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Mountain river basins in Central Asia are highly sensitive to climate-driven changes in snow and glacier melt, yet
the magnitude and timing of the resulting hydrological regime shifts remain poorly quantified. To address this
gap, we assess present and future hydrological shifts in the transboundary Zarafshon River Basin with the SPHY
glacio-hydrological model. We improved the representation of snowmelt and snow infiltration, which re-
distributes water to delayed baseflow and improves winter and spring discharge. We calibrated the improved
model against discharge observations, satellite-derived snow cover and glacier mass balance data through Monte
Carlo optimization.

Over 1991-2020, snowmelt dominates runoff (52.4%), followed by baseflow (23.3%) and rainfall-runoff
(21.1%), whereas glacier melt contributes 3.2% but sustains late-summer low flows. Snow and glacier melt
dominate the upstream hydrology, whereas rainfall-runoff and baseflow sustain the flow in the lower basin.
Using downscaled ISIMIP3b climate scenarios, we project glacier volume to decline by ~ 40% under SSP126
and ~ 80% under SSP585 by 2100. Annual total runoff declines by less than 7% in all scenarios, because gains in
rainfall-runoff and baseflow almost offset the melt loss. Peak total runoff declines by 22.6% under SSP585, and
the annual peak discharge shifts earlier by 22-38 days. The hydrological regime shift from snowmelt to rainfall-
runoff is more pronounced in the Fondarya than in the Matcha River system.

These results indicate a shift from a snowmelt to a rainfall-runoff dominated hydrological regime. Such a shift
would reduce summer water availability and increase irrigation stress, highlighting the need for adaptive
management.
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1. Introduction

The majority of water resources in Central Asia (CA) originate from
‘water towers’, with high-altitude mountain ranges such as the Pamirs
and the Tien Shan playing a crucial role in sustaining river flow and
downstream demands (Chen et al., 2016; Huss and Hock, 2018; Olsson
et al., 2010; Sorg et al., 2012). Glaciers in CA cover about 17,000 kmz,
more than 60% of which lies in Tajikistan (Gafforzoda et al., 2023).
Water generated in the mountains plays a crucial role in the socioeco-
nomic development of CA and, in particular, Tajikistan relies on

irrigation for more than 90% of its agricultural production, which sus-
tains over half of its workforce (World Bank, 2024). Tajikistan has been
experiencing increased vulnerability to climate-induced changes,
threatening its agricultural, economic, and environmental systems
(Reyer et al., 2017). Adaptation to climate change is urgently needed to
sustain livelihoods and safeguard the water resources underpinning
economic development in Tajikistan and Uzbekistan.

The Zarafshon River Basin (ZRB) in Tajikistan was historically a
tributary of the Amu Darya but under current conditions the river
generally no longer reaches the main stem (Karimov et al., 2022; UNEP,
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2011). Even so, ZRB waters remain vital for economies and communities
in Tajikistan and downstream oases in Uzbekistan. Agriculture is the
dominant water user in the Zarafshon system, particularly in Samar-
kand, Bukhara and Karshi, where it sustains ~ 1.1 million ha of irrigated
land, linking basin hydrology directly to irrigation reliability and food
security. The Zarafshon River delivers 5.1-5.3 km® yr~! at the Tajik-
Uzbek border, of which roughly 5.1 km® yr~! is allocated to irrigation
through the Ravatkhodja headworks (design capacity 1350 m> s™1) and
multiple downstream storage and diversion structures (Khaidarov,
2020). However, the water generated within the catchment is insuffi-
cient to meet this high irrigation demand. As a result, 60% (8.3 billion
cubic meters) of the total water used for irrigation is pumped from the
Amu Darya (Ragettli et al., 2025). The seasonality of river flow in the
ZRB is largely driven by meltwater from snow and glaciers, causing
distinct seasonal peaks in river discharge. During the spring and summer
months, snowmelt contributes substantially to the river’s flow, while
glacier melt provides a more continuous source of water that peaks later
in the year, typically during the late summer or early autumn. The ZRB,
a hotspot for climate change impacts, has experienced significant glacier
mass loss in recent decades. Historical observations indicate a steady
decline in glacier extent, with projections suggesting accelerated retreat
under future warming scenarios (IPCC, 2022). Furthermore, rising
temperatures disrupt snow accumulation and melt cycles during the
spring and early summer, leading to earlier peak flows and reduced late-
season water availability (Huss and Hock, 2018). These climate-driven
changes pose a significant threat to upstream and downstream water
security by altering glacier and snowmelt dynamics and consequently
affecting the hydrological cycle (Farinotti et al., 2015; Kraaijenbrink
et al.,, 2017). Changes in the cryosphere also strongly influence the
frequency and intensity of natural hazards (Ding et al., 2020; Harrison
etal., 2018; Veh et al., 2020). These challenges are further compounded
by the complex transboundary nature of water resources in the region,
where numerous countries share water systems, further complicating
cooperative management efforts (Micklin, 2016; O'Hara, 2000).

While previous studies have assessed glacier mass balance changes in
the region (Barandun et al., 2021, 2020), fewer have explicitly quanti-
fied the implications of changes in the flow components (snowmelt,
rainfall and groundwater) and downstream water availability (Pohl
et al., 2017). The quantification of the flow components is crucial for
adaptive water resource planning, as shifts in meltwater seasonality and
magnitude directly affect irrigation, hydropower, and ecosystem ser-
vices (Immerzeel et al., 2020). As the cryosphere continues to decline
with further warming, there is a growing need to quantify the specific
roles that melt and the other flow contributors play in timing and
magnitude of water availability (Kang et al., 2010; Kraaijenbrink et al.,
2017). Glacio-hydrological models (GHMs) are invaluable tools for
addressing these challenges (Immerzeel, 2010). However, the applica-
tion of these GHMs in the high mountains of CA is hindered by sparse
and fragmented in-situ observations and limited data exchange across
agencies and borders (Pepin et al., 2015). The use of remotely sensed
data alongside limited in-situ observations helps to address the problem
of data scarcity in simulating water availability with GHMs (Huang
et al., 2026). A GHM that can incorporate available remote sensing
data with limited in-situ observations is needed to effectively assess
long-term climate change impacts on cryospheric and hydrological
processes across scales in CA.

Currently in SPHY GHM, snowmelt is simulated by applying a
degree-day factor to the positive part of the daily mean air temperature,
and the meltwater leaving the snowpack is routed directly to the channel
as quick runoff, bypassing the unsaturated zone (Terink et al., 2015).
Both assumptions are poorly met in high altitude catchments. The first
leads to underestimates of melt on days with a sub-zero mean air tem-
perature but a positive maximum air temperature, common through the
cold seasons and at high elevation (Hock, 2003). The second, excludes
meltwater from infiltrating to the soil, and hence from being available
for evapotranspiration and delayed release, removing the subsurface
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memory by which spring melt sustains late-season flow (Huang et al.,
2026). We address both by integrating melt over a diurnal tempera-
ture cycle and infiltrating a calibrated fraction of meltwater into the root
zone for release as delayed subsurface runoff and baseflow. Neither
modification is novel in terms of process physics; the contribution lies in
quantifying their impact. Resolving sub-daily melt and allowing melt-
water to infiltrate improves the simulated hydrograph specifically in
winter and spring, the seasons the original formulation reproduces
worst, by shifting water from direct snowmelt runoff to delayed base-
flow and postponing the spring rising limb. Neither process is repre-
sented in the standard snow routine used in previous SPHY applications
across the high mountains of Asia and CA (Khanal et al., 2021; Lutz
et al., 2014; Wijngaard et al., 2017).

This study addresses these gaps by quantifying historical and future
snow and glacier melt contributions to river discharge in the ZRB,
providing critical insights for sustainable water management in a
warming climate. First, we improve the representation of snow pro-
cesses in GHM to better represent snowmelt simulation and snow infil-
tration. Second, we simulate hydrological processes in the ZRB for the
historical period using a state-of-the-art GHM, distinguishing the flow
components (glacier melt, snowmelt, baseflow and rainfall-runoff).
Third, we assess the impacts of climate change on the individual flow
components and their seasonality during the 21st century. Finally, we
investigate future changes in total water availability and peak-runoff at
different spatial and temporal scales. This research contributes to the
ongoing efforts to adapt to climate change and safeguard water re-
sources, with the aim of supporting science-based policies to ensure
water security for the ZRB’s agricultural sector, economic development,
and overall climate resilience.

2. Study area

The Zarafshon River, once a critical tributary of the Amu Darya,
originates from the Zarafshon Glacier at 2775 m in the western Pamir-
Alay (Fig. 1). With an average discharge of 158 m® s™ at Panjakent, it
supports 0.5 million ha of irrigated agriculture and sustains water de-
mands for over six million people in Tajikistan and Uzbekistan
(Abdushukurov et al., 2022). From its source (i.e. Zarafshon glacier), the
river flows westward with a gradient of 5.1% over a distance of 260 km,
traversing a canyon-like valley carved by two mountain ranges, forming
the upper reach known as the Matcha River (Groll et al., 2013). On the
southern left bank, flowing between the Turkestan and Zarafshon
ranges, it joins with the Yagnob and Mogiyon rivers, as well as many
small tributaries (Abdushukurov et al., 2022). Near Ayni, it merges with
the Fondarya River, originating from the south, and becomes known as
the Zarafshon River. After traveling 170 km, the river enters Uzbekistan
downstream of Panjakent, reaching the lowlands of the Aral Sea basin.
Passing through a flat region and crossing the Tajikistan-Uzbekistan
border, it flows through Samarkand and Bukhara before vanishing in
the desert near Karakul.

The ZRB covers 12,276 km? in Tajikistan, with elevations ranging
from about 5500 m at the headwater to about 875 m where the river
leaves Tajikistan. The basin contains 849 glaciers covering 532.9 km?;
the largest, Zarafshon Glacier, is 27.8 km long and 87.2 km? in area (RGI
Consortium, 2017). Glacier elevations range from ~ 2775 to ~ 5400 m,
with a mean elevation of ~ 4100 m (Fig. 1b). Since 1930 the glacierized
area of Tajikistan has shrunk by about 30% and the ZRB follows a similar
trend (Sultonov and Pant, 2026). The Zarafshon Glacier terminus
retreated by about 1.7 km between 1979 and 2019, and glacier area in
the upper ZRB declined at a rate of 0.015 km? yr! between 2010 and
2019 (Halimov et al., 2026).

CA is considered as a transition region for the westerlies and Indian
summer monsoon (Murodov et al., 2023). The Pamir, Hindu Kush,
Tianshan, and Himalayan mountains to the southeast of CA block most
of the moisture from the Indian summer monsoon(Khanal et al., 2023).
However, during strong monsoon seasons, the excess moisture can
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Fig. 1. (a) The Zarafshon River Basin (ZRB), its glaciers and tributaries. Purple triangles are hydroposts (discharge stations) with data available after the year 1991.
(b) Hypsometry of the glaciers, Fondarya and Matcha catchments (primary y-axis) and monthly (J-January to D-December) average basin snow persistence (sec-
ondary y-axis expressed in %). (c) Snow persistence expressed in % per 100 m elevation bins. (d) Zarafshon basin in the context of Central Asia and other mountain
ranges. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

propagate westward, resulting in increased rainfall in southern and
southeastern CA (Chen et al., 2021; Nzabarinda et al., 2024). The
climate of the ZRB is influenced mostly by arid midlatitude westerlies
with negligible influence from the Indian summer monsoon (Lu et al.,
2020). Therefore, the ZRB has a continental and arid climate, with
strong seasonal and interannual variability (Aalto et al., 2017). Western
disturbances bring heavy winter snowfall, with snow persistence
exceeding 80% from December to March, and areas above 4000 m
remain snow-covered most of the year (Fig. 1b and 2c). Annual pre-
cipitation levels are extremely low in the main valley of the basin,
ranging from 100 to 400 mm (Savoskul and Smakhtin, 2013). Conse-
quently, livelihoods in these areas depend almost entirely on accessing
river water rather than direct rainfall. This reliance highlights the
importance of irrigation infrastructure and accurate flow components
modeling to assess surface runoff availability across the ZRB (Ragettli
et al., 2025).

3. Data and methods
3.1. Glacio-hydrological model

In this study, we use the Spatial Processes in Hydrology (SPHY) v3
model (Khanal et al., 2021), set up at a daily timestep and 500 x 500 m

spatial resolution. SPHY is a “leaky-bucket” type water balance model
designed for cryospheric-hydrological simulations at glacier, sub-basin,

basin, and regional scales. It integrates hydrological processes such as
rainfall-runoff, evapotranspiration, soil water dynamics, snow accu-
mulation and melt, glacier accumulation and melt, and glacier evolution
(Terink et al., 2015).

For each grid cell, dynamic storages are maintained for snow, soil
water, and groundwater. Snowmelt runoff is computed for the snow-
covered grid cell over the land surface, with runoff over the glacier
surface defined as glacier runoff. A degree-day method, using calibrated
melt rates, is implemented to calculate snowmelt (Hock, 2005, 2003).
The model also considers the refreezing of meltwater within the
snowpack.

Snow infiltration is critical for groundwater recharge in nival-glacial
systems, particularly in the Pamir, where winter precipitation is mainly
as snow (Huang et al., 2026). However, the SPHY model does not ac-
count for snowmelt infiltration into the soil. Therefore, we modify SPHY
to include snowmelt infiltration into the soil layer based on saturation-
excess principles. By implementing a fraction of snowmelt (i.e. a cali-
bration factor “SnowF” ranging from 0 to 1), daily snowmelt runoff is
allowed to infiltrate into the soil’s root zone. Physically, SnowF repre-
sents the combined effect of the slow meltwater release at the base of a
ripe snowpack, the high infiltration capacity of coarse, frozen-but-
permeable mountain soils, and the absence of overland-flow pathways
under a continuous snow cover. The remaining fraction (1 — SnowF)
represents melt on saturated or impermeable ground and preferential
flow to the channel network. Infiltrated melt then follows the normal
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soil-water routine: it raises root-zone storage, is available for evapo-
transpiration and, on exceeding field capacity, percolates to the
groundwater store from which baseflow is generated. SnowF is treated
as a single basin-wide calibration parameter in this study.

We further improved the snowmelt routine compared with the pre-
vious SPHY snowmelt module. The existing degree day parameterisation
uses mean daily temperature to calculate melt, and therefore it misses
melt during days when temperature is above zero for a part of the day,
but average temperature is still below zero (Eq. (1):

Taye: ® DDF, if T, >0
Aport = { avgt OlmeSw({ S’”"‘(’;[ } (€8]
Therefore, in the improved simulation, for the days when maximum
temperature is above zero, we calculate the fraction of the day where the
hourly temperature is above zero, assuming that temperature during the
day follows a cosine pattern (Eq. (2) and Eq. (3).
The improved daily potential snowmelt is calculated as:

[ HT, o DDF,,if Tpax: > 0
T R @
i=24
HT, =) " {Max(0, (Tage + (Tmaxe — Tavge)cOS(7*1/12) ) /24 } 3)
i=1

Where Tayg ¢ [*C] is the mean air temperature on day t, Apotc [mm] is the
potential snowmelt on day t, Tyayx [ C] is the maximum air temperature

on day t and DDF, [mm °C'd™'] is a calibrated degree day factor for
snow. HT; °C] is mean above-freezing temperature for the fraction of the
day during which the hourly temperature exceeds the melting point. The
potential snowmelt is subsequently used to calculate the actual snow-
melt, which is limited by the amount of snow available to melt. Once
actual snowmelt exceeds the storage capacity, snowmelt runoff is
produced.

We set up the glacier module for the ZRB at 50 x 50 m sub-grid
resolution. The Randolph Glacier Inventory (RGI Consortium, 2017) is
intersected with the 500 x 500 m model resolution to identify the gla-
ciers that lie in each model grid cell. Each glacier part is then assigned a
unique-id. Each glacier part is further divided into debris-covered and
debris-free parts using the methods from Kraaijenbrink et al. (2017). The
initial ice thickness and volume from Farinotti et al. (2019) are then
assigned to each glacier part. For each glacier part, the mean elevation
from a 50x50 m digital elevation model is calculated (Farr et al., 2007).
This is required to lapse daily air temperature from the model grid cell
mean elevation to the glacier’s mean elevation. Glacier ice accumulation
and melt are calculated based on the initial ice volume, daily precipi-
tation and temperature for each glacier part. The degree day factors for
debris-covered and debris-free glaciers are used to calculate the melt.
Future changes in glaciers are assessed by using a mass conserving ice
redistribution approach. The details are explained in Khanal et al.
(2021).

The rainfall-runoff is calculated as the sum of surface runoff from
rainfall and lateral flow from the soil water storage layer, with surface
runoff based on saturation excess. The soil water storage capacity is
influenced by soil hydraulic properties, and reference evapotranspira-
tion is calculated using the modified Hargreaves method (Hargreaves
and Samani, 1985). Reference evapotranspiration is converted to po-
tential evapotranspiration based on land use type. Actual evapotrans-
piration is limited by the soil water content at permanent wilting point.
When saturation excess occurs, excess water contributes to river
discharge through lateral flow or surface runoff. A dynamic ground-
water storage in each grid cell contributes to the generation of delayed
baseflow runoff. All runoff types are routed downstream using a simple
recession coefficient method. For details of the process representation in
SPHY, readers are referred to Terink et al. (2015). The overall workflow,
from the input data through the model and its calibration to the analyses
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reported here, is summarized in Fig. 2.

3.2. Data

SPHY requires both static and dynamic input data. Key static inputs
include a digital elevation model (DEM), land use, glacier cover and
thickness (distinguishing debris-free and debris-covered ice), lakes/
reservoirs, and soil properties (Table 1). The main dynamic inputs are
climate data, including daily precipitation and daily mean, minimum,
and maximum temperatures.

3.2.1. Climate data

The meteorological forcing for SPHY is generated by the topography-
based downscaling scheme TopoSCALE (Fiddes and Gruber, 2014).
TopoSCALE downscales atmospheric fields available on pressure levels
to a high-resolution digital elevation model. In this case, the atmo-
spheric model data are provided by the latest generation of European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis
product, ERAS5 (Hersbach et al., 2020).

TopoSCALE performs a 3D interpolation of atmospheric fields
available on pressure levels, to account for time-varying lapse rates, and
a topographic correction of radiative fluxes. The latter includes a cosine
correction of incident direct shortwave radiation on a slope, adjustment
of diffuse shortwave and longwave radiation by the sky view factor, and
elevation correction of both longwave and direct shortwave radiation. It
has been extensively tested in various geographical regions and appli-
cations, e.g., permafrost in the European Alps (Fiddes et al., 2015),
permafrost in the North Atlantic region (Westermann et al., 2015),
Northern hemisphere permafrost (Obu et al., 2019), Antarctic perma-
frost (Obu et al., 2020), Arctic snow cover (Aalstad et al., 2018), Arctic
climate change (Vikhamar Schuler and @stby, 2020) and Alpine snow
cover (Fiddes et al., 2019). TopoSCALE can therefore provide hillslope
scale model forcing without any requirement for ground data by ac-
counting for the main topographic effects on atmospheric forcing.

The SPHY hydrological model forced with ERA5-TopoSCALE pre-
cipitation produced simulated discharge that exceeded observations by
63-108% (PBIAS) at the three gauging stations under default parameter
values (Fig. S1d). An error of this magnitude cannot be compensated by
parameter calibration(Immerzeel et al., 2015). It indicates a systematic
overestimation of precipitation in the mountain catchments, which has
been reported for ERAS5 precipitation products before (Dahri et al., 2021;
Khanal, 2021; Orsolini et al., 2019) (Fig. S2). Comparison with the seven
GHCN-Daily stations (Menne et al., 2012) within the basin shows that
the ratio of simulated to observed precipitation increases with elevation,
from 0.59 at the lowest station to between 1.6 and 3.6 at stations lying
between approximately 1,400 and 3,550 m (Fig. Sla, b). We therefore
adopted an elevation-dependent correction factor (Fig. S1a). The factor
ranges from 0.7 to 3 and increases linearly between 2,000 and 4,000 m.
We applied it as a divisor to the daily ERA5-TopoSCALE precipitation
fields. Because the correction is constant in time, the temporal vari-
ability, the wet-day frequency, and the relative magnitude of extreme
events in the forcing are preserved. The magnitude of the correction was
constrained hydrologically and the version that produced a PBIAS
within + 10% at all three gauges under default uncalibrated parameters
was retained (Moriasi et al., 2007; Fig. S1d), and was then held fixed
during the subsequent model calibration. The full derivation, the station
records and the alternatives tested are given in Supplementary Text S1.

3.2.2. Snow cover

The 500 m resolution MODIS MOD10A1 (hereafter MODIS) daily
snow cover data (2000-2020) is used in this study to calculate monthly
snow persistence maps (Hall and Riggs, 2015). Snow persistence here is
defined as the fraction of time a pixel is covered with snow (Fig. S3).
Average monthly snow persistence maps are used to calibrate relevant
model parameters by comparing simulated to observed snow cover.
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Fig. 2. Schematic of the modelling workflow including the inputs, methods, model and its two structural improvements, simulations and analysis.

Table 1
Overview of static and dynamic input datasets used in the SPHY glacio-hydrological model for the Zarafshon River Basin.
SN Dataset Type Spatial resolution Temporal Period Source
resolution
1 ERAS downscaled data with Historical climate 0.25° Daily 1940 - Hersbach et al. (2020)Fiddes & Gruber
TopoSCALE present (2014)
—Minimum temperature
—Maximum temperature
—Mean temperature
—Precipitation
2 ISIMIP3b GCM Future climate 0.5° Daily 2021-2100 Lange (2021)
projection
3 MODIS MOD10A1 Snow cover 500 m Daily 2000 - Hall & Riggs (2015)
present
4 RGI v6.0 glacier outlines Glacier — Static 2017 RGI Consortium (2017)
5 Glacier ice thickness Glacier 50m Static 2000 Farinotti et al. (2019)
6 Debris cover mask Glacier 30m Static 2000 Kraaijenbrink et al. (2017)
7 Ice surface velocity Glacier 50 m Static 2017 - 2018 Millan et al. (2022)
8 Geodetic glacier mass balance Glacier ~100 m elevation Annual 2000 - 2019 Hugonnet et al. (2021)
bands
9 SRTM DEM Elevation 30m Static 2000 Farr et al. (2007)
10 ESA CCI Landcover 300 m Annual 1992 — Kirches et al. (2014)
present
11 HiHydroSoil v2.0 Soil hydraulic 250 m Static 2020 Simons et al. (2020)
properties

3.2.3. Glaciers

We use altitudinal Surface Mass Balance (SMB) data for four of the
major glaciers in the basin (RGI Consortium, 2017) to calibrate and
validate the glacier module. These are Zarafshon glacier (Glacier ID
1317829), Rama glacier (Glacier ID 1322248), glacier Rossnich (Glacier
ID 1322829), and Shakhisafid glacier (Glacier ID 1322898) (Fig. S4). We
use Zarafshon glacier for the calibration and other three glaciers for the
independent validation (Fig. S5). Altitudinal SMB is calculated following
the method of Miles et al. (2021), solving the continuity equation under
the assumption that englacial and basal mass changes are not significant,
and that firn densification rates are constant. Ice flux divergence is
calculated using ice thickness data (Farinotti et al., 2019) and observed
ice surface velocity data from 2016 to 2017 (Millan et al., 2022), then
filtered using an ice thickness-dependent spatial filter of the flux di-
vergences (Van Tricht et al., 2021). Surface elevation change measure-
ments are used to derive 2015-2019 SMB across different areas and
altitudes, accounting for uncertainties in the data and methods
(Hugonnet et al., 2021). Uncertainties are particularly high in the
accumulation areas due to limitations in the underlying datasets and the

firn (snow older than 1 year) densification assumptions may not fully
hold in this domain.

3.2.4. Discharge

There are 28 discharge stations in the ZRB; however, most of them
have either data available until the 1980 s or are on the tributaries of the
main Zarafshon River. The number of stations with discharge data
available during the model simulation period is limited. For this study,
we selected three stations with the most recent and long-term data re-
cord; two in the main Zarafshon River and one in the Fondarya tributary,
to calibrate and validate the ZRB SPHY model (Fig. 1 and Table 2).
Missing observed discharge values were not gap-filled. We chose the
calibration and validation windows, from 2004 till 2017, to maximise
the overlap of the three stations, and the number of observed days. The
model performance indicators were evaluated only on days with ob-
servations, and missing days were excluded from the statistical analysis.

3.2.5. Other data
We use the 1 arcsec (~30 m) Shuttle Radar Topography Mission
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Table 2

Observed discharge stations in the ZRB-SPHY model domain. The record period
of each station is given in the table; model calibration and validation use the
common window 2004-2017.

Station River Resolution Start End Years Missing data (%)

Khudgif = Matcha daily 1991 2010 20 30%
(1993-1994,
1996-1999)
4% (1997)
31% (1994,
Jan-Feb and
Nov-Dec 1996,
1998-2004)

Pete Fondarya daily 1991 2017 27
Dupuli Zarafshon  daily 1991 2017 27

(SRTM) digital elevation model (DEM) data to calculate slope, cell
drainage direction, downscale temperature fields, and derive mean
glacier elevation for melt calculations (Farr et al., 2007). Hydraulic soil
properties are derived from HiHydroSoil (250 m) and resampled to ZRB
SPHY model resolution (Simons et al., 2020). Land-use data were ob-
tained from the European Space Agency Climate Change Initiative (ESA
CCI, 300 m resolution) dataset (Kirches et al., 2014). All the datasets
used in the ZRB SPHY model are resampled to 500 m resolution.

3.3. Model calibration and performance gain with new implementation

3.3.1. Monte Carlo optimization of the parameters

Limited availability of hydro-meteorological data, such as stream-
flow, precipitation, and snowpack measurements, hinders the accurate
representation of hydrological processes in the calibration procedure.
Although observed discharge from three stations in the ZRB is available,
as well as remotely sensed snow cover extents and glacier mass balances,
it remains challenging to validate and fine-tune models in high moun-
tain environments.

To achieve optimal simulations, we generated an ensemble of 500
individual model simulations using a Monte Carlo procedure (Mishra,
2009). In the procedure, each model simulation was run with a
randomly sampled parameter set. Nine different model parameters were
sampled stochastically from a truncated Gaussian distribution, i.e., a
Gaussian distribution with fixed minimum and maximum values
(Geweke, 1998). The parameters and their distribution and sampling
ranges are presented in Table 3. The means, standard deviations and
bounds are based on previous SPHY applications in the region (Huang
et al., 2026; Khanal et al., 2021; Lutz et al., 2014; Murodov et al., 2025;
Wijngaard et al., 2017).

To assess the performance of each individual simulation within the
ensemble of 500 simulations and select the best performing run overall,
we used a combination of weighted hydrological and cryospheric eval-
uation statistics at each discharge station in an objective function per
discharge station. This objective function quantifies the difference be-
tween observed and simulated data, and by minimizing the function’s
result, we selected the optimum model parameter set. The functions of
the three stations were then combined using weights in a final basin-

Table 3
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wide objective function. The runs in the top ten of best performing
objective values (i.e. lowest result) were evaluated and the individual
run with the most realistic set of parameters from a hydrological
perspective was selected as final parameter set for the analysis.

To evaluate the streamflow simulation in the calibration procedure,
we use percent bias (PBIAS) and the Kling-Gupta efficiency (KGE) to
assess model performance (Nash and Sutcliffe, 1970; Schaefli and Gupta,
2007). These indicate absolute cumulative deviations and how well the
timing of peaks in the hydrograph match, respectively. To evaluate the
model performance for glacier surface mass balance simulation, we
compare the total difference in absolute glacier mass balance (MBBIAS)
between the observations and simulations over the entire altitudinal
range of Zarafshon Glacier. The performance in the snow cover simu-
lation is evaluated by calculating the sum of normalized climatological
snow cover bias (SCBIAS) for the months March-June and between
1,500 and 3,500 m elevation, which is an indicator of simulated snow
cover accuracy in the main snowmelt season, being the most relevant
period from a hydrological perspective.

An objective value is defined for each station using the following
objective function that combines the statistics described above (see Eq.
(4). Note that PBIAS, KGE, SCBIAS, and MBBIAS are first scaled from
their original range to 0-1:

O, = w; PBIAS+w,(1-KGE) + w3SCBIAS+w,MBBIAS 4

Where Os is the objective value for each individual station and wy, are the
weights applied to each of the statistics. We assigned highest weight to
the KGE (w3 = 1.5) metric, to put emphasis on streamflow correlation,
followed by PBIAS (w; = 0.7), MBBIAS (w4 = 0.5) and SCBIAS
(ws = 0.2).

Each objective value for a station is subsequently combined to a total
objective value (O using station specific weights (wg, wp, wi) using
Eq. (5):

Otot = WdODupuli + WpoPete + WkOKhudgif (5)

Where we assigned highest weight to the catchment of Dupuli station
(wgq = 1.0), because it is the most downstream and covers a larger part of
the basin (10,266, 2,967 and 1,086 km? for Dupuli, Pete and Khudgif)
compared with the Pete (w, = 0.5) and Khudgif (wx = 0.5) stations.

To test how sensitive the calibration outcome is to these choices, we
performed three additional analyses. First, we computed the Spearman
rank correlation (p) between each sampled parameter and O per station
and also for O:. Second, we repeated the ranking of all 500 runs for
2,000 alternative weight sets in which all seven weights in Egs. (4) and
(5) were independently perturbed by up to 4+ 50%. Third, we tested the
adequacy of the ensemble size with bootstrap ensembles of 50 to 500
runs.

Finally, parameter uncertainty in the simulated flow for the refer-
ence period was quantified from the ten best-performing parameter sets.
The uncertainty spread reported here is the standard deviation across
these ten runs computed on the 1991-2020 monthly climatology.

Model parameters varied in the Monte Carlo procedure, the characteristics of the truncated normal distribution used for each of them, and final calibrated model
parameter values. The parameters were calibrated against observations over 2004—2017.

Parameter Description Mean Min Max SD Cal. value Unit
CapRiseMax Maximum capillary rise to rootzone 0.5 0 1 0.1 0.571 mm d!
alphaGw Baseflow days 0.5 0.1 1 0.2 0.508

kx Routing coefficient 0.95 0.85 1 0.05 0.971 -

GlacF Fraction of glacier melt to baseflow 0.4 0 1 0.2 0.555 -

TCrit Threshold temperature for snowfall 1 -1 3 1 —0.52 °C

DDFS Degree day factor for snow 4 1 10 2 1.401 mm °C ! d?!
SnowSC Snowpack water holding capacity 0.3 0 0.6 0.2 0.196 -

SnowF Fraction of snowmelt infiltration to soil 0.5 0 1 0.2 0.274 -

Tcorr_fact Global temperature correction factor 0 2 2 0.4 —0.485 °C




S. Khanal et al.

3.3.2. Performance gain with new implementation

To isolate the effect of the structural modifications, we compared
two configurations of the model that are identical in forcing, parame-
terisation and initial conditions and differ only in structure: (i) the
original SPHY formulation, in which potential snowmelt is computed
linearly from daily mean air temperature and all snowmelt leaves the
cell as direct snow runoff; and (ii) the new implementation, in which the
diurnal temperature cycle is resolved by a cosine interpolation, and a
fraction SnowF of the snowmelt infiltrates into the soil, from where it
reaches the channel as delayed soil runoff and baseflow. Both configu-
rations were run at daily resolution for the short period 2004-2010 to
reduce the computational effort; the first year was discarded as spin-up
and the evaluation covers 2005-2010. Performance gain was quantified
with the NSE of daily discharge at Dupuli, which covers 84% of the ZRB,
computed for the full year and separately for the standard seasons
(Winter: December to February, Spring: March to May, Summer: June to
August and Autumn: September to November).

To test whether the improvement depends on the choice of the new
parameter (SnowF), we performed a Monte Carlo experiment of 50
additional runs of the new implementation with SnowF sampled from a
truncated Gaussian distribution over its full physical range (0-1), and
evaluated each run against the same observations. These additional runs
were used to quantify the effect of SnowF on the simulated flow com-
ponents at Dupuli gauge and to isolate the effect of the structural
changes on the model results.

3.4. Future climate projections

Future climate forcing for this study is obtained from the Inter-
Sectoral Impact Model Intercomparison Project (ISIMIP), specifically
ISIMIP3b (Lange, 2021), which provides bias-corrected climate data
from the Coupled Model Intercomparison Project Phase 6 (CMIP6). We
use all five CMIP6 general circulation models (GCMs) included in ISI-
MIP3b (i.e. GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0,
UKESM1-0-LL), the historical scenario (i.e. 1850-2014), and all three
future shared socioeconomic pathway (SSP) scenarios (i.e. 2015-2100;
SSP126, SSP370, SSP585). SSP126 represents low emissions with strong
mitigation efforts, SSP370 represents moderate emissions with some
mitigation, and SSP585 represents high emissions with minimal miti-
gation (Lange, 2021).

The raw ISIMIP3b data are downscaled using innovative trend-
preserving methods to align with W5E5, which shares the same source
data as the ERA5-TopoSCALE reference forcing used in this study and
consequently has largely similar climatologies and precipitation and
temperature distributions. To downscale the ISIMIP3b data to the model
resolution, we correct ISIMIP3b for each model grid cell by monthly
mean deltas between ERA5-TopoSCALE and the historical scenario of
ISIMIP3b over 1991-2014. These deltas are subsequently applied to the
future daily ISIMIP3b series (i.e. separately to each combination of
model (n = 5) and scenario (n = 3), so total n = 15), using the delta for
the associated month of each specific day of the year. Since precipitation
in summer is relatively low in the ISIMIP3b ensemble compared with the
ERAS5-TopoSCALE, high multiplicative delta factors exist for the summer
months (Fig. S6). On very rare occasions, when the monthly ERA5
reference precipitation is very small compared with very wet future
conditions, the ratio consequently reached values of ten or more. Such
high ratios are the numerical artifact rather than a physically plausible
change in precipitation, and would generate unrealistic amounts when
applied to a wetter month. This may cause single extreme events in the
future to be greatly exacerbated to unrealistically high magnitude. We
therefore applied a maximum precipitation cutoff to the downscaled
daily precipitation series, ensuring that the daily precipitation sums
could not exceed the precipitation sum of the ERA5-TopoSCALE refer-
ence for a given month by more than a factor 2. Since this study ad-
dresses seasonal and annual water availability rather than flood
magnitudes, the projections should not be used to infer changes in daily
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precipitation extremes. In the climate change impact analysis, we assess
the differences between the historical reference period (1991-2020) and
future time horizons—Mid-Century (MC: 2036-2065) and End-of-
Century (EoC: 2071-2100)—across the four seasons: autumn (Septem-
ber-November), winter (December-February), spring (March-May),
and summer (June-August).

4. Results
4.1. Historical and future climate

4.1.1. Historical climate

Precipitation amounts vary significantly along the West-East transect
in the ZRB (Fig. 3d). The northern and northwestern regions are drier,
while the southern and eastern parts are wetter, reflecting the influence
of steep topography and orographic effects imposed by the Alay and
Tian Shan ranges. Annual precipitation ranges from ~ 500 mm yr~! in
the western basin to ~ 1750 mm yr " in the eastern and southern regions
(Fig. 3d). The spring season dominates the seasonal precipitation dis-
tribution and contributes 34% of the annual precipitation (Fig. 3c). The
basin-aggregated annual precipitation time series (1991-2020) in the
ZRB does not show any significant trends (Mann Kendall, hereafter MK,
trend, p > 0.05).

The ZRB has a high annual variability in annual average temperature
ranging from —7.5 to 15.4 °C (Fig. 3b). Monthly temperature shows a
distinct seasonal cycle where the temperature is higher for the summer
months compared with the winter months (Fig. 3a). The average tem-
perature is highest for July (11.9 °C) and lowest for January (—5.7 °C).
The largest variability in the basin-aggregated monthly average tem-
perature is found in the winter months. In contrast to precipitation, the
annual average temperature shows a significant (MK trend, p < 0.05)
increasing trend of 0.035 °C yr_.

4.1.2. Future climate

The projected changes in the annual basin-averaged temperature and
precipitation, comparing the EoC with the reference period, are shown
in Fig. 3e and Fig. 3f. All the climate models predict that the future will
be warmer compared with the reference period, while the signals for
precipitation change are mixed (Fig. 3e). For example, the MPI-ESM1-2-
HR model and the GFDL-ESM4 model under SSP370 both project a
decrease in precipitation by about 3% and 5%, respectively, by the EoC.
In contrast, the UKESM1-0-LL model projects that, under the SSP585
scenario, temperatures will rise by approximately 7.2 °C while precipi-
tation is expected to increase by ~ 23%.

Temperature increases are projected for every month, though the
magnitude varies seasonally, with summer likely warming more
strongly than other months (Fig. S6). In contrast, changes in precipita-
tion are less uniform. Winter season may see precipitation increases
while summer could experience decreases.

4.2. Model calibration

4.2.1. Multi-objective model calibration

Final calibrated parameters from the Monte Carlo procedure and
objective function minimization are listed in Table 3. Calibration of the
SMB gradient in the ZRB resulted in an optimal setting of both the DDFG
and DDFDG parameters to 4 mm °C~! d’. Both DDFG and DDFDG were
fixed before the Monte Carlo procedure and are therefore not among the
nine parameters listed in Table 3. Published field-based studies on
degree-day factors for debris-covered ice span more than an order of
magnitude; 11.1 and 5.3 mm °C™! d”! under 10 mm and 400 mm of
debris for Khumbu Glacier in Nepal (Kayastha et al., 2000), 8.0 mm °c!
d™! under 2 mm dusted ice in Dokriani Glacier in Indian Himalayas
(Singh et al., 2000), 5.5-6.8 mm °c'd ' and 1.3-2.5 mm °C"! d"! under
5 mm and 400 mm of debris in Karakoram (Muhammad et al., 2020) and
7.73 mm °C" d! and 1.13 mm °C™! d? under 10 mm and 400 mm
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Fig. 3. Historical (1991-2020) and projected (2021-2100) temperature and precipitation of the Zarafshon River Basin. Basin-average monthly mean climatological
temperature (a) and precipitation (c) for the reference period (1991-2020) from ERA5-TopoSCALE and end-of-century (EoC, 2071-2100) from ISIMIP3b SSP
ensemble means. Spatial distribution (b, d) of mean annual temperature and precipitation of the ERA5-TopoSCALE reference (1991-2020). Basin-average annual
mean temperature (e) and precipitation (f) of the ERA5-TopoSCALE reference and ISIMIP3b SSP ensemble mean future projections. The points denote the EoC
(2071-2100) mean temperature (e) and precipitation (f) of each GCM within the SSP ensembles.

debris thickness for Baltoro glacier in Karakoram (Mihalcea et al., 2006).
Further, a recent model intercomparison suggests that these parameters
are strongly site-specific and cannot be transferred between glaciers
without local calibration data (Pellicciotti et al., 2026). In the absence of
debris thickness or thermal property measurements for the glaciers of
the ZRB, a separately calibrated DDFDG would have remained an un-
constrained free parameter. We therefore adopted a single effective
factor of 4 mm, which sits in the middle of the reported field-based range
and is constrained by the altitudinal surface mass balance profiles of the
four monitored glaciers. Nevertheless, the calibrated glacier SMB shows
good agreement with observed values and generally falls within the
uncertainty range of the measurements (Fig. S5). The model reproduces
the observed altitudinal SMB gradient in the upper ablation zones and
captures the inversion in debris-covered areas (Bisset et al., 2020). The
overall mass balance is in good agreement with the observed values.

Monthly modeled snow cover aligns well with MODIS data, though
snow cover is slightly overestimated at mid-elevations (>3,500 m)
during the actual melt season, i.e., March-June (Fig. S7). Reproducing
the observed runoff at the streamflow gauges required more simulated
snowmelt, which in turn underestimates snow cover above 3,500 m
during June-August. Given the total amount of snow in the ZRB and the
temperature index model parameterization, the biases are small. This
discrepancy is likely due to limitations inherent in the model structure,
as the temperature-index approach and the simple binary snow cover
representation struggle to capture the small-scale spatial variability and
complex melt dynamics of the thinner snowpacks common at low to mid
elevations.

Discharge simulations at the three gauging stations (Dupuli, Pete and
Khudgif) show good agreement between observations and model sim-
ulations (Fig. 4 and Table 4), as indicated by the high Nash-Sutcliffe
efficiency criterion (NSE), coefficient of determination (Rz), and the
Kling-Gupta efficiency (KGE), and the low overall percent bias (PBIAS).
Only the PBIAS for Khudgif is relatively high at —19.4% which can be

attributed to larger biases in year 2004, 2006 and 2010. These larger
biases are most likely caused by inaccuracies in the ERA5-TopoSCALE
precipitation forcing for this catchment and partly due to SPHY not
fully resolving the high altitude processes such as permafrost, sublima-
tion, avalanches, etc. Most peaks in the hydrographs of the different
stations are accurately represented. Since for most stations the perfor-
mance is satisfactory, we consider the calibrated model suitable to assess
climate change impacts.

4.2.2. Sensitivity of the model parameters and weights

The sensitivity analysis (Fig. S8) shows that model performance is
mostly controlled by the snow degree-day factor DDFS (Spearman
p = 0.64), the temperature correction Tcorr_fact (p = 0.33) and the
snowpack water holding capacity SnowSC (p = — 0.27). The glacier melt
fraction GlacF (p = — 0.53) and the routing coefficient kx (p = 0.44)
matter only at the glacierized Khudgif headwater, where glacier melt
contributes a large share of the flow and flow peaks are erratic; down-
stream at Pete and Dupuli their effect is small. The remaining parame-
ters show a weak relation with performance (p < 0.16). The top ten runs
are distributed across a wide range of sampled values, therefore the
observations do not point to one best value for them — the well-known
equifinality problem (Beven, 2001; Pellicciotti et al., 2012).

Of the 500 simulations, run 380 (second-lowest objective value) was
selected as the final calibrated parameter set in preference to the top-
ranked run 420, which performed worse at Dupuli, a gauge draining
84% of the basin (Fig. 5). The final model selection outcome is insen-
sitive to moderate changes in the weights of Egs. (4) and (5): under 2000
random perturbations of all seven weights by + 50%, the rank-1 run
keeps rank 1 in 99.6% of the weight sets, the selected run stays at rank
2-3in 80% and within the top 10 in 95% of them (Fig. 5a). Furthermore,
the ten best runs fall well inside the sampled ranges of all parameters,
which shows the bounds in Table 3 did not constrain the result (Fig. 5b).
For all nine parameters the thick blue line is short and lies on the original
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Fig. 4. Observed and simulated discharge with the distinction of flow components (baseflow, snow, glacier and rain runoff) at three calibration and validation
stations (hydropost) locations: Khudgif (a, b), Pete (c, d) and Dupuli (e, f), for 2004-2017.

Table 4

Goodness-of-fit statistics of simulated versus observed discharge at daily and monthly time scales, and mean relative contributions of runoff components (B:baseflow, S:
snowmelt runoff, G: glacier melt runoff, and R: rainfall-runoff) to total streamflow at the three gauging stations (Khudgif, Pete, and Dupuli) in the Zarafshon River basin
over the calibration period 2004-2017. Model performance is evaluated using the percent bias (PBIAS, %), Nash-Sutcliffe efficiency (NSE), coefficient of determi-

nation (R?), and Kling-Gupta efficiency (KGE).

Daily Monthly Contribution (%)
Station PBIAS NSE R? KGE PBIAS NSE R2 KGE B S G R
Khudgif -19.43 0.58 0.69 0.49 -19.34 0.60 0.71 0.50 28.60 38.80 23.3 9.30
Pete 2.00 0.85 0.86 0.84 1.94 0.88 0.89 0.86 18.50 62.90 2.30 16.30
Dupuli 3.32 0.7 0.76 0.76 3.45 0.72 0.72 0.77 23.60 53.10 3.70 19.60

median, so the parameter values identified by the calibration hardly
change when the weights change.

Ensemble size adequacy was evaluated using bootstrap ensembles of
50 to 500 runs drawn with replacement from the 500 Monte Carlo
simulations (Fig. S9a). For ensembles of 150 runs or more, 95% of the
bootstrap samples contained at least one parameter set with top ten
performance, and the width of the 90% sampling interval of the sensi-
tivity indices (Fig. S9b) decreased from 0.54 for n = 50 to 0.16 for
n = 500 without altering the ranking of the most influential parameters.
These results indicate that 500 simulations are sufficient to delineate the
region of well-performing parameter sets and to identify the parameters
that control model performance.

The ten best-performing runs, selected on their fit to the 2004-2017
observations of discharge, snow cover and glacier mass balance, provide
a measure of the parameter uncertainty of the simulated runoff
composition. Across these ten runs the mean annual discharge at the
outlet over 1991-2020 spans 240 to 258 m> s}, a range of 7.4%. The
partitioning of that discharge is less well constrained. Expressed as the
mean of the ten runs + 1 standard deviation, snowmelt runoff contrib-
utes 53.4 + 11.5%, baseflow 22.8 & 5.8%, rainfall-runoff 21.2 &+ 5.7%
and glacier melt runoff 2.5 £ 1.6% of total runoff over the same period.
These ensemble means differ slightly from the contributions of the
selected parameter set reported below, and the spread is carried forward
as + 1 standard deviation on the reference total runoff in the seasonal
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Fig. 5. Robustness of the Monte Carlo calibration outcome to the objective function weights tested by perturbing all seven weights of Egs. (4) and (5) independently
by up to &+ 50%. (a) Distribution of the rank attained by the baseline rank-1 run (run 420) and by the selected run (run 380, baseline rank 2) when all seven weights
are perturbed. (b) Parameter values of the ten best-performing runs, normalized to each parameter's sampled range. The shading spans the baseline top-10 runs and
the open circle marks their median, the thick blue line spans the 5-95% range of the top-10 median across the 2000 perturbed weight sets, and the triangle marks the
selected run. All objective values are computed over the 2004-2017 calibration period. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

regime figures of Section 4.4.3. Five GCMs were propagated through the
full calibrated model chain for each SSP and therefore represent the
input uncertainty for the future projections. However, the parameter
ensemble, the top 10 runs, was not propagated through the climate
projections, and structural uncertainty and uncertainty in the historical
meteorological forcing were not quantified.

4.2.3. Model performance gain with new implementation

The effect of the structural modifications on model performance was
quantified by running the original and the modified structure over
2004-2010, using 2004 as spin-up (Fig. 6). At Dupuli, the NSE of daily
discharge over the full evaluation period increased from 0.68 to 0.72.
The seasonal evaluation shows that this gain originates almost entirely
from the cold season and the onset of the melt season, with NSE
increasing by 0.45 in winter and 0.62 in spring, and reflects the intended
function of SnowF. The infiltrated meltwater recharges the root zone
and the groundwater store, raising the simulated baseflow contribution

(a)

107 Lo0a
+0.04
0.5
HIE: +0.45 +0.62 -0.04
L 0.0
]
9] =
-0.5 9
-1.0 9
Annual Winter Spring  Summer  Autumn
Months

Original model

to total flow from 10% to 18%, while the direct snowmelt contribution
decreases from 75% to 57% (Fig. S10); the enhanced baseflow sustains
winter discharge and delays the spring rising limb, which the original
structure simulated too early and too high. Part of the redistributed melt
reappears in the rainfall-runoff component, which in SPHY comprises all
lateral root-zone outflow irrespective of the origin of the water. Autumn
improved marginally (40.04), and summer remained unchanged
because discharge is then dominated by glacier melt, which bypasses the
soil column and is insensitive to SnowF. Overall discharge decreased by
less than 8% over the full parameter range, the reduction resulting from
additional evapotranspiration from the wetter root zone, so the modi-
fications redistribute water among flow paths while leaving the basin
water balance essentially closed.

The dependence of the result on the choice of SnowF was examined
with 50 Monte Carlo runs (Fig. 6b). Because the infiltrated flux is pro-
portional to SnowF, baseflow and soil runoff increase nearly linearly
with SnowF, mirroring the linear decline of direct snowmelt runoff

0.66

04 0.6 0.8 1.0
SnowF [-]

0.0 0.2

H New implementation

Fig. 6. Quantitative comparison of the original and improved SPHY model at Dupuli for daily discharge, 2005-2010. (a) Performance comparison for different
temporal aggregation. (b) NSE of the improved structure across the full SnowF range from 50 Monte Carlo runs. The vertical line and star represent the SnowF

calibrated value of 0.274.

10
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(Fig. S10). The modified structure produced a higher NSE than the
original one for all SnowF values below approximately 0.85, with a
broad optimum between 0.25 and 0.65 that contains the calibrated
value of 0.274. The improvement is therefore attributable to the added
process representation rather than to the calibrated parameter value,
and at Dupuli the modified structure outperforms the original model
over almost the whole plausible range of SnowF.

4.3. Present-day hydrology and trends

At the outlet of the ZRB SPHY model domain, the mean annual water
balance for 1991-2020 consists of 769 mm of precipitation, 137 mm
(18%) of actual evapotranspiration and 664 mm of runoff (Fig. 7a).
Rainfall accounts for 473 mm (61%) of the annual precipitation and
snowfall for 296 mm (39%), although snowfall dominates the input from
November to March. Runoff slightly exceeds the precipitation surplus
over evapotranspiration, which is reflected in the small negative annual
sum of the net flux (—32 mm yr’l). About two thirds of this excess is
glacier melt, which supplies water in addition to precipitation, and the
remainder is a net depletion of basin storage. The monthly balance il-
lustrates the storage and release regime of the basin. Between November
and April the incoming fluxes exceed the outgoing fluxes, with a
maximum net flux of + 61 mm month™ in March, as precipitation ac-
cumulates in the snowpack. Between May and October the release of this
storage raises the outgoing fluxes above the concurrent input, with a
minimum net flux of — 84 mm month™ in July, when runoff is about
twice the monthly precipitation.

Snowmelt runoff is the dominant contributor (52.4%) to the total
runoff, followed by baseflow (23.3%), rainfall-runoff (21.1%) and
glacier melt (3.2%). The contribution of snowmelt runoff begins to rise
in April and reaches its peak during June-July. Although the majority of
precipitation falls as snow between October—April, melting peaks in
June-July when temperatures are warmer. The snow contribution de-
clines in winter, when temperatures are low and the solid fraction of
precipitation is stored as snow at higher elevations in the ZRB. Baseflow
is the second-largest contributor (23.3%) to the total runoff. The large
baseflow contribution results from the considerable portion of snowmelt
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that infiltrates into the rootzone and subzone and eventually recharges
to the groundwater layer in the model. Baseflow contributes to the river
channel throughout the year, but its relative contribution increases in
autumn and winter (September-February), when it sustains about half
of the low winter flow. Rainfall-runoff contributes 21.1% of total runoff,
peaking in July and declining rapidly thereafter. The glacier melt runoff
contributes about 3.2% to the total runoff. Glacier ice melts when the
surface temperature rises above zero, peaking in August once the sea-
sonal snow cover on the glacier surface has depleted. Even though the
annual contribution of glaciers is the smallest at the outlet, their
monthly contribution reaches ~ 12% in September, when there is less
water in the river system. The annual and seasonal runoff components
show no significant trends (MK p > 0.05), whereas glacier melt runoff
shows a significant declining trend at all time scales except the summer
season (Fig. 7b). The strongest decline in glacier melt runoff trend occurs
in autumn (—0.39 m3s! yr!, MK p < 0.05). Seasonally the total runoff
increases in spring and decreases in summer, winter and autumn,
although none of these changes is significant at p < 0.05.

The spatial runoff patterns indicate that the snow and glacier melt
runoff contribution dominates the upstream river reaches of the ZRB
(Fig. 8). Glacier melt from the Zarafshon Glacier contributes ~ 70% of
total runoff in the upper Matcha River, while snowmelt contrib-
utes ~ 90% for the upstream Fondarya River. Overall, the upstream ZRB
catchment is mainly dominated by snowmelt runoff and glacier melt
runoff. In the lower part of the basin, the flow is dominated by snowmelt
runoff and baseflow.

4.4. Future changes

4.4.1. Changes in the cryosphere

All climate models project a decline in basin-aggregated snow
persistence in the future relative to the reference period (Fig. 9). The
difference from the reference snow persistence becomes larger for EoC
compared with the MC time horizon. Furthermore, SSP585 projects a
lower snow persistence compared with the reference and SSP126 and
SSP370 (Fig. 9a-c). For example, the average snow persistence for the
ZRB reduces from 0.59 to 0.46 (0.45) for MC and 0.45 (0.39) for the EoC

(b)

1
E * |
3 ‘o
< n,
e 1
) * 1
% | ® A
3 "
g ' o ¥
¢
(%]
[}
g 95
= [
{)
T
2| o
< N,
) -1 0 1
Sens Slope

Snowmelt runoff € Rainfall runoff

Snowfall M Baseflow A Glaciermelt runoff ¥ Total runoff

Fig. 7. (a) Monthly water balance of the Zarafshon River Basin at the outlet (just before the Zarafshon River enters Uzbekistan) for 1991-2020. Bars above the axis
(IN) show the incoming fluxes; bars below the axis (OUT) show the outgoing fluxes, all expressed in mm month™! over the catchment area. The dot-dash line shows
the monthly net flux (IN — OUT), representing the seasonal storage change of the snowpack, soil, and groundwater together with the excess glacier ice melt. (b)
Linear trends of average seasonal (winter: DJF, spring:MAM, summer: JJA, autumn:SON) and annual runoff components (baseflow, snowmelt, glacier melt, and

rainfall-runoff). Black circle represents trends that are significant (MK p < 0.05).
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(a) Rainfall runoff (b) Snowmelt runoff
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Fig. 8. Spatial contribution of flow components for the ZRB (just before the Zarafshon River enters Uzbekistan) for 1991-2020. (a) Rainfall-runoff (b) snowmelt
runoff (c) glacier melt runoff and (d) baseflow. The background shows elevation; the color scale represents the contribution and the symbol size represents
the discharge.
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Fig. 9. Snow persistence per 500 m elevation band for the entire ZRB for reference, mid century (MC, 2036-2065) and end-of-century (EoC, 2071-2100) horizons for
(a) SSP126 (b) SSP370 (c) SSP585 scenarios. Long-term changes in the (d) total volume and (e) area of all the glaciers in the ZRB (just before the Zarafshon River
enters Uzbekistan) from 2021 t02100. The bandwidth represents the variability (minimum and maximum) of the five climate models within each SSP. The dashed
line represents the median of the five climate models.
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period for the SSP370 (SSP585) scenario, compared with the reference Glacier volume and area are projected to decline rapidly under all
period. A reduction in solid precipitation, i.e. snowfall, due to enhanced scenarios (Fig. 9d-e). Before 2040, the decline in area and volume in the
warming is the main reason for declining snow persistence in the ZRB. SSP scenarios is rather similar. However, after 2040, the differences in
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the different SSP scenarios become more prominent. The larger decrease
in volume and glacier area in SSP585 compared with SSP126 is attrib-
uted to the warmer temperatures in SSP585. The magnitude of the
decline of glacier volume and area is different for each scenario
(Table S1). By 2070, ZRB glaciers are projected to lose roughly 50% of
their 2020 vol under SSP370 and SSP585. By the EoC (2100), the
SSP585 scenario results in a 79.6% volume loss, more than double the
38.6% loss projected under SSP126. A similar pattern is observed for the
reduction in glacier area for the different SSP scenarios. For all SSP
scenarios, the reduction in glacier area is larger compared with the
reduction in volume of the glaciers (38.6% for glacier volume compared
with 44.0% for glacier area under SSP126). This is because small gla-
ciers, which hold little ice, disappear first.

4.4.2. Changes in water balance

The change in the phase of precipitation affects the entire water
balance and not the melt components alone, under all three scenarios
and in proportion to the warming (Table 5). By 2071-2100 the loss of
snowfall increases from 25.5% under SSP126 to 38.2% under SSP370
and 46.9% under SSP585, and the rise in actual evapotranspiration from
19.0% to 41.2% and 51.7%. Total runoff is far less sensitive and declines
by between 4.2% and 6.6% in all three, because the larger melt losses are
offset by larger gains in rainfall-runoff and baseflow. Glacier melt runoff
alone declines less under the warmer scenarios, by 42.9% under SSP585
compared with 74.5% under SSP126. Less ice remains under SSP585, yet
it melts several times faster, because temperatures are higher and the
reduced snowfall exposes bare ice earlier in the season.

Under SSP585, the warmest scenario, basin precipitation increases
by 8% by 2071-2100 but its partitioning changes substantially (Fig. 10).
Snowfall declines from 296 to 157 mm yr ' and rainfall rises from 473 to
673 mm yr}, raising the rain share from 61% to 81%. Almost all of the
additional rain falls between October and April, in the months that
previously accumulated snow. Actual evapotranspiration increases from
137 to 208 mm yr ! and baseflow from 155 to 212 mm yr ', because
water that formerly accumulated in the snowpack and quickly drains off
the catchment as melt runoff now infiltrates the root zone and drains to
the channel through the groundwater compartment over a longer
timescale. Snowmelt runoff falls by 48.2%, but the gains in rainfall-
runoff (+55.5%) and baseflow largely offset this loss, so total runoff
declines by only 6.3%. The annual total therefore changes little even
though the flow paths that produce it change significantly.

4.4.3. Seasonal changes in hydrological regime

For MC and EoC, the ZRB is projected to experience substantial
changes in its hydrological regime (both in magnitude and temporal
shifts) across all SSPs, driven primarily by temperature-induced re-
ductions in snowfall and runoff generation mechanisms (Fig. 11 and
S11). Glacier melt runoff decreases in all SSP scenarios compared with
the reference period for both horizons. Similarly, the snowmelt runoff
declines across all SSP scenarios for both MC and EoC horizons, with
greater changes in magnitude for EoC and a more pronounced decline

Table 5
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under SSP585 compared with SSP126 and SSP370 (Table S2). The
highest reduction in snowmelt runoff is observed in the autumn season
followed by summer, winter and spring for EoC. By the EoC horizon,
autumn snowmelt runoff is expected to decline by 32.9% (SSP126),
65.3% (SSP370), and 74.9% (SSP585) compared with the reference
period. Whereas the total runoff in the future shows mixed seasonal
patterns; as flows in winter and spring are consistently increasing and
summer and autumn seasons are declining across all the scenarios.
Winter total runoff shows the largest increase, projected at 16.5%
(SSP126), 41.6% (SSP370), and 55.2% (SSP585). The increase in winter
and spring runoff is primarily attributed to warming-induced higher
proportions of liquid precipitation, generating rapid rainfall-runoff, and
partly to earlier melting of seasonal snowpack.

Warming also affects the magnitude and timing of peak-runoff for
total and component flows. Across both MC and EoC horizons and sce-
narios, peak-runoff for glacier melt, snowmelt, and total runoff de-
creases, while the rainfall-runoff peak increases (Table 6). During MC,
glacier and snowmelt peak-runoff decline by 17.3-41.8% and
20.3-29.9%, respectively, whereas rainfall-runoff peak increases by
18.9-27.7%. By EoC, declines are larger: glacier and snowmelt peaks
decrease by 34.3-65.4% and 25.6-47.3%, while rainfall-runoff peaks
increase by 27.4-35.7%. Peak total runoff decreases by 22.6% under
SSP585. Peak timing shifts earlier in all future horizons, by 22 + 19 days
(July to June) for SSP370 and 38 + 17 days (July to May) for SSP585 at
EoC.

4.4.4. Spatial changes in hydrological regime

Future climate induced warming has widespread and diverse impacts
on the spatial patterns for the flow contributors (Fig. 12). The magnitude
of the change is largest under SSP585 and the smallest under SSP126
(Fig. S12). Under SSP585 at the end-of-century the snowmelt contri-
bution declines everywhere, but the decline grows steadily downstream.
In the headwaters of the Matcha, downstream of the Zarafshon Glacier,
it is about — 5 percentage points at Khudgif, reaching — 8 percentage
points about halfway down the river. At Ayni, just before the Fondarya
joins the Matcha, the changes are — 17.5 percentage points for snow-
melt, —1.7 for glacier melt, +11.2 for rainfall-runoff and + 7.9 for
baseflow. The same pattern occurs in the Fondarya just before the
confluence but is larger, at — 19.5 for snowmelt, —2.4 for glacier melt,
+12.6 for rainfall-runoff and + 9.4 for baseflow. The shift from snow-
melt to rainfall-runoff is therefore stronger in the Fondarya than in the
Matcha. Near Panjakent and at the outlet the changes are largest of all,
—23.4 percentage points for snowmelt, +13.9 for rainfall-runoff, +10.8
for baseflow and — 1.2 for glacier melt.

4.4.5. Future changes in annual flows

The projected hydrological regime reveals divergent trends across
SSP scenarios (Fig. 13). While historical trends are dominated by
increasing rainfall-driven runoff, i.e. baseflow and rainfall-runoff, future
projections diverge strongly with warming (Fig. 13a—c). For the SSP126
MC horizon all the runoff components, except glacier melt, show

Annual water balance components of the Zarafshon River Basin at the basin outlet for the historical reference period 1991-2020 and for two 30-year future horizons,
2036-2065 and 2071-2100, under the SSP126, SSP370 and SSP585 scenarios. All fluxes are basin means in mm yr’l, and the future values are multi-model means of
the five CMIP6 GCMs. Values in parentheses give the relative change with respect to the reference period. Total runoff is the sum of the snowmelt, rainfall, glacier melt

and baseflow contributions.

Period Scenario Snowfall Rainfall Actual ET Snowmelt Rainfall- Glacier melt Baseflow Total runoff
runoff runoff runoff

1991-2020 Reference 296 473 137 348 140 21 155 664

2036-2065  SSP126 235(-20.7%) 601 (+27.0%) 159(+16.4%) 276 (—20.8%) 188 (+34.3%) 10 (—54.7%) 195 (+25.9%) 668 (+0.7%)
2036-2065  SSP370 216 (—27.2%)  585(+23.7%) 166 (+21.1%) 248 (—28.6%) 185 (+31.8%) 13 (—38.2%) 192 (+24.0%) 638 (—3.9%)
2036-2065 SSP585 208 (—29.7%) 612 (+29.3%) 172 (+25.3%) 244 (—30.0%) 195 (+39.3%) 14 (—33.0%) 198 (+27.9%) 651 (—2.0%)
2071-2100  SSP126 221 (-25.5%) 593 (+25.4%) 163(+19.0%) 255 (—26.6%) 188 (+34.4%) 5(—74.5%) 187 (+20.9%) 636 (—4.2%)
2071-2100  SSP370 183(—38.2%) 636 (+34.6%) 193 (+41.2%) 209 (—40.0%) 203 (+44.8%) 10 (-50.5%) 198 (+27.8%) 620 (—6.6%)
2071-2100  SSP585 157 (—46.9%) 673 (+42.3%) 208 (+51.7%) 180 (—48.2%) 218 (+55.5%) 12 (—42.9%) 212 (+37.0%) 622 (—6.3%)




S. Khanal et al.

Journal of Hydrology 681 (2026) 136676

(a) (b)

IN : -
:9 ol ; i : TT'%- )
c o i . > 3
g % \k : ?ﬁi go (]
1S L 8
ES - E ém °
S |- ihsl-‘ 3 |, ° ,
i £ 31 . s

g -- R : :
w RN A 111
o —

A M J J

Month

A S O N D

Rainfall Actual ET

Snowfall B Baseflow M Glaciermelt runoff

Snowmelt runoff M Rainfall runoff o Reference 1991-2020

= IN-OUT e GCM

Fig. 10. Simulated water balance of the Zarafshon River Basin at the basin outlet under SSP585 for the end-of-century horizon (2071-2100). (a) Mean monthly water
balance, with the incoming fluxes (IN) plotted above the zero line and the outgoing fluxes (OUT) below, expressed in mm month . Stacked bars show the multi-
model mean of the five GCMs and the black dots give the total IN and the total OUT of each GCM. The dot-dash line is the net flux IN — OUT) and the grey
band its range across the five models. (b) Annual totals of each flux, where the colored bars are the multi-model mean and the black dots the individual GCMs. Hollow
circles in both panels mark the corresponding values for the historical reference period (1991-2020).

statistically significant decreasing trends (MK, p < 0.05) (Fig. 13d). The
total annual runoff declines during the MC horizon (—1.55 m® s yr™1),
driven primarily by reductions in snowmelt (—0.67 m> s™! yr™!). The
flow contributors and total runoff increase over the EoC period (insig-
nificant trend at p < 0.05 except for glacier melt). Under SSP370 for the
MC horizon, the snowmelt runoff significantly decreases (—0.47 m? s™!
yr’l) and consequently reduces the total runoff (Fig. 13e). The
decreasing snowmelt runoff trend (—0.44 m® s™! yr!) persists for the
EoC horizon. The decreasing snowmelt trend is primarily due to the
warming and decreasing snowfall.

In contrast, SSP585 produces a persistent and amplified decline in
total runoff for EoC (—1.40 m® s yr!) horizon, dominated by strong
reductions in snowmelt runoff (MC:-0.61; EoC: —1.18 m3 st yr'l)
(Fig. 13f). Statistically significant trends (MK, p < 0.05) cluster for
glacier melt and snowmelt runoff, highlighting cryospheric loss as the
primary control on long-term total runoff decline. The results indicate a
transition from snowmelt-driven to a rainfall-runoff dominated hydro-
logical regime, with the strongest regime shift emerging under the
SSP585 scenario.

5. Discussion
5.1. Flow contribution partitioning and comparison with other studies

There are no isotope or hydrochemistry-based hydrograph separa-
tion studies that have been published for the ZRB. The published ZRB-
specific hydrological studies rely on discharge statistics rather than
tracers (Groll et al., 2013; Olsson et al., 2010; Savoskul and Smakhtin,
2013). Our modeled partitioning of the runoff contributions is consistent
with the statistical hydrograph separation studies, with the nearest
tracer-based studies in the Tajik Pamirs and the Tien Shan, and with
independent glacio-hydrological model studies of the Amu Darya and
Syr Darya (Table S3). In all of the Central Asian studies compiled here,
snowmelt is the dominant runoff source, and glacier melt is a minor
annual contributor whose share scales with glacier cover. The flow
contributions for the ZRB from this study (4.3% glacier cover resulting
in 3.2% glacier melt, 52.4% snowmelt runoff and 21.1% rainfall-runoff)
are of a similar order to those reported for the glacierized tributaries
flowing into Lake Issyk-Kul (2-11% glacier cover resulting in 8-27%
glacier melt, 50-64% snowmelt runoff and 7-23% rainfall-runoff)
(Sadyrov et al., 2024), 6% glacier melt runoff and 47-52% snowmelt
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runoff in Gunt catchment with 7.5% glacier coverage (Huang et al.,
2026), combined snow and ice melt runoff contribution of 27-46% in
Gunt (Pohl et al., 2015), 10.3% glacier coverage in the Vakhsh resulting
in 11.3% glacier melt runoff, 58.2% snowmelt runoff and 30.5% rainfall-
runoff (Yan et al., 2026), the basin-wide estimates of Amu Darya (8%
glacier melt runoff, 69% snowmelt runoff and 23% rainfall-runoff) and
Syr Darya (2% glacier melt runoff, 74% snowmelt runoff and 23%
rainfall-runoff) (Armstrong et al., 2019).

Isotope-based hydrograph separation across six Tian Shan catch-
ments (930-22,925 km?; glacier cover 0.3-17.4%) similarly indicated
that snowmelt contributed 22-49% of total runoff during the typical
snowmelt period and 12-59% during the typical glacier melt period
(Chen et al., 2019). Based on these studies, we conclude that our results
for runoff contributions are in the same ranges.

5.2. Shifting hydrological regimes

The reference period results for 1991-2020, show that the hydro-
logical regime is governed by snowmelt, in which snow and glacier melt
dominate the upstream areas and rainfall-runoff and baseflow sustain
the flow in the lower reaches. The hydrological regime shows consid-
erable annual variability due to changes in precipitation, temperature,
and snow and glacier reserves. Over the past three decades, glacier melt
has demonstrated a statistically significant declining trend, driven pre-
dominantly by rising temperatures. The results align with the negative
mass balance of — 0.32 + 0.37 m w.e. yr ! reported for the Pamir-Alay
by Barandun & Pohl (2023) and with the area loss observed in the upper
Zarafshon basin by Halimov et al. (2026).

The glacier loss projections from this study, 79.6% under SSP585
compared with 38.6% under SSP126 by 2100, are consistent with
regional projections, although they lie at the upper end of the published
range. Rounce et al. (2020) project losses of 29 + 12% under RCP2.6 and
67 + 10% under RCP8.5 for High Mountain Asia, and state that the
Pamir-Alay is expected to lose more mass than other regions because it
becomes warmer without becoming wetter. Kraaijenbrink et al. (2017)
project a loss of approximately 36% of the present-day ice mass under a
global warming of 1.5 °C, which is close to the loss simulated here for
SSP126. Lyu et al. (2026) find peak water for the Pamir and Hissar-Alay
after the 2050 s under SSP585, which is consistent with the mid-century
maximum of glacier melt simulated in this study.

These changes will substantially alter the hydrological regime, with
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Fig. 11. Climatological changes in the hydrological regime for the end-of-century (EoC, 2071-2100) at the outlet of the ZRB (just before the Zarafshon River enters
Uzbekistan). The top and bottom panels represent three Shared Socioeconomic Pathways, i.e. (a,d) SSP126, (b,e) SSP370 and (c,f) SSP585. The shaded color rep-
resents the variability (minimum and maximum) of the flow contributors. The dashed and solid colored lines represent the mean of the five climate models and the
reference period (1991-2020), respectively. Error bars on the reference total runoff show + 1 standard deviation across the ten best-performing Monte Carlo
calibration parameter sets (1991-2020), plotted about the reference simulation. The bottom three heat map panels represent the percent change in the mean seasonal
simulated runoff (Winter-DJF, Spring-MAM, Summer-JJA, Autumn-SON) of the five climate models compared with the reference period (1991-2020) for the
different runoff variables (G for glacier melt runoff, S for Snowmelt runoff, R for rainfall-runoff and T for total runoff). Black asterisks represent changes that are

significant (MK p < 0.05).

glacier melt and snowmelt contributing less, while rainfall-runoff will
contribute more to the discharge. A transition from glacial-nival (melt-
dominant) to a nival-pluvial dominant regime has been reported by
several other regional studies. Murodov et al. (2025) for the Vanj River
basin and Hou et al. (2025) for the Amu Darya River basin project a
declining meltwater share and a growing rainfall-runoff contribution. Li
et al. (2020) show that the snowfall fraction in the alpine regions of
Central Asia has declined since 1998, most strongly between 1,500 and
3,500 m, the elevation band that contributes to most of the snowmelt in
the ZRB. Hou et al. (2025) project a sharp decline of snowmelt in the
Amu Darya basin together with a growing rainfall contribution and a
loss of the glacial buffering effect. Zhang et al. (2026) project that the
glacier contribution to runoff becomes negligible by EoC in basins with
low to moderate glacier cover.

Results project a shift in the annual peak discharge, 22 + 19 days
(from July to June) and 38 + 17 days (July to May) for the SSP370 and
SSP585 for EoC horizon. Comparable shifts of the summer maximum
runoff toward spring have been projected for the Tien Shan (Sorg et al.,
2014, 2012) and for the neighboring Gunt catchment in the Pamir (Pohl
et al., 2017). Gulakhmadov et al. (2020) project a shift of the peak flow
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month from July to June in the Vakhsh basin under both RCP4.5 and
RCP8.5. Didovets et al. (2021) report a shift of the peak of river
discharge of up to one month for eight CA catchments, together with a
shortening of the snow accumulation period. Kalashnikova et al. (2023)
project shifts from July to June in glacier-snow-fed rivers and from June
to May in snow-glacier-fed rivers, and cite a range of 15 to 50 days for
Kyrgyz basins. For the Amu Darya, Khanal et al. (2021) project a shift of
the peak of total runoff from June to April or May. The magnitude of the
shift simulated here for the ZRB falls within this range. The direction is
also consistent with the observations of Olsson et al. (2010), who re-
ported a reduced summer flood and increased spring flows in the
Zarafshon.

The changes are not uniform over the ZRB. For the Fondarya, the
shift in the hydrological regime away from snowmelt dominance is
larger than for the Matcha River system. Under reference conditions,
snowmelt contributes 63.5% of runoff in the Fondarya compared with
52.8% in the Matcha. Both receive roughly 7% more precipitation by the
EoC and show an 80% increase in actual evapotranspiration relative to
the reference period, yet annual runoff declines three times more
strongly in the Fondarya (13.2%) than in the Matcha (4.2%). This is
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Table 6

Changes in the peak-runoff, expressed as the percentage change relative to the
reference period, of the contributors (G for glacier melt runoff, S for Snowmelt
runoff and R for rainfall-runoff) and total runoff (T) for mid-century (MC,
2036-2065) and end-of-century (EoC, 2071-2100) horizons at the outlet of the
ZRB (just before the Zarafshon River enters Uzbekistan). The ‘-’ value indicates a
decrease (or earlier compared with the reference time) and ‘+’ indicates an
increase (or later compared with reference time) in peak-runoff. The last column
represents the shift in peak total runoff in days. All the values are computed
using the daily climatologies. The values in parentheses represent the + 1
standard deviation.

G R S T Shift in peak
total runoff
(days)
MC SSP126 —41.8 +18.9 —20.3 —-8.2 -3(8)
(11.2) (5.9) (9.6) (8.0)
SSP370  -22.9 +20.8 —28.5 -14.3 -3(6)
(10.5) 17.1) (8.0) (5.5)
SSP585 -17.3 +27.7 —-29.9 -13.6 -6 (2)
(13.3) (10.5) (6.5) (6.5)
EoC SSP126 —65.4 +30.0 —25.6 -12.9 -3(8)
9.1) (16.7) 9.7) (7.2)
SSP370 —40.4 +27.4 —38.7 -19.5 -22(19)
(7.1) (26.8) (11.0) (6.5)
SSP585 —34.3 +35.7 —47.3 -22.6 —-38(17)
(10.1) (28.5) 9.3) (4.8)

primarily due to a combination of differences in hypsometry, rain-snow
partitioning and glacier cover.

Reference snowfall fractions in the Fondarya exceed those in the
Matcha at every elevation (45.4% against 38.6% at 2,500-3,000 m, and
59.0% against 51.3% at 3,000-3,500 m). By EoC under SSP585, the
basin-wide snowfall fraction declines by 24.1 percentage points in the
Fondarya and by 19.3 in the Matcha, although snowmelt remains the
largest runoff source in both sub-basins (44.0% and 35.3%, respec-
tively). Only 10.1% of the Fondarya lies above 4000 m, compared with
19.0% of the Matcha, and glaciers cover 2.82% and 9.12% of the two
sub-basins, respectively. The Fondarya contains no glacier larger than
3.5 km?, and 94% of its 287 glaciers are smaller than 1 km? (RGI
Consortium, 2017). The Matcha contains six glaciers larger than
10 kmz, including the Zarafshon Glacier (87.2 kmz), which account for
40% of its glacierised area and an estimated 70% of its ice volume.

(a) Rainfall runoff
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Glacier melt runoff declines by 97.1% in the Fondarya (from 15.62 to
0.46 mm yr1) and 26.9% in the Matcha (43.09 to 31.48 mm yr™1) by
EoC under SSP585, reducing the glacier contribution to annual runoff
from 2.5% to 0.1% and from 7.1% to 5.4%, respectively. Projected in-
creases in rainfall-runoff and baseflow offset 80% of the combined
snowmelt and glacier melt loss in the Matcha but only 52% in the
Fondarya. Therefore, annual total runoff declines by 4.2% in the Matcha
and 13.2% in the Fondarya. These results show that the shift toward a
more rainfall-dominated regime is uneven across the ZRB, so that a
basin-wide average simplifies the order in which individual tributaries
change. For water management the earlier and lower peak is more
consequential than the change in annual volume, because irrigation
demand in the lower basin coincides with the late-summer flows that
decline first.

5.3. Downstream impacts and adaptation

Snowmelt and glacier melt deliver a steady water supply during
spring and early summer, as well as during dry periods, which ensures a
reliable water supply for crop irrigation (Biemans et al., 2019). The
hydrological changes — the reduction in magnitude of total flow and
shift in the peak total flow — will affect the downstream water users
(Immerzeel et al., 2020; Viviroli et al., 2026). CA has been identified as
one of the global hotspots where irrigated agriculture depends most
strongly on snowmelt, and where up to 40% of irrigation demand may
have to be met from alternative sources (Qin et al., 2020). Water scarcity
in the Amu Darya basin is projected to increase further under continued
warming (Yao et al., 2022), while crop water consumption in the basin
has already risen by about 10% since the late 1980 s, and shifts towards
less water-intensive crops have offset only a small fraction of this in-
crease (Pena-Guerrero et al., 2026).

For the agriculture sector, a shift from a snowmelt-dominated to a
rainfall-runoff dominated hydrological regime means that the timing
and availability of water for crops will change (Siegfried et al., 2012). In
particular the small and medium-hold farmers in the mountains with
significant dependence on snowmelt (e.g. along the Matcha and in the
Fondarya sub-basin) and high exposure with limited adaptive capacity
will be vulnerable to these seasonal changes (Xenarios et al., 2019). This
shift may require farmers to invest in additional water storage, improve
irrigation efficiency, adjust planting schedules, and adopt drought-

(b) Snowmelt runoff
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Fig. 12. Difference in contribution to total runoff [%], compared with the reference period (1991-2020), for the SSP585 scenario and EoC (2071-2100) horizon for
(a) Rainfall-runoff (b) snowmelt runoff (c) glacier melt runoff and (d) baseflow runoff. The background shows elevation; the color scale represents the difference in
contribution and the symbol size represents the discharge. Negative (positive) values indicate a decrease (increase) in the future contribution relative to the

reference period.
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Fig. 13. Annual hydrological regime at the outlet of the ZRB (just before the Zarafshon River enters Uzbekistan). The top and bottom panels represent three Shared
Socioeconomic Pathways, i.e. (a,d) SSP126, (b,e) SSP370 and (c,f) SSP585. In the top row, the solid colored line represents the median of the five climate models and
the shading represents the variability of the flow components (baseflow, rainfall-runoff, glacier melt, snowmelt and total runoff) across the five models, shown as a
10-year running mean for 2031-2100. The bottom three heat map panels represent the trend (Sen's slope) of annual simulated runoff for different runoff variables (B
for baseflow runoff, G for glacier melt runoff, S for Snowmelt runoff, R for rainfall-runoff and T for total runoff). Black asterisks mark trends that are significant

(Mann-Kendall p < 0.05).

tolerant crops (Abdullaev and Rakhmatullaev, 2016; Mukhamedjanov
et al., 2021). Adaptive management is therefore essential to maintain
agricultural productivity under a changing regime (Pahl-Wostl, 2007).
Initiatives such as the International Year of Glaciers’ Preservation 2025
and the Decade of Action for Cryospheric Sciences (2025-2034), led by
the United Nations, can serve as catalysts to support science, practice,
and policy development aimed at building resilience to climate change
in Central Asian river basins.

5.4. Limitations and recommendations

The results in this study are based on ERAS5 reanalysis data down-
scaled using the TopoSCALE approach, which, despite bias corrections
applied for temperature and precipitation, exhibits large uncertainties in
mountainous basins such as the Zarafshon basin. The ability to use
station observations to correct gridded meteorological data remains
limited by the sparse observational network in Central Asia, particularly
in the mountainous regions of Tajikistan. In particular, the number of
precipitation gauges located at high altitude, where most precipitation
occurs, is limited. The scarcity of meteorological, cryospheric and hy-
drological observations hampers more robust calibration and validation
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of glacio-hydrological models. Future research should prioritize the
development of a homogenised and representative reference climate
data archive for Zarafshon and Central Asia.

In addition, the uncertainty in the future climate remains large, as
demonstrated by the large range in climate projections. The applica-
bility of climate projections generated by large scale General Circulation
Models for climate change impacts in mountainous terrain remains
challenging, despite downscaling efforts. Improved representations of
mountainous climate in general circulation models and regional climate
models may provide higher certainty in climate projections for moun-
tainous river basins such as the ZRB.

Sublimation from the seasonal snowpack is not represented in the
model. Studies in the Himalaya report sublimation losses in the order of
10-20% of annual snowfall (Mandal et al., 2022; Stigter et al., 2018).
Similar losses are plausible above 4,000 m in ZRB and Central Asia
(Jiangiao et al., 2025; Zhu et al., 2020). The corrected precipitation
approach used in this study, constrained by the observed discharge,
represents the net water input that is available for runoff rather than the
true gross precipitation. Therefore, the actual snowfall at high elevations
is likely somewhat larger than the amount reported in this study.
Permafrost is expected to occur above approximately 3,500 m in ZRB
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(Barandun et al., 2020; Mathys et al., 2025). Permafrost dynamics,
including ground ice, frozen-ground effects on infiltration, and thaw-
related changes in storage, are likewise not resolved currently by
SPHY. Their exclusion may affect the simulated baseflow seasonality,
although part of this effect is included in the calibration of the
groundwater parameters. Permafrost degradation under warming in-
creases subsurface storage and hydraulic connectivity, which would
partly offset the projected decline in summer baseflow and delay the
recession; the projections of late-summer low flow presented here are
therefore likely to be conservative. Neither process changes the sign of
the projected regime shift, because both act on the timing and storage of
meltwater rather than on the rain-snow partitioning that drives the shift,
but they widen the uncertainty of the summer and autumn projections
provided in this study. Future research should also focus on improving
the simulation of other key physical processes that the model does not
resolve, including snow avalanching, sublimation, permafrost, glacier
dynamics (e.g., debris cover, ponds, cliffs), groundwater processes, and
flow routing.

The simulated glacier evolution carries forward the uncertainty of its
input data and of the redistribution scheme. Initial ice thickness is taken
from the consensus estimate of Farinotti et al. (2019), whose per-glacier
uncertainty propagates directly into the projected volume loss and into
the timing at which individual glaciers disappear. Glacier outlines are a
single Randolph Glacier Inventory snapshot (RGI Consortium, 2017), so
the initial glacierised area is fixed at the inventory date. Debris cover is a
binary classification derived following Kraaijenbrink et al. (2017) and
carries no debris thickness, so its insulating effect can only be repre-
sented in an aggregated way. The accumulation side of the mass balance
is not constrained by observations. No snow water equivalent mea-
surements exist for the ZRB, and the MODIS snow cover used in the
calibration is a binary extent that becomes insensitive to snowpack
depth once the ground is fully covered. The annual redistribution moves
the surplus from the accumulation zone to the ablation zone in a single
step, in proportion to the ice volume already present, and contains no ice
flow. The dynamic response time of each glacier is therefore not
resolved, and the derived surface mass balance additionally assumes
constant firn densification. Propagating these uncertainties was beyond
the scope of this study, and the projected glacier decline should be read
as a single realisation rather than a bounded range. Future work should
propagate an ensemble of ice thickness estimates, use debris thickness
observations, obtain direct snow water equivalent measurements at high
elevation, and couple the model to a dynamic ice-flow scheme.

This study uses a simplified spatially uniform implementation of
SnowkF. Infiltration of snowmelt depends on soil texture and depth,
slope, vegetation and the frozen state of the ground, and would be ex-
pected to be higher on the deep alluvial and talus deposits of the valley
floors than on the thin soils and bedrock of the high ridges. Distributing
SnowF according to the HiHydroSoil hydraulic properties or constrain-
ing it with isotope data should be prioritised in the future work.

The sensitivity analysis also shows the limits of the calibration itself.
Only three parameters are clearly constrained by the available obser-
vations, and the remaining six can take almost any value within their
sampled ranges without degrading performance. The selected run is
therefore one member of a larger set of equally acceptable parameter
sets. Future work could focus on propagating the full set of best-
performing runs through the climate projections to quantify this
parameter uncertainty. Additional observations, such as remotely
sensed evapotranspiration or a dedicated isotope sampling campaign,
would help to constrain the parameters that discharge, snow cover and
glacier mass balance currently leave undetermined.

6. Conclusions
We quantified present-day and future hydrological regime change in

the Zarafshon River Basin using the SPHY glacio-hydrological model.
Our main findings are:
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e Our model improvements redistribute water from direct snowmelt
runoff to delayed baseflow and improve model performance in
winter and spring relative to the original SPHY formulation. We
calibrated the improved model simultaneously against discharge,
MODIS snow cover and altitudinal glacier mass balance, using a
Monte Carlo procedure with a multi-objective function. The selected
parameter set is one member of a larger set of equally acceptable
solutions.

The historical analysis (1991-2020) shows that precipitation accu-
mulates as snow between November and April and is released be-
tween May and October, when runoff exceeds the precipitation.
Snowmelt is the dominant runoff source contributing about half of
total discharge, followed by baseflow and rainfall-runoff. Glacier
melt contributes a relatively small share annually, but plays an
important buffering role during late summer low-flow periods. Snow
and glacier melt dominate the upstream headwaters, while baseflow
and rainfall-runoff become increasingly important downstream.
Snow persistence and glacier volume are projected to decrease under
all SSP scenarios, with glacier volume losses reaching ~ 80% by the
end-of-century under SSP585. As a result, snowmelt and glacier melt
runoff decline strongly, particularly in summer and autumn. Future
projections indicate a substantial shift from a melt-dominated to a
rainfall-runoff-dominated regime, driven by warming-induced
cryospheric decline. Warming shifts precipitation from snow to
rain, so snowmelt runoff declines sharply while rainfall-runoff and
baseflow increase. These gains almost compensate for the melt los-
ses, and total annual runoff declines by less than 7% under all sce-
narios. The cryospheric components show significant trends
(p < 0.05), which identify cryospheric loss as the dominant control
on the long-term decline in runoff.

e Across horizons and scenarios, peak-runoff from glacier melt and
snowmelt decreases, whereas peak rainfall-runoff increases. Under
SSP585, peak total runoff declines by 22.6% by the end-of-century
and the annual discharge maximum shifts from July toward June
and May. The hydrological regime shift is uneven within the basin.
Annual runoff declines three times more strongly in the Fondarya
than in the Matcha, as Fondarya has a smaller share of its area at high
elevation, a larger snowfall fraction to lose at every elevation, and
too little ice to buffer that loss. The Matcha retains substantial glacier
storage, including the Zarafshon Glacier, which compensates part of
its snowmelt decline.

These changes will have important consequences for downstream
water availability and irrigation-dependent agriculture in Tajikistan
and Uzbekistan. Reduced summer flows and an earlier peak coincide
with the critical crop growing period, so changes in both timing and
volume matters for water management. Despite the uncertainties
from climate projections and data scarcity, this study shows the
value of explicitly resolving cryospheric flow components to inform
climate adaptation and long-term water security planning in Central
Asian mountainous river basins.
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