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Abstract. In a warming climate, glaciers will experience increased liquid precipitation and melt, making it crucial to better
understand and model the associated surface processes. This study presents a modeling approach developed to investigate the
dynamic interaction between surface liquid water and bare ice using the SURFEX/ISBA-Crocus model. The implementation
of the temporary retention of liquid water from rain or melt at the ice surface is described. The water is drained or can refreeze
depending on meteorological conditions, directly affecting the albedo, thermal profile and glacier mass balance. This new
development, tested to Mera Glacier (Nepal) shows an impact up to 6% on the annual mass balance with contrasted effects
depending on the meteorological conditions. During the pre-monsoon season, this implementation leads to greater mass loss
(up to 20%) due to surface liquid water, which enhances warming rather than compensating through refreezing. During the
monsoon and post-monsoon seasons, it leads to less negative mass balance as a result of increased refreezing. Sensitivity
analyses identified drainage and albedo as key model parameters. A 10% change in stored liquid water drainage results in a
10% change in annual mass balance. The albedo of bare ice and liquid water over ice represent the primary contributors to mass
balance loss and the greatest uncertainties, making them priority targets for further investigation and improved characterization.
This physically-based model development is essential for future climate projections worldwide, particularly given increasing

melt, rainfall, and bare ice exposure under climate change.
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1 Introduction

Mountain glaciers are signi cant contributors to global sea level rise and crucial water resources for millions of people in high-
altitude regions (Immerzeel et al., 2020; Hock et al., 2019). They act as natural freshwater reservoirs, sustaining downstream
populations and ecosystems, particularly in regions dependent on seasonal meltwater supplies (Pritchard, 2019). However
under ongoing climate change, mountain glaciers are experiencing accelerated mass loss worldwide (Zemp et al., 2019; The
GlaMBIE Team et al., 2025), with projected mass losses of up to 41% by 2100 globally (Rounce et al., 2023). Despite these
global trends, regional responses exhibit substantial variability, highlighting key uncertainties in future glacier evolution (Brun
etal., 2017).

Glacier mass balance, which directly controls glacier mass evolution, is primarily driven by the surface energy balance,
where the interplay between atmospheric forcing and glacier surface conditions dictates ablation rates (Hock, 2005). Climate
warming is not only increasing melt rates across most mountain glaciers but also raising the snow/rain transition ( upikasza
et al., 2019; Schauwecker et al., 2022; Fehimann et al., 2018; Guo et al., 2021). These combined effects enhance the presenc
of liquid water on glacier surfaces, both through intensi ed melt and an increasing fraction of precipitation falling as rain.
As the extent of bare ice exposure grows, understanding the complex interactions between liquid water and glacier surfaces
becomes increasingly critical for accurate mass balance projections (Hartl et al., 2025; Réveillet et al., 2018).

The presence of supraglacial liquid water signi cantly in uences both energy and mass balance through multiple mecha-
nisms. Shortwave radiation absorption, the dominant driver of glacier ablation, is strongly modulated by surface albedo (Mdlg
and Hardy, 2004). The presence of liquid water has been shown to modify this balance, especially by reducing albedo, thereby
increasing energy absorption and accelerating melt rates (Di Mauro et al., 2017; Di Mauro, 2020; Barandun et al., 2022; Gilar-
doni et al., 2022). Field observations in the Arctic indicate that liquid water presence can lower ice albedo by 20-70% (Grenfell
and Maykut, 1977), creating a strong positive feedback loop that enhances meltwater production (Tedstone et al., 2020; Hartl
et al., 2020). Additionally, the refreezing of surface water at night releases latent heat, modifying the thermal structure of the
glacier surface and in uencing subsequent melt rates (Gilbert et al., 2014, Hartl et al., 2025). This diurnal melt-refreeze cycle
can create thin layers of superimposed ice on the surface that exhibit a higher albedo (e.g. Volery et al., 2025).

Despite clear observational evidence of these processes, most current surface mass balance models do not explicitly represe
the impacts of supraglacial liquid water (e.g., Mattea et al., 2021; Alexander et al., 2014). While some snow models incorporate
water percolation schemes in the snowpack (e.g., Vionnet et al., 2012; D'Amboise et al., 2017), they generally do not account
for the accumulation and impacts of liquid water on impermeable ice surfaces. Advanced hydrological models, such as those
based on Richard's equations, have been applied to snowpack percolation (Wever et al., 2014), but few explicitly address
supraglacial water storage. Existing models that consider water ponding are primarily developed for sea ice systems (Hunke
et al., 2013; Popotiand Abbot, 2017; Lithje et al., 2006; Skyllingstad et al., 2015; Fettweis, 2007; Buzzard et al., 2018),
highlighting a signi cant gap in glaciers surface energy and mass balance modeling. While studies acknowledge the importance
of large supraglacial lakes in glaciers' energy and mass balances (Watson et al., 2016; Miles et al., 2018), the representatior
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of small-scale water ponds and their diurnal cycle remains limited. Furthermore, existing energy balance models typically use
static or simpli ed albedo parameterizations, neglecting its sensitivity to surface water cover (Hock, 2005; Gabbi et al., 2014).
In this study, we address these knowledge gaps by enhancing the SURFEX/ISBA-Crocus model to explicitly account for
supraglacial liquid water storage and its feedback on bare ice surfaces. The development introduces a surface water reservo
that interacts with energy balance processes, modifying albedo and regulating mass balance through possible refreezing. Th
main aim of this study is to precisely describe the physical implementation of this reservoir and to discuss its sensitivity and
the key parameters that need to be properly constrained in this development. To this end, the model was applied at a loca
point on a study site - Mera Glacier (Nepal) - to assess the signi cance of these processes in surface energy balance modeling
Mera Glacier was chosen to avoid relying on a virtual glacier and to take advantage of its well-documented climatic context
and previous studies, as well as its exposure to strongly contrasting climatic regimes. By incorporating a more comprehensive
treatment of surface water, this work aims to propose a physically-based model development that is transferable in both time

and space, to improve glacier melt projections under present and future climate conditions.

2 Study site and data
2.1 Study site : Mera Glacier

Mera Glacier (Figure 1) is a summer-type accumulation glacier located in the upper Dudh Koshi basin, in the Everest region
(Central Himalaya, Nepal) and is monitored by the GLACIOCLIM program (https://glacioclim.osug.fr) since 2007. Covering
4.84 knt in 2018, the glacier ows north, descending from 6390 m a.s.l. to 4910 m a.s.l. with a ow divided into two branches

at 5780 m a.s.l. (Mera branch and Naulek branch). More details on the characteristics of Mera Glacier are provided in Wagnon
et al. (2013).

Mera Glacier gains most of its mass from June—September monsoon snowfalls driven by the South Asian monsoon (Wagnon
et al., 2013; Thakuri et al., 2014; Pokhrel et al., 2024). This period, critical for understanding the glacier's climatic regime, is
characterized by an average air temperature of 0.3°C at 5360 m a.s.l. and 570 mm of precipitation at 4888 m a.s.l. (Khadka
et al., 2022). The post-monsoon (October-November) is dry, sunny and windy, occasionally interrupted by typhoon-induced
snowfall, while the winter (December-February) is colder but similarly dry and windy, with an average temperature of -10.4°C.
The pre-monsoon (March-May) is warmer and wetter, contributing about 25% of the annual rainfall (Khadka et al., 2022).

2.2 Glaciological and meteorological data

Several Automatic Weather Stations (AWS), operated by the GLACIOCLIM observatory (https://glacioclim.osug.ft/), are lo-
cated at different altitudes, both on and off the glacier. In this study, we focus on one point in the ablation zone of the Naulek
branch and use only the AWS located on the glacier at 5360 m a.s.l. (Figure 1b), which records at half-hourly time step air
temperature (T in K), relative humidity (RH in %), wind speed (u in m)sincoming and outgoing longwave radiation (W

and LW' in Wm 2, respectively), and shortwave radiation (84hd SW in W m 2, respectively). Rainfall is monitored by
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Figure 1. Map of Mera glacier (Nepal) showing the simulation point "AWS-Naulek" located on the Naulek branch (photo by F. Fontaine)
and the Geonor at Khare (photo by P. Wagnon) which provides pluviometric data. The background image was acquired by Sentinel-2.

a Geonor wind-shielded weighing bucket located in Khare (4888 m a.s.l.) (Figure 1a), and the precipitation data are the same
as in Khadka et al. (2024), i.e., there is no altitudinal gradient to correct for precipitation.

Gaps in the data occurred during the operational period (between November 2016 and 2022). The largest gap is almost a yea
long, from December 2017 to November 2018, in which case, as explained in Khadka et al. (2024), the gaps are lled by data
from another AWS located at the same elevation less than two kilometers away using linear interpolation for some variables.
In this study, we focus on years without long gaps (from November to NovemiSeNodember 2016 - % November 2017,
15t November 2019 - % November 2020, 3t November 2020 -3 November 2021, % November 2021- % November 2022.
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3 Methods
3.1 Crocus model description
3.1.1 Brief overview

Originally developed for seasonal snow cover in alpine environments, SURFEX/ISBA-Crocus (hereafter referred as Cro-
cus,Lafaysse et al. (2025)) is a physically based, model designed to simulate the microstructural evolution of snowpacks
using a multilayer approach. Crocus is a one-dimensional column model and is used at the point scale. For spatial applications
the model is run at multiple independent grid points (i.e. without lateral transfers). In this study, the simulations are limited
to a single-point con guration. The snowpack is discretized on a vertical grid, and using a Lagrangian approach, the model
dynamically adjusts the vertical layering (humber and size of layers, with a maximum of 50 layers) to represent changes in
snowpack stratigraphy over time. Each layer represents snow with speci ¢ physical state variables, including mass, density,
temperature, liquid water content, and microstructure properties (optical diameter and sphericity). The snowpack thermody-
namical evolution is simulated by solving the energy and mass conservation equations at a 15-minute time step (denoted ac

t in s). Key processes such as heat transfer, melting, sublimation, water percolation and refreezing are explicitly representec
(Lafaysse et al., 2017).This computation of the liquid water and temperature elds in the snowpack is then used to simulate
show metamorphism, i.e. the evolution of the microstructural properties of snow.

Crocus has already been used to simulate glacier surface mass balance in the Alps (Gerbaux et al., 2005; Réveillet et al.
2018) and also in other mountainous regions such as the Andes (Lejeune et al., 2007) or the Himalayas (in a modi ed version
that accounted for rock debris on ice: Lejeune et al., 2013; Giese et al., 2020). Crocus simulates glacier ice by treating it as a
highly compacted, non-porous form of snow (e.g., Réveillet et al., 2018) with adjusted physical properties (such as the albedo,
aerodynamical roughness length, or thermal conductivity). In this con guration, layers are classi ed as ice when their density
exceeds 850 kg n¥, a threshold that can be adjusted if needed. Pure ice has a maximum density of 917.kg m

Crocus requires atmospheric forcing variables including air temperature, relative and speci ¢ humidity, wind speed and
direction, incoming shortwave and longwave radiation, and precipitation (solid and liquid). These inputs are used at an hourly
resolution in the model, and an interpolation is realized for all atmospheric variables except for rainfall and snowfall where a
mean rate is applied. Additionally, we assume no geothermal heat ux at the base of the snowpack (ground ux set to zero),
thus excluding any basal melt contribution. We use the Crocus version within the SURFEX plateform (Masson et al., 2013).

3.1.2 Crocus limitations for water percolation over ice

In Crocus, liquid water percolation follows a conceptual bucket model (Lafaysse et al., 2017), where each layer retains water
up to a de ned threshold. This threshold, known as the liquid water holding capacity, is expressed as a percentage of the layer's
pore space. Layers act as stacked reservoirs that Il up until reaching this limit, which depends on their porosity. The excess
water then drains into the underlying layer. By default, the maximum water holding capacity is set to 5% of a layer's pore space

(Vionnet et al., 2012), consistently with the experiments from Coléou and Lesaffre (1998) on snow.
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However, the standard implementation of Crocus was not designed to properly handle the presence of non-porous and
impermeable layers such as ice. Indeed, up-to-now these layers were treated as having zero holding capacity but remaine:
permeable. Consequently, liquid water is allowed to pass through pure ice, without any retention or barrier to percolation.
Speci cally, it means that in the case of a temperate ice column, all liquid water percolates without any storage or refreezing,
causing all rain and meltwater to convert directly to runoff without surface retention. Conversely, if the ice column temperature
falls below the triple point (273.15 K), refreezing can occur within suf ciently cold layers during percolation. Consequently,
potential water retention mechanisms observed on glaciers, such as ponding, refreezing, or temporary storage of liquid watel

within surface irregularities, cannot be represented in the Crocus current version.
3.2 Implementation of surface liquid water retention over bare ice surfaces

The implementation of surface liquid water retention on ice surfaces is inspired by observations showing that glacier surfaces,
due to their rugosity, can temporarily accumulate liquid water in small surface irregularities (Figure 2). To model this water
retention, we based our approach on the developments in SISVAT, the snow-ice scheme of the regional climate model MAR
(Modéle Atmosphérique Régional, (Fettweis, 2007)), as described in (Lefebre et al., 2003).

3.2.1 Buffer description

Surface water retention is modeled using a virtual surface layer called a buffer, that holds liquid water between time steps,
representing water accumulated in surface ice rugosity (Figure 2). This buffer explicitly accounts for liquid water at the surface
only, without representing percolation into or water storage within the underlying ice layers. The buffer is implemented as a
scalar variable rather than as an additional physical layer in the model structure. This choice avoids unnecessary complexity in
the de nition and treatment of layers within the model routines, while still capturing the key processes associated with surface
water storage. The model work ow, which provides information on the state of routine modi cations and their order of use,
can be found in the Supplement, Section S1.

The buffer layer is implemented as an optional parameterization within Crocus that can be activated or deactivated through
model con guration. When activated, it allows explicit consideration of the thermal in uence of liquid water on the underlying
ice, its effects on surface albedo, and its contribution to the surface mass balance. This implementation introduces a feedbacl
between the surface energy balance and the thermal pro le of the underlying layers at each time step. When deactivated, the
model runs in its basic con guration.

The buffer exists only when the three following conditions are met: (i) the entire column is ice (i.e. density greater than
850 kg m 3) ; (ii) there is no snowfall during the time step and (i) no freezing rain. Otherwise the buffer is completely
drained to the runoff and the model reverts to its default con guration with no surface water storage. These conditions are
necessary to avoid overly complex situations such as snowfall accumulating on a surface already covered by stored liquid
water. Although such events do occur in reality, the treatment of these speci ¢ cases is beyond the scope of this study.






