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ARTICLE INFO ABSTRACT

Keywords: Mountain regions of Central Asia are experiencing strong influences from climate change, with significant re-
Snowmelt ductions in snow cover and glacial reserves. A comprehensive assessment of the potential consequences under
Glaciers . ) the worst-case climate scenario is vital for adaptation measures throughout the region. Water balance analysis in
;lzg;slfi‘f;::l modeling the Naryn River basin was conducted for the baseline period of 1981-2000 including potential changes under the

worst-case SSP5-8.5 scenario for 2077-2096 by combining high-resolution (5 km) regional climate projections
with fully distributed glacio-hydrological (1 km) modeling. Results showed that with the complete degradation
of glaciers and increase in evapotranspiration, the overall runoff will decrease by 16%, and in the upper basins,
the reduction will exceed 40%. The maximum snow water equivalent (SWE) is projected to decrease by 17%, and
the seasonal peak of SWE will occur one month earlier. The transition from snow to rain will significantly affect
lower regions, increasing extremes in peak runoff and causing 10-year recurrence interval events to occur every
3-4 years. Moreover, extreme runoff in high mountainous areas will increase due to intensified snowmelt and
increased rainfall extremes. Additionally, a gradient of surface soil temperature change of 0.1 °C per 100 m
elevation gain was observed, suggesting a potential snow-albedo feedback effect that could further amplify the
warming, especially at higher altitudes. This study provides a robust analytical framework to assess the complex
responses of mountain ecosystems to the impacts of climate change, with the potential of widespread application
for addressing the challenges facing these critical regions.

Central Asia

1. Introduction

The Central Asian region, particularly the Tien Shan, is highly
dependent on glaciers and snowmelt as principal water resources for the
local semi-arid environment, and this dependence is being profoundly
impacted by climate change, marked by rising temperatures, shrinking
glaciers, altered precipitation patterns, and increased risk of natural
hazards (Siegfried et al., 2012; Schaner et al., 2012; Chen et al., 2016;
Barandun et al., 2020). Climate change is affecting cryosphere water
sources, with glaciers in the region experiencing substantial mass loss in
recent decades (Farinotti et al., 2015; Huss and Hock, 2018). The Naryn
River basin, located in the central Tien Shan of Kyrgyzstan, is a crucial
contributor to the Syr Darya River, which supplies water for agriculture
and transboundary users downstream Uzbekistan in the Fergana Valley
and then to Kazakhstan where it eventually discharges into the Aral Sea

(Wegerich et al., 2015; Hill et al., 2017; Zou et al., 2019). Studies have
reported increasing trends in Naryn River discharge, which have been
attributed to enhanced glacier and snowmelt due to rising temperatures
(Podrezov, 2001; Kriegel et al., 2013; Gan et al., 2015; Zou et al., 2019;
Saks et al., 2022; Shannon et al., 2023; Kalashnikova et al., 2023). The
relative contribution of glacier meltwater to the overall discharge of the
Naryn River remains a topic of uncertainty and active investigation
(Unger-Shayesteh et al., 2013). Understanding the dynamics of glacier
melt and its impact on river runoff is crucial for managing water re-
sources and adapting to climate change in this water-stressed region
(Chen et al., 2017; Pohl et al., 2017).

Central Asia has been experiencing a trend towards increased tem-
perature and precipitation, with the region getting warmer and wetter
during the past 80 years (Yan et al., 2022) and will continue under
various Global Climate Models (GCMs) provided by Coupled Model
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Intercomparison Project Phase 6 (CMIP6) (Cao et al., 2023). Moun-
tainous regions of Central Asia, particularly in Kyrgyzstan and
Tajikistan, are identified as highly vulnerable to climate change, where a
projected warming trend of 6 °C is expected under the Shared Socio-
economic Pathway (SSP) scenario SSP5-8.5 from 2076 to 2096 (Isaev
et al.,, 2024). The projected retreat of glaciers in the Tien Shan, as
indicated by modeling results, further exacerbates climate change im-
pacts with the timing and magnitude of melt varying depending on
specific climatic conditions, precipitation patterns, and geographic
characteristics of each individual ice body (Rupper et al., 2009; Van
Tricht and Huybrechts, 2023). By 2100, only 8% of the areal extent of
small glaciers in Naryn River basin inventoried during the baseline
period (1966-1995) will remain under the Representative Concentra-
tion Pathway 8.5 (RCP8.5) scenario with a projected decrease in total
runoff by 1%, 6% and 17% by the end of the century for RCP2.6, RCP4.5,
RCP8.5, respectively (Gan et al., 2015). The projections of six ice masses
in the Tien Shan up to 2100 reveal that, under all climate scenarios, the
ice masses become significantly smaller, with most of the ice masses
disappearing altogether under the SSP5-8.5 scenario (Van Tricht and
Huybrechts, 2023).

The Naryn River basin experiences a substantial contribution of
glacier melting to the overall runoff. In the highly glacierized Naryn
headwater sub-catchment, it has been observed that glacier melting
accounts for as much as 66% of the total runoff in August (Shannon
etal., 2023). Snowmelt is by far the dominant annual water supply to the
Naryn and Karadarya rivers, with approximately 70% of water for irri-
gated agriculture in the Fergana Valley originating from snow-ice
sources (Radchenko et al., 2014). Earliest estimates by Aizen et al.
(1995) indicate that for the broader Naryn catchment, glacier melt
roughly supplied 10% of the total annual discharge during the period of
1940-1991; later research suggested a 6% contribution from 1956 to
2007 (Gan et al., 2015), indicating lower glacial melt contributions to
total runoff. However, glacial contributions in upper sub-catchments
contribute an average of 23% of total annual runoff (Saks et al., 2022).

Most runoff studies use conceptual hydrologic models to assess the
impact of climate change on water resources, as these require less input
data and computing time compared to physically-based models (Seiller
etal., 2012; Bai et al., 2015, 2018; Fowler et al., 2016; Saft et al., 2016).
However, the calibrated model parameters generally lose their physical
representation due to equifinality (Beven and Freer, 2001; Beven, 2006),
which is particularly challenging in the context of climate change as-
sessments and overall modeling strategies (Her et al., 2019; Sidle, 2021).
There is increasing evidence that the robustness of hydrologic models
decreases when they are applied to climatic conditions that differ from
the periods used for calibration (Coron et al., 2012; Thirel et al., 2015;
Fowler et al., 2016). This raises a concern that models calibrated using
historical data may become unreliable in projecting future runoff re-
gimes due to the differences in climate between the historical period and
the future. However, this potential uncertainty is often overlooked when
assessing the impacts of climate change on water resources, leading to
an underestimation of the uncertainty in future runoff projections
(Wilby and Harris, 2006; Barron et al., 2012; Verzano et al., 2012).
Additionally, the coarser temporal resolution and the fixed degree day
parameters used in simpler melt models make them more controversial
for application in climate change studies compared to more complex
energy-balance models (Carletti et al., 2022). The simplified assump-
tions and lower computational demands of conceptual models come at
the cost of potentially reduced accuracy and physical relevance when
projecting the impacts of climate change on water resources.

In High Mountain Central Asia, it is particularly important to
consider ice melting processes in hydrological modeling, as glacier melt
is one of the most significant water sources for glaciated basins in the
region (Chen et al., 2017; Sadyrov et al., 2024). Considering that cli-
matic forcing has been identified as the dominant driver for the het-
erogeneous mass balance sensitivity across Central Asia (Barandun and
Pohl, 2023) and High Mountain Asia, accounting for up to 60% of the
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spatially contrasting glacier response in the region (Sakai and Fujita,
2017), it is crucial to represent local climate at a finer spatial resolution.
Dynamical downscaling, which involves nesting a high-resolution
Regional Climate Model (RCM) within a coarser-resolution GCM, has
been proposed as a valuable approach to enhance the accuracy of hy-
drological simulations and improve the understanding of climate change
impacts on river basins (Hasson et al., 2014).

In this study, we employ a comprehensive approach by utilizing
advanced high-resolution fully distributed (1 km) land surface and
glaciological energy and mass balance modeling. The models will be
driven by dynamic downscaled climate forcing data obtained from a
non-hydrostatic regional climate model (NHRCM) (5 km) previously
assessed in Central Asia (Isaev et al., 2024), allowing us to estimate
changes in runoff patterns within Naryn River Basin focusing on the
impacts of glacier retreat, seasonal snowmelt shifts, increased evapo-
transpiration, and other relevant variables. We compare modeling out-
puts from the baseline period (1981-2000) with future projections
(2077-2096) under the worst-case SSP5-8.5 climate change scenarios,
considering complete degradation of glaciers by the end of this century.
To evaluate variations in total runoff and understand the potential
buffering effect of glaciated areas, we use a total runoff standardized
anomaly index (TR-SAI) in our analysis, allowing us to assess the de-
viations in runoff patterns and identify any changes that may occur in
the future.

2. Methods
2.1. Study area

The study area encompasses the upper Naryn River basin upstream of
Uchterek, inflow point to the Toktugul Reservoir in Kyrgyzstan, and its
sub-basins, namely Chon-Naryn (Big Naryn) and Kichi-Naryn (Small
Naryn). Chon-Naryn covers 5546 km?, Kichi covers 3870 km?, and the
main Naryn River (upstream of Uchterek) basin covers 46,188 km?2.
Glaciers cover 8.6% (477.7 km?) and 7.4% (287 km?) of the Chon-Naryn
and Kichi sub-basins, respectively. Glacial cover in the Naryn River
basin is 2.3% (1047 km?).

Naryn River basin experiences a severe continental climate where
winter temperatures can plummet below —50 °C while summer tem-
peratures can exceed 40 °C (Hill et al., 2017). Average temperatures
typically range from —15 °C to 20 °C (Fig. S1). The diverse climate
within the basin is primarily influenced by elevation, complex moun-
tainous terrain, mountain exposure, incised valleys, and the presence of
mountain glaciers and lakes. These factors contribute to differences in
solar radiation and atmospheric moisture, ultimately leading to vertical
differentiation of the climate within the basin. Within Kyrgyzstan, the
basin is characterized by climate zones ranging from the foothill plains
and low-lying valleys (900 m-1500 m) to the sub-alpine (1500 m-2500
m), alpine (2500 m-3500 m), and finally the glacial-nival climate zone
(>3500 m).

2.2. Meteorological forcing from regional climate model

We used the non-hydrostatic regional climate model (NHRCM)
developed by the Meteorological Research Institute (MRI) of the Japan
Meteorological Agency (JMA) (Sasaki et al., 2008) which was adapted
for Central Asia (NHRCM-CA; Isaev et al., 2024). High-resolution (5 km)
climate projections were validated and compared to CMIP6 General
Circulation Models and Coordinated Regional Climate Downscaling
Experiment (CORDEX) regional models. Additionally, to assess future
temperature anomalies and the statistical significance of these changes,
we utilized a bootstrap method where future temperature and precipi-
tation anomalies were estimated by generating 10,000 bootstrap sam-
ples created by randomly selecting and replacing data from a 20-y
dataset. To validate historical baseline projections, we used monthly
precipitation and monthly mean air temperature data from
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meteorological stations in Tian-Shan, Naryn, Chaek, and Suusamyr
(Fig. 1) covering the period from 1940 to 2020 (Fig. S2). In this study,
the temperature data from regional climate model was downscaled
using the specified temperature lapse rate of 6.0 °C km™, close to the
observed rate of 5.8 °C km~! in the Tien-Shan mountains (Aizen and
Aizen, 1997).

2.3. Models

Hydrological assessment of runoff sources in high mountain areas is
crucial for understanding water availability in these ecologically sensi-
tive regions. High spatial and temporal resolution modeling techniques
have the potential to provide valuable insights into the complex dy-
namics of runoff sources, including rainfall, snowmelt runoff, and
glacier melt. With their ability to capture fine-scale variations in
topography, land cover, and climate factors, high-resolution models
offer improved understanding of the spatial distribution of runoff
sources, as well as evapotranspiration processes.

2.3.1. Land surface model
The Simple Biosphere including the Urban Canopy (SiBUC) model is
a land surface model that uses a water-energy balance approach within a
grid system (Tanaka, 2004). It is based on the earlier Simple Biosphere
(SiB) (Sellers et al., 1986) and SiB2 (Sellers et al., 1996) models. SiBUC
integrates various processes for different mosaic schemes including
green areas, water bodies, and urban areas. The mosaic scheme was
enhanced by incorporating a separate routine to model glacier processes
(Fig. 2), which has been shown to improve the system’s overall under-
standing in mountainous environments (Zhao et al., 2013). To accom-
modate a coarser resolution in the model, the linear relationship
between snow cover fraction (SCF) and snow water equivalent has been
modified to allow for the rapid establishment of snow cover in
small-scale simulations (Niu and Yang, 2007). The snowmelt process is
strongly influenced by thermodynamics of the snowpack, and this
relationship is described by the following governing equation:
aT,

a—;:Rnngg — AEg — K,

T, T,

C, (@)

S

where C; is a heat capacity of the snow (J m~2K™1), T, is a snow surface
temperature (K), Rn, is absorbed net radiation (W m’z), Hj is sensible
heat flux (W m‘z), AEg is latent heat flux (W m‘z), K; is snow thermal
conductivity (W m! K’l), T, is ground surface temperature (K), and Dy
is snow depth (m). The snow depth is calculated from snow water
equivalent considering a constant snow density of 200 kg/m3. The
SiBUC model estimation of snow albedo (the reflectivity of snow) is
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Fig. 2. Representation of land surface and glacier models in a mosaic 1
km scale.

based on an approach that accounts for the gradual aging and evolution
of the snow cover (Kondo and Xu, 1997):

1
aq=(aq_1 —ap)ek +a @

In the event of snowfall exceeding 5 mm snow water equivalent (SWE),
the number of days (d) is reset to 0. The albedo of firn (0.45) is repre-
sented by ay, while the albedo of fresh snow (0.81) is denoted as ao.
Additionally, the parameter k is influenced by daily air temperature.
Land surface parameters used in the model include land-cover frac-
tions determined from the GLCC ver2.0 (Loveland et al., 2000) 1-km
gridded dataset provided by USGS. Soil physical parameters are iden-
tified using a 1-km Ecoclimap from Meteo-France (Champeaux et al.,
2005). The GTOPO30 (1 km) dataset was used as Digital Elevation
Model (DEM) data. All model parameters can be determined using
land-surface products, eliminating the need for calibration. Soil char-
acteristic parameters in SiBUC are based on Cosby et al. (1984).

2.3.2. Glacier model

We used the glacier energy-mass balance model (GLIMB) to incor-
porate glacier processes, which has previously been applied to investi-
gate glaciers of High Mountain Asia (Fujita and Ageta, 2000; Fujita and
Sakai, 2014) and the inner Tien Shan region (Fujita et al., 2011; Sadyrov
et al., 2024). By utilizing reanalysis data and in-situ observations, this
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Fig. 1. Naryn River Basin and locations of meteorological stations and flow gauges.
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model successfully demonstrated the effectiveness of an energy balance
approach in modeling mass balance within complex mountainous en-
vironments. Glacier runoff (D) is calculated as:

taay Qs
Dy= “lym

+P+ {I% o] —R )

where Ry is a refrozen water in a snow layer when it percolates into cold
SNOW, tyqy is a length of a day in seconds, I, is a latent heat fusion of ice,
P, is a rainfall (mm), [ is a latent heat of evaporation of water. The
distinction of snow (Ps) and rain from total precipitation (P,) is based on
air temperature (T,) and assumed as follows:

P,=P, [T,<0.0°C], (€]
T, o o

A:(l—zﬁyy [0.0°C< T, <4.0°C], %)

P,=0 [T,>4.0°C], (6)

P, =P, — P, )

While surface heat (Qs) is derived by the following:
Qs = (1 —a;)Hgr +Hig — eo(T; 4 273.15)* +-Hg + H;, — G, )

Ice surface albedo (a;) is an assumed constant mean value of 0.25
determined by automatic weather stations located in the area and
instrumental albedo measurements (Petrakov et al.,, 2019; Sadyrov
et al., 2024). While the measurements were conducted between 2017
and 2023, we extrapolate these values as representative of all glaciers
within the region. Hsg, Hir, Hs, and Hj, refer to the downward shortwave,
longwave radiations, sensible and latent heat fluxes, respectively.
Additionally, G, represents the conductive heat flux into the glacier ice,
which is determined based on the variations in the ice temperature
profile. The turbulent sensible heat flux (Hs) and latent heat flux (H)
were estimated using the bulk aerodynamic method. In this approach,
the gradients of mean horizontal wind speed (U), mean air temperature
(T, and mean specific humidity (q) were assumed to be equivalent to
the finite difference between the measurement level and the surface:

H,=pC,UC,(T — T;) )
H; =plsUCL(q — g5) (10)

In the equation, p represents air density, C, denotes specific heat ca-
pacity of air, T is surface temperature, and g; is specific humidity at the
surface. Additionally, U represents wind speed, I corresponds to the
latent heat of evaporation (2.514 x 10%J kg_l) or sublimation (2.849 x
10° J kg™ 1), depending on the surface temperature. The bulk exchange
coefficients for sensible heat (Cs) and latent heat (C;) were assumed to
be constant at 0.002. This decision was made due to the limited avail-
ability of information regarding surface roughness and wind profiles
over snow and ice. The heat balance equations for the snow layer, and
ice layer are described by:

R
PsCor =502 T oy

(1)

L T, 0L
PiCoe = o2 T og

(12)

where p, represents snow (s) and ice (i) densities (kg m’s), ¢y is the heat
capacity of snow and ice (J K! kg’l), T, is temperature at depth (z)(°C),
and I, is transmitted solar radiation (W m~2). Thermal conductivities K;
(snow) and K; (ice) (W m! K’l) are determined by:

K;=0.029(1+10""p.%) (13)
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The snow and ice layers are multi-layered, with a snow layer thick-
ness of 0.1 m and an underlying ice layer thickness of 0.5 m. The process
of consolidation is considered in the model. Additionally, refreezing of
seepage water and the formation of ice accumulation are considered.
Mosaic fractionation of the glacier was determined by integrating the
vector shape of the glacier outlines sourced from the GAMDAM Glacier
Inventory (Nuimura et al., 2015; Sakai, 2019) integrated into the global
glacier inventory (Randolph Glacier Inventory (RGI) version 6.0, RGI--
Consortium, 2017). As a result, the glaciated fraction within each 1-km
grid varies from 0.01 to 1 and total runoff from the grid is respectively
calculated. In the context of projecting future climate scenarios, the
analysis excluded the glacier component to simulate the complete
disappearance of glacier coverage. This approach was motivated by the
unavailability of consistently high-resolution forcing data needed to
model a gradual decline in glacier extent and volume, thereby mini-
mizing uncertainties associated with varying ice thickness estimations.

2.4. Total runoff standardized anomaly index (TR-SAI)

The ability to accurately predict irregular or unexpected changes in
total runoff is crucial, particularly in the context of climate change.
Glaciers have a buffering effect that helps regulate streamflow during
dry years, by supplying water during dry seasons, acting as a stabilizing
influence (Pritchard, 2017; Pohl et al., 2017). However, the observed
trend of glacier degradation poses a threat to this buffering capacity,
which can affect crop productivity in the region (Park et al., 2021;
Chang et al., 2024). The Total Runoff Standardized Anomaly Index
(TR-SAI) was proposed, drawing inspiration from the Standardized
Precipitation Index (SPI) methodology (McKee et al., 1993), providing a
standardized measure of the deviation of hydrologic runoff from the
norm.

Total runoff; — Total runoffinean
o

TR — SAL; = (15)

This index was applied in a gridded scale for each historical baseline
year (i) and compared to projected years (j) considering future condi-
tions as:

Total runoff; — Total runoffmean

TR — SAL =
o

(16)

The mean total runoff and standard deviation (¢) were obtained from
baseline historical values. Positive TR-SAI values indicate above-normal
runoff conditions, while negative values indicate below-normal
conditions.

3. Results
3.1. Analysis of precipitation and temperature changes

The NHRCM-CA model predicts that in most of the Naryn River
basin, the annual mean temperature will increase by more than 6 °C
(Fig. 3a). For the SSP5-8.5 scenario, both annual mean temperature
(Fig. 3a) and seasonal mean temperature (Fig. 4) are projected to rise
throughout the entire Naryn River basin. For all meteorological stations,
there is a projected increase of >5 °C in monthly temperature, and all
changes are statistically significant (Fig. 5a). Furthermore, significant
increases in projected monthly precipitation anomalies are mainly
observed during the spring and winter months (Fig. 5b).

3.2. Total runoff difference

Simulations of the spatial distribution of surface runoff in Naryn
River basin in a changing climate (SSP5-8.5 scenario) reveal significant
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Fig. 3. Future changes of a) annual mean temperature anomalies (°C) and b) changes in total annual precipitation (mm) during 2076-2096 across Naryn River basin

derived from NHRCM-CA under the SSP5-8.5 scenario, base period: 1980-2000.

Change in 2m Temperature, °C

Fig. 4. Future changes of seasonal mean temperature anomalies (°C) during 2076-2096 across Naryn River basin derived from NHRCM-CA under the SSP5-8.5
scenario compared to base period seasons: 1980-2000; a) DJF (Dec., Jan., Feb.); b) MAM (Mar., Apr., May); ¢) JJA (Jun., Jul., Aug.); and d) SON (Sep/. Oct., Nov.).

variations in different regions (Fig. 6). Notably, the western region near
the Fergana Range and Toktogul Reservoir emerges as a more humid
area by the end of the 21st Century with certain locations experiencing
substantial increases in total runoff (exceeding 100 mm,; Fig. 6a). These
effects predominantly occur in the lower basin. In future simulations
where glacial cover was deliberately excluded under the worst-case
climate scenario, we could observe the direct effects on total runoff in
the glacier grids. This simulation showed a remarkable reduction of
>150 mm of runoff, ultimately reaching ~1000 mm. These findings
have profound implications for the availability of water runoff in high
mountain glaciated areas.

The analysis of surface soil temperature reveals variations in tem-
perature changes across elevation (Fig. 6¢) and the region with an
average increase of 8 °C (Fig. 6b). Lower-lying areas exhibit relatively
smaller differences in these values compared to high mountain regions.
The primary factors contributing to such disparities are the significant

reduction in snow cover duration and depth, especially at higher alti-
tudes, resulting in an increased radiation balance. At an elevation of
1400 m, the temperature difference was 6.9 °C, while at 2000 m the
difference was 7.6 °C. At 3000, 4000, and 4800 m, the temperature
differences were 8.4, 9.0, and 10.4 °C, respectively. Therefore, tem-
perature gradient differences in surface soil averaged 0.1 °C per 100 m,
which may also be associated with varying air temperature changes at
different elevations, emphasizing potential impact of the snow albedo
and melt feedback loop with a concomitant mean basin decrease in al-
bedo by 18%.

3.3. Runoff difference by components

The analysis of runoff sources in the Naryn Uchterek (inflow to
Toktogul reservoir) basin from 1981 to 2000 reveals notable variations
in their contributions (Fig. 7). On average, rainfall constitutes
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Fig. 5. Future changes of a) monthly mean temperature anomalies (°C) and b) monthly precipitation anomalies (mm) during 2076-2096 derived from NHRCM-CA
under the SSP5-8.5 scenario, base period: 1980-2000; all temperature anomalies are statistically significant, light blue bars in (b) indicate statistically significant
precipitation anomalies p-level <0.05 (estimated using 10,000 bootstrap samples with random replacement of the 20-y dataset).

approximately 25% of total runoff, while snowmelt runoff dominates
with a mean contribution of 68%. Glaciermelt runoff, although rela-
tively smaller, accounts for approximately 7% of the total runoff,
reaching up to 14% in some years. In the Chon-Naryn basin, the distri-
bution of runoff sources exhibits distinct characteristics. Rainfall con-
tributes 14% of mean total runoff, while snowmelt runoff constitutes a
significant mean contribution of 64%. Notably, glaciermelt runoff plays
a more substantial role in this basin, accounting for approximately 22%
of the total runoff and reaching up to 38% in some years. Similarly, in
the Kichi-Naryn basin, rainfall contributes, on average, 12% of total
runoff. Snowmelt runoff, similar to the other basins, plays a dominant
role, accounting for 64% of the mean total runoff. Glaciermelt runoff,
although relatively smaller in comparison, constitutes approximately
24% of the total runoff, reaching up to 37% in certain instances. The
dominance of snowmelt runoff highlights the vulnerability of these ba-
sins to changes in snow accumulation, snow water equivalent, and melt
patterns.

The analysis of evaporation (including also transpiration for non-
glaciated grids) across different elevation zones reveals regional differ-
ences in variability (Fig. 8a) attributable to factors such as the avail-
ability of moisture for direct evaporation, which is explicitly considered
in the model. Average evaporation values are similar at different ele-
vations (1200-2400 m), ranging from 240 to 250 mm, dependent on the
spatial distribution of precipitation and characteristics of the basin.
However, a significant gradient of decreasing evaporation is evident
above 2800 m, where the values reach 275 mm, and further decrease to
23 mm at an elevation of 4600 m. Beyond this threshold, we observe
zero values of evaporation.

By utilizing meteorological data from the high-resolution climate
projection under the SSP5-8.5 scenario, we analyzed modeled changes
in evaporation across all elevation zones within the Naryn River basin.
On average, evaporation has increased by 33% throughout the entire
basin. For instance, in the 4200 m elevation zone, evaporation increased
from 103 mm (base period) to 213 mm (future projections), representing
a 107% increase under the most extreme climate change scenario. This

trend is attributed to the diminishing snowpack and the degradation of
glaciers. Our model accounts for the presence or absence of ice cover and
surface albedo, which influence the radiative balance, leading to
enhanced evaporation.

The analysis of rainfall runoff indicates elevational differences
within the entire basin (Fig. 8b). Up to 2500 m, runoff predictions are
relatively uniform, but variability increases with altitude due to the
transition between rain and snow that is influenced by temperature
fluctuations. Above 2500 m there is a gradual decrease in the amount of
liquid precipitation and an increase in the snow. Minimum rainfall
runoff occurs at elevations above 4200 m, attributed to sub-zero tem-
peratures during much of the year. Consequently, the variability of
rainfall runoff ranges from 180 mm at 2600 m to 17 mm at 4200 m, with
an average gradient of —10 mm/100 m.

When comparing future changes of rainfall runoff with the baseline
period in the context of the SSP5-8.5 climate scenario, the zonal distri-
bution of rainfall runoff within the Naryn River basin remains relatively
stable (Fig. 8b). However, there is a noticeable increase in variability at
mid-high elevations (2600-4000 m), primarily attributed to the surge in
rainfall runoff. This phenomenon manifests in a substantial 71% in-
crease in rainfall runoff at the 2600 m elevation and a remarkable 102%
increase across the entire basin. Notably, at 3800 m, rainfall runoff in-
creases from 41 mm to 171 mm. The rate of rainfall runoff decrease with
increasing elevation is relatively consistent at —9.9 mm/100 m, albeit
with heightened variability. Notably, a change in the rainfall runoff-
altitude relationship occurred in the upper zone, with a shift of about
1000 m in altitude, implying that in the most adverse climate change
scenario, the amount of rainfall that is projected to be received at 3600
m is now comparable to what previously fell at 2600 m.

The contribution of snowmelt to the overall runoff in the Naryn River
basin presents an interesting trend (Fig. 8c). The high-resolution
modeling and precipitation input (Table 1) provide valuable insights
into the relatively equal proportion of snowmelt runoff between eleva-
tion zones up to 2200 m. Thereafter, snowmelt runoff in historical
baseline estimates increased up to elevations of 3600-3800 m (gradient
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Fig. 7. Contribution variations of snow, rain and glacier components across the
study basins for the base period (1981-2000).

of 27 mm/100m). The maximum peak snowmelt runoff was estimated at
elevations of 3800 m for the baseline period with an average value of
470 mm, indicating large accumulations of snow in this altitude zone
followed by subsequent melt during warmer periods (Fig. 8c). After
reaching the peak, snowmelt runoff gradually decreased exhibiting
accumulation at the highest elevations.

In the climate change scenario, there is a noticeable trend of
decreasing snowmelt runoff up to an elevation of 4000 m (the current
snow line zone) compared to baseline period, followed by an increase in
runoff at higher elevations (Fig. 8c). The gradient of snowmelt runoff for
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elevation ranges from 2200 m to 3600 m remains consistent at 26 mm/
100 m, almost matching baseline estimates. The decrease in snowmelt
runoff within the elevation range of up to 4000 m indicates that there
may be less water available and a reduced capacity to retain water in
warmer seasons. However, the zone of largest snowmelt contributions
shifts to higher elevations (above 4000 m Fig. 8c) in the climate pro-
jections, indicating the potential for increased seasonal runoff. The
overall projected reduction in snowmelt runoff for the entire Naryn
River basin is 12%, offset by the compensating effects of higher eleva-
tion zones.

To estimate total runoff, all sources and components of the water
balance (except permafrost) were considered, including rainfall runoff,
snowmelt runoff, glaciermelt runoff, surface evaporation, snow and
glacier sublimation, and transpiration (Fig. 8d). The trend of increasing
runoff with elevation is particularly apparent at elevations from 2000 to
3600 m, ranging from 93 mm to 402 mm, respectively (Fig. 8d). Above

Table 1
Meteorological forcing and land data used in this study.
Variable Unit Resolution Source
Wind speed m 0.04° x 0.04°, NHRCM-CA (Isaev et al., 2024)
s hourly
SW downward w
radiation m~2
LW downward w
radiation m2
Surface air Pa
pressure
Specific kg/
humidity kg
2 m temperature K
Precipitation mm
Land cover 1 km GLCC ver2.0 (Loveland et al., 2000)
Glacier cover 100 m Randolph Glacier Inventory (RGI)
version 6.0 (RGI-Consortium, 2017)
Surface 1 km Ecoclimap (Champeaux et al., 2005)
parameters

Abbreviations: SW - shortwave, LW — longwave.
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this zone, a significant contribution from glaciermelt runoff is observed,
followed by a gradual decrease in runoff towards minimum values at the
highest elevations. Variability of total runoff differed by elevation.
Higher elevation zones, especially glaciated areas, had very high vari-
ability (Figs. 8 and 9), indicating a potentially compensating effect of
runoff from these zones in response to snowfall variability.

When comparing changes in total baseline runoff with the climate
scenario in the case of complete glacier degradation due to higher
temperatures in lower zones, liquid precipitation runoff will dominate
and, even with increased evaporation, overall runoff will increase due to
the increased precipitation trends in lower zones. Noteworthy is that the
previous rain to snow ratio of 3:1 will shift to 3:2.35. In the transitional
zone (~2500-3500 m), a decline in mean total runoff occurs attributed
to the transition from snow to rain and intense evaporation. However,
median values are elevated, and overall variability is reduced compared
to the baseline period. Above this zone, there is a projected reduction in
total runoff — e.g., at 4200 m, there is a 51% reduction in total runoff
primarily due to the disappearance of glaciers. However, in the
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accumulation zone above 4600 m, we observe a relative increase in
runoff due to the melting of snow, which previously accumulated and
served as a source for glaciers.

3.4. Total runoff standardized anomaly index

The high variability of water balance components in glaciated basins
represents a highly sensitive system for seasonal water supplies. Analysis
of the Total Runoff Standardized Anomaly Index (TR-SAI) by year re-
veals substantial variability in the distribution of water availability
across the basin (Fig. 9). However, a clear overall trend is observed in
the elevation distribution of the index. For instance, increased TR-SAI is
observed throughout the Naryn River basin area in 1992 (Fig. 9a) due to
a higher amount of precipitation in the basin (Fig. S5c). In contrast, in
high mountainous regions, particularly in glacier formation zones, the
TR-SAI index is negative, possibly attributed to a delay in the onset of
glacier melt due to the presence of large seasonal snowpacks on glaciers
that result in a negative anomaly in the water balance index for these
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Fig. 9. Calculated Total Runoff Standardized Anomaly Index (TR-SAI) for a) wet year in 1992; b) dry year in 1993; c) mean index difference for future projections;

and d) index difference for future projections across elevations.
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high-altitude zones.

The modeled runoff source distributions (Fig. S5) clearly illustrate
distinct patterns within the basin. In 1993, the basin experienced rela-
tive aridity, indicated by a negative TR-SAI (Fig. 9b). Conversely, the
glacierized areas in the upper basin displayed extreme TR-SAI values,
suggesting a significant contribution of runoff from glacier melt for that
period. This compensatory effect offset the reduced runoff caused by
weak precipitation accumulation. The TR-SAI serves as a useful

225
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indicator of the importance of glaciers in generating runoff from pre-
cipitation, both spatially and temporally. Additionally, it reveals po-
tential changes in this relationship under the SSP5-8.5 climate scenario.

The analysis of this index based on a historical baseline simulation
provides insights into the potential variability of annual conditions
across the entire region under future climate scenarios (Fig. 9c). The
findings are intriguing, revealing high spatial heterogeneity in TR-SAIL
patterns. Notably, in the upper Naryn basin, where the river originates
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Fig. 10. Changes of basin mean snow water equivalent and snowmelt runoff: a) comparison of seasonal SWE changes between the historical baseline period and
future SSP5-8.5 projections b) seasonal snowmelt runoff distribution across elevations for baseline and c) future projections.
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from a plateau above 3000 m (excluding glaciers), a significant increase
in total runoff variation is observed. This phenomenon becomes
apparent when comparing the changes in average surface runoff
(Fig. 6a).

Furthermore, a clear elevation-based pattern emerges when exam-
ining the variability of the TR-SAI index (Fig. 9d). Lower-lying regions
from 1000 m exhibit higher index values, which gradually decrease with
increasing elevation up to 3500 m (prior to the glacier formation zone).
This trend indicates a pronounced positive variability in runoff gener-
ation. Considering the previously identified changes in temperature
affecting the upper soil layer, it can be inferred that increased evapo-
ration will have substantial implications for the water balance of the
region, particularly in the upper reaches of the basin.

3.5. Snow water equivalent changes

Our analysis examined the changes in snow water equivalent (SWE)
using the regional model for both historical baseline and future sce-
narios (Fig. 10a). For the baseline period from 1981 to 2000, we
observed that the peak of snow accumulation, typically in the second
half of April (Julian day 115) with approximately 200 mm of SWE, was
shifted by 26 days to the end of March. This indicates a shift in the
timing of peak snow accumulation due to increased temperatures and
reduced snowfall. Furthermore, the maximum changes relative to the
baseline scenario were observed during the peak of snowmelt in May
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(Julian day 145). During this period, the maximum change in SWE was
100 mm, indicating a likely decrease in water runoff from snowmelt. On
average, a reduction of 17% in peak values of SWE compared to baseline
levels were observed.

Elevational and seasonal patterns of snowmelt runoff were compared
between historical baseline (Fig. 10b) and future (Fig. 10c) scenarios. At
lower elevations, significant reductions in runoff are projected from
February to April, attributed to the limited availability of snow during
this period. The snowmelt pattern in April under the future scenario
closely resembles the historical pattern observed in March, indicating an
earlier onset of snowmelt. However, a larger proportion of the snowpack
water will be released in April-May rather than the baseline May-June
timeframe.

In the historical baseline simulation (Fig. 10b), peak snowmelt vol-
ume occurred at elevations between 3300 m and 4000 m. Conversely,
under climate change conditions, the accumulation zones will play a
more significant role in the water balance causing the peak snowmelt
volume to shift to higher elevations (above 4000 m) and become
dependent on the overall precipitation volume.

Notably, snowmelt volumes in July and August are projected to
decline substantially, exposing glacier surfaces much earlier and
potentially accelerating the melting of remaining glaciers. This trend is
evident in the mean seasonal snow water equivalent (Fig. 10a), which
indicates a near-absence of snow cover during the July-August period.
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3.6. Changes in extreme runoff

When comparing data on extreme runoff in the Naryn River basin,
considering the worst-case climate change scenario SSP5-8.5, several
future patterns emerge (Fig. 11). Below 2500 m, the primary source of
extreme runoff is rainfall, while melting of snowpacks has minimal in-
fluence due to limited accumulation at these elevations (Fig. 11a—c). For
the climate change scenario, the impact of snowmelt will be even less
significant. In terms of rainfall runoff, there is a projected increase in
runoff depth intensity, particularly for the 5, 10, and 20-year return
periods, with increases of 27%, 44%, and 24% respectively. Addition-
ally, 10-year maximum runoff events derived from baseline estimations
are projected to occur every 3—-4 years by the end of the 21st Century.

At altitudes from 2500 m to 3500 m (Fig. 11d-f), where the transi-
tion of precipitation between rain and snow is important, we see that
despite the increases in overall maximum runoff from snowmelt and
rainfall (average increase of 8.6% for the 5, 10, and 20-year periods) this
increase is attributed to intensified rainfall runoff at these altitudes due
to rising temperatures. However, the intensity of snowmelt runoff
declined by an average of 10.8% due to the reduction in the total snow
cover across these elevations throughout the basin.

For altitudes above 3500 m (Fig. 11g-i), where snowmelt is the
primary source of runoff, intense rainfall events will occur more
frequently with climate change. However, their magnitude will not
surpass the contribution from snowmelt. On average, the intensity of
maximum snowmelt runoff for these altitudes will increase by 26.5% for
all return periods, which can be attributed to the overall trend of
accelerated melting due to increased energy for snowpack ripening and
amount of solid precipitation.

4. Discussion

The persistent mismatch in scales between hydrological and atmo-
spheric models underscores the critical need for grid-scale land surface
hydrological models that can better resolve the complex, nonlinear in-
teractions with atmospheric processes at spatial resolutions required for
robust climate impact assessments (Hostetler, 1994). Nested regional
climate models, which dynamically downscale global climate model
outputs to finer spatial scales, offer a promising approach to bridge the
scale gap and more accurately capture the regional-scale hydrological
responses to climate change (Teutschbein and Seibert, 2010). Continued
advancements in the integration and coupling of grid-scale land surface
hydrological models within nested regional climate modeling frame-
works hold great potential for developing the next generation of climate
change impact assessment tools that can robustly address the challenge
of discordant scales across the hydrosphere-atmosphere system.

Our results of the main characteristics and changes in the Naryn
River basin closely align with previous studies. The overall historical
baseline glacier melt contribution of 7% was quite close to the 6%
simulated using the SWAT model (Gan et al., 2015). For the upper ba-
sins, the average values were 22% and 24%, which coincides with Saks
et al. (2022) average findings of 23%. Additionally, assessments of
glacier melt contributions using remote sensing methods yielded 30.7%
and 23.9% for Chon-Naryn and Kichi-Naryn basins, respectively. A

Table 2
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notable difference is that even under the worst-case SSP5-8.5 scenario,
in the condition of total glacier degradation, the reduction in total
streamflow would be 16% (Table 2), which also matches the 17%
decrease reported by Gan et al. (2015), despite about 35% of the original
glacier area remaining in Gan et al.’s study. This highlights the signifi-
cant impact of glacier retreat and additional runoff sourced from pre-
viously accumulated snow at higher elevations on basin hydrology with
increases in precipitation sourced runoff of 17% (80 mm yr—') and
overall increases in precipitation of 14%. However, a more substantial
divergence was observed in the estimated changes in evapotranspira-
tion. While previous modeling efforts had indicated a 9% increase (Gan
et al., 2015), our study found a much higher increase (33%; Table 2).
This discrepancy suggests the need for further investigation into the
drivers and processes governing evapotranspiration in the Naryn River
basin under climate change conditions as higher altitudes will be
extensively exposed to positive temperatures and increased water
availability due to temporally shifted snowmelt.

Modeling evapotranspiration is a significant challenge in assessing
climate change, with significant variations in methodologies and ap-
proaches (Kay and Davies, 2008; Kingston et al., 2009; Barella-Ortiz
et al.,, 2013; Abiodun et al., 2018). In our study, the actual evapo-
transpiration is highly dependent on the presence of moisture and shifts
in the energy balance. Especially at mid-elevations, we observe a peak in
evapotranspiration, similar to studies conducted in other mountainous
regions, with a potential forecast of a 28% increase by the year 2100
(Goulden and Bales, 2014). In cryosphere zones, evapotranspiration is
expected to increase more significantly compared to other areas, with
boreal needleleaf deciduous forests (decadal mean: 309 mm yr’l) and
tundra (200 mm yr~1) experiencing the largest increases of 32.7% and
26.6%, respectively (Pan et al., 2015). Snow water equivalent changes
suggest a corresponding increase in available energy for evapotranspi-
ration, especially at higher elevations where snow cover will rapidly
decrease and shifts from snow to rain provide additional moisture for
evaporation, highlighting the role of the snow/ice albedo feedback in
shaping future climate change patterns in mountainous regions
(Arakawa, 2012; Pepin et al., 2015). It is evident from Fig. 6a that
changes in total runoff will predominantly affect the upper basins of
Chon-Naryn and Kichi-Naryn creating vulnerable post-glacial ecosys-
tems in these catchments (Bosson et al., 2023).

A significant contrast between temperatures at higher and lower
altitudes is particularly evident during the summer and autumn months
(Fig. 4a). Increased precipitation is projected in the eastern part of the
basin (Fig. 3b), specifically in Chon-Naryn and Kichi-Naryn. This
anomaly may be attributed to the influence of Issyk-Kul lake located to
the north of these basins, which experiences intense evaporation in
summer (Romanovsky et al., 2013), possibly exerting an impact on the
mass balance of glaciers in that area (Van Tricht et al., 2021). Note-
worthy, is that global climate models and low-resolution regional
models may not fully account for evaporation from water bodies (Erler
et al., 2019; Teutschbein and Seibert, 2012), whereas the
non-hydrostatic model utilized in our study offers a more accurate
depiction of moisture transport within the region. It is indeed a delicate
balance in modeling the interactions among atmosphere, hydrosphere,
and cryosphere components when assessing potential changes in

Changes in runoff composition of the study basins (*glaciers are excluded for the future scenario, hist — historical baseline period 1981-2000, ssp585 — future climate

scenario period 2077-2096).

Naryn (Toktogul inflow) Chon-Naryn Kichi-Naryn
Variable (mm yr~1) hist ssp585 % hist ssp585 % Hist ssp585 %
Total runoff 250 209 -16 268 157 —41 441 254 —42
Rain runoff 121 244 +102 65 221 +240 79 224 +184
Snowmelt 357 314 -12 305 262 -14 426 366 -14
Glacier melt* 41 0 -100 102 0 —100 159 0 —100
Evaporation 226 301 +33 176 303 +72 181 304 +68
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processes that determine the future state of ecosystems.

An important yet understudied aspect is the influence of changes in
runoff during extreme events in mountainous regions such as floods,
landslides, and debris flows (Ingold et al., 2010; Beniston and Stoffel,
2014). Such changes need to be assessed considering the transition from
snow to rain, the intensity of snowmelt, and the spatial distribution of
this phenomenon (Harpold and Kohler, 2017). As observed from our
modeling results, the lower regions will primarily be susceptible to
extreme runoff due to an increase in the rainfall fraction, its quantity,
and frequency. On the other hand, the upper basin will experience ex-
tremes due to intensified snowmelt, which may amplify the impact of
rain-on-snow floods (Ombadi et al., 2023). The transition from a
snow-dominated to a rain-dominated hydrological regime can lead to
earlier and more intense peak flows, increased flood risk in lower ele-
vations, and a heightened potential for rain-on-snow events (Cohen
et al., 2015) that can trigger destructive debris flows and landslides in
the upper catchments. Understanding these complex interactions among
changes in precipitation phase, snowpack dynamics, and the generation
of extreme events is essential for developing effective adaptation stra-
tegies and risk management plans in mountainous regions.

Regarding the uncertainties, the methodology previously evaluated
under similar conditions using stationary observations, including the
energy balance, suggests that the main factor of uncertainty is the input
meteorological data (Sadyrov et al., 2024). There might be uncertainties
arising from the mismatch between the scale of observations (point
measurements) and the scale of model grid cells, particularly in areas
with high spatial heterogeneity. The complexity lies in the fact that most
of the weather stations used to validate the regional climate model are
located in lowlands, and only one is located above 3000 m (Fig. 1).
Indeed, extensive observations of the cryosphere and atmospheric data
in the region have been very inefficient, although additional support is
gradually improving the situation (Hoelzle et al., 2017). The results
indicate a certain overestimation of precipitation in the mountainous
areas, which is also evident from the analysis of the water balance
components, especially in the Kichi-Naryn basin (Fig. S5).

There are many key advantages of the high-resolution modeling
approach employed in this study and these offer significant improve-
ments over previous coarser-scale assessments. By utilizing a fully
distributed (1 km) land surface and glaciological model, it was possible
to capture the fine-scale variations in topography, land cover, and
climate factors within the Naryn River basin, providing a more accurate
depiction of the spatial distribution of runoff sources, evapotranspira-
tion processes, and other energy and water balance components — a
crucial advantage in mountainous, glacierized basins where cryospheric
components are major drivers of the water cycle and exhibit substantial
heterogeneity across the landscape. The high-resolution regional
climate model (5 km) also offered more reliable meteorological forcing
data, improving the representation of local climate variations and the
simulation of future changes, while the physically-based nature of the
models reduced the need for extensive calibration, allowing for broader
application beyond the Naryn basin. Although the overall findings may
be consistent with previous studies, the high-resolution approach in this
work offers a more robust and spatially explicit understanding of the
complex hydrological processes and their responses to climate change in
the Naryn River basin, which is essential for informing effective water
resources management and adaptation strategies in this water-stressed
region of Central Asia.

5. Conclusion

The study presents a comprehensive assessment of the potential
impacts of climate change on the surface energy and water balance in
the Naryn River basin, a crucial catchment in Central Asia supplying
water to four nations. The region is highly dependent on glaciers and
snowmelt, which are being significantly affected by climate change,
including rising temperatures and altered precipitation patterns.
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To conduct this assessment, we employed high-resolution (5 km)
regional climate projections that were validated for the Central Asia
region. These climate data were then used to drive a fully distributed (1
km) land surface and glaciological energy-mass balance model. The
study compared historical baseline simulations from 1981 to 2000 with
future projections for 2077-2096 under the worst-case SSP5-8.5 climate
change scenario, considering the complete degradation of glaciers by the
end of the century. The results show that with the complete loss of
glaciers and a consequent 33% increase in evapotranspiration, the
overall runoff in the Naryn River basin will decrease by 16%, with re-
ductions exceeding 40% in upper basins. The snow-albedo feedback
effect could potentially drive an increase in soil surface temperature,
with a gradient of 0.1 °C per 100 m elevation, leading to a projected
increase of 10.4 °C at higher elevations. The maximum snow water
equivalent (SWE) is projected to decrease by 17%, with the seasonal
peak occurring one month earlier, exposing earlier glacier melt and
disrupting the pattern of glacier accumulation. Furthermore, the tran-
sition from snow to rain will significantly impact the lower basin,
increasing peak runoff and causing 10-year recurrence interval events to
occur every 3-4 years. Conversely, extreme runoff in the high moun-
tainous areas is projected to increase due to intensified snowmelt, more
snow and increased rainfall extremes.

Simulations using advanced physical models can accurately depict
significant changes in the hydrological components of a given basin.
Additionally, input data in the form of climate projections generated by
high-resolution regional climate models can provide a more compre-
hensive understanding of future changes. Noteworthy is that this
approach requires minimal calibration and primarily relies on meteo-
rological inputs, which can be enhanced through bias corrections. This is
a significant advantage, as it enables the exploration of hydrological
changes at broader spatial scales, going beyond the constraints of indi-
vidual basins. This expands the inference of this approach to assessment
of the homogeneity of parameters for its application in other regional
studies. However, the accuracy of these model-derived projections may
be compromised by the limited availability of observational data,
especially in topographically complex regions where weather station
coverage is sparse.
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