

In this study, we first applied the Snow Model (SM) which has previously been investigated
for the Panjshir sub-basin [46] to evaluate the impact of future climate changes on the snow-covered
area. SM was used to optimize the degree-day factor (DDF) and precipitation gradient (PG) using
satellite data and finally, it simulated the daily snow-covered area (SCA) [46]. The SM developed
for the Panjshir sub-basin adopts a different approach from SnowModel developed by Liston and
Elder [63]. SnowModel is a physically based energy-balance model [63]. SnowModel needs extensive
meteorological data, as well as calculating individual snow layer settlement [64]. Although, because of
its strong data and computational requirements, this appears to be difficult to apply to large basins
and areas [64]. The SM developed for Panjshir sub-basin is a degree-day-based model that can
efficiently simulate the spatiotemporal distribution of snowfall, the snow-covered area, the snowmelt
rate, and the SWE of the snowpack [46,47]. The major benefits of this approach are its simplicity, large
availability of air temperature data and the calculation performance in calibration and simulation [65,66].
SM estimates the distribution of snowfall, snow covered area, snowmelt and SWE for each grid cell.
The grid cell size is about 30 m which is based on the ASTER GDEM for the present study.

To simulate temporal variations in the SWE, the following equation is used:

SWE,,1 = SWE; + (SFt - SMI‘t) dt (1)

where SWE is snow water equivalent (mm), SF is the daily snowfall in each pixel (mm d!), SMr is
the daily snowmelt rate (mm d!), the subscript t represents the date, and dt is one day. The daily
snowmelt rate is estimated by the degree-day method:

SMr; = DDF X Ta; )

where SMr is the daily snowmelt rate (mm d!), DDF is the degree-day factor (cm °C' d™1), and Ta is
the daily mean air temperature (°C). The base temperature, below which no snowmelt is considered to
occur, is 0 °C [49,50,67]. Daily precipitation at the measurement stations was estimated to a grid by
interpolation:

P =(1+ PG (h - elvgps)) Pobs (3)

where P is daily precipitation (mm d!) at elevation h (m), PG is the vertical precipitation gradient
(m™!) coefficient with reference to elevation h, and elv,, is the elevation of the observation, where the
subscript obs indicates the ground observation station.
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The input parameters used in SM are given in Supplementary Table S1, daily mean temperature
and precipitation data were input into the SM. In addition to climatic data, catchment area and elevation
zones estimated from the ASTER GDEM were also used as inputs to the SM. In a previous study,
parameters of the SM were calibrated over October 2009 to September 2010 period and validated over
October 2010 to September 2014 [46]. Based on available data, the SM validation period extended for
five-years of October 2010 to September 2015 for the present study. Air temperature was interpolated to
each grid of 30 m by the inverse distance method. Following the interpolation of the temperature data
for each grid, the lapse rate value for each grid was determined with respect to its elevation, and finally
the average daily temperature for each grid was estimated [47]. A constant temperature lapse rate
throughout the year was calculated using the available data and elevation of the hydro-meteorological
stations located in the study area. A lapse rate of —0.007 °C m~! was obtained between different elevation
zones and hydro-meteorological stations [46]. In general, there is a lack of regular measurements of
precipitation rain or snow; air temperature is widely used in hydrological simulations to assess the
type of precipitation. To separate rain from precipitation, that can be assessed by critical temperature
in SM. If the temperature is higher than the threshold temperature, then the precipitation is classified
as rainfall. If the temperature is lower than the threshold temperature, then the precipitation is
considered as snowfall. Critical temperature of 0 °C was used to distinguish precipitation events as
rainfall/snowfall [46]. The study area was divided into eight elevation zones between 1593 and 5694 m;
all zones except for the lowest (1593-2000 m) and highest (5001-5694 m) covered an elevation change of
500 m. A zone-wise approach was used to optimize the DDF and PG variation in each elevation zone.
After each simulation, the snow-covered area simulated by SM was compared with the MODIS SCA
until the simulated SCA agreed with the MODIS observed SCA in each elevation zone [46]. Finally,
DDF and PG were obtained for each elevation zone [46].

Afterwards, the calibrated and validated snowmelt runoff model (SRM) were used to investigate
the impact of future climate changes on the streamflow. The calibration and validation of the SRM
described in the authors’ previous work [46]. The SRM is a degree-day based hydrologic model
developed by [68]. The SRM was used to simulate daily river flows in the Panjshir sub-basin by the
following equation [46]:

Qn+1 = Csn X ap (Ty + ATR)Sh X A X 0.1157 (1 — kpyq1) + CenPn X A X 0.1157 (1 — kpy1) + (Qsn + Qrp)kper (4)

where Q is the mean daily discharge (m3 s71); Qs, and Qr,, are the ratios of snowmelt and rainfall
runoff to total runoff on the nth day, respectively; Cs and C; are the runoff coefficients for snow and
rain, respectively; a is the degree-day factor (cm °C~! d71); T is the degree-days (°C d~!) and AT is the
adjustment by temperature lapse rate when extrapolating the temperature from observation points to
the average hypsometric elevation of the zone (°C d); S is the ratio of the snow covered area to the total
area; P is the measured precipitation on the nth day (cm); A is the area of the basin or zone (km?); k is
the recession coefficient obtaining by the calculation of X. and Y; and n is the number of days during
the computation period. A factor of 0.1157 is used to convert data from cm km? d~! tom? s=!. The SRM
parameters and variables used are shown in Supplementary Table S2. The SRM uses daily temperature,
precipitation, and snow covered area along with basin features as input variables. The eight elevation
zones described above were employed to investigate the spatial diversity of climate in the study basin.
The calculated lapse rate of —0.007 °C m~! [46] was used to extrapolate the daily mean temperature
to each of the eight elevation zones. Further, the daily zone-wise precipitation was determined from
the estimated precipitation gradient values obtained by the SM. The daily SCA simulated by the SM
(hereinafter, simulated SCA) was used in the SRM. Simulated SCAs for each of the eight zones were
used as SRM inputs. The SRM parameters were calibrated with daily discharge data measured at
the outlet of the Panjshir sub-basin from October 2009 to September 2011. The validation period for
the SRM using daily discharge data is extended over October 2011 to September 2015 for the present
study. The performance of the SRM was evaluated using the Nash-Sutcliffe determination coefficient
(NS) [69], the volume difference (Dy), and the root mean square error (RMSE) of the simulated daily
streamflow relative to the measured daily streamflow.
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The output of the eight CMIP5 GCMs under the RCP 4.5 and 8.5 scenarios were used to obtain
future temperature and precipitation data for the Panjshir sub-basin until 2100. To estimate past
precipitation and temperature, the ensemble datasets of monthly precipitation and temperature for
the study area were extracted for the period from 1850 to 2005. The mid-21st century (2040-2060)
and late-21st century (2080-2100) are assessed under the RCP 4.5 and 8.5 scenarios with respect to
the baseline period (2000-2020). To downscale the precipitation and temperature data, we used the
delta change approach, a method of downscaling climate model outputs that is commonly utilized by
climate change impact studies [70-74]. This approach is simple to apply and allows possible biases of
the climate models with respect to the study area to be eliminated [73]. In this method, the difference
between the future and present GCM simulations and the observed daily data are used to create a
future dataset [72,74]. The future daily precipitation and temperature time series are generated by the
following equations:

Tf,n = Tobs,n + (Tavg. m,f — Tavg. m,p) (5)
Pf,n = Pobs,n (Pavg. m,f/ Pavg. m,p) (6)

where T¢, and Pg, are future daily temperature and precipitation, respectively; Topsn and Pgpsn
are observed daily temperature and precipitation, respectively; Tayg m  and Payg m  represent the
average monthly simulated future temperature and precipitation, respectively; and Tavg mp and
Pavg. m,p indicate the average monthly simulated present temperature and precipitation, respectively.
Additionally, after downscaling a simple statistical method was used to calculate three uncertainty
ranges (average, lower, and higher) for the temperature and precipitation changes projected by the
eight GCMs (Tables 3 and 4). First, the average and standard deviation of the changes between the
present and future periods obtained by the eight GCMs was calculated. Second, the average + standard
deviation was employed to select a significant range of higher and lower temperatures and higher and
lower precipitation. The lowest significant value was obtained by subtracting the standard deviation
from the average and the highest significant value was obtained by adding the standard deviation to
the average. In the end, we ignored projected temperature rises and precipitation changes that were
outside the significant ranges shown in Tables 3 and 4.

Finally, the calibrated and validated SM and SRM models were forced by using the future
temperature and precipitation datasets obtained under the climate scenarios to simulate the future
snow cover area distribution and river discharge in the Panjshir sub-basin.

Table 3. Determination of lower and higher temperatures rise under each RCP from the eight GCMs.

RCP 4.5 RCP 8.5
GCMs
AT 2040-2060 AT 2080-2100 AT 2040-2060 AT 2080-2100
CMCC-CM 1.69 °C 2.72°C 3.03°C 6.05°C
CNRM-CM5 1.93°C 2.76 °C 2.26 °C 4.88°C
CSRIO-MK3.6 1.69 °C 2.67 °C 2.05°C 5.09 °C
GFDL CM3 1.94°C 4.36 °C 2.80 °C 7.41°C
HadGEM2-OA 0.69 °C 1.68°C 1.06 °C 4.09 °C
MIROC5 1.83°C 2.55°C 244 °C 5.30 °C
MPI-ESM-MR 1.00 °C 1.65°C 1.84°C 4.55°C
MRI-CGCM3 1.29 °C 2.17°C 1.74°C 4.86 °C
Average 151°C 2.57°C 2.15°C 5.28 °C
Standard deviation 0.46 °C 0.85°C 0.63 °C 1.03°C
Average — Standard deviation 1.04 °C 1.72°C 153 °C 425°C

Average + Standard deviation 1.97 °C 342°C 2.78 °C 6.31°C
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Table 4. Determination of lower and higher precipitations changes under each RCP from the

selected GCMs.
GCMs RCP 4.5 RCP 8.5
AP 2040-2060 AP 2080-2100 AP 2040-2060 AP 2080-2100
CMCC-CM 1.00 0.97 1.13 1.01
CNRM-CM5 0.94 0.95 1.04 0.88
CSRIO-MK3.6 1.05 1.02 0.98 0.84
GFDL CM3 0.93 1.07 1.00 1.13
HadGEM2-OA 0.98 0.92 0.87 0.94
MIROC5 1.01 0.99 1.00 0.99
MPI-ESM-MR 0.90 1.00 1.00 1.14
MRI-CGCM3 0.94 0.94 0.88 0.89
Average 0.97 0.98 0.99 0.98
Standard deviation 0.05 0.05 0.08 0.11
Average — Standard deviation 0.92 0.93 0.90 0.86
Average + Standard deviation 1.02 1.03 1.07 1.09

4. Results and Discussion

4.1. Degree-Day Factor and Precipitation Gradient Optimization

The SM was calibrated with climate data from October 2009 to September 2010 to obtain the
most appropriate values for the DDF and PG in each elevation zone [46]. Then climate data from
October 2010 to September 2015 were used to validate the SM. After each simulation of the calibration
and validation periods, the simulated and observed SCA were compared in each elevation zone by
calculating the coefficient of determination (R?) and by visual inspection [46]. The optimized zonal
DDF and PG values are given in Supplementary Table S3. The lowest DDF value was 0.3 cm °C~! d~!
at elevations from 1593 to 3000 m, the DDF value was 0.6 cm °C~1 d~! at elevations from 3001 to
3500 m, and the highest DDF value of 0.9 cm °C~! d~! was obtained in high-elevation zones from 3501
to 5694 m. This result is in accordance with other studies on Himalayan basins and it shows that the
DDF increases with elevation [28,35,39,42]. The result suggests that the sensible heat flux contribution
to snowmelt decreases with elevation, in contrast, the proportion of the solar radiation to melting
snow increases, relatively with the elevation [50]. The optimized PG value was +0.002 m~! in low- and
middle-elevation zones, from 1593 to 4000 m, whereas it was 0 m™! at high elevations from 4001 to
5694 m. In a previous paper [46], we addressed that this could be due to the redistribution of snowfall
at higher elevations as a consequence of wind velocity and snowdrift.

4.2. Spatial and Temporal Snow Cover Simulation

Daily spatial and temporal snow cover simulations were carried out with the SM [46] over the
calibration (October 2009 to September 2010) and validation (October 2010 to September 2015) periods,
and the observed and simulated SCAs during these periods were compared in each of the eight
elevation zones (Supplementary Figure S1). The SM performed well in the zone-wise simulation of
SCA in the Panjshir sub-basin.

The basin-wide observed and simulated SCAs for the calibration and validation periods are
shown in Supplementary Figure S2. In general, observed and simulated SCAs were in good agreement
(RMSE = 154 km2). However, in some months (e.g., September of 2010 and 2012), the simulated SCA
showed some abrupt change. This result may be due to the assumption that precipitation occurred as
snowfall [46].

The MODIS observed and simulated spatial distributions of the SCA are presented in
Supplementary Figure S3. In this comparison, we used SCA values simulated by the SM for
days corresponding to dates for which MODIS observed data were available. In general, the spatial
distributions of simulated and observed SCA were comparable for winter, spring, and summer months.
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Snow covers almost the entire area of the Panjshir sub-basin during the winter, and it melts from spring
to late summer.

In the high elevation zone, sublimation is the main component of snow ablation due to dry
conditions, and some uncertainty remains in the snowmelt estimation. Meltwater was estimated on a
daily basis through the degree-day method. Base temperature (or reference temperature is typically
0 °C where there is no snowmelt) assumed to be temporally constant, which leads to an overestimation
of snowmelt and snow water equivalent. Moreover, the degree-day factor used in the present condition
assumed for the future under the climate scenarios this can also lead to some uncertainty in the
estimation of daily snowmelt rate. This paper considered only temporal and spatial variations in the
daily temperature and precipitation for snowmelt simulation but omitted to include the changes in the
relative humidity. In the saturated condition, the main component of ablation is melting temperature
rise causes a higher melt rate due to the latent heat of condensation. Additionally, wind speed has also
impact on sublimation and melting. Therefore, it is reasonable to estimate the daily snowmelt rate
using relative humidity and wind speed as well as the temperature under current and future climate
conditions in the high elevation areas, and it may need further work in this research.

4.3. Simulation of Streamflow Using Simulated SCA

In the present study, the river discharge was simulated by a zone-wise method. For the SRM
simulations, we used DDF and PG values estimated by the SM, inputting the DDF values for each
elevation zone. Precipitation and temperature were extrapolated to elevation zones without climate
stations by using the estimated PG and lapse rate.

The SRM was calibrated by using simulated SCA and temperature and precipitation data for the
period from October 2009 to September 2011 as input to determine the most appropriate parameter
values for simulating river discharge in each elevation zone of the Panjshir sub-basin. Then, the obtained
values for each parameter and elevation zone were input to validate the SRM for the period from
October 2011 to September 2015. The estimated parameter values for each elevation zone are given in
Supplementary Table S4. The full description of the SRM parameters provided by Martinec et al. [31].

We calculated the Dy, NS, and RMSE statistics to evaluate the performance of the SRM
(Supplementary Table S5). The efficiency of the SRM was greatest in the validation year 2014-2015.
In this year, the NS coefficient was 0.93 and Dy was —4.28%. The NS coefficient was lowest (0.87) in
2009-2010. These results indicate that the correlation between observed data and data simulated by the
SRM was strong throughout the entire simulation period. The minimum RMSE was 10.7. Time series
of observed and simulated discharge during the calibration and validation periods, obtained by
using simulated SCA as input to the SRM model (Supplementary Figure S4), shows that the model
efficiently simulated both the baseflow and peak flows, although the simulated discharge tended to
be overestimated in July during most of the simulation period. Supplementary Figure S5 shows the
correlation between observed and simulated discharges. Both a visual check and the efficiency criteria
suggest good agreement at low- and mid-level flow rates, but high flow rates were overestimated by
the simulation.

4.4. Impact of Future Climate Scenarios on Snow Cover Distributions and Streamflows

4.4.1. Projected Future Temperature and Precipitation

In the present study, eight GCMs were used to obtain temperature and precipitation in the future
climate under RCP 4.5, a medium stabilization scenario, and RCP 8.5, a very high baseline emission
scenario [75]. Figures 4 and 5 show the average, lower, and higher temperature and precipitation
changes, respectively, projected by the GCMs for the mid-21st century (2040-2060) and late 21st century
(2080-2100). Temperature is projected to increase under both RCPs, whereas precipitation is projected
to decrease in the future with respect to the baseline period (2000-2020). The mean monthly projected
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temperatures of all GCMs under the RCP 4.5 and 8.5 emission scenarios show increases in all months
during both 2040-2060 and 2080-2100.
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Figure 4. Projected monthly temperature changes during 2040-2060 and 2080-2100: (a) average,
(b) lower, and (c) higher under RCP 4.5; and (d) average, (e) lower, and (f) higher under RCP 8.5.

Under RCP 4.5, the minimum average monthly temperature rise was 1.3 °C in December and
April during 2040-2060, and 2.3 °C in April during 2080-2100. The maximum value average monthly
temperature rise was 1.7 °C in February and August during 2040-2060, and 3 °C in January during
2080-2100, under RCP4.5 (Figure 4). Under RCP 8.5, the minimum rise in average temperature was
1.6 °C and 4.6 °C in November and the maximum rise was 2.5 °C and 5.8 °C in August, during 20402060
and 2080-2100, respectively (Figure 4).

Figure 4 also shows the monthly temperature increases projected by the GCMs assuming lower
uncertainty under both emission scenarios and over the same periods. Under RCP 4.5, the mean
lower monthly temperature is projected to increase by 0.2-1.5 °C and 0.9-2.7 °C, and under RCP
8.5, by 0.1-4.1 °C and 3.14.9 °C, during 2040-2060 and 2080-2100, respectively. Further, the future
mean higher monthly temperature increases under RCP 4.5 are likely to be 0.5-3.5 °C and 1.3-3.7 °C
and those under RCP 8.5 are likely to be 0.8—4.9 °C and 5.2-7.7 °C during 2040-2060 and 2080-2100,
respectively. Overall, temperature is expected to significantly increase in the winter (January and
February) and summer (July-September) months under RCP 8.5 (Figure 4). Previous climate change
studies in Himalayan basins also suggest greater warming during winter [76,77]. Also, increases in
winter and summer temperatures have similar trends to a previous finding over the same region
under both scenarios [15]. Sanjay et al. reported an increase in temperature over the Hindukush
and Karakoram using regional climate models, namely by 5.4 °C during winter and of 4.9 °C during
summer season by the end of 21st century under the RCP8.5 scenario [78].
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The projected precipitation changes mainly show decreases, compared to the baseline period,
under both RCP 4.5 and 8.5 (Figure 5). Mean monthly precipitation will likely decline by 1.1% to
12.3% under RCP 4.5 and by 1.2% to 13% under RCP 8.5, with the largest declines occurring from
December to March. Increases of 0.1% to 29% in mean monthly precipitation were simulated, mostly
between June and September, under both emission scenarios. Mean lower monthly precipitation
decreased by 1.6% to 34% under both RCP 4.5 and 8.5, whereas significant increases in the mean
higher monthly precipitation ranged from 0.4% to 231%. The projected precipitation amounts showed
large month-to-month variation. A study has also indicated that the variation of precipitation in most
climate models is increasing in response to the warming over a majority of the global land area [79].
The variation in precipitation also connects extreme wet and dry incidents, floods, and droughts that
raise threats to the climate and community [79]. Overall, precipitation is likely to decrease during
winter (December—February), but to increase during the summer months (Figure 5). Decreasing
precipitation trends, particularly in wintertime (December—March), have been reported previously in
the western Himalaya [12,15]. Buda et al. projected decreases in winter and spring precipitation in the
Indus River Basin by 7.9% and 2.71% under RCP 4.5 and decrease by 9.0% and 10.1% under RCP 8.5
towards the mid- and end of this century, respectively [14]. Similarly, Amin et al. projected a reduction
in winter precipitation and an increase in summer precipitation over southern Punjab during the near
and mid of this century for 4.5, 6, and 8.5 scenarios [80].
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Figure 5. Projected monthly precipitation changes during 2040-2060 and 2080-2100: (a) average,
(b) lower, and (c) higher under RCP 4.5; and (d) average, (e) lower, and (f) higher under RCP 8.5.

4.4.2. Projected Snow Cover Area Distribution

Itis very important to understand the impact of climate change on the snow cover area distribution,
especially in snow-dominated high-altitude basins. The effect of climate change on the SCA in the
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Panjshir sub-basin during the mid- and late 21st century was simulated by the SM under RCP 4.5 and
8.5. The SCA simulated by the SM for 2009-2015 was used as the baseline value for projecting future
SCA changes during 2049-2055 and 2089-2095. These particular years were selected to represent the
years during the mid and late 21st century based on the baseline period.

Average, lower, and higher temperature and precipitation climate change scenarios were used to
simulate future daily SCAs. Using average temperature and precipitation scenarios during 2049-2055,
SM simulations projected that the average annual SCA will decline by 7% (132 km?) under RCP 4.5,
and by 12% (210 km?) under RCP 8.5 (Figure 6). Using lower temperature and higher precipitation
scenarios, SM simulations projected a decrease in the annual average SCA of 0.15% (3 km?) under RCP
4.5 and of 10% (192 km?) under RCP 8.5 during 2049-2055. Similarly, based on higher temperature and
lower precipitation scenarios, the annual average SCA was projected to decline by 8% (152 km?) and
15% (283 km?) under RCP 4.5 and 8.5, respectively (Figure 6).
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Figure 6. Projected SCA during the mid-21st century (2049-2055) under (a) RCP 4.5 and (b) RCP 8.5, in
average, lower, and higher temperature and precipitation scenarios.

Based on average temperature and precipitation scenarios, the simulated SCA under RCP 4.5 and
8.5 decreased by 15% (279 km?) and 34% (152 km?), respectively, during 2089-2095 (Figure 7).

Based on lower temperature and higher precipitation scenarios, the simulated annual average SCA
during 2089-2095 was reduced under RCP 4.5 and 8.5 by 6% (115 km?) and 21% (378 km?), respectively,
and for higher temperature and lower precipitation scenarios, the simulated annual average SCA
during the same period was reduced by 19% (346 kmz) and 44% (806 kmz), respectively. Moreover,
the SCA was projected to decline during most seasons during the mid- and late 21st century under both
RCPs (Table 5). Based on average temperature and precipitation scenarios, and higher temperature
and lower precipitation scenarios, in all seasons, the minimum SCA reduction during 2049-2055 was
seen under RCP 4.5, and the maximum SCA reduction during 2089-2095 was seen under RCP 8.5
(Table 5). Based on lower temperature and higher precipitation scenarios, however, the SCA increased
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by 108 km? and 67 km? in autumn during 2049-2055 under RCP 4.5 and 8.5, respectively, whereas
during 2089-2095, the SCA in autumn decreased by 53 km? under RCP 4.5 and by 348 km? under RCP
8.5 (Table 5). In the same manner, the wintertime SCA during 2049-2055 increased by only 3 km?
under RCP 4.5, whereas it decreased by 128 km? under RCP 8.5. Under both RCPs, the SCA declined
by 60-614 km? and 61-242 km? in spring and summer, respectively, during both the mid- and late
century (Table 5). Similar trends were projected in the snow cover area with the largest decrease in

spring followed by winter in HKH in the mid of the 21st century [18].

Figure 7. Projected SCA during the late 21st century (2089-2095) under (a) RCP4.5 and (b) RCP8.5,
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for average, lower, and higher temperature and precipitation scenarios.

Table 5. Projected seasonal SCA in (km?) during the mid- and late 21st century under RCP4.5 and

RCP8.5, for average, lower, and higher temperature and precipitation scenarios.

Seasons RCP4.5 Mid-21st Century RCP8.5 Mid-21st Century = RCP4.5 Late-21st Century = RCP8.5 Late-21st Century
Average temperature and precipitation
Autumn -85 -108 —229 -577
Winter —69 -121 -187 -575
Spring —242 —426 —495 -1117
Summer -131 186 —205 -256
Higher temperature and lower precipitation
Autumn —-249 —-406 =317 -815
Winter -35 -113 -198 -859
Spring -156 —-381 —642 -1299
Summer -164 -227 —-226 257
Lower temperature and higher precipitation
Autumn 108 -53 67 —-348
Winter 3 -128 -112 -309
Spring —-60 —435 —269 —614
Summer -61 -151 —147 —242
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Figure 8 shows the range of uncertainty for the projected SCA in the eight GCMs. Under RCP
8.5, the lowest and highest uncertainty in the projected SCA was seen during the mid- and late 21st
century, respectively. Under RCP 4.5, the range of uncertainty was also lower during the mid-century
than during the late century. Under RCP 8.5, SCA ranged from about 1547 km? to 1638 km? in the
mid-century and from 1023 km? to 1451 km? in the late century. Under RCP 4.5, SCA ranged from
about 1677 km? to 1826 km? and from 1483 km? to 1714 km? in the mid- and late century, respectively.
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Figure 8. Comparison of the minimum, maximum, and average SCAs projected under RCP 4.5 and 8.5
during the mid- and late 21st century.

In general, SCA was reduced across all scenarios. The projected increases in winter temperature
and decreases in winter precipitation caused the wintertime snow cover in the study area to decline [18],
and this decline will likely affect the timing and rate of snowmelt. The extent of glacier ice and the
number of snow cover days are expected to decrease or even vanish during the 21st century [81].
In addition, basins with low percentages of glacier cover will be transformed from snow-dominated to
rain-dominated, and this transformation is expected to shift the main runoff season from summer to
winter [81].

4.4.3. Projected River Flows

In this section we address the impacts of climate change on river flows in the Panjshir sub-basin.
Projected river flows during the mid- and late 21st century were simulated with the SRM under the
RCP 4.5 and 8.5 scenarios. The discharge simulated by the SRM for 2009-2015 was used as the baseline
for the projected daily flows during 2049-2055 and 2089-2095. Further, we used the average, lower,
and higher temperature and precipitation scenarios from the eight GCMs and the resulting simulated
SCAs to simulate daily flows under both climate scenarios.

Figure 9 presents daily projected flows during 2049-2055 in the Panjshir sub-basin under RCP 4.5
and 8.5, obtained by using the average, lower, and higher temperature and precipitation scenarios
and the resulting simulated SCAs. The SRM simulation results based on the average temperature
and precipitation scenarios indicate that the annual average discharge during 20492055 will decrease
by about 7% (5 m3 s71) and 13% (9 m3 s7!) under RCP 4.5 and 8.5, respectively. Based on the lower
temperature and higher precipitation scenarios, the annual average discharge during 2049-2055 is
projected to increase under RCP 4.5 by 9% (6 m® s7!), whereas under RCP 8.5, it is projected to decrease
by 17% (11 m® s71). Moreover, based on the higher temperature and lower precipitation scenarios,
the annual average discharge during 2049-2055 is projected to decrease by 6% (4 m3 s71) and 21%
(14 m® s7!) under RCP 4.5 and 8.5, respectively (Figure 9).
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Figure 9. Projected river flows during the mid-21st century (2049-2055) under (a) RCP 4.5 and (b) RCP
8.5, for the average, lower, and higher temperature and precipitation scenarios and the resulting
projected SCAs.

A decrease of 25% (16 m® s~!) under RCP 4.5 and as much as 43% (27 m? s7!) in the annual average
discharge during 2089-2095 was projected under RCP 8.5, based on the average temperature and
precipitation scenarios and the resulting SCAs (Figure 10). Based on the lower temperature and higher
precipitation scenarios, the projected decreases were about 7% (4 m3 s!) and 17% (11 m® s™') under RCP
4.5 and 8.5. The largest projected reductions in annual average discharge during the late 21st century
of approximately 31% (20 m3 s7!) under RCP 4.5, and 55% (35 m® s™') under RCP 8.5, were obtained by
using the higher temperature and lower precipitation scenarios.

Furthermore, significant changes in the projected seasonal river discharge during the mid- and
late century were seen across all climate change scenarios (Table 6). Based on average temperature
and precipitation scenarios, the springtime discharge was projected to increase by 20 m? s! in the
mid-century and by 5 m3 s71 in the late century under RCP 4.5. Under RCP 8.5, the discharge was
projected to increase by 25 m3 s7! in the mid-century, but to decline by 20 m® s7! in the late century
(Table 6). Based on the higher temperature and lower precipitation scenarios, the discharge was
projected to decrease by 3-9 m® s7! except during the late century under RCP 8.5, when it was
projected to increase by 1 m® s™1. Based on the lower temperature and higher precipitation scenarios,
the discharge was projected to decrease slightly in autumn and winter, whereas a large summertime
decrease was projected. However, in spring, the discharge was projected to increase under both RCP
4.5 and 8.5 in the mid- and late century (Table 6).
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Figure 10. Projected river flows during the late 21st century (2089-2095) under (a) RCP4.5 and
(b) RCP8.5, for the average, lower, and higher temperature and precipitation scenarios and the resulting
projected SCAs.

Table 6. Projected seasonal flows variations in m%/sec during the mid- and late 21st century under
RCP4.5 and RCP8.5, for average, lower, and higher temperature and precipitation scenarios.

RCP4.5 Mid-21st RCP8.5 Mid-21st RCP4.5 Late-21st RCPS8.5 Late-21st

Seasons Century Century Century Century
Average temperature and precipitation
Autumn -5 -7 -8 -8
Winter -2 -3 -3 -0.2
Spring 20 25 5 =20
Summer -30 -49 =57 -81
Higher temperature and lower precipitation
Autumn -7 -8 -9 -8
Winter -3 -4 -3 1
Spring 26 18 3 -49
Summer =32 —-60 =70 -83
Lower temperature and higher precipitation
Autumn -1 -6 -7 -8
Winter -1 -1 -3 -1
Spring 31 2 32 48
Summer -5 -38 -39 =71

Figure 11 depicts the range of uncertainty in the projected river discharge for the eight GCMs.
Similar to the projected SCA, the smallest uncertainty range in river discharge was seen in the
mid-century under RCP 8.5, and the largest range was seen in the late century under RCP 8.5.
Under RCP 4.5, the uncertainty range was also small in the mid-century and large in the late century.
The smallest and largest uncertainty ranges under RCP 4.5 were 59 and 69 m3 s7!, respectively, in the
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mid-century, and 44 and 59 m? s7}, respectively, in the late century. Under RCP 8.5, the smallest and
largest uncertainty ranges were 50 and 55 m3 s7!, respectively, during the mid-century, and 28 and
55 m3 s7!, respectively, during the late century.
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Figure 11. Comparison of projected minimum, maximum, and average discharges during the mid-
and late 21st century under RCP 4.5 and 8.5.

In general, the simulated river flows decreased relative to the baseline period during the mid-
and late 21st century under both RCP scenarios, based on average, lower, and higher temperature and
precipitation scenarios, except under RCP 4.5 and the lower temperature and higher precipitation
scenarios, when river flow showed a slight increase. These results suggest that less snow will
accumulate in winter and river flows will peak earlier in spring. In particular, the remarkable shifts
seen under RCP 8.5 will likely cause extreme flooding events in the study area to shift from summer
(July-August) to spring (April-June). The increasing temperature may contribute to the rapid melting
of the ice, which may raise flood frequency and intensity [28], and flash and river floods in the
Hindukush area pose the most hazards [42]. The simulation results also indicate that river flows will
decline in late summer, when demand is highest, thus increasing the risk of drought. Soncini et al. also
suggested that river discharge remains high in spring and decrease in July and August towards the
end of the century [82]. Other studies have also reported that the flow regime in snow-dominated
basins is more sensitive to a wintertime temperature rise because of a similar shift [83].

4.4.4. Projected Flow Regime

Flow duration curves (FDCs) were constructed for the mid- and late 21st century by using the
simulated daily output under the climate change scenarios and compared them with the FDC for the
baseline period to evaluate changes in exceedance flows (Figure 12). We define flow rates between
Qp and Qyq as high flow rates, and consider ones from Qg to Qj5 to indicate extreme flood events,
where Q is discharge and the numerical subscript indicates the exceedance probability—the percentage
chance that the discharge will be equaled or exceeded in any given year. Simulation results showed
that during 2049-2055, the probability of high flows (Qy—Q») increased, relative to the baseline period,
under all three climate change scenarios (average temperature and precipitation; lower temperature
and higher precipitation; and higher temperature and lower precipitation) under RCP 4.5, whereas
under RCP 8.5, the probability of flows below Qjy was about the same and the probability of flows
below Qy was slightly decreased.
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Figure 12. Streamflow exceedance probabilities in the future relative to the baseline period in the
Panjshir sub-basin under three climate change scenarios during the mid-21st century (2049-2055)
under (a) RCP 4.5 and (b) RCP 8.5, and during the late-21st century (2089-2095) under (c) RCP 4.5 and
(d) RCP 8.5.

However, under both RCPs during 2089-2095, the probability of flows below Q15 increased relative
to the baseline period only under the lower temperature and higher precipitation scenario; under the
other scenarios, the probability was significantly decreased. Under all scenarios, the probability of
flows above Qg tended to be similar.

In general, low flows will occur more frequently in the future, and high flows will occur less
frequently. Thus, climate change will likely reduce the overall flow regime in the Panjshir sub-basin.
The significant drop in upstream discharges will have consequences for people in downstream areas,
who will likely experience severe water shortages in the future.

5. Conclusions

The main objective of this study was to simulate the effects of climate change on the snow cover
area distribution and river flows in the Panjshir sub-basin that can be expected during the 21st century.
To achieve this objective, we used the SM to simulate daily SCA. Then we used the SRM to simulate
river flows in the Panjshir sub-basin.

Calibrated and validated models were used with climate change scenarios to project the future
changes in the SCA distribution and river flows in the Panjshir sub-basin. Climate projection datasets
under the RCP 4.5 and 8.5 emission scenarios were utilized to assess the expected changes in climate
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variables. Mean annual temperature was projected to increase by 1.45 °C and 2.51 °C under RCP
4.5 and by 2.05 °C and 5.18 °C under RCP 8.5 during the mid and late 21st century, respectively.
Precipitation was projected to decrease by 4.7% and 5.4% under RCP 4.5 and by 1.7% and 4.4% under
RCP 8.5 during the same respective periods.

The simulated mean annual SCA based on lower, average, and higher temperature and
precipitation scenarios was decreased under RCP 4.5 and 8.5 during 2049-2055 and 2089-2095.
The projected runoff was also projected to decrease under RCP 4.5 and 8.5 during 2049-2055 and
2089-2095, except for the lower temperature and higher precipitation scenario, which projected a runoff
increase of only 9% under RCP 4.5 during 2049-2055. The future SCA was projected to decrease in all
seasons in the mid- and late century using all climate change scenarios, except for a projected increase
in autumn of 67 km? during the late century under RCP 4.5. River discharge was projected to decrease,
except in spring, when it was projected to increase in the mid-century under both RCPs. Under RCP
8.5, the range of uncertainty for projected SCA and river discharge was smallest in the mid-century and
largest in the late century. In addition, the number of days with low flows was projected to increase in
the future, and the probability of high flows was projected to decrease by about 10%. Changes in future
SCA and stream flows are expected to alter the Panjshir sub-basin hydrology and may significantly
influence the demand for water for agricultural irrigation, the domestic water supply, hydropower
generation, and natural ecosystems, particularly in downstream areas.

The objective of this study was to quantify the impacts of climate change on future SCA and
stream flow in a data-scarce snow-dominated basin in the Hindukush-Himalaya region. SM and
SRM were applied with a limited number of years due to data-scarcity over which the simulations are
calibrated and validated, which may remain some uncertainties in this study. The modeling method
used has some limitations as well, which decreases its accuracy over time with an increasing temporal
resolution, and it cannot accurately model the spatial variability as melting rates may differ due to
topographic effects [66].

Future work is needed to update the research by accessible observations particularly for higher
altitudes of the study area which will further improve the results of hydrological modeling. A case
for further studies to deal with water management and decision-making on the sub-basin scale in
Afghanistan can be made based on the study proposed here to better respond with some adaptation
plans to changing future water availability.
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