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• We used an integrated methodology to
select reliable global climate models
and simulate snow cover dynamics.

• Snow cover in the autumn and spring
seasons is projected to reduce by as
much as 25% by the end of the century.

• Snowmelt is likely to increase in winter
and spring and decrease in summer in
the Panjshir catchment.

• The reduced snow cover in the future
might impact melt runoff-dependent
sectors in the Western Himalaya.
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Snow is a crucial component of the hydrological cycle in theWestern Himalaya. Water from snowmelt is used in
various sectors in downstream regions, thus playing a critical role in securing the livelihoods ofmillions of people.
In this study, we investigated the future evolution of snow cover and snowmelt in the Panjshir catchment of
Afghanistan, a sub-basin of the Indus, in the Western Himalaya. We applied a three-step approach to select a
few global climate model (GCM) simulations from CMIP5 climate datasets for RCP4.5 and RCP8.5, which showed
reasonable performance with ERA5-Land dataset for the chosen historical period (1981–2010). The selected
model simulations were then segregated into two groups: those projecting a cold-wet climate and those
projecting a warm-dry climate by the end of the 21st century (2071–2100). These GCMs were downscaled to a
higher resolution using empirical statistical downscaling. To simulate the snow processes, we used the distrib-
uted cryospheric-hydrological J2000model. The results indicate that themodel captureswell the snow cover dy-
namics for the historical periodwhen comparedwith the dailyMODIS-derived snow cover. The J2000modelwas
then forced by climate projections from the selected GCMs to quantify future changes in snow cover area, snow
storage and snowmelt.While a 10–18% reduction in annual snow cover area is projected in the cold-wetmodels,
a 22–36% reduction is projected in the warm-dry models. Similarly, the snow cover area is projected to decrease
in all elevation bands under climate change. At the seasonal scale, across allmodels and scenarios, the snow cover
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Panjshir
Afghanistan
in the autumn and spring seasons are projected to reduce by as much as 25%, with an increase in winter and
spring snowmelt and a decrease in summer snowmelt. The projected changes in the seasonal availability of
snowmelt-drivenwater resources are likely to have direct implications forwater-dependent sectors in the region
and call for a better understanding of water usage and future adaptation practices.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Snowfall, snow storage and snowmelt are important processes of the
mountain cryosphere. Snow storage, in different forms, provides a nat-
ural water reservoir in high altitude areas and creates various scales of
time lags (from daily to multi-year levels) in supplying freshwater for
downstream uses (Armstrong et al., 2019; Jeelani et al., 2012). Snow-
melt provides freshwater to up to 17% of the world's population
(Barnett et al., 2005; Bormann et al., 2018). This unique characteristic
of the mountains, in the form of water storage, creates an important
linkage between the upstream water supply and the various uses of
water in downstream regions (Nepal et al., 2018; Scott et al., 2019;
Viviroli et al., 2020).

Mountain snow cover is characterised by a strong interannual and
decadal variability (Bolch et al., 2019; Hock et al., 2019). In the Hindu
Kush Himalaya (HKH) region, a substantial proportion of the annual
precipitation is available in the form of snow in areas above 3000 m
above sea level (a.s.l.) (Gurung et al., 2011; Kripalani et al., 2007;
Ménégoz et al., 2013). Snow plays a key role in the 10 major river sys-
tems originating from the HKH region (Bolch et al., 2019; Hock et al.,
2019; Nie et al., 2021), where roughly 240 million people live, with an
additional 1.65 billion people living in the related river basins (Sharma
et al., 2019).

In the Indus basin, 60% of the total irrigationwaterwithdrawal in the
spring season originates frommountain snow and glaciermelt, and that
contributes ~11% to the total crop production (Biemans et al., 2019). The
large contribution of snowmelt underpins the socioeconomic signifi-
cance of snowmelt, and thus makes it one of the most critical water
towers of theworld that supports dense population and intensive irriga-
tion (Immerzeel et al., 2020). Furthermore, in the context of projected
climate change, the Indus basin is very vulnerable to adverse impacts
on overall environmental conditions (Dahri et al., 2021). Therefore, a
better understanding of the evolution of future snow-related variables
is socio-economically crucial for communities and water-dependent
sectors in the Western Himalaya region.

Climate change alters the key variables driving the onset and devel-
opment of snow cover, manifesting itself through a decline in lower el-
evation snow cover throughout the globe (Bormann et al., 2018; Hock
et al., 2019). The patterns of snow cover vary across the Indus, Ganges,
and Brahmaputra river basins due to spatio-temporally heterogeneous
responses to climate. Different evaluations of the changes in patterns
predict either no significant change in the snow cover (e.g., Singh
et al., 2014) or large changes in specific regions of the HKH. In the
Nepal Himalaya, Maskey et al. (2011) reported both increasing and de-
creasing snow cover trends depending on themonths considered. In the
Hunza catchment (part of the Indus basin) of Pakistan, on the other
hand, Tahir et al. (2011) showed a slight increase in the cryosphere
area (glacier and snow cover) in the recent decades that was attributed
to an increase in winter precipitation. Chevallier et al. (2014), however,
projected a gradual loss of the snowmelt influence on the river flow
regime in Pamir Alay, Central Asia. Similarly, Kripalani et al. (2003)
reported both a declining spring snow cover area and faster snowmelt
in the western Himalaya region. A study by Zaman and Khan (2020)
showed no clear trend between the years 2001 and 2016, with a slightly
increasing trend between 2001 and 2007 followed by a decreasing
trend between 2012 and 2016. According to Hock et al. (2019), most
of the changes in snow cover, in general, can be attributed to a
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snowmelt increase due to increased air temperature, which, at lower
elevations, translates into a shift from solid to liquid precipitation
(i.e., rain).

It is widely anticipated that climate change will lead to reduced
snow cover and snow volume,mainly because of an increase in temper-
ature in the Himalaya region (Bolch et al., 2012). Viste and Sorteberg
(2015) estimated a decrease of 30–50% in the annual snowfall under
RCP8.5 by the end of the century in the Indus basin. Over the same
time period, in the Himalaya region, Terzago et al. (2014b) estimated
a decrease in snow depth between 17% to 39% (compared to the histor-
ical period [1980–2005]) under the RCP4.5 and RCP8.5 scenarios,
respectively. The snow line is also projected to recede by 400 to 900
m in the Himalaya region under the RCP8.5 scenario (Viste and
Sorteberg, 2015). Azizi and Asaoka (2020) reported a decrease in sea-
sonal snow cover area under climate change in the Panjshir catchment.
Most global climate models agree on the increasing temperature trend
in the HKH region, including elevation-dependent warming (Bolch
et al., 2012; Kraaijenbrink et al., 2017). In various lower elevations re-
gions, including in the Himalaya, the snow depth (or mass) is projected
to decline by 25% on average (ranging from 10% to 40%) between the re-
cent past (1986–2005) and the near future (2031–2050) (Hock et al.,
2019). Similar changes in snowunder climate change have also been re-
ported in other globalmountain ranges– e.g., a reduction in future snow
cover in the European alps (Marty et al., 2017), a reduction in dry snow-
pack and increase in wet snowpack in the French Alps (Castebrunet
et al., 2014), and a decrease in dry season snow cover at the rate of
12% per decade in the Andes (Cordero et al., 2019).

In themountainous and immediate downstream areas of the western
Himalaya,many sectors such as agriculture, hydropower, households and
irrigation depend onwater from snowfall, andmelt runoff. Thus, changes
in snow dynamics can adversely affect diverse environmental and com-
munity sectors, such as river hydrology (Gaddam et al., 2018; Jeelani
et al., 2012), water availability (Barnett et al., 2005), agriculture, pasture
and ecosystem integrity (Gentle and Maraseni, 2012; Ingty, 2017; Qin
et al., 2006). Therefore, understanding and quantifying the impact of cli-
mate change on future snow dynamics is paramount.

While previous studies have evaluated the impact of climate change
on snow in the HKH region, different snow-related variables such as for
snowfall (Viste and Sorteberg, 2015), snow depth (Terzago et al.,
2014a), snow cover and snowmelt (Azizi and Asaoka, 2020) have
been assessed independently. Analysis of the snow cover changes for
different elevation zones is also missing in the case of Western
Himalaya. An integrated assessment of climate change impacts on
snowfall, snow cover, snow storage and snowmelt is necessary to un-
derstand the overall changes in snow dynamics and the drivingmecha-
nisms and reasons behind them. Such assessments, despite being
critical for the socio-economic well-being of the downstream popula-
tion, are scarce for the Western Himalaya.

Furthermore, previous studies in the HKH are mostly focused on
larger basins (i.e., with an area greater than 2500 km2), even though
the changes in snowdynamics aremore relevant at smaller scales, espe-
cially with regards to process formulations in models and implications
on meltwater uses at the local scale. Recently, changes in snow were
evaluated for the Everest region in the Central Himalaya (Bouchard
et al., 2019; Mimeau et al., 2019), but the changes in the Western
Himalaya – with its pronounced climate with lower precipitation and
temperature – are still unclear. This study aims to fill that gap by
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providing an integrated assessment of climate change projections and
snowmodelling and proposes a comprehensive understanding of future
changes in snow behaviours at a smaller spatial scale in different eleva-
tion zones than previously reported.

For this, we hypothesize that awarming climate and changes in rain-
snow patterns would significantly alter the spatio-temporal variations
of snow cover, snow water equivalent and snowmelt in the Western
Himalaya. To address the hypothesis, our study derives suitable climate
projectionsunder different climate change scenarios for the 21st century
and uses them for a comprehensive evaluation of changes in future
snow dynamics in the small-sized Panjshir catchment in Afghanistan.

2. Materials and methods

Fig. 1 shows the methodological approach for an integrated assess-
ment of climate change impacts on snow dynamics. The method
includes three important steps: 1) Global climate model (GCM) selec-
tion anddownscaling, 2) Cryospheric-hydrologicalmodelling and3) Fu-
ture snow dynamics analysis.

A detailed description of these approaches, including a description of
the study area, is provided below.
Fig. 1. Flow chart of the methodological framework for an integra
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2.1. Study area

Afghanistan, located in the western Himalaya, has an arid and semi-
arid climate with cold winters and hot summers. The river regime of
Afghanistan depends on annual rain and snowmelt in the highlands
above 2000 m a.s.l. (Qureshi, 2002). By contributing about 21% of the
total river discharge in the Upper Indus basin (Lutz et al., 2014), snow-
melt plays a significant role in the water supply for agriculture. Agricul-
ture in the semi-arid climate of Afghanistan depends heavily on
irrigation. The country has developed and maintained an intensive
and complex multi-cropping irrigated agriculture system over the last
few centuries aimed at optimizing the use of mountain waters, includ-
ing snow and glacier melt, in conjunction with monsoonal rainfall
(Qureshi, 2002). Snowmelt is prominent during the springmonths, dur-
ing which other sources of water are scarce. Similarly, both the spring
and summermonths correspond to thewarmest seasonswhen the tem-
perature is high enough to melt the remaining winter snowpack in the
high-altitude regions.

The Kabul River basin is the westernmost catchment of the Indus
River system. In recent decades, the temperature in the Indus basin
has increased gradually, albeit with some seasonal differences (Nepal
ted assessment of climate change impacts on snow dynamics.
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and Shrestha, 2015).While Khattak et al. (2011) reported an increase in
winter maximum temperature between 1976 and 2005, Rasul and
Kazmi (2011) identified a significant increase in annual mean tempera-
ture from1960 to 2007. Similarly, the average temperature in thenorth-
western Indus basin (where the Kabul River basin is located) increased
at a significantly higher rate than that of the global average during the
last century (Bhutiyani et al., 2007). To what extent the temperature
changes have affected snow processes in the Indus basin is yet to be
quantified.

Located in northern Afghanistan, the Panjshir catchment of the
Kabul River basin is the westernmost catchment of the transboundary
Indus River system (Fig. 2). The main river Panjshir is 73 km long and
receives streamflow contributions from nearly 20 small tributaries
and streams, covering a total catchment area of 2210 km2. The eleva-
tion in the catchment ranges between 2000 m and 5700 m a.s.l. with
a mean elevation of 3500 m, forming thereby a complex system of
steep mountain valleys and summits over 5500 m a.s.l. The southern
Panjshir sub-basin opens onto the broad, mildly sloping, and fertile
Shomali Plain, which covers important irrigated lands of about 110
km2 in area.

The climate in the Panjshir catchment is characterised by warm-dry
summers and cold-wet winters with a large spatial and temporal het-
erogeneity. The annual precipitation increases from the north-east to
the south-west. The average annual precipitation (1981–2010) is ap-
proximately 565 mm, of which 31% occurred during winter (DJF), 42%
in spring (MAM) and 13% in summer (JJA) based on ERA5-Land climate
datasets (Muñoz-Sabater et al., 2021). The average annual mean air
temperature of the study area is −4 °C. However, it varies from −17
°C (January) to 9 °C (August) (Fig. 2). The land cover types in the sub-
basin include rangeland (86%), permanent snow and water bodies
(7%), cultivated areas (3%), barren land (2%), and forest and shrub (2%).
Fig. 2. Panjshir catchment of the Kabul river basin in the Western Himalaya (A); Inset figure: L
region; Average monthly precipitation and temperature based on ERA5-Land (1981–2010), Da
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2.2. Datasets

2.2.1. Meteorological data
Following several studies in theHimalaya region (Li et al., 2018; Lutz

et al., 2016; Wijngaard et al., 2017) that used ERA based datasets, the
latest meteorological data from the ERA5-Land dataset was chosen for
the historical period (1981–2010) as the reference dataset. The ERA5
includes global-scale, hourly atmospheric land and oceanic climate
variables that are estimated through the assimilation of several
observation-based datasets into an advanced modelling data assimila-
tion system (Hersbach et al., 2020). ERA5-Land is an improved version
of the land component of the ERA5 climate reanalysis with an enhanced
resolution of 9 km against the 31 km in ERA5. The temporal scale of the
ERA5-Land dataset is hourly for both precipitation and average temper-
ature (Muñoz-Sabater et al., 2021). The hourly accumulated precipita-
tion was extracted for daily values. From the hourly temperature, daily
maximum and minimum values were extracted.

2.2.2. Evaluation of input data
Due to the limited spatial coverage of meteorological observation

stations in themountainous region of the Panjshir catchment, the global
ERA5-Land gridded datasets are used for spatially distributed snow
simulations. The ERA5-Land dataset uses the satellite observations and
meteorological observations from stations data to interpolate to a larger
domain using advanced modelling and data assimilation techniques.
The Panjshir catchment has only threemeteorological stations (one sta-
tion per 740 km2). The stations are mostly located in river valleys and
there is no coverage for high-altitude areas. Moreover, these stations
cover various time periods, with one of them starting in 2009, one in
2012 and one in 2018 (Supplementary Fig. 1). For cross-evaluation of
ERA5-Land, we compared the selected ERA5-Land grid with the nearest
ocation of the Panjshir catchment in the Indus basin of the Hindu Kush Himalayan (HKH)
ta source: Muñoz-Sabater et al. (2021) (B); Hypsometry of the basin (C).
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observed station. Omarz station (station 1 in Supplementary Fig. 1), lo-
cated in the southern side and low elevation zone of the basin, has the
longest data record (2009–2018) and the lowest ratio of missing values.
Fig. 3 shows the monthly average comparison between the ERA5-Land
grid and Omarz station from 2009 to 2014. In this figure, data gaps of
more than five days in a month, the monthly data of the year are ex-
cluded from the comparison.

The comparison in Fig. 3 shows that the ERA5-Land matches the
monthly precipitation patterns for most of the months with a positive
bias of 30%. Since stations in themountainous region are mostly located
in river valleys, the spatial variability of precipitation in the high moun-
tains is rarely captured. Immerzeel et al. (2015) also indicated that in
the upper Indus basin, the observed stations underestimate the precip-
itation by about 50% by considering the precipitation required to close
the water balance. An advantage of ERA5-Land gridded dataset is the
availability of data for a longer period and complete spatial coverage
which comes particularly handy for spatially distributed modelling
studies. Regarding ERA5-Land temperature, the seasonal variability
matches well with observed stations, but with a negative bias in the
winter season, that may be associated with elevation differences in
the ERA5-Land grid and location of the station. In Fig. 3, a corrected tem-
perature dataset is shown where the ERA5-Land mean temperature is
further processed to match the elevation of the station using the global
temperature lapse rate of −0.65 degree Celsius per km. Given the fair
match for average monthly precipitation and temperature between
the station and ERA5-Land that is comparable to previously reported
ranges and biases, an additional bias correction of ERA5-Land dataset
was not applied for this study.

2.2.3. Snow cover data
The snow cover data are based on the Moderate Resolution Imaging

Spectroradiometer (MODIS) snow products (Hall and Riggs, 2007).
They have two important advantages: (i) a long duration (18 years),
which is necessary for building long-time scenarios; (ii) a robust and
wide use everywhere in theworld includingmountain ranges, which al-
lows comparisons with other studies. An improved daily snow cover
data set developed byMuhammadand Thapa (2021) forHighMountain
Asia was used to validate the model-based, simulated snow cover area.
Thefinal product is a Terra Aqua version 6 combined daily snowproduct
– namely, M*D10A1GL06 (hereafter known as improved MODIS snow
cover). This dataset improves on the original MOD10A1 (Terra) and
MYD10A1 (Aqua) derived from the same sensor (Hall and Riggs,
2007) using a multi-step approach for reducing uncertainty resulting
from both sensor limitation and cloud cover. Muhammad and Thapa
(2021) improved the product by applying the seasonal, temporal and
spatial filters to reduce snow cover overestimation, caused by large
swath and lower spatial resolution, and underestimation, caused by
cloud cover. The product is 99.99% cloud-free, covering the period
Fig. 3. Comparison between Omarz station data and ERA5-Land (Left); Average monthly precip
the Corrected ERA5-Land data, the grid temperaturewas adjusted using a temperature lapse rat
with grids and observed stations).
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from 2002 to 2019with a 500-m spatial resolution over HighMountain
Asia (Muhammad and Thapa, 2021). Furthermore, the authors used
MODIS MOYDGL06* eight-day product as training data for reducing
the underestimation and overestimation of snow cover in daily prod-
ucts (Muhammad and Thapa (2020). These improved products have
been used in recent studies for hydrological modelling (Bhatta et al.,
2020) and snowline shifting (Khadka et al., 2020).

2.3. GCM selections and downscaling

We used simulations from several general circulation models
(GCMs) from the fifth phase of the CoupledModel Intercomparison Pro-
ject (CMIP5) (Taylor et al., 2012). CMIP5 promotes a standard set of
model simulations to develop a collaborative framework to improve
knowledge and understanding of climate change impacts. The 105 and
77 model runs, (including different models, and different realizations
of the models) were available for both RCP4.5 and RCP8.5, respectively.
The monthly variables were downloaded from the Royal Netherlands
Meteorological Institute (KNMI) Climate Explorer (http://climexp.
knmi.nl). From these model runs, the four model simulations were se-
lected under RCP4.5 and RCP8.5 scenarios, based on their ability to re-
produce the seasonal variations and means of historical climate
(1981–2010) (in comparison with ERA5-Land).

• In the first step, the model selection was based on the ability of the
GCMs to reproduce the historical seasonal cycle for both precipitation
and temperature. Four different seasons relevant to Afghanistan were
considered, namely, winter (Nov-Jan), spring (Feb-May), summer
(Jun-Aug) and autumn (Sep-Oct). Percentage biases in temperature
and precipitation for eachmodel and for each seasonwere then calcu-
lated. Eight seasonal biases (four for precipitation and four for temper-
ature) were then averaged to rank themodel runs. In this stage, about
50% of the models with the highest biases were discarded.

• In the second step, the annual biases in precipitation and temperature
were calculated. The top 16model runswith the lowest combined an-
nual bias were chosen for the next step.

• In the third step, the changes in the magnitude of precipitation and
temperature of the selectmodels were calculated as the difference be-
tween the end-century (2071–2100) and the reference period
(1981–2010) averages. This delta change encompasses the range of
possible future changes in climate, from which the model runs were
ranked based on the amplitude of variations under different climatic
conditions. Then, the model runs with the maximum changes under
warm-dry conditions and another set of model runs with the maxi-
mum changes under cold-wet conditions for RCP4.5 and 8.5 scenarios
were selected (four in total). Awarm-dry climate (considered a pessi-
mistic scenario) represents extreme conditions for snow preservation
as it promotes reduced snowfall and accelerated snowmelt. On the
itation (2009–2018) (Right); Average monthly mean temperature (2009–2018). Note: In
e to the elevation of theOmarz station. (Please see Supplementary Fig. 1 for the spatialmap

http://climexp.knmi.nl
http://climexp.knmi.nl
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contrary, a cold-wet climate (considered an optimistic scenario) rep-
resents favourable conditions for snow preservation as it promotes
increased snowfall and relatively reduced snowmelt. This study con-
siders these two spectra of future climate scenarios, using the most
reasonable CMIP5 simulations, as reliable indicators of the maximum
range of projected snow cover and snowmelt in the region of interest.

2.3.1. Empirical-statistical downscaling
For downscaling and bias correction, the quantile mapping method,

which is a robust empirical-statistical bias correctionmethod formoun-
tainous regions, was used (Immerzeel et al., 2013; Themeßl et al., 2011).

The coarse resolutionof currentGCMs can lead to biases in climate var-
iables, which need to be corrected through a series of downscaling pro-
cessing steps. Quantile mapping adjusts the biases in climate variables
from GCMs to the reference datasets at a daily resolution. In our study,
this mapping was conducted, first, by applying a bilinear interpolation in
space to re-grid the coarser GCM spatial resolution to the finer resolution
of the reference datasets. Thereafter, the quantile mapping method was
used to correct biases in the reference datasets. The correction factor
was developed by applying the empirical cumulative distribution function
(ECDF) between the raw GCM run datasets and the reference datasets for
each month based on daily data. Correction factors, corresponding to the
difference between the raw GCM values and the reference datasets,
were then applied to the monthly values of the GCM datasets for the
whole period (1981–2100). A similar approach to downscaling and bias
correction was applied by Lutz et al. (2016) and Kaini et al. (2020).

2.4. JAMS/J2000 hydrological model

Weused the standard cryospheric-hydrological J2000model to sim-
ulate snow cover, snow storage and snowmelt processes. The J2000
model represents major cryospheric processes including snow and gla-
cier melt processes (Nepal et al., 2014; Shen et al., 2018; Shrestha and
Nepal, 2019). For snow, themodel simulates snow accumulation, meta-
morphosis, and snowmelt processes for each spatial entity. The model
has been widely used for mountain hydrological assessment at various
scales ranging from micro to mesoscale catchments including snow
cover simulations in the Himalayan region (Eeckman et al., 2019;
Nepal et al., 2017, 2021; Shen et al., 2018), as well as in the western
Himalaya (Shrestha and Nepal, 2019).

First, snow cover simulations from 2003 to 2018 were compared
against MODIS snow cover data. The J2000 model was then run for
the 1981–2010 period to create a reference simulation for comparison
with projected periods (2011−2100). The snowfall, snow storage, and
snowmelt datawere used to analyse the impact of climate change on fu-
ture snow dynamics. Simulated river dischargewas additionally used as
amulti-response outcome of themodel for further discussion on the im-
pact of snowmelt water availability on water resources and its implica-
tions for various sectoral activities.
Table 1
Current trends in precipitation, maximum and minimum temperature, melt days and fros
(2003–2018).

Periods Precipitation Maximum
temperature

Minimum
temperature

Trend (mm/year) S Trend (oC/year) S Trend (oC/year)

Spring −0.36 0.04 0.03
Summer −0.24 0.03 0.01
Autumn −0.13 0.06 0.06
Winter 0.38 0.05 * 0.04
Yearly −1.18 0.04 * 0.03

Note: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*) and p < 0.1 (+).
S: Significance.
Melt days: Days when average of the daily maximum and mean temperature > 0 degree Celsi
Frost days: Days when average of the daily minimum and mean temperature < 0 degree Celsi

a A discussion about the J2000 model snow cover is in Section 3.4.
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The J2000 snow module is a component of the J2000 hydrological
model, which is implemented in the JAMS Modelling System (http://
jams.uni-jena.de). The J2000 snow module is able to simulate several
snow-related processes such as snow accumulation, metamorphosis
and snowmelt (Knauf, 1980). The snow module also considers the
prognosis of the snowpack state, paying particular attention to the link-
ages between snow density and the process of melting and subsidence.
From the described variables, sub-variables such as snow cover (i.e., the
total area covered by snow), snow storage (i.e., the snow volume infor-
mation) and snowmelt (i.e., the effective melting of the snowpack) are
further calculated. In our study, precipitation is partitioned into rain and
snow based on a threshold temperature. Depending on the cold content
of the snowpack, the snowfall then accumulates on the snowpack. But
the snowpack canmelt when the cold content of the snowpack is higher
than the threshold temperature. The model considers the energy input
from air, precipitation, and soil in the form of calibration parameters
to estimate the potential snowmelt. The potential snow melt is consid-
ered to be liquidwater and is stored in the pore system of the snowpack
until a critical snowdensity is reached. Themelt can then either refreeze
or produce snowmelt runoff. Supplementary information 1 provides a
detailed description of the J2000 snow module. Krause (2001, 2002)
and Nepal et al. (2017, 2020, 2021) have described the standard J2000
model in detail, including soil, groundwater and routing processes.

The resulting snowmelt is finally transferred to the soil module of
the J2000 model. The maximum infiltration potential of snowmelt can
be derived as another adjustable calibration parameter through which
soil moisture and subsurface flow are also balanced.

2.5. Model set up, calibration, validation and uncertainty analysis

The J2000 hydrological model uses hydrological response units
(HRUs) as spatial modelling entities. The HRUs were derived from the
SRTM digital elevation model at the 90 m resolution, land cover data
based on GlobCover (Defourny et al., 2006) and soil properties based on
the Harmonized World Soil Database (FAO/IIASA/ISRIC/ISS-CAS/JRC,
2012). The DEM provides topographical properties (slope, aspect, eleva-
tion), whereas landcover properties include root depth and leaf area
index for evapotranspiration. Similarly, soil data includes water holding
capacity that influences infiltration, percolation, evapotranspiration and
soil moisture flow. An HRU delineation workflow integrated these
datasets and resulted in 7699 HRUs with an average size of 0.28 km2 for
the Panjshir catchment. Changes in land use and land cover conditions af-
fect snowmelt processes (such as interception, shadow effect and infiltra-
tion). However, the projection of future land use scenarios, especially in
the context of Afghanistan, is not available. Therefore, in this study,we as-
sume the land cover properties to be fixed in time.

We used the J2000 model parameters from the previous application
of the model in the Hunza catchment of the Indus basin (Shrestha and
Nepal, 2019), which was calibrated and validated using both snow
t days and J2000-derived snow cover (1981–2010) and improved MODIS snow cover

Melt days Frost days Model snow
covera

MODIS snow
cover

S Days/year S Days/year S km2/year S km2/year S

0.00 0.00 −1.81 −2.24
0.10 −0.10 −0.53 −3.42

+ 0.09 * −0.09 * −6.02 −4.93
0.00 0.00 −0.19 −9.74 *

* 0.59 * 0.59 * −1.89 −6.16

us.
us.

http://jams.uni-jena.de
http://jams.uni-jena.de


Fig. 4. Temporal patterns of seasonal and annual snow cover area based on improved MODIS data (2003–2018).
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cover anddischarge data. Nonetheless, a fewparameterswere further ad-
justed tomatch the dailyMODIS snow cover. The list of calibrated param-
eters is provided in Supplementary Table 1. The snow-related parameters
were calibrated for the period of 2003–2010, and the optimal parameters
were applied for the validation of the 2011–2018 period. Themodel per-
formance was evaluated using a coefficient of the determination (r2)
metric. In addition to the total snow cover over the basin, the modelled
snow cover area was also evaluated across different elevation bands.
Due to a lack of reliable and long-term data, the discharge simulation
could not be validated independently at daily or monthly scales. While
this represents a limitation, we rely on the demonstrated robustness of
the J2000 model in using seasonal stream flow outputs. To obtain the
complete simulation data, the validated J2000 hydrological model was
forced with ERA5-Land for the reference period (1981–2010), and with
high-resolution future climate projections (2011–2100) to assess the fu-
ture changes in snow-related variables.

The uncertainties of the J2000 model simulations were quantified
using the 10,000 Monte-Carlo simulations with random uncertainties
of ±10% of the snow parameters (Supplementary Table 1). The ensem-
ble of 10,000 simulations was used to discuss the uncertainty in the
snow cover variation by applying the generalised likelihood uncertainty
estimation (GLUE) as suggested by Beven and Binley (1992).

3. Results

3.1. Historical trends in climate and snow cover area

Table 1 shows trends in keymeteorological variables related to snow
accumulation andmelting processes from 1981 to 2010. Themagnitude
of trends and their significance is calculated using Mann Kendall and
Sen slope methods (Kendall, 1975; Mann, 1945; Sen, 1968). During
this period, the maximum temperature was increasing at the rate of
0.04 °C/year and the minimum temperature at the rate of 0.029 °C/
year. The increase in bothminimumandmaximum temperature is statis-
tically significant at the annual scale. Similarly, precipitation is decreasing
in all seasons except winter. At the annual scale, the precipitation is de-
creasing at 1.2 mm/year, but it is not statistically significant. Similarly,
the melt days1 are also increasing in the summer and autumn and at
the annual level. Frost days2 indicate the opposite of melt days. The
1 Dayswhen average of the daily maximum andmean temperature is greater than zero
degree Celsius

2 Days when average of the daily minimum and mean temperature is lesser than zero
degree Celsius
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trend in melt days indicates more than half a day of increase per year.
The MODIS snow cover trend (2003–2018) indicates a decrease in
snow cover area in all seasons as well as at the annual scale (Fig. 4).
The decrease in winter snow cover area is about 10 km2 (statistically sig-
nificant) per year (Table 1). Themodel-derived snow cover (1981–2010)
also shows a decreasing trend in all seasons and at the annual scale, but
the magnitude of change is lower than the MODIS derived snow cover.

All these trends indicate that the melting process has intensified in
the last 20 years. An increasing trend in temperature is also reported
by many studies in the upper Indus basin (Fowler and Archer, 2006;
Shahid and Rahman, 2021). On the other hand, changes in precipitation
are not clear due to the lack of a significant long-term trend (Archer and
Fowler, 2004; Khattak et al., 2011). As reported by Nepal and Shrestha
(2015), no significant long-term precipitation trends were observed in
the Indus basin, but the temporal changes are dependent on the spatial
coverage, length of the data period and methods used.

3.2. GCM selection and downscaling

The GCM simulations under both RCPs were selected based on the
method described in Section 2.3. Out of the 105 GCM model runs,
about 50% of themodel runswith the largest seasonal biaswere first re-
moved in Step 1. In Step 2, 16model runswith the lowest annual bias in
precipitation and temperature were selected for the RCP4.5 and 8.5 sce-
narios. The seasonal and annual bias of the selected 16 model runs is
provided in Table 2. Supplementary Fig. 2 shows the monthly cycle of
both selected and discarded models in the different steps, alongside
the ERA5-Land reference period.While the selected GCMmodels repro-
duce the precipitation patterns of the reference datasets well, the tem-
perature data shows a warm bias compared to the reference ERA5-
Land. Such biases may result from the typical spatial scale currently
available for GCMs, which is larger than that of the Panjshir catchment.
As described in Section 2.3.1, these biases were corrected through
quantilemapping to bettermatch the climate seasonality of the Panjshir
catchment during the reference period. In Step 3, the changes in average
annual precipitation and temperature from the end of the century
(2071–2100) to the reference period (1981–2010) were calculated.
From the delta changes in precipitation and temperature, the models
showing the maximum cold-wet and warm-dry climatic conditions to-
wards the end of the 21st century were chosen.

Table 2 shows the seasonal (Step 1) and annual (Step 2) biases for
each of the 16 selected model runs for precipitation and temperature
using the ERA5-Land reference period (1981–2010). Step 3 shows dif-
ferences in precipitation and temperature between the reference period



Table 2
Seasonal and annual biases of the 16 selected models, along with delta change values for precipitation and temperature discussed in Steps 1, 2 and 3 (top RCP4.5; bottom RCP8.5).

Table 3
The selectedmodel runs and their respective projections in terms of temperature and pre-
cipitation changes for the Panjshir catchment by mid- and end-century compared to the
reference period.

RCPs Model
characteristics

Model names Mid-century End-century

P
(%)

T
(°C)

P
(%)

T
(°C)

RCP4.5 Cold and wet MRI-CGCM3_r1i1p1 4 1.9 13 2.5
Warm and dry IPSL-CM5A-LR_r2i1p1 −17 3.1 −26 4.3

RCP8.5 Cold and wet MRI-CGCM3_r1i1p1 23 2.2 28 4.9
Warm and dry IPSL-CM5A-LR_r4i1p1 −34 4.4 −40 7.8
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and the 2071–2100 period. In Step 3, based on delta changes in precip-
itation and temperature, themodels representing themaximumwarm-
dry and cold-wet conditions (highlighted in green) were selected for
high-resolution downscaling.

Based on the method described in Section 2.3, the selected models
were downscaled and bias-corrected to high-resolution data of 9 ×
9 km resolution. Table 3 shows the changes in temperature and precip-
itation values after downscaling, highlighting the selected model runs
and their respective projections for the Panjshir catchment by the
mid- and end-century compared to the reference period. These high-
resolution data were used to analyse climate change scenarios and to
force the J2000 hydrological model to simulate future snow behaviour
(see Supplementary Fig. 3, which shows the raw GCM data vs. bias-
corrected data on a monthly scale).

3.3. Future climate scenarios

After downscaling the GCM simulation, high-resolution temperature
and precipitation data for 51 grid points of the Panjshir catchment were
obtained. Fig. 5 and Table 3 show the future changes in precipitation
and mean temperature for cold-wet and warm-dry climatic conditions
for RCP4.5 and RCP8.5. The figure shows that there is clear agreement
among models for increasing temperature scenarios. All models project
an increase in annual mean temperature towards the end of the century,
with larger changes in RCP8.5 compared to RCP4.5. However, regarding
precipitation, themodels exhibit amuch larger spreadwith both increas-
ing and decreasing patterns (depending on the climatic conditions).
Compared to temperature, precipitation projections are not uniform, as
the model selection also prioritises models with a decrease in
8

precipitation under a drier climate. In general, the models indicate that
the Panjshir catchment is likely to get warmer in the future, with a
large degree of variability in terms of precipitation characteristics.
Table 3 shows the change in future temperature and precipitation for
both climatic conditions under both the RCPs. According to the projec-
tion, the mean temperature could increase by 2.5 °C (cold-wet, RCP4.5)
to 7.8 °C (warm-dry, RCP8.5) by the end of the 21st century. In the case
of precipitation, an increase by 28% and a decrease by 40% can be ex-
pected for cold-wet and warm-dry conditions, respectively, under
RCP8.5.

3.4. Modelling snow cover

The application of the J2000 model provided detailed spatial and
temporal information on snow cover. For a given HRU, when the snow
cover is higher than 5 mm, the HRU is treated as snow covered area,
and as snow-free area otherwise. Fig. 6 shows the daily snow cover



Fig. 5. Future changes in precipitation and temperature in the Panjshir catchment. The black line represents ERA5-Land reference datasets (1981–2010).
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plots derived fromMODIS and the J2000 hydrological model for the cal-
ibration (2003−2010) and validation (2011–2018) periods. The model
matches the MODIS snow cover for both the calibration and validation
periods as shown in Fig. 6. Fig. 6A shows daily snow cover data from
both MODIS and the J2000 model. The coefficients of determination
(r2) are 0.93 and 0.95 for the calibration and validation periods, respec-
tively. The average monthly snow cover also shows a good match dur-
ing the snowmelt period, while the modelled accumulation is slightly
underestimated during the Aug-Oct period and overestimated during
thewinter months (Nov-Jan) (Fig. 6C). Overall, the average annual per-
centage bias of model-derived snow cover is 10% higher than MODIS.
These discrepancies can be attributed to the different processing
methods used by MODIS compared to the J2000 model and different
spatial resolutions.

Furthermore, we compared the modelled and MODIS snow cover
across 500-m elevation bands in the Panjshir catchment. In Supplemen-
tary Fig. 4 the comparison between the fraction of snow-covered area
from J2000 (model) and improved MODIS snow cover (MODIS) for
each elevation band is shown. Overall, the model outcome compares
well with that of MODIS datasets between 2500 and 5000 m, where
the r2 ranges between 0.70 and 0.90. However, below 2500 and above
5000m, the r2 range is 0.63 and 0.18, respectively. Overall, themodel re-
produces the snow cover variation across all elevation bands except for
higher than 5000m. However, the area above 5000 m is very low (11.5
km2) which may be the reason of higher variation in that elevation
band.

Fig. 6D shows the average daily variation in snow cover from2003 to
2018. The grey band shows the maximum and minimum snow cover
area of each day between the year (from 2003 to 2018). Across the
years, the variation is smaller during the melting period (spring and
summer) than during the autumn and winter seasons, as shown by
peaks around days 240 to 300. Such variation can be attributed to sud-
den winter snowfall events. The largest variability in snow cover
throughout the year is during the winter season, from days 280 to
340, whereas the lowest variability is during the peak of winter (Jan-
Feb) when the basin is fully snow-covered during most years.

3.5. Snow storage and snowmelt

Snow storage (or snow water equivalent in mm) and snowmelt are
provided in Fig. 7. Snowmelt is the highest in June while snow storage
reaches its peak inMarch–May. The lowest snow storage is fromAugust
to September, which matches the lowest snow cover period at the end
of summer. While snow storage increases from October to April due to
increased snowfall, it decreases from May to August mainly because of
increasing temperatures, which cause faster melting.

Fig. 7 (top) shows the averagemonthly solar radiation and themax-
imum temperature. At the basin scale, the maximum temperature
reaches above 0 degree Celsius values from May, when solar radiation
becomes significant, until it reaches its maximum during July and
9

August when solar radiation is at its highest. Fig. 7 (bottom) shows
the average monthly snow storage and snowmelt. The snow storage is
the highest in April, starts to decrease in May, and reaches its minimum
in September. Similarly, snow starts tomelt inMarch until June, when it
reaches its maximum (about 6 mm/day). As illustrated in Fig. 7, the
melting season (i.e., March–July) coincideswell with the period ofmax-
imum solar radiation and higher temperature.

3.6. Uncertainty analysis

Fig. 8 shows the 10,000 simulations of uncertainty analysis for snow
parameters using the Generalised Likelihood Uncertainty Estimation
(GLUE)method (see Supplementary Table 1 for the parameters values).
In order to constrain and optimise the Monte Carlo simulations used in
this method, parameter values were randomised within a ± 10% range.
For the sake of clarity, however, only 25% of simulations of the most re-
cent years are plotted (Fig. 8) (see Supplementary Fig. 5, which shows
simulations for the entire period). In most cases, the MODIS-derived
snow cover, for both accumulation and melting seasons, lies within
the uncertainty range (mostly around the lower boundary), suggesting
that the snow parameters considered here are mainly conducive to
snow cover development. Since the snow cover melts when the tem-
perature rises, the lower boundary is very close to the observed
MODIS datasets. However, in some years, for e.g., 2015 and 2016, the
MODIS maximum snow cover is outside the uncertainty range (see
also Supplementary Fig. 5). The parameter uncertainty is also at its
highest during the melt phases whereas snow accumulation and maxi-
mum extent are much less affected by parameter uncertainty. Never-
theless, the coefficient of determination (r2) between MODIS data and
the median value of ensemble runs for the entire period (2003–2018)
is 0.91, suggesting a low degree of uncertainty in the results. These con-
siderations from our GLUE-based uncertainty analysis confirm the ro-
bustness of the J2000 model in estimating snow cover in the Panjshir
catchment.

3.7. Changes in snowfall

Table 4 summarizes the changes in snowfall in the mid-century and
end-century compared to the reference period (1981–2010). The larg-
est reduction in snowfall is projected to occur during the summer and
autumn seasons. In the cold-wet scenario, the snowfall is likely to in-
crease slightly in winter and spring though likely to decrease to a
large extent in summer and autumn (Table 4). In the warm-dry scenar-
ios, the snowfall is likely to decrease in all seasons. For example, in the
summer season, snowfall is likely to decrease by about 55–75% in
cold-wet and 70–94% in warm-dry scenario by the end of the century.
In all simulations, the snowfall amount will decrease in the Panjshir
catchment in the summer and autumn seasons, irrespective of the
model type and related climate.



Fig. 6.Daily snow cover in the Panjshir catchment derived from the J2000model and improvedMODIS dataset (Muhammad and Thapa, 2021). A)Daily snow cover area from improvedMODIS
vs. J2000Model; B) Scatter plot of improvedMODIS vs. J2000model; C) Long-term averagemonthly snow cover; D)Daily variation of snow cover from2003 to 2018 based on the J2000model.
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3.8. Decadal snow cover trend

Fig. 9 shows the monthly-scale decadal snow cover scenario from
the 2010s to the 2090s. When thewhole range of possible climatic con-
ditions is taken into consideration, the snow cover in the Panjshir
Fig. 7. Average monthly solar radiation, maximum temperature, snow storage and
snowmelt during 2003–2018.
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catchment is projected to decrease in almost all months. This is espe-
cially evident during the melting (Apr-Jun) and accumulation seasons
(Sep-Feb). It is also observed that the most adverse climatic conditions
for snow cover in the future are in the warm-dry scenario. Similarly,
the changes in snow cover are more pronounced under RCP8.5 than
under RCP4.5 scenario. For example, in a warm-dry model under
RCP8.5, the snow-covered area is predicted to become snow free from
June to October when compared to approximately 750–1000 km2 dur-
ing the reference period.

3.9. Trends in seasonal snow cover

Fig. 10 and Table 5 show the seasonal snow cover trends for the four
seasons: winter (Dec-Feb), spring (Mar-May), summer (Jun-Aug) and
autumn (Sep-Nov). They show that seasonal snow cover is projected to
decrease in all four seasons throughout the 21st century. Under all climatic
conditions considered, the maximum snow cover loss amounts to about
25% on average during spring and autumn. Evenwith themost optimistic
climatic conditions (i.e., cold-wet climate), the snow cover loss amounts
to approximately 10% and 15% in the spring and autumn seasons, respec-
tively. At the annual scale, the snow cover area is projected to decrease by
1.6 to 3.2 km2/year in the cold-wet models compared to 3.9 to 6.2 km2/
year in the warm-dry models (see Supplementary Fig. 6). At such rates,
the snow cover in the Panjshir catchment is likely to decrease from 10%
in the cold-wet models in RCP4.5 to 36% in the warm-dry model in
RCP8.5, with an average decrease of 22%. Conditions would become par-
ticularly harsh in case a warm-dry condition were to prevail, as the aver-
age annual snow cover would decrease to less than half of the reference
period (1981–2010) by the end of the century.

3.10. Altitudinal changes in snow cover

Fig. 11 shows the future snow cover area projections in different ele-
vation zones for the mid-century (2036–2065) and end-century
(2071–2100) periods. The figure suggests a consistent decrease in snow
cover across all elevation bands (2000–5500 m a.s.l.) compared to the



Fig. 8.Generalised LikelihoodUncertainty Estimation (GLUE) from10,000 simulations. The grey band shows the ensemble simulation range; the blue line indicates theMODIS snow cover.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reference period (1981–2010). The snow cover is projected to decrease in
the high elevation zones (above 4500ma.s.l.) bymore than 60% between
the months of June and November (with no snow cover in August and
September) in the warm-dry condition of RCP8.5 scenario by the end-
century. In the low elevation zones below 3000 m a.s.l, over 50% of the
snow cover area will decrease from December to February in the warm-
dry condition of RCP8.5 scenario. Even in the cold-wet condition of the
RCP4.5 scenario, there will be a decrease in snow cover area in the high
elevation zones by roughly 10% between themonths of June and Novem-
ber and by roughly 20% between the months of December and February
by the end-century. Furthermore, the reduction in snow cover in thewin-
ter seasonwill bemore noticeable in the lower elevation areas than in the
high elevation areas and this pattern is projected to strengthen towards
the end-century. In high elevation areas, snowmelt will start earlier in
the year than before. For example, at 5000–5500 m a.s.l., the start of the
snow cover decline will shift from June to April and will continue till
Table 4
Changes in snowfall (mm) in the mid-century (2036–2065) and end-century (2071–2100) co
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September by the end-century as projected in the warm-dry condition
of the RCP8.5 scenario; the snow cover will correspondingly decrease to
~75% of that of the reference period. Similarly, in low elevation zones,
the snowmelt is expected to advance by a month in most scenarios. In
the extreme case of warm-dry conditions, all elevation bands will be
nearly devoid of snow throughout the July–September period under the
RCP8.5 scenario. Although all our simulations point to unfavourable
conditions for the development of snow, our results confirm the idea
that the largest percentage of snow cover reduction will occur towards
the end-century period under RCP8.5 and in case of warm-dry
projections.

3.11. Snow storage and snowmelt

Fig. 12 shows the snow storage and snowmelt for the mid-century
and end-century periods under cold-wet and warm-dry conditions.
mpared to the reference period (1981–2010) for selected climate scenarios.



Fig. 9.Decadal snow cover changes in the Panjshir catchment for cold-wet andwarm-dry climatic conditions for selected climate scenarios compared to the reference period (1981–2010).
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The cold-wet models indicate that snow storage is likely to increase
under these conditions around the mid-century and slightly decrease
at the end-century periods, except during the summer season. In sum-
mer, the snow storage is likely to decrease during both the mid- and
end-century periods. In the warm-dry models, however, there is a con-
sistent decrease in snow storage in the mid-and end-century periods
under both RCP4.5 and RCP8.5 scenarios, with an even stronger
propension for snow storage reduction under RCP8.5. The largest de-
crease in snow storage is projected for summer when the snow storage
is nearly zero by the end-century under the RCP8.5 scenario. Compared
to the reference period, all seasons show almost one-third reduction in
Fig. 10. Seven-year moving averages of seasonal snow cover for climate projections under RCP
reference period (1981–2010).
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snow storage under RCP4.5 and approximately 50% reduction in snow
storage under RCP8.5.

With regard to snowmelt, as with snow storage, the cold-wet
models display a consistent increase in snowmelt in all seasons towards
the end-century except during summer. The maximum increase is ob-
served in the winter season when snowmelt increases to about
40 mm on average in the end-century and RCP8.5 scenarios compared
to 4 mm during the reference period. In the warm-dry models, winter
and spring display a consistent increase in snowmelt with a bigger in-
crease in winter whereas summer and autumn seasons display the op-
posite trend, with a consistent decrease in snowmelt with a bigger
4.5 and 8.5 scenarios. The black line stands for snow cover estimation based on ERA5-Land



Table 5
Changes in snow cover in different seasons for RCP4.5 and RCP8.5.

Seasons Cold and wet
RCP4.5

Cold and wet
RCP8.5

Warm and
dry RCP4.5

Warm and
dry RCP8.5

Average

Winter −4% −12% −16% −33% −16%
Spring −10% −23% −25% −40% −25%
Summer −12% −18% −21% −29% −20%
Autumn −15% −22% −27% −42% −26%
Annual −10% −18% −22% −36% −22%
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decrease in summer. Overall, irrespective of the model characteristics,
winter and spring seasons are likely to witness an average increase in
snowmelt by 6.7 and 1.3 times respectively in the future because of in-
creased temperature. The summer season, in contrast, is likely to wit-
ness a decrease in snowmelt by 0.5 times on average due to decreased
snow storage.

4. Discussion

Under the current climate change projections for the Panjshir
catchment, temperatures are expected to become significantly higher
whatever the scenario, thereby inducing accelerated melting and a de-
creasing snow cover. Because of the higher temperature increase
Fig. 11. Changes in future snow cover in different elevation zones of the Panjshir catchment fo
reference period (1981–2010).
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projected under RCP8.5 than under RCP4.5, all RCP8.5 simulations
show a larger decrease in snow cover during all seasons compared to
that under the RCP4.5 scenario.

Additionally, when considering the evolution of snow cover across
the full range of elevation bands, our study suggests that both the
lower and higher elevation zones will be subjected to a larger decrease
in snow cover area than themid-elevation zones. In the lower elevation
zones, the precipitation phase will be more susceptible to a shift from
snow to rain because of higher air temperatures. The aggravated de-
crease in snow cover in the elevation bands below 3000 m a.s.l. could
be attributed to the same reason. In the lower elevation areas, the snow-
melt patterns are likely to remain unchanged. In the higher elevation
areas (i.e., above 5000m a.s.l.), on the other hand, the snowmelt season
is expected to begin at least 1 or 2 months earlier than during the refer-
ence period while the magnitude of snowmelt will be larger under
RCP8.5 than the increase projected under RCP4.5. Furthermore, the ex-
pected overall decrease in snowfall, especially during the summer and
autumn seasons, can be attributed to changes in precipitation form,
which will switch from snow to rain more often.

Another finding of this study, determined by the selection of GCMs
and their associated climates, is that the cold-wet models project
more snowfall than the warm-dry models during all seasons except
summer. In the warm-dry scenario, because of the higher increase in
r the mid-century and end-century periods for selected climate scenarios compared to the



Fig. 12. Future changes in snow storage (left), snowmelt (middle) and runoff (right) during the mid-century and end-century compared to the reference period (1981–2010).
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temperature, a larger proportion of precipitation will fall as rain. The
magnitude of this increase in temperature is higher in the RCP8.5 sce-
narios than in RCP4.5 scenarios, whichwill ultimately lead to amore se-
vere snow storage reduction for all the climates considered (Table 4).

Another effect of increased temperature is a significant increase in
snowmelt intensity during the winter and spring seasons by the end
of the 21st century, when all climatic conditions are considered. In the
reference period, snow is already only sparsely available formelt during
the summer season. This reduction of snow in the summer is projected
to further exacerbate in the future as therewill not bemuch snow left to
melt in the summer months because of the melting of the snowpack al-
ready in the spring season (Figs. 9 and 12). In the autumn season, on the
other hand, depending on the type of prevailing climate, snowmelt will
vary in intensity significantly. In cold-wet conditions, asmore snowwill
fall in the catchment, the snowmelt intensity toowill increase as a result
of associated increasing temperatures compared to the reference pe-
riod. In the case of warm-dry conditions, however, snowmelt intensity
will decrease owing to reduced snowfall. Future melt runoff is also ex-
pected to peak one month earlier in May rather than June, as is the
case in the reference period) by the end of the century except in the
cold-wet scenario of RCP4.5 (see Supplementary Fig. 7). The river dis-
charge pattern will follow the melt runoff patterns, the latter being
characterised by either an increase in intensity duringwinter and spring
seasons or a decrease during summer. Several studies have documented
similar trends in winter and summer patterns in various mountainous
regions of the world, which have been attributed to a shift from snow
to rain in precipitation under warmer conditions (Hock et al., 2019).

The results of our analysis finally suggest that changed climatic con-
ditions duringwinter and spring seasonswould enhance snowmelt and
runoff, which could alter the agricultural and livelihood practices of the
people in the Panjshir catchment owing to the combined effects of in-
creased water availability, soil moisture and groundwater recharge.
On the other hand, the strong reduction in snowmelt-driven runoff
projected for the summer could reduce water availability. Since spring
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temperatures will also increase in the future, one adaptation strategy,
among others, to cope with the climatic changes described above,
would be to plant summer crops early by making use of the early melt
runoff available. However, such a shift in agricultural practices would
certainly require the implementation of adequate consultation mecha-
nisms with local communities and authorities, together with proper
crop monitoring and assessment in the Panjshir catchment.

4.1. Uncertainty and limitations

Projecting future climates is a complex task, especially in sparsely doc-
umented and observed regions. This is not only because of the multitude
of factors creating uncertainty in GCMs and climate projections but also
because of the limited understanding of current socio-economic path-
ways and their constant evolution. One way of dealing with such uncer-
tainty about the future is to develop a range of plausible scenarios based
on the present understanding of climatic conditions. Based on this idea,
two extreme future scenarios relevant to snowmelt, i.e., cold-wet and
warm-dry climates, were selected for this study.While other climate con-
ditionsmight prevail in the future (e.g., warm-wet), we limited our study
to the warm-dry and cold-wet endmember climatic standpoints from a
spectrum of possible scenarios affecting snow processes. Discussions re-
lated to runoff should also be interpreted considering the limitations in
our study, as the discharge output from the J2000model could not be val-
idated independently with the measured discharge data. The results of
our uncertainty analysis related to the model parameters suggest that
the improved MODIS snow cover datasets remain within the parameter
uncertainty range, and thus can be considered as low (Fig. 8). However,
it should be noted that there are inherent factors contributing to uncer-
tainties in the snow-cover products, e.g., resulting from the large spatial
resolution of satellite observation, cloudiness and saturation of signal
(Muhammad and Thapa, 2020).

As the assessment of climate change impact on snow cover (and
other environmental variables) are subject to uncertainties with the
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model projections, our study uses two extreme changes, i.e., warm-dry
and cold-wet, and assumes that the extremes bracket the uncertainties
across the models. Considering the long-term end-century scenarios
and themultiple possibilities of divergences from the initial hypothesis,
a detailed uncertainty analysis is unwarranted, and the result of this
study should be taken as a possible trend.

5. Conclusions

Given the crucial significance of snow as an integral component of
the hydrological cycle in mountainous regions of the world, how snow
processes evolve under climate change is a paramount question in the
western Himalayan region. The integrated assessment of snow projec-
tion scenarios for the Panjshir catchment in Afghanistan conducted in
this study enabled us to explore this question and to investigate the ef-
fect of climate change on snow dynamics throughout the 21st century
using the J2000 cryospheric-hydrologicalmodel.We focused on investi-
gating the changes in snowfall, snow cover, snow storage and snowmelt
based on two possible endmember future scenarios, representing,
namely, cold-wet and warm-dry climates. These two climatic scenarios
were specifically selected as they reflect the opposite spectrum of cli-
mate impact on snow processes: cold-wet conditions will likely favour
enhanced snowfall and reduced snowmelt in the basin while warm-
dry conditions will lead to significantly reduced snowfall and enhanced
melt.

A consistent decrease in decadal snow cover area in particular shows
that the basin's snow storage capacitywill be reduced in the future com-
pared to the reference period. Likewise, the seasonal snow cover analy-
sis suggests that all seasons will lose snow in various degrees, especially
during spring and autumn in a warm-dry scenario. Though decreasing
snow cover patterns are evident in all elevation bands, a noteworthy
feature from our study is that snow cover melting will be initiated at
least one month earlier than that during the reference period, particu-
larly above 5000 m a.s.l., while the largest snow cover reduction will
occur in lower elevation areas (Fig. 11). These results support our hy-
pothesis that the warming climate and changes in rain-snow patterns
could impact snow evolution towards the endof the century and impact
melt runoff patterns.

The projected future changes in snow dynamics for the Panjshir
catchment lead to new challenges in adapting to the impacts of climate
change for water-dependent sectors. There are implications for water
provisioning, mountain ecosystems and agriculture at the local and re-
gional scales. Hock et al. (2019) and Nie et al. (2021) also highlighted
that changes in snow and glacier related melt runoff can have local im-
pacts on water resources, agriculture, biodiversity and overall ecosys-
tems in mountain regions. Likewise, our projection of an increase in
winter melt runoff and a decrease in summer melt runoff suggests a
need for the development of adaptationmechanisms in existing agricul-
tural practices based on the future evolution of snowmelt runoff timing
that considers the need to use excess melt runoff in the spring to over-
come the negative effects of reduced melt runoff in the summer. Given
the robustness of themethod adopted throughout our study and its use
of globally and freely available datasets, this approach can be trans-
ferred to other snow-dominatedmountainous regions of varying catch-
ment scales that are smaller than the typical spatial scale of general
circulation models.

It should be noted that the long-term simulations presented here are
based on changes in climate alone, and they do not consider possible
changes in land use, biodiversity, demographics, regulations and tech-
nological advances whose feedback on climate may alter the results of
the scenarios examined here. The results presented here describe likely
scenarios under two opposite spectrums of climate change. Consider-
ation of the land-use and land-cover changes, climate mitigation and
adaptation strategies, as well as improvement in the model processes
and projections will help reduce the uncertainties in the projected
changes in snow dynamics in mountainous regions.
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