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Abstract

Water takes part in most physical processes that shape the mountainous periglacial landscapes and initiation of mass wasting
processes. An observed increase in rockfall activity in high mountains regions was previously linked to permafrost degradation,
and water that infiltrates into rock fractures is one of the likely drivers of processes related to thawing and destabilization.
However, there is very little knowledge of the quantity and timing of water availability for infiltration in steep rock slopes.
This knowledge gap originates from the complex meteorological, hydrological, and thermal processes that control snowmelt,
and also the challenging access and data acquisition in extreme alpine environments. Here we use field measurement and
numerical modeling to simulate the energy balance and hydrological fluxes in a steep high elevation permafrost-affected rock
slope at Aiguille du Midi (3842 m a.s.l, France), in the Mont-Blanc massif. Our results provide new information about water
balance at the surface of steep rock slopes. Model results suggest that only ~25% of the snowfall accumulates in our study site,
the remaining ~75% is likely transported downslope by wind and gravity. The snowpack thickness is inversely correlated with
surface slopes between 40° to 70°. We found that among all water fluxes, sublimation is the main process of snowpack mass
loss in our study site and generally in the high-altitude environment. Snowmelt occurs between spring and late summer but
most of it may not reach the rock surface due to refreezing and the formation of an impermeable ice layer at the base of the
snowpack, which was observed in the field site. The annual snowmelt that is available for infiltration (i.e. effective snowmelt)
is highly variable in the simulated years 1959-2021 and its onset occurs mostly between May and August and ends before
October. By applying the model to a range of altitudes, we show that effective snowmelt is the main source of water for
infiltration above 3600 m a.s.1.; below, direct rainfall on snow-free surface is the dominant source. This change from snowmelt-
to rainfall-dominated water input leads to an abrupt, non-linear increase in water availability at altitudes below 3600 m a.s.!
and may point to higher sensitivity of permafrost-affected rock slopes to climate change at these altitudes.
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1 Introduction

Water plays a key role in the thermal and mechanical processes in mountainous periglacial landscapes and ean-influences the

stability of steep rock slopes in several ways (French, 2017). In deep fractures, the accumulation of water can lead to a high

enough hydrostatic head to exert critical pressure and initiation of failure (Fischer et al., 2010). Water that refreezes in saturated

fractures can also build up critical cryostatic pressure (Matsuoka, 2008; Draebing and Krautblatter, 2019). Infiltrating surface

water can efficiently transport heat by advection into rock fractures and lead to a thicker and earlier development of the active

layer (i.e. the depth of seasonal thawing) in permafrost-affected ground, as compared to pure heat conduction (Hasler et al.,

2011; Magnin and Josnin, 2021; Gruber and Haeberli, 2007). The warming of permafrost-affected rocks can then decrease the

rock’s uniaxial and tensile strength (Krautblatter et al., 2013; Dwivedi et al., 1998; Li et al., 2003; Mellor, 1973) and reduced
friction along joints and ice-bonded discontinuities (Haeberli et al., 2010; Mamot et al., 2018, 2020). Surface-water—that

—Over geological time scales water is a_n-impertant
catalyst of mechanical rock weathering processes related to subcritical cracking (Eppes and Keanini, 2017). However, despite
the existing knowledge and ongoing research on water-related mechanical processes in mountainous periglacial landscapes,
little knowledge exists on the quantity and timing of water availability in these environments. This knowledge is becoming
even more imperative with the fast warming of high permafrost-affected mountain regions (Haeberli and Gruber, 2009), and
the growing evidence for a related increase in rockfall occurrence (Gruber et al., 2004; Allen et al., 2009; Ravanel and Deline,
2011; Huggel et al., 2012; Ravanel and Deline, 2013; Ravanel et al., 2017).

This study is aimed to decipher the availability of surface water for surface and hydrological processes_in permafrost-affected
rock slopes. To do so, we use a numerical energy balance model coupled with a state-of-the-art snowpack scheme, forced by
field measurements and reanalysis of meteorological datasets, to simulate hydrological and thermal processes at the surface,
and quantify the flux of excess water that is available for infiltration.

Much of the precipitation in_high mountains water occurs as snow, and sSnowmelt is a major source of water—nhigh
reuntains.; Hhowever, despite-isfundamental-impertanee-we lack a robust understanding of its rates and timing. A significant
portion of the snow that falls on steep slopes does not accumulate due to redistribution by wind and transport by gravity

(Sokratov and Sato, 2001; Mott et al., 2010), and snowfall measurement techniques commonly introduce large errors,

especially in windy conditions (Rasmussen et al., 2012). We thus differentiate between rates of snow accumulation and
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snowfall. Previous studies suggested that snow accumulation on steep rock slopes is inversely proportional to the slope angle
and that above a certain slope angle, snow does not accumulate (Bléschl et al., 1991; Winstral et al., 2002; Gruber Schmid and
Sardemann, 2003; Haberkorn et al., 2015; Sommer et al., 2015). Existing estimations of the threshold angle for snow
accumulation range between 45°-80°. This wide range is likely due to differences in local climatic and topographic conditions
in different study areas (Phillips et al., 2017), and perhaps also the resolution of the topographic data used in the analysis
(Bldschl et al., 1991; Haberkorn et al., 2017). In this study, we use a site-specific analysis of snow depth distribution from a
repeated high-resolution survey of our study site using drone-based photogrammetry. This information is essential to accurately
medel-estimate the snow water equivalent amount at the rock slope surface. HeweverMoreover, quantifying water equivalent
snowmelt is not enough to evaluate infiltration potential since the actual flux that is available for infiltration is also controlled
by the hydrological properties of the snowpack and the rock itself. Snowmelt that percolates to the base of the snowpack can
refreeze to form an impermeable basal ice layer at the interface between the snow cover and the rock surface when the rock
surface is cold enough to dissipate the latent heat of freezing (Woo and Heron, 1981; Woo et al., 1982; Marsh, 2005; Fierz et
al., 2009) (Supp fig. S1). This ice crust phenomenon was described by Phillips et al. (2016) in an alpine permafrost-affected
rock ridge, where they used borehole temperature data to demonstrate how a basal ice layer, which they observed in monitored
snow pits, limits the infiltration of spring snowmelt. To differentiate from the net snowmelt, we use the term ‘effective
snowmelt’ referring to excess water that exceeds the field capacity of the snow and occurs when the base of the snowpack is

permeable and enables infiltration to the rock surface (i.e., when no ice crust exists).

2 Study area

The Mont Blanc massif covers approximately 550 km? across France, Italy, and Switzerland (Fig. 1). It is predominantly
composed of crystalline rocks with a Hercynian granitic batholith dated at 304 + 3 Ma intruded in a metamorphic (mostly
gneisses and mafic schists) basement dated at 453 + 3 Ma (Bussy and Von Raumer, 1994; Leloup et al., 2005). Shear zones
and faults networks, mainly striking 0° N to 25°E and 45°N to 60°E (Rossi et al., 2005), outline the main peaks, spurs, and
couloirs with their sub-vertical dipping characterized by a fan-like arrangement across the range, being slightly inclined
towards south-east (SE) in the north-west (NW) part of the massif and towards NW in its SE part (Bertini et al., 1985).

The massif is one of the most glaciated ever-in the western European Alps with about 102 km? of glaciers in 2007-2008
(Gardent et al., 2014) extending from the Mont Blanc summit at 4808 m a.s.l. down to the toe of the Bossons glaciers at c.
1450 m a.s.l. #s-Numerous steep rock walls that-frequenthy-reach altitudes above 4000 m a.s.l and are alse-strongly affected
by permafrost whose lower elevation_limit is found at around 2600 m a.s.l in north faces te-and 3200 m a.s.l in south faces
(Magnin et al., 2015a). These lower limits may vary by several hundreds of meters, depending on the surface conditions such
as fracture density and snow cover (Boeckli et al., 2012). Since the 1990s, these rock walls have been affected by an increasing
amount of rockfalls (Ravanel and Deline, 2011), with particularly high frequencies during hot summers, such as 2003 and

2015, occurring across a wide range of elevations from 2700 to 4000 m a.s.l. (Ravanel et al., 2017).
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The Aiguille du Midi site (3842 m a.s.l.; 45.88° N, 6.89° E) is located on the north-west side of the Mont-Blanc massif (Fig.
1) in the porphyritic granite zone. Its summit consists of three steep peaks (North, Central, and South). The peaks tower more
than 1000 m above the Glacier des Pélerins and Glacier des Bossons, on the north and east faces, and the south face is 250 m
high above the Glacier du Géant. The combination of various slope angles and surface characteristics at the Aiguille du Midi
makes it particularly representative of the Mont Blanc massif rock walls. A tourist cable car runs from Chamonix to the Aiguille
du Midi North peak, where galleries and an elevator are carved in the rock mass, providing year-round access to an extreme
and otherwise inaccessible environment. Furthermore, alongside the steep vertical rock walls, slopes with intermediate angles
(50-60°) and rugged surfaces allow the accumulation of a thick snow cover (> 0.6-0.8 m) throughout the winter, resulting in
variable permafrost conditions from warm discontinuous permafrost on the SE face to vertical rock slabs affected by cold and
continuous permafrost on the NW (Magnin et al., 2015b). This makes the Aiguille du Midi an ideal location to study processes
of high, permafrost affected, mountain landscapes. The study site used for the main analysis is in a ~500 m? rock slope on the
central pillar's SE face (azimuth angle 150°) with an average slope angle of 55° (Fig. 1). It is located below a confined section
of the touristic structure and it is not frequented by skiers and alpinists. There is thus minimal man-made influence on the
natural processes of snow accumulation. The SE study site was surveyed and equipped with several monitoring systems that
support the research presented in this contribution, and detailed in the methods section, including a time-lapse camera and
snow depth measurement poles to monitor temporal changes in snow accumulation (see Fig. 1, Fig. 4 and section 3.2), 10 m
deep boreholes with temperatures sensors (Fig.1B), and repeated high resolution 3D topographic surveys of the surface with
minimal snow cover, and after substantial snowfall (see Fig. 2 and section 3.1). A second site on the E side of the central pillar
was used to validate the results and includes a 10 m deep borehole, time-lapse camera records, and snow depth measurement

poles.
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Figure 1: Location map of the study site. A) Snow accumulation measurement pole. B) Southeast location of the borehole with logger
box and solar panel. C-D) Study site on the SE face of Aiguille du Midi. Red polygon shows the slope area surveyed for high-
resolution topography using a drone. E) The time-lapse camera installed on the SE pillar. F) General location in the Mont Blanc
massif. Maps provided by the Federal Office of Topography swisstopo.
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3 Methods

3.1 Snow depth — spatial distribution

Snow accumulation is simulated in our model setup and field measurements are used in the validation process. To analyze the
spatial distribution of snow depth in our study site, we produced two 3D photogrammetric point cloud models of an area of
~500 m? on the SE slope rock surface: one with minimal snow cover, on October 27" 2021, and another with substantial snow
cover fellowing-on January 17" 2022 (Fig. 2A-B, supp. Fig. S%). Based on our knowledge of the site (first fieldwork in 2005),
we assume that the January 2022 snow cover represents conditions close to maximal accumulation. Data from an on-site time-
lapse camera (see section 3.2) and from a meteorological station in Chamonix show that substantial snowfall events occurred
on the 25™ to 27" of December and 5" to 7™ of January. We assume that the 10 days without snowfall before the survey was
sufficient for preliminary redistribution and compaction processes to take effect and that further processes of mass loss from
the snowpack are either by sublimation or snowmelt.

The use of high-resolution photogrammetric 3D models from drones has become a prevalent method in geomorphology,
particularly in high mountain regions (e.g. Tonkin et al., 2016; Vivero and Lambiel, 2019). However, obtaining data on high
mountain walls using drones can be a demanding and complex task. The challenging topography necessitates increased flight
precautions. In the current study, flight was performed in a manual mode at approximately 30 meters from the wall, to achieve
a satisfactory overlap (80% and 85% overlap in the 2021 and 2022 campaigns, respectively) rate—and a view angle

perpendicular to the slope. Table 1 presents a summary of the characteristics of the two flights and the point clouds in the
region of interest.

Field conditions on the South face of the Aiguille du Midi did not allow the use of ground control points (GCPs). The use of
GPS in these environments does not provide satisfactory precision due to the satellite masking effect created by the walls. It
was also not possible to perform topographic measurements, and the Real-Time-Kinematic (RTK) positioning system of the
drone was not functional during manual flight. Furthermore, there was no access to high-resolution 3D models (terrestrial or
airborne LIDAR) which would have allowed for georeferencing through coregistration from pre-georeferenced point clouds.
Since absolute georeferencing was not necessary, we chose to work solely using the georeferencing and exterior orientation
parameters of the images measured by the GPS/IMU systems onboard the drones (Essel et al., 2022). TFhis-method-alowsfor

Metashape-tsed-to-create-the-3D-medels—-Subsequently, we performed the coregistration of the second drone survey on the

first, using 19 GCPs identified as common distinctive points between the two models in the region of interest.

Table 1: Characteristics of UAV flights, point clouds, and surface eemparisen-tneertaintiesdisplacement
uncertainties

Date of flight 27/10/2021 17/01/2022 -

[ Formatted Table
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Drone DJI Phantom 4 RTK Parrot Anafi Al

Camera sensor CMOS 1" 20M Pixel CMOS 1/2" 48M Pixel
Flight mode Manual Manual

Number of photographs 269 326

Number of points on the ROI 1532309 pts 1214577 pts

Mean point density on the ROI 1799 pts/m? 1379 pts/m?

M3C2 Lod 0.071m

M3C2 RMSE 0.13m

The uncertainty of the comparison (Table 1) was obtained through the statistical analysis of point-to-point distances between
the two-point clouds, calculated using the M3C2 module of CloudCompare, on surfaces identified as stable between the two
models, where the expectation of measurement is zero. The distances measured on these surfaces are therefore measurement
errors. The Root Mean Square Error (RMSE) is calculated as the component of systematic errors (Mean) and standard deviation
(o) by the following formula:
RMSE = Vo? + Mean?(1)
The Level of Detection (LoD) is defined as the 95% confidence interval of the vertical error, the standard deviation of the
RMSE (Zhang et al., 2019) :
LoD = 1.96RMSE(2)

The point clouds were compared by interpolating the elevation data into a 0.1 m cell-size digital elevation model (DEM). We
calculated the local slope and vertical snow depth for each grid pixel (Fig. 2 C-D). The angle of the rock slope surface was
calculated by fitting a second order polynomial surface to a window size of 3x3 pixels and deriving the local gradient
(Zevenbergen and Thorne, 1987; Evans, 1980) from the DEM of the snowless conditions (Zevenbergen and Thorne, 1987;
Evans, 1980). The main purpose of this analysis was to examine the relation between snow depth and local slope, and also to
compare with data from our time-lapse camera (see 3.2) to determine the maximum snow depth. We compared the 0.1 m slope-
depth relation (Fig. 2C-D) with an upscaled 1 m resolution grid (Fig. 2E-F), which is the length scale of our model realizations,
and found the results to be in good agreement, as shown by the comparison between slope angle distributions of the two
resolutions (Fig.2D and 2F).

[ Formatted: Centered

[ Formatted: Centered




170

175

180

E
= 20.02]
a’ °
o) ©
s 3
3 2
] 2.0.01;
2
0 ]
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
slope slope [degrees]
= Median snow depth
25 Mean snow depth 0Rb
E e single pixel values F
. ol B :25%quantile 0.04
= >
31.5 r 3 0.03 |
o) @©
3 1 8 0.02 |
g 1 10,
&
05" 0.01}
ol TN : ke
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
slope slope [degrees]

Figure 2: Snow accumulation on rock walls - Snow depth vs. local slope from the comparison of two 3D photogrammetric point
cloud models of an area of 500 m? on the SE slope rock surface. A) SE face of Aiguille du Midi with minimal snow cover in October
2021. B) SE face of Aiguille du Midi with substantial snow cover in January 2022. C) Snow depth as a function of the local slope of
the 0.1 m pixels in a high-resolution DEM. Red line is the median value of snow depth for bins of specific local slope (bin size=5°)
with £25% quantile range in gray. Blue line is the mean value with a range of + standard error. D) Distribution of local slope values-
i et Hity. (E-F) Same as C-D after resampling the point cloud data to 1 m cell size. Note that snow depth
systematically decreases from a median depth of 0.7 m (average depth 0.8 m) for a slope of 40° to <0.1 m at 70° slope.

3.2 Snow depth — temporal distribution

Time-lapse cameras with a temporal resolution of 4 images per day were used to monitor the height of accumulated snow
using permanent measurement poles installed on our study site at Aiguille du Midi (Fig. 1, 4B). The snow depth data covers
periods between 2012-2015 and 2021-2022. Ten poles were installed in two areas of 20 m x 20 m each, near the boreholes on
the SE face (Fig. 1) and on the east (E) face. The poles heights are 1-1.35 m and painted with colored bands of 0.1/0.2 m. Snow
accumulation time series, with a sub-daily resolution, were then produced by visually examining the images with an estimated

8
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accuracy of ~0.1 m, based on the ability to read the snow depth from the images _(supp. Fig. S6). A snow depth time series of
the SE face field site, based on images taken between January 2012 and July 2012, from the same camera position, was used
to calibrate the model constraints on snow accumulation and loss rates, and also compare with the maximum snow depth values
obtained from the 3D photogrammetric point cloud models. A snow depth time series of the E face, from images taken between
February 2012 and January 2015 (with gaps in data between June 2012 and March 2013) was used to validate the model.

3.3. Simulating snow evolution with a surface energy balance model

3.3.1. The CryoGrid community model

The CryoGrid community model is a toolbox for numerical simulations of ground thermal regime and water balance. Its
modular structure makes it suitable for a wide range of terrestrial cryosphere settings and is mainly applied in permafrost
environments (Westermann et al., 2022), using the finite-difference method to transiently simulate ground temperatures and
water balance. Previous studies successfully used former CryoGrid models to simulate processes in steep rock walls and
mountainous regions (Magnin et al., 2017; Myhra et al., 2017; Schmidt et al., 2021; Legay et al., 2021). We used the CryoGrid
community model (version 1.0) toolbox (Westermann et al., 2022) to simulate the one-dimensional (1D) ground thermal
regime and ice/water balance and estimate the availability of surface water and its potential for infiltration in rock fractures.
The ground domain, representing the rock wall, is simulated as a 1D gridded column with a depth of 100 m. Ground
temperatures are calculated using diffusion and advection by vertical water flow. The lower boundary condition is provided
by a constant geothermal heat flux. The upper boundary is calculated by surface energy balance using atmospheric forcing
(see section 3.3.2). Water balance and hydrological processes are also simulated. We used a water scheme based on Richard’s
equation (Richards, 1931) of unsaturated flow to simulate flow in the rock. We applied a low porosity value (1%) to limit
infiltration and conserve the full potential of excess water at the surface in each time step (i.e. the amount of water that could
potentially infiltrate if a fracture exists). In addition to surface energy balance, the CryoGrid model is implemented with the
state-of-the-art CROCUS snow scheme (Vionnet et al., 2012) which provides representations of snow cover dynamics, and
water drainage. The CROCUS scheme allows for transient representation of internal snow properties as well as processes of
interaction between atmosphere, snow, and rock (supp. Fig. S2). Snow surface mass fluxes are also computed with the
consideration of energy balance and include latent heat fluxes from evaporation and sublimation following an approach by
Boone and Etchevers (2001). Water flow in the snowpack is simulated with a scheme that includes a threshold value of field
capacity. At values below the threshold no flow occurs, and above it, flow is governed by gravity and the hydraulic conductivity
of the snow. We consider two potential sources of water for infiltration into rock fractures: rainfall and snowmelt. Excess water
was set to be produced during snowmelt and rainfall in scenarios when snow water content exceeds its saturated field capacity,

if snow cover exists.
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3.3.2.  Forcing Data

Obtaining reliable and continuous long-term meteorological data from high mountain regions is challenging due to the extreme
conditions that limit accessibility and damage equipment. Thanks to the accessibility of the Aiguille du Midi site,
meteorological data is available from in-situ meteorological stations, including a permanent station of Météo France running
since 2007. However, the available meteorological data sets contain large gaps and are of limited duration. We thus compared
the available measurements of air temperature at Aiguille du Midi and precipitation at the nearby station of Chamonix with
data obtained from the S2M-SAFRAN meteorological reanalysis tool. We found it well fitted for our needs, with R? values of
0.97 and 0.69 for air temperatures and precipitation, respectively (supp. Fig. S3). The S2M-SAFRAN dataset combines output
from a numerical weather prediction model and in situ observations and was originally developed for operational needs to
estimate avalanche hazards in mountainous areas (Durand et al., 1993). It is available for 74 mountain areas in France,
including the Mont Blanc massif, with an area of 585 km?and 26 meteorological stations used in the reanalysis of this area.
The data in each area is divided at elevation steps of 300 m, with an hourly resolution between the years 1958 to 2021 (Vernay
et al., 2022). The S2M-SAFRAN data set includes most parameters that are required for modeling with CryoGrid: relative
humidity, air temperature, incoming long and short wavelength radiation, and wind speed. To complete the forcing data, we

used top of the atmosphere incident solar radiation from ERA5 global reanalysis dataset (Hersbach et al., 2020).

3.3.3.  Constraining snow accumulation and model calibration

Our model setup contains uncertainties regarding unknown model parameters which we estimated using the literature (Table
2) (Legay etal., 2021; Magnin et al., 2017) and calibration. Two of the model outputs can be compared with field measurements
and were used for calibration — snow depth, which has a direct influence on water availability, and near surface temperature
which can indirectly influence the water mass balance by controlling sublimation, evaporation, melting, and refreezing of the
snow. We used a parameter named “snowfall multiplication factor”, which has a constant value between 0-1 that sets the
fraction of snowfall, provided by the meteorological dataset, that accumulates on the surface. For example, a snowfall
multiplication factor value of 0.25 means that only 25% of the net snowfall is accumulated. Another constraint on snow
accumulation used in the model is the value of maximum snow depth. It is the maximum depth above which no snow can
accumulate once it is reached. The value of maximum snow depth was obtained by comparing two 3D high-resolution models
of the study site in snow-free conditions and after heavy snowfall and was found to be slope dependent (see sections 3.1 and
4.2). In the calibration process, we aimed to optimize two model outputs: snow depth and near surface temperature, by
comparing them with field measurements (Fig. 3B). The model was validated by simulating the E face of Aiguille du Midi
using the calibrated model parameters (calibrated with data from the SE face). The location of the validation site on the E face
shares many characteristics with the SE face borehole (i.e. elevation, rock type, climate) and includes the required datasets that
were used in the calibration — snow depth poles, a time-lapse camera and near surface temperature measurement in a 10 m

deep borehole. However, for technical reasons, the borehole on the E face was originally installed in a sub-vertical wall that

10



does not accumulate snow. We thus compared the near-surface temperature measured at the E face with the modeled
temperature with a low snowfall multiplication factor value of 0.1 (10%) (Fig. 3C), and measured snow accumulation with the
calibrated value of 0.25 (25%) (supp. Fig. S4).

Table 2: Physical parameters used in the model simulation

Parameter Value Units Source
volumetric heat capacity mineral 2x10° JIm*K 1

thermal conductivity 3.3x10° W/K 1

sky view factor 0.63 Calculated using QGIS
snowfall multiplication factor 0.25 Calibrated

heat flux at lower boundary -0.25 W/m? 2

surface albedo 0.16 2

surface emissivity 0.92 3

roughness length 0.01 m 2

maximum snow depth 0.8 m Field measurement

!Legay et al. (2021)
2Magnin et al. (2017)
3Mineo and Pappalardo (2021)
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Figure 3: Comparison of near-surface temperature (T) data from model output and borehole measurements - A) Comparison of
modeled near-surface temperature (orange) at depth 0.14 m, with borehole measurement from the SE face study site (blue). B)
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Same as A showing modeled and observed rock temperatures during the year 2018. C) Correlation of modeled near-surface
temperature (depth=0.14 m) and borehole temperature, SE face, after calibration of snowfall multiplication factor (0.25) and
maximum snow depth (0.8 m). D) Comparison of modeled near-surface temperature (orange) at depth 0.30 m, with borehole
measurement from the E face study site (blue). E) Same as D showing modeled and observed rock temperatures during the year
2018 F) Validating the modeled near-surface temperature at a depth of 0.3 m, with near-surface temperature data from a second
borehole on the E face of Aiguille du Midi.

3.4. Effective snowmelt

Snow density is commonly used as a proxy for snow permeability (Marsh, 2005). We defined a threshold density value at the
base of the snowpack for which no infiltration occurs and an ice crust develops (i.e., hydraulic conductivity = 0). Based on an
empirical relation suggested by Sommerfeld and Rocchio (1993), we define a threshold density value of 0.4 g/cm® which
corresponds to a permeability value in the range of 10™° m2 For comparison, the average dry snow density in our simulation
is 0.24 g/cm? with a standard deviation of 0.08 g/cm?®. We thus define effective snowmelt as the volume of water that exceeds
the snow porosity field capacity during model time steps provided that dry snow density at the base of the snowpack does not
exceed 0.4 g/lcm®. In the CryoGrid model, snow density is controlled by compaction, metamorphism, refreezing, and water

retention processes (Vionnet et al., 2012). The model also accounts for the inputs of rainfall to the snowpack water balance.

4 Results

4.1. Calibrated model of the SE face of Aiguille du Midi

The calibration process for maximal snow depth in the SE study site resulted in a value of 0.8 m. It corresponds to what we
observed in our snow depth time series from the time-lapse camera (Fig. 4) and high-resolution snow depth survey (Fig. 2).
Modeled rock surface temperature shows a good correlation with borehole data from the SE face of Aiguille du Midi (R?=0.73)
(Fig. 3B). The validation of the model by simulating snow accumulation and near-surface temperatures in an E facing slope
and comparing them with field measurements confirmed that the model is flexible for use within the Aiguille du Midi region
(R?=0.88) (Fig. 3C, 4, supp. Fig. S4). The predictions of the near-surface rock temperatures on the E face were made with
snow-free conditions and provided good correlation with field measurement (Fig. 3B). The reason for that is the location of
the E borehole in a sub-vertical wall that does not accumulate snow and reduces much of the complexity of the surface energy
balance calculations and the subsequent uncertainty.
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measurements made in situ using snow poles and a time-lapse camera. Note that using a multiplication factor of 0.2 (left) (20%0)
provides snow thickness values that are lower than the observed thickness (red cross) while a value of 0.3 (right) (30%b) leads to
higher than observed values. A multiplication factor value of 0.25 (25%) (middle) provides the optimum results.

4.2. Snow accumulation on steep rock walls

In the calibration process, we found that only about 25% of the snowfall accumulates on the steep rock slopes of our study site
on the SE face of Aiguille du Midi (See section 3.3.3 for more details).

Topographic analysis of the 10-cm-resolution survey of our field site shows a heterogeneous surface with local slope ranging
between 20°-90° and a bimodal distribution with two well defined modes at 43° and 80° (Fig. 2D) which illustrates the typical
steep step-like rugged morphology of the SE rock slope.We-resampled i i e
reakization-dimension-ef-eurnumerical-model: We found that snow depth systematically decreases from a median depth of 0.7
m at a slope of 40° (an average depth of 0.8 m) to <0.1 m at 70° slope. We thus use the value of 0.8 m as the maximum value

of snow depth in our simulations. At lower slopes, between 25°- 40°, snow depth measurements show a counterintuitive
positive correlation. Wirz et al. (2011) reported a similar trend in low slope angles and suggested that it is related to the
relatively small area represented. In our case, cells with slope angles below 40° cover ~22% of the surface, and cells with slope
<30° cover ~ only 6%. Many of the cells with slope <40° are located at a step edge where the snowpack is not supported down
slope and accumulation is thus relatively thin.

4.3. Snowmelt and water availability for infiltration

Figure 5 shows the SE face model results for annual amounts of net snowmelt, effective snowmelt (when the rock surface is
penetrable and no ice crust exists at the base of the snowpack ), direct rainfall (that falls on snow-free area), and sublimation
in the SE face of Aiguille du Midi. All water fluxes are reported in length units of m (i.e. water equivalent of volume per area

- m¥/m?). We found that most of the annual water mass loss from the snowpack is the result of sublimation (Fig. 5A), which
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is the only process of snowpack mass loss during winter and spring months, from November to April, in our study site (Fig.
6). Average annual amount of net snowmelt is 0.13 m with variability that ranges over a factor of six between 0.05-0.28 m,
and is directly related to the annual amount of snow accumulation — years with relatively heavy snowfall will get more net
snowmelt (Fig. 5B). The annual effective snowmelt ranges between values below 0.01 m (during the years 1977, 1984, 2000,
2007, 2011) and 0.075-0.1 m (during the years 1964, 1973, 1980, 1992). The fraction of effective snowmelt from the total
annual excess water (effective-net snowmelt +runeff-+ direct rainfall) varies widely from 7 to 90% (during the years 1968 and
1975 respectively).
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Figure 5: Annual water fluxes in the SE face study site between 1959-2020 - Model results of annual effective snowmelt (blue), direct
rain (red), net snowmelt (yellow), and sublimation (purple) in the SE face study site at 3800 m a.s.l. A) Water balance including
sublimation. B) Total and effective snowmelt and direct rainfall. Note the high variability in annual water availability for infiltration
(effective snowmelt + direct rain), and the high rate of sublimation.
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On average, at our study site on the SE face, 95% of the snowmelt occurs from May to September; however, the effective
snowmelt is delayed to the summer months (June to September) when 95% of the effective snowmelt occurs on average (Fig.
6). In most years, effective snowmelt begins in June or July. A few exceptional years show considerable effective snowmelt
values in May (1992, 2017,2 018) and some show the first effective snowmelt only in August (1978, 1997, 2007, 2011). In all

years, more than 90% of the effective snowmelt is produced by the end of September.
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Figure 6: Average modeled monthly water fluxes in the SE study site for the period 1959-2020.

The flexibility of the model setup enables the simulation of opposite north and south facing rock slopes to test the effect of the
topographic aspect on runoff regime. In these simulations, we kept all model parameters identical and changeds only the slope
aspect-direetion. The results show that both north and south facing rock slopes experience complete melting of snow cover by
late summer, which agrees with field observations (Fig. 7). Similar volumes of total runoff are produced, with negligible
differences due to different sublimation rates. Interestingly, the annual effective snowmelt on south facing rock slopes is 48%
greater on average than on north facing slopes (Fig. 7). The reasons for this are that effective snowmelt occurs from May to
October on south facing rock-slopes, while it takes place only from June to September on north facing slopes (Fig. 7), and
with longer persistence of ice crust at the base of the snowpack.
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Figure 7: North vs. South comparison - A) Comparison of average monthly distribution of water fluxes in north and south facing
rock slopes at an elevation of 3900 m a.s.l. Note that the annual effective snowmelt on south facing rock slopes is 48% greater on
average than on north facing slopes. B) Average surface temperature (T) in north and south facing rock slopes at an elevation of
3900 m a.s.l. Blue shading shows the standard deviation of monthly surface temperatures.
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4.4, Modeling energy and water balance at various altitudes

The S2M-SAFRAN dataset for the Mont-Blanc massif is available at elevation steps of 300 m. We compared our model
simulation results for the Aiguille du Midi SE face with the same settings at different altitudes, starting from 2700 m a.s.l,
which is the elevation where discontinuous rock wall permafrost is expected to exist, and up to 4800 m a.s.l, which is the
highest point in the Mont-Blanc massif. These simulations give a better understanding of the thermal dynamics along the entire
permafrost-affected mountain flank and the changes in effective snowmelt and water availability for infiltration. To broaden
the analysis, we also modeled the effect of elevation change on a north facing slope. Our results show that for south facing
rock slopes, snowmelt is the main source of water for infiltration in elevations above 3600 m a.s.l. From 3600 m to 2700 m,
direct input of rainfall and net snowmelt volumes increase rapidly, while the effective snowmelt increases at a more gradual
rate (Fig. 8). At these lower elevations, where direct rainfall is dominant, effective snowmelt input precedes rainfall by ~1
month on average (Fig. 8A). Above 3300 m, sublimation is the dominant process of snow mass loss. The availability of water
for infiltration, either by snowmelt or direct rainfall, occurs sooner at lower elevations: water is available for infiltration as
early as April at elevations of 2700-3000m, while the onset of snowmelt occurs in June at 3600m. A comparison with the same
elevations on a north face (Fig. 9) shows that at elevations <3000 m, fluxes are similar. At higher elevations, the ratio of water

availability between north and south increases while the water fluxes magnitudes decrease.
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Comparison of average monthly distribution of water fluxes, at conditions in elevations 2700, 3000, 3300, 3600, 3900, 4200, 4500,
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slopes. Note the rapid increase in water availability from rainfall input below 3900 m.
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5 Discussion

5.1. Snow accumulation depth

The spatial variability of snow depth in our study site shows a robust inverse relation between slope angle and snow
accumulation depth, as mean snow depth decreases from 0.8 m to 0 m when slope angle increased from 45° to 75°. This
observation is in agreement with the results of previous studies (Sommer et al., 2015; Bldschl et al., 1991; Winstral et al.,
2002; Gruber Schmid and Sardemann, 2003; Haberkorn et al., 2015). The results also suggest that only 25% of the snowfall
in the study site accumulates. The remaining 75% are likely redistributed by wind and gravity through avalanches and spindrifts
(e.g. Hood and Hayashi, 2010). We acknowledge the observed variance in snow accumulation depth for a given slope (Fig. 2).
This variance is interesting by itself since it might point to additional environmental factors that control snow accumulation,
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meost-hkelysuch as local micro-topographic and micro-climatic factors (Wirz et al., 2011; Lehning et al., 2011). For example,
the micro-topography of the rock surface can influence local wind dynamics and snow redistribution (Winstral et al., 2002).
The rock slope roughness can affect friction with the snowpack surface and support its stability. Local shading can affect the
thermal regime and mechanical characteristics of the snowpack (Vionnet et al., 2012). Further research using higher temporal
(i.e. several per year) and spatial resolution- of snow accumulation (i.e. at a scale of surface roughness that is relevant for rock-
snow friction) is needed to decipher the influence of slope characteristics other than slope angle on snow accumulation in steep
slopes.

5.2. Model applications and flexibility of the S2M-SAFRAN dataset

We show that the use of the S2M-SAFRAN meteorological dataset can overcome some of the limitations of meteorological
field measurements. The S2M-SAFRAN data is available for other mountain ranges in the Alps, Pyrenees (e.g. Lopez-Moreno
et al., 2020), and Corsica and our approach could be extended-applied anywhere if enough field data is available for forcing
(meteorological data), and validation (i.e., surface temperature and/or snow depth).

We show that the CryoGrid community model is a useful tool for studying near surface thermal and hydrological processes in
steep mountainous landscapes. However, although the model allows considerations of lateral drainage, it is spatially limited
to 1D configuration and oversimplifies 3D subsurface thermal and hydrological processes. 3D hydrogeological models that
can account for lateral flow, heat advection, and various saturation levels do exist. However, these models, in addition to often
being closed sourced and costly, rarely include modules for simulating the complex processes in the snowpack and the
interactions with meteorological and topographical conditions. We thus suggest that a complete model of the thermal and
hydrological processes in mountainous periglacial and/or permafrost-affected landscapes can benefit from a coupling of the
output of an energy balance plus snow hydrology model, such as CryoGrid, with a 3D hydrogeological model of mass and
heat transfer.

5.3. Potential snowmelt and water balance

The results presented here are from a first attempt to fill a major knowledge gap in the field of mountain permafrost hydrology
and provide a constraint on one of the most important parameters - the availability of water for infiltration. We demonstrate
previously suggested control of snow hydrology on water availability in high-elevation steep rock slopes, via the formation of
an ice crust layer that can profoundly lower the local rock surface infiltration capacity (Woo and Heron, 1981; Woo et al.,
1982; Marsh, 2005; Phillips et al., 2016). Our approach to simulating the formation of the ice crust and its influence on snow
hydrology is likely oversimplified and ignores possible lateral fluxes and the formation of impermeable layers in the upper
parts of the snowpack. Sublimation was found to be the dominant process of snowpack mass loss in the field site at elevations

higher than 3600 m a.s.I (excluding mass removal by wind and gravity). Accurate modeling of sublimation in steep-high alpine
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terrain is highly complex and field measurements are rare, however, previous studies pointed out the importance of sublimation
in the alpine snowpack mass balance, and thus in agreement with our model results (Strasser et al., 2008; MacDonald et al.,
2010). We found sublimation rate to be sensitive to surface roughness length — a parameter that describes the efficiency of
energy transfer (i.e. latent heat of sublimation) at the air-snowpack interface. We tested the sensitivity of sublimation rates to
a wide range of roughness lengths values (1x10* - 2x102 m, Table 2) and found that although the sublimation rate changed
significantly, it remained the most dominant process of snow mass loss_(supp. Fig. S7). We show that effective snowmelt is
the main source of water availability to the rock surface in steep high elevated rock slopes and that at some elevations, i.e.
3600-3900 m a.s.l in our case study, a transition occurs from snowmelt-dominated to rainfall-dominated water availability
(Fig. 8). A high rockfall frequency in such a permafrost-affected elevation range was recently demonstrated by Mourey et al.
(2022) in the Mont-Blanc massif in the Grand Couloir du Godter site, at elevations of 3300-3800 m a.s.|. We compared the
influence of elevation on water balance in N and S facing hillslopes (Fig. 9A) and found that differences are more prominent
at higher elevations — as S facing rock slopes receive more water input in comparison with N facing (Fig. 9B). This results
from the interplay of snow cover dynamics which in turn influence snowmelt and rock surface exposure to direct rain, in
addition to differences in ice crust formation. Considering the connectivity in the slope length scale, some of the surface runoff
that is generated from snowmelt at high elevation in spring and early summer, due to sealing of the rock surface with an ice
crust, may reach a lower elevation where the rock is not sealed and amplify the observed increase in water contribution at the
transition elevation.

In this contribution, we focus on the availability of water for infiltration at the rock surface; however, the actual infiltration
rate depends on the infiltration capacity of the bulk rock, including pores and fractures. Any water fluxes that exceed the
infiltration capacity will not infiltrate and flow as runoff. Maréchal et al. (1999) estimated the hydraulic conductivity of the
bulk crystalline rock that composes the Aiguille du Midi to 10® m/s. Since the hydraulic conductivity of the granitic rock is
much lower (Bear, 1988), the actual value is controlled by the fractures in the rock — their density, aperture, and connectivity.
Utilizing an empirical equation (Eq. 3) suggested by Kiraly (1969, 1994):

k _ g'd3<f (3)

12v

where k is the hydraulic conductivity (m/s), g is gravity acceleration (9.81 m/s?), v is the kinematic viscosity of water (3.2x107°
m?/s), d is average aperture of planar fissures (m), and f is average fracture frequency (m™), and using conservative values of
fracture density of 2 m™ and fracture aperture of 0.5 mm, we get a value that is two orders of magnitude higher (6x10° m/s)
than that of Maréchal et al. (1999). If we convert our model results of effective snowmelt to the common units for hydraulic
conductivity of m/s we find that 95% of the effective snowmelt occurs at rates that fall between these estimations (10x107 -
6x10 m/s), thus making infiltration capacity (or hydraulic conductivity) an important parameter for estimation of infiltration
in steep fractured rock walls.
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5.4. Implications of results

The new information we-presented here on the timing and quantity of water input at the rock surface (Fig. 5, 6) ean-be-tsed-to

improves the understanding of thermal, hydrogeological, and mechanical processes in steep mountain rock slopes, such as the
buildup of water pressure (Matsuoka, 2019; D’Amato et al., 2016) and decrease in the mechanical stability of rock walls due
to permafrost degradation (Gruber et al., 2004; Gruber and Haeberli, 2007; Ravanel and Deline, 2015). The combined

information of the thermal state of the ground and water input into the rock provide a potential proxy for ice content which is

highly relevant for geotechnical purposes and hazard assessments (Hoelzle et al., 2001). The results of the CryoGrid

community model can also assist in assessing the snow control on the rock-atmosphere energy transfer, a factor that was

recently shown to have a strong impact on active layer dynamics (Magnin et al., 2017; Haberkorn et al., 2015).
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We-hypethesizeBased on the results from simulations of various elevations we suggest that rock slopes at elevations of 3600-

3900 m a.s.l., where we observe ebserve-a sharp transition in water availability (Fig. 8), are especially sensitive to climate
change. Our simulations show that water availability increases rapidly below these elevations due to high rates of direct rainfall
(rainfall on exposed rocks). In a scenario of increasing air temperature and summer rains intensity due to climate change (Pepin

et al., 2022; Pepin et al., 2015), the observed nonlinear trend of water input may shift upwards to higher elevations. We thus
expect that higher-elevation permafrost-affected slopes will experience an abrupt increase in water input from rainfall which
could prompt permafrost degradation and mechanical destabilization. This effect will be more prominent at the transition
elevations that will change from snowmelt- to rainfall-dominated input, and less in higher elevations that will remain
snowmelt-dominated. Field observations support this hypothesis: topographic analysis of data from 209 rockfalls in the Mont-
Blanc massif between 2007 and 2015 (Legay et al., 2021) show that rockfalls on S, E, and W facing rock walls occurred mostly
at elevations of 3300-3600 m, and at elevations of 3000-3300 m a.s.I on N facing rock walls (Fig. 10), suggesting that elevation
dependent climate change is responsible for the observed peak in rockfalls occurrence at the water availability transition
elevation (Pepin et al., 2022; Pepin et al., 2015). Ravanel et al. (2017) showed that during the 2003 and 2015 summer heatwaves
in the Mont-Blanc massif, numerous rock falls were initiated at average elevations of 3300 m a.s.l and 3600 m a.s.| on the
north and south faces respectively, and that thawing and water percolation along discontinuities are the likely rockfall
triggering factors. The lower elevation of the maximum rockfall occurrence on the north face could also be related to the lower
boundary of permafrost occurrence ef-in the Mont-Blanc massif (Magnin et al., 2015a). In addition, our results could be used
in parameterization and forcing data in further modeling of subsurface hydrogeological processes and larger spatial scale
analysis, and to study watershed hydrology in high mountain environments and the role of heat advection by water infiltration

through rock fractures (Hasler et al., 2011; Magnin and Josnin, 2021).
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Figure 10: Topographic analysis of rockfalls documented by Legay et al. (2021) in the Mont-Blanc massif between 2007 and 2015.
Rockfalls are most common at elevations of 3300-3600 m a.s.l. This trend is consistent for S, E, and W facing slopes. On N facing
slopes, the highest occurrence is at the elevation range of 3000-3300 m.
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6 Conclusions

The importance of water in driving surface processes in steep periglacial landscapes is recognized by numerous studies.

However, the complexity of the physical processes related to snow hydrology and challenges in data acquisition in these

extreme environments result in a major knowledge gap in the availability of water at the slope surface. Using field

measurements and numerical modeling, we simulated the energy balance and hydrological fluxes in a steep high-elevated

permafrost-affected rock slope at a site in Aiguille du Midi (3842 m a.s.l), in the Mont-Blanc massif. We also applied the

model to both north and south facing aspects and a range of elevations, between 2700 and 4800 m a.s.l, to study the effects of

topography and micro-topography on water availability. Our results provide new insights into water balance at the surface of

steep rock slopes. This includes the quantity and temporal distribution of the effective snowmelt that is available for infiltration

in addition to input from rainfall and mass losses by sublimation and runoff. Our results provide essential information to

improve understanding of rock falls and rock avalanches that are sometimes thought to be triggered by water flow in fractures.

We highlight the following conclusions:

The combined application of the S2M-SAFRAN dataset with the CryoGrid community model is a powerful tool to
study cryogenic and hydrologic processes in high alpine landscapes. Such capabilities are presented in this study in
the comparison of various aspects, slope angles, and elevations.

We estimate that in our study site, in a steep rock slope on the SE face of Aiguille du Midi, only ~25% of the snowfall
accumulates. The remaining ~75% is redistributed by wind and gravity. We also found that snow accumulation
thickness is-inversely-correlated-decreases aswith surface slope increasess between 40° to 70°.

Snowmelt occurs between late spring and early fall, and most of it does not reach the rock surface due to the formation
of an impermeable ice layer at the base of the snowpack. The annual effective snowmelt that is available for
infiltration is highly variable and ranges over a factor of six, between 0.05 and 0.28 m during the period 1959-2021.
The onset of effective snowmelt occurs between May and August, and ends before October; it precedes the first
rainfall input by one month on average.

Sublimation is the main process of snowpack mass loss in our study site.

Results of model simulations at various elevations show that effective snowmelt is the main source of potential water
for infiltration at elevation >3600 m a.s.l. Below 3600 m, direct rainfall is becoming more dominant. The change
from snowmelt-dominated to rainfall-dominated water availability is nonlinear and characterized by a rapid increase
in water availability for infiltration. We suggest that this transition elevation is highly sensitive to climate change, as

permafrost-affected slopes experience an abrupt increase in water input that can initiate rock failure.
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