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Ahstraet. To gain a deeper understanding of the dynamics of the contribution of srowmell o mountainous water eveles, it is
mecessary o beter grasp the processes controlling the infiltration of snowmelt into mowntainous soils, This research unigquely
combines smowimelt rate data with soil moisture dynamics, providing a comprehensive, three-vear dataset. The integration of
multiple measurement techmigues and the estination of the spowmelt rate theough the measurement of snow resistivity offer
a new perspective on seowmelt inflwation processes. The sudy area is located in the Namt Valley, Swiss Alps. Measurement
points are distributed in mid 10 high elevations iy various alpine environments. Besides demonstrating the instrumental setup.
we also investigated the snowmelt-infiltration dynamics in the sudy asea. Results indicate that, even though melt rates ane
considesably lower than soil sawrated hydraulie conductivity valwes {with a ratio of 312107 on average), the response times
af shallow sodl moisture and steeam discharge 1o melt events is fast (from 2 1o 5 houes). At the point measurement, snowimelt
hardly infiltrates below 30 em. These findings highlight how the fast response times of shallow soil moisture o snowmelt may

limit the capacity of mountain soils to retain water, potentially increasing their valnerability to dey periods in the future.
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Abstract. To gain a deeper understanding of the dynamics of the contribution of snow mell 1o mountainous water cycles, it is
mecessary s better grasp the parameters controlling the infiltration of snow melt into mowntainous seils, This research wniguely
combines snow melt rate data with soil moistune dynamics, providing a compeehensive, theee-year dataset. The integration of
mauliiple measurement technigues and the estimation of the snow melt rate through the measurement of snow resistivity offer
a new perspective on anow melt infiltration processes. The study area is located in the Nang Valley, Swiss Alps. Measurement
points are distributed in mid w0 high elevations in varkous alpine environments. Besides demonstrating the instumental setup,
wee also investigated the snowmelt-infiltration dynamics in the study area. Results indicate that, even though melt rates are
considesably lower than soil satursted hydraulie conductivity values {with a ratio of 3.1x107" on average), the response times
af shallow soil moistere and stream discharge 1o melt events is fast (from 2 10 5 hoursh, At the point measarement, snowmelt
hardly infilirates below 30 cm. These findings emphasize the potential valnerability of mountain areas to dry periods in the
future, particalarly in the context of the expected shortening of the melt period due to climate change.
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1 Introduction

Understanding the processes controling the infiliration of the snowmelt Qux in alpine soils remains one of the challenging
questions in mountain hydrology. Due to steep slopes and erosion processes, alpine soils are generally relatively thin (with
depths generally smaller than | m) and commonly present texiures from sand to silt (Legros, 1992, Infiltration processes in
mountainous soils are controlled by two competing factors: (i) the coarse granulometry of superficial soils, which enhances
teir infiltration capacity {Legros, 19920 and (i) the ypically steep slopes, which increase the velocity of laeral wansfer
(Webb et al., 2018k Carey and Woo, 2000} Kampf et al. (2015) provide an overview of the different snowmelt infiltration
processes encountered in various mountainows areas. Bvidence of fast lateral transfer in shallow soils during snowmelt periods
is mentioned in several works (Sanios e al, 2008; Fang et al, 2009 Heidbiochel et al., 20012). Young waters (ie., from
sivwmelt and superficial storage) have been shown w actively contribute 10 discharge during both winter amd speing melt
periods {Ceperley et al, 20200, An "inverse storage effect” (e, emptying of the most superficial soil layers) has been ohserved
during spow accumulation periods {Benettin e al., 2007 Wilosz et al., 20200, But contradictorily, eirculations in deeper layers,
particularly through unconselidated moraine deposits and fractured bedrock, are observed in mountainous catchments during
spowmelt periods (Schaefli et al, 2004; beeks et al_, 200 7; Thornton et al., 200 8; Carvoll et al., 2019; Losenzi et al_, 2024). The
question of understanding whether the melt flow is more Favorable 1o lateral transfer in superficial soils of o deeper ventical
infiltration therefore remains open. as do the preferential conditions for each of these processes.

One commune assessment method of the contribution of soil water o discharge is natral tracer analysis, in particular water
stabile isotopes (Klaus and MeDonnell, 2001 3; Beria et al.. 2008, Michebon et al., 2022). However, the ransfers into superficial
soils are hard to describe via natural tracess because their signatwre is inconclusive. Other studies on this topic deployed
imstrumental networks of soil moisire measurement probes. However few studies couple these modsture probes with accurate
estimations of the snowmelt rate. The current understanding of the physical processes remains then insufficient to explain the
rode of the unsaturated zone for the infiltration of snowmelt in mountaing. In particulas, additional descriptions of i) the panition
berween surfece runoff and vertical infiltration of snowmelt rate into soil layers. ii) the depth reached by vertical percolation
and the depth of preferential cirenlations for lateral transmission along the slopes, and i) the response times o melt events of
both the soil modsiuere and the river discharge, are needed.

In addition, estimation methods of snowmelt rate, whether by modeling or by i gitn measurements, are associated with high
uncertainties, Despite a wide range of model formalisms, from simple emperataee index methods or fuller energy balance
methods, being applied w stmulate the flux at the inerface between snowpack and s0il (Martinec, 1975, Rulin et al., 2008
Wionnet et al., 2001; He et al, 2004 Zhang et al.. 2005), modeling appeosches keep facing large uncentainties in representing
accurate snowmelt infiltration into soils. This is mamnly due o large beterogeneity in soil and snowpack properties and lack of
measuremsents for these particular variables in mountainous areas (Meeks et al., 2007, Some studies apply direct monitoring
of meltwater using spow vsimeters, from simple buried rain gauges to complex melted water collecting systems (Kantelmann,
2000: Webb et al., 200 5a). Oither stodies estimate the melt rate through the variation of snow depth or snow water equivalent
of the snowpack { Kampf et al., 20015; Fang et al., 2019 Archer and Stewamn. 1995). However, these variables take into account

1 Inteoduction

Sinoe snowmelt infiliration wward the subswrface can contribute significantly 1o soil water coment, sowmelt plays an impos-
tant role i mitigating water stress during dry periods iy mountainous regions {Mio and Yang, 2006; Bayard et al., 2005; Zappa
and Kan, 2007; Bronner et al., 20215 In the context of global climate change, the amount of solid precipitation is projected to
decrease and the onset of the melt is expected to commence earlier {Masson-Delmotte et al., 2021, changing the snowmeli-
infiltration dynamics. In the Swiss Alps, for example, a reduction of snow amount, a shorening of the melt period. and fasver
maeh rates associated with shontened snow events are expected (Fischer et al., 2022). Therefore, it is essential to gain a betber
understanding of the parameters that conwol snowmelt infiliration into the soil.

Knowledge of the preferential pathways of sowmelt fux in the surface and subsurface remaing illusive (Fang et al., 2019).
Dooe to steep slopes and erosion processes, alpine soils are generally relatively thin (with depths genercally smaller than | o) and
commonly present texiures from sand to silt (Legros, 19920, Infiliration processes in mountainous soils are controlled by two
competing factors: (i) the coarse granulometry of superficial soils, which enhances their infiltration capacity (Legros, 19920
and (i1} the rypically sieep slopes, which increase the velocity of lateral transfer (Webb et al., 2008h; Carey and Woo, 2001 ).
Kampf et al. (2005) provide an overview of the different snowmmelt infiltration processes encountered in various mountainoms
areas. Evidence of fast lateral transfer in shallow soils during snowmelt periods is mentioned in several works (Santos et al..
01L& Fang et al., 20049; Heidbiichel et al., 2012). Young waters (i.e., from soowimelt and superficial storage) have been shown
1o actively contribute 1o discharge during both winter and spring melt periods (Ceperley et al., 20200 An "inverse storage
effect” (e, emprving of the most superficial soil layers) has been observed during snow accumilation periods {Benettin et al..
LT Wilusz et al., 20200, However. in many mountain settings, groundwater and saturated zone processes are also important.
Circulations in deeper layers, particularly through uncensolidated moraine deposits and fractused bedrock, are observed in
mountainous catchments (Schaefli et al., 2004; Meeks et al., 2007; Thoenton et al., 2008}

This work aims to detail the phivsical processes ivolving the infilivation of smow melt at a study point throagh the fellowing
seientific questions: (i) Comparing the intensities of melt rates with the infilivation capacity of soils 1o better quantify the
parntition berween surface manoff and infiltration of the melt fux; (0 Understanding the vertical percelation of the melt fux
into s0dl layers to better describe the response of the soil column to melt events; and {iii) Deseribing the dynamics of lateral
tramsfers of the Aux issued from snow melt in the superficial soil layers and the response of the stream discharge (o melt events
to better quantify the response of the catchment to melt events.

Desgite a wide range of model formalisms, from simple temperature index methods o fuller enctgy balance methods, being
applied to simulate the flux s the interface bevween snowpack and sodl (Martinee, 1975: Rulin et al., 2008 Vionner etal., 2001
He et al, 2004: Zhang et al.. 2015). modeling approaches keep facing large uncertainties in representing accurate snowmelt
infiltration into sodls. This is mainly due w large heterogeneity in soil and snowpack propenties and lack of measurements
for these particular variables in mountainous areas (Meeks et al, 2007, Some studies apply direet monitoring of meltwater
using snow lysimeters, from simple buried rain ganges to complex melted water collecting svstems {Battelmann, 2000, Wb

etal., 2008a). This method presents the advantage of directly measuring the variable of imerest, although the instrument either
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meitlser the vertical heterogeneity of the snowpack nor surface effects such as spow sublimation or wind depletion. In addition.
in site melt measurement methods are often qualitative or have low temporal resolution. This lead 1o inaccurate estimations of
the response time of both the soil water and the river discharge o melt events.

This work aims to address the two issees of ) providing an sccurate method for the estimation of snowmelt rate. and i)
aceurately detailing the physical processes involved in the unsaturated zone daring the infiltration of nowmelt ot o study
point. This paper proposes a precise local estimation over 3 years at hourly resolution of both soil and melting processes.
Three instrumental methods of melt rate estimation are compared in onder to provide of more robust quantification of this
variable, The soil analysis methods are also described. including vertical conductivity estimation. The soowmelt infiliration
imto sl layers is monitored at depths up o 30 cm using a network of capacitive probes. These probes are deployed at the same
lscations where snowrnselt is monitored, allowing For the wacking of the vertical penetration of flux melt into soil layers and
accounting for spatial variations, The Results section explores i) a muli-instromental guantification of the snowmel rate; ii) a
description of the processes controlling the partition between surface manodf and vertical infiliration during melt events; asd iii)
a guantification of the vertical percolation of the melt flux and its lateral ransfers along the slopes toward the outler, including
an estimation of reaponse lmes.

The proposed multi-instrumental monitoring seups provide valuable insights into snowmelt-inflorsson dynamics in moan-
tabmows catchiments, We present an implementation of eur menitoring approach in the Nant Valley. The monitosing is performed
for three consecutive vears {2021 to 2024) and winter field campaigns are conducted to provide validation measurement of snow

progertics,

2 Study area
21 Site description

The study area is located in the Mant Valley (Vallon de Mant; 46.23°N, T07°E), a Swiss pre-Alpine catchment that contains
typical alpine ecosvsterns, from deciduous forest o post-glacial recolonization (Fig. 1), The catchment is chosen because of
its importance for ecological monitoring and the quantity and duration of measurements available from decades of monitoring.
Perret and Martin (2005) presented a detailed map of surfece geomorphological units. Three main geomomphbological wnits ane
described (Fig. 1B): (i) limestone cliffs from the Nappe de Morcles on the east ridge of the valley: {ii) active and passive moraine
deposits from the Martinet glacial on the upper part of the valley; and (i) Ayach cliffs amd associated serees and rockfalls on
ths west ridge of the valley. The majority of the superficial soils in e Mant Valley are developed on top of ancient moraine
deposits, sereens, and landslides, resulting in sandy o sily, relatively shallow seils { Grand e al, 2006} These formations ane
comman in alpine areas, however, the accumualation of erosion material from the schist cliffs into small depressions led 1o
s development of relatively locally deeper soils in the catchment. Several studies investigated the catchment’s surface and
subsurface hydrology {Antoniazza, 2023, Michelon et al., 2023: Thomton et al., 2022, Besides assessing the recent shift in
svwmelt peak and itz impact on the discharge, these studies showed that a limited understanding of snowmelt low paths
hinders hydrobogical model developreent for this catchment, which further motivated owr research in this area,
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remains vulnerable to an excess load of snow or requires an extended resistant structure which often cannot be installed in
remote mountain areas. Other studies estimate the melt rate theough the variation of snow depth or snow water equivalent of
the snowpack (Kampd en al., 2005; Fang et al., 2009; Archer and Stewart. 1995). However, these variables take into account
neither the verical heterogeneity of the snowpack nor surface effects such as snow sublimation or wind depletion. Here, we
progose monitoring the snow melt rate based on a direct measurement of the liquid water content of the snowpack theough
snow eleetric resistivity. This instomental method has previously been shown to yield reliable assessments of snow melt rates
in various alpine studies(French and Binkey. 2004; Gance et al., 200d4; Bloem et al., 20200

The vertical infiltration of snow melt into e0il lavers and its lateral transmission along the sbopes. depending upon soil
progerties and structure, is another aspect that is difficult o estimate. One potential assessment method is using natural racer
analyais, in particular water stable isotopes (Klaus and McDonnell, 2003; Berda et al., 2008; Michelon et al., 2022, However,
the transfers into superficial sodls are hard o detect via natural tracers because their signature is inconclusive. We suggest
manitoring snowmelt infiliration into soil layers at depths wp o 300cm using a network of capacitive probes. These probes can
be deployed at the same locations whene spowmelt is monitored, allowing for the racking of the vertical penctration of fux
melt it soil layers and accounting for spatial variations.

The proposed novel monitoring setups can provide valuable insights into snoweselt-infliration dynamics in mountaisoms
catchments, This approach will enhance our understanding and help assess the mole of srowmelt and soil water stocage in
mitigating downstrearn effects of dry periods. offering novel and generalizable data. We present an implementation of our
maonitoring approach in the Mant Yalley. The monitering is performed for three consecutive years (2021 o 20024) and winter

feld campaigns are conducted w provide validation measurement of snow propertics.

1 Study area
21 Site description

The swdy area is bocated inthe Mant Valley (Vallon de Mant; 46.23°N, T.07°E), a Swiss pre-Alpine catchment that contains
typical alpane ecosysterns, from deciduous forest 1o post-glacial recolonization (Fig. 1) The carchment is chosen because of
its importance for ecological monitoring and the guantity and duration of measurements available from decades of monitoring.
Perret and Martin (2005) presented a detailed map of swifsce geomorphological units. Three main geomormphological units are
described (Fig. 1B (i) limestone eliffs from the Nappe de Morcles on the east ridge of the valley: (i pactive and passive moraing
deposits from the Martinet glacial on the upper part of the valley, and (i) Aysch cliffs and associated screes and rockfalls on
the west gidge of the valley. The majority of the superficial soils in the Namt Yalley are developed on top of ancient moraine
deposits, screens, and landslides, resulting in sandy o silty, relatively shallow soils (Grand et al, 2006). These formations are
common in alpine areas, however, the accumulation of erosion material from the schist cliffs into small depressions led o
the development of relatively locally deeper soils in the catchment. Several studies investigated the catchment's surface and

subsurface hydrology (Antoniazza, 2023, Michelon et al., 2023; Thomion et al., 2022). Besides assessing the recent shift in
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Figure 1. The Nant valley, Bex, Swilzerland, and the locations of the instrument set up deployed i this study (A}, togetber with (B}
gromkwphologecal unis described by (Perret and Marizn, 20015) and (C) Corine Land Cover 2006 { Aune-Lumsdberg amd Strand, 20000 (DY) is
an illusiration of the devices installed at the Auberge stulzon for 1 ibaring : the I Analyeer (SMA, the Snow Tree anda

weather siation. The point numbers cormespond 1o sample poios in Table 1.

22 Meteorological and hydrological data

A bydrometric station is located an the ouler of the catchment (Fig. LA), recording hourdy water levels since 2010, A rating
curvie has been computed based on 35 reference gauging performed at various water levels (Antoniazza, 2023). Moreover,
weather data from three weather stations at different locations (@ the elevations 1253 m a1, L4ES moas ] and LT80) m asl.
respectively) in the carchment is available since 2010 (Fig. LA) These stations record total precipitation, near-surface air tem-

perature, atmospheric pressure, shorwave solar radiatgon, and wind direction and velocity at § minutes intervals, which have

85 subsequently been averaged o hourly timesteps. However, considering the exposure of these stations to harsh climatic condi-
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Figure 1. The Nant valley, Bex. Swikoerland, and the locations of the instrument set up deployed i this study (A), togetber with (B)
greominphological units described by (Pemnet and Martin, 2015} and (O Coriee Land Cover 2006 (Aupe-Lundberg and Strand, 2010), The
poinl numbers correspond 10 sample points in Table 1.

smwimelt peak and its impact on the discharge, these studies showed that a limited understanding of snowmelt flow paths
hinders hydrobogical model development for this catchment, which further motivated our research in this area.

12 Meteorological and hydrological data

A hydrometric station is located ar the outler of the catchment (Figo LA} reconding hourdy water levels since 20000 A rating
curve has been computed based on 533 reference ganging performed at varions water levels {Antoniazza, 2023). Moreover,
weather data from three weather stations at different locations {at the elevations 1253 m as.l, 1485 m as.l and 1780 m
asl, respectively) in the carchment is available since 2000 (Fig. 1A} These stations secord total precipitation, near-surfsce

air temperature, atmospheric pressure, shortwave solar radiation, and wind direction and velocity at 3 minutes intervals, which
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tioms and their difficult acoess. the relishility of the recorded data is low and the time series presents many gaps. Moseover, as
the climate stations are not heated, solid precipitation records are considerably underestimated {Benoit et al., 2008, Thormton
et al., 2021, Consequently. the estimation of precipitation in the catchment remains highly uncertain. Precipitation uncerain-
ties wene not quantified as this is nof the main foces of this work and this limitation of the work presented in the Discussion
section.

The daily remote sersed information on Seow Cover Area {SCA) s available at the 500 m resolution from the MODISAL
Leveld remote product {Hall et al., 2009). This produect have been used in this work 1o describe the overall dymamics of the
siww cover at the catchment scale, however, s spatial and tempogal resolutions are not sufficient enough to compare this

product at the pixel scale to the in-sitn snow measurenent.

3 Monitoring and data collecting methaods

Three different types of monitoring devices were deployed to obtain local values of snow depth, extent of Sn0w COver, s

water equivalem (SWE), and snowmeln rate.
31 Snowmelt Analyrer

The snowmelt Analyeer (SMMA) is o unigue svstemn for autematic and contineows measurements of diverse swowpack param-
eters developed by the SOMMER Messtechnik company. This monitoring device has been used in various studies in alpine
environments {Sommsenechnik, 2009 It can be wsed by el oF in combination with a more complete instrumental setup for
sipowpack analysis. Here, the configuration of the instrument that allows the measurement of the liguid and solid water comtent
and density of the bottom swow layer is chosen, The assumption made here is that the liquid water content of the bottem snow
Laver (A&, lowermost 7 cm) as a proxy for the spowmelt rate. The snownselt rate is monitored based on a direct measurement
af the liquid water content of the snowpack through snow electric resistivity. This instrumental method has previously been
shown to yield reliable assessments of sowmelt rales in various alpine studies (French and Binley, 2004 Gance et al_, 20016;
Bloem et al., 20200,

The SMA instument consists of & metal frame set up in a suitable position on level grownd (Fig. 100, A weather and UV-
resistant sensof band penetrates the snow and measures the volumes of ice, water, and air content in the snowpack using the
variation of impedance between two connected electrodes. Three aspects were considered in choosing the deviee location: (i)
imstalling the ShA on flar ground with snow conditions representative of the area and orenting the frame 1o avoid wind effieces:
(1i) selecting soils with significant storage amd infiltration capacity, specifically deep alpine meadow soils: and (i) ensuring
ease of access and power supply. Consequently, the SMA was deploved near the Auberge climate station at 1253 m as.l
This mid-altitude location, with its developed soil. allows for the analysis of snowmelt rate and represents a favorable case for

siwimelt infiltration compared o typical alpine sites with finer soils and steeper slopes.
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have subsequently been averaged o hourdy timesteps. However, considering the exposure of these stations to harsh climatic
conditions and their difficult access, the reliability of the recorded data is low and the time series presents many gaps. Moreover,
as the climate stations are pot beated, solid precipitation records are considerably underestimated (Benoit et al., 2018, Thorton
etal.. 2021 ) Consequently. the estimation of precipitation in the catchment remains highly uncertain. The daily remote sensed
information on Snow Cover Area (SCA) is available at the 500 m resolution from the MODIS AL Level3 remote product (Hall
en al., 200, This product have been used in this work o describe the overall dynamics of the spow cover at the catclment
seale, however, is spatial and emporal resolutions are not sufficient enough to compare this product &t the pixel scale w the

In-5il SIsow MEeasurement

3 Monitoring and data collecting methods

Three different types of monitoring devices were deployed to obtain local valwes of snow depth, extent of snow cover, spow

water equivialent (S g0, and swowmelt rate.
11 Snow Melt Analyzer

The Snow Melt Analyzer (SMA) I8 a unique system for automatic and continuous measurements of diverse snowpack param-
eters developed by the SOMMER Messtechnik company. This monitoring device has been used in various studies in alpine
environments {Sommenechnik, 2009 [t can be wsed by iself or in combination with a more complete instrumental seap for
s pack analysis. Here, the configuration of the instrumeent that allows the measurement of the liguid and solid water content
and density of the bottom snow layer is chosen. We assume the liguid water content of the botiem snow layer (LS low-
ermoat 7 cm) as a proxy for the snowmelt ate. The SMA instament consists of a metal frame set up in & suitable position on
level grousd (Fig. 1T, A weather and UV-resistant sensor band penetrates the snow and measures the volumes of ice, water,
and air content in the snowpack using the vasiation of impedance between two connected electrodes.

Theee aspects were considersd in choosing the device location: (1) installing the SMA on At geound with snow conditbons
representative of the area and orienting the frame w avoid wind effects; (i) selecting aoils with significant storage and infil-
tration capacity, specifically deep alpine meadow sodls: and {iii) ensuring ease of access and power supply. Consequently, the
SMA was deployed near the Auberge climate station at 1253 m s This mid-altitade bocation, with its developed soil, allows
for the amalysis of snowmelt rate and represents a favorable case for snowmelt infilivation compared o typical alpine sites with

finer soils and steeper slopes.
31 SnowTree and visual scale

To estimate the snow cover extent in the surn

dings of the nent points, theee visual scales coupled with time-
lapse cameras were installed in the vicinity of the tee climate stations (Fig. 1A). The images obtained from the cameras
were evaluated in two respects: (i) the gradustion reached on the visual seale, which gave the local snow depth with a 10

em accuracy; and (i) the qualitative extent of spow cover over the visible landscape, divided into three categories: re smow,
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32 SnowTree and visual scale

To estimate the snow cover extent in the swmoundings of the measurement points, three visual scales coupled with tinse-
lapse cameras swere installed in the vicinity of the three climate stations (Fig. 1A). The images obtaived from the cameras
were evaluated in two respects: (i) the graduation reached on the visual seale, which gave the local snow depth with a 10
cm accuracy; and (i) the qualitative extent of spow cover over the visible landscape, divided into three categories: o st
partally covered surfuce, and covered turfirce. Deapite the limited nature of such data, they provide valuable information about
snviw conditions during the measurement periods.

In addition, to bocally assess the snow depth, two “SpowTree” instruments were developed and deployed at the Auberge and
Chalet measurement points (Fig. 1A} The SnowTree is a 2.5 m bigh wooden mast, equipped with small (Butraer thermometess
glued every 5 or 10 cm. This small sensor peesents good performance for environment science application {Hubbar et al..
H005). Temperatwres were recorded every two houres. This instrament abms to track the snow depth by discriminating between
themmometers coversd by snow or not covered, with a £35 cm accuracy. This instrament complements the observations made
with the visual scale, which a a vemical accuracy of £+ 20 cm. In addition, this instrument is simpler o install than an optical
spow depth sensor, because it does mot reguire any structure or power supply. Bewsser and Zehe (200 1) propose using the
standard deviation of the hously temperatures computed over 24 hours (24 & ST for this differentiation, as the diurnal
amplitude of temperatuses is lowered when a sensor is covered by snow, It appears during the study that the SnowTree better
manitored the snow depth when it was well exposed to direct solar radiation, i.e., after mid-Tanvary (fime-lapse images showed
wndetected frosted residual smow remaining along the wood mast). Indeed, in a namow and shadowed valley like the Mant
Walley, the diurnal heating due to solar radistion when the sun position is bow in winter is not deamatically varying and the
determination of snow depth based on logger temperature is challenging.

Inconsistent valwes due 1o these effects are manually removed bat weaker pertushations may femain in the temperatune
measurervents during cobd days. This issue is tackled by applying different thresholds whether the daily temperature excesds
1"

ST, if Ty <2 170 and 24 0 ST < 45
ST, if Ty = 17C and 24 h STH < 1.4 1y

o snow,  otherwise,

where Ty [C] is the average daily wemperature and 24 o 570 [7C) s the standard deviation of the hourly iemperatures
computed for each day.

Values from 0.5 to 5 with step of 0.1 have been tested for each of these two thresholds. The optimal value retained for each
threshold minimizes the average RMSE criteria, wsing the daily snow height observed at the visual seale as reference time serie.
This optimization step is performed separately for days with Ty < 190 and Ty > 19, No multi-parameter optinization
i performed.

135

140

145

partally covered sarfoce, and covered surfoce. Despite the limited natare of such data, they provide valuable information about
snoy conditions during the measurement periods.

In addition, tw bocally assess the smow depth. two “SoowTree” instruments were developed and deployved at the Auberge and
Chalet measurement points (Fig. 1A} The SnowTree is & 2.5 m high wooden mast, equipped with small (Buroe thermonseters
glued every 5 or 10 e This small sensor presents good performance for environment science application {Hubbant et al.,
2005, Temperatures were recorded every two hours, This instrument aims to eack the snow depah by discriminating between
thermomseters covered by snow or not covered, with a £35 cm accuracy. This instrument complements the observations made
with the visual scale, which a a vertical accuracy of + M e, In addition, this instrument is simpler 1o install than an optical
snoy depth sensor, becanse it does nol require any structure or power supply, Rewsser and Zehe (2001) propose using the
standard deviation of the hourly temperatures computed over 24 howrs (24 & ST for this differentiation, as the diuenal
amplitade of emperatures is lowered when a sensor is covered by snow. Empirical threshobds were fixed following snow depth

values observed at the visual scales:

STOW, if Ty < 17 and 24 h ST < 45

AW, if Tty = 1°C and 24 W STD < 1.4 (1)

o snow,  otherwise,
where T, [°C] is the average daily temperature and 24 F ST [#C] is the standard deviation of the howrly temperatures
computed for each day. The vwo SnowTrees and the visual scales were installed between November 2022 and March 2023
(2022-20023 winter) but were not maintained for the 2023-2024 winter (lack of manpower). Instead, a classical optical infra-
red snow depth sensor was installed at the Auberge meteorological station in November 2023, which recorded howrly.

13 Cosmic Ray Sensor

Hydroinnova's Cosmic Ray Sensor (CRS) monitoring device (Fig. 1) was installed at the Auberge stafion o measure smow
water equivalent (S g) over a uniguely large footprint. The advantages of the device, beyond the large footpeing, are that
it is automatic, easy 1o inatall, and requires little maintenance. The basis of the technigee s that hydrogen contained in the
snowpack artenuate downward newrons coming from cosmic rays. The amount of attenuation is directly related o the mass
af intervening snow, amd by extension the amount of Sy e. The method deseribed by Desilets (2007) to convert incoming

mentrons count into Sy g value was used:

N
5‘w5=—:‘t]nm_rﬂ_ 2
and

N = faat Neaw exp[(P — Fa)d], @)

where N, [count h—"] is the measured incoming neutrons count, P [hPa] is the amospheric pressure, Fy [hPa] is the refer-
ence barometric pressuse and No [count h™'] is the proton fux in the sbsence of sow. A [-] and § [-] ane fxed parameters,

[
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This differentiated empirical threshold, combined with manual checking of the images from the camera, makes SnowTree
a potentially valuable instrument for assessing spow depth in remote areas. The two SnowTrees and the visual scales wene
installed between November 2022 and March 2023 (2022-2023 winter) but were not maintained for the 2023-2024 winter
(lack of manpower). Instead, a classical optical infra-red snow depth sensor was installed at the Auberge metsorological station
in Movember 2023, which recosded hourly data.

33 Cosmic Ray Sensor

Hydrodnnova's Cosmic Ray Sensor (CRS) monitoring device was installed @t the Auberge station 1o messure smow water
equivalent (SWE} over a uniquely large foodprint (Fig. 1). The advantages of the device, beyvond the large footprint, are that
it is automatic, easy 1o install, and requires little maintenance, The basis of the technigee i3 that hydrogen contained in the
snowpack atenuate downward newtrons coming from cosmic rayvs. The amount of attenuation is directly related to the mass
of intervening snow, and by extension the amount of SWE. The method described by Desilets (2007} o convert incoming

meutrons count into SWE value was used:

N

SWE=-Aln —, 2
|1N‘1 2p

and

N = fanl Nruwexp [EF - Fa :L'-’]- (3

where N [count h—'] is the measured incoming neutrons count. & [hPa) is the ammospheric pressure, F, [bPa) is the
reference basometric pressure and Ny [count h="] is the proton Aux in the shsence of snow. A [-] and @ [-] are fixed parameters,
following the techimical recommendations (KIT, 2005). To complement these SWE time series, local density measurements
were caried out dusing the winter of 2022-2023 near the Auberge station. using the method of weighing cylindrical samples:
snow profiles were dug, snow samples were collected horizoatally with a metal cylinder of volume 550 em? (diameter 12
cm). The collected snow s weighed 1o caleulate the density of the snow sample. At each location, a sample 15 collected
approsimately 7 cm from the groumd {which cosresponds 1o the SMA measerement height) and, if the depth of the spowpack
allows, another samiple is taken in the middle of the vertical.

34 Soll sampling and analysis

To describe the variety of soils in the study area, eight sampling sites were chosen. The physiographic characteristies of this
eight sites and the instrumental set up are presented on Table | and the point ID are referenced on Fig. 1. At each site, soil
cores were taken and the gramulometry of the sampled soil were analysed. Infilirometery tests have been conducted for seven
of the eight sampling sites (expect the Bastion point for technical reasons at this distant point). Sodl moistere probes have
Been installed ar three of this eight sampling sites that are located close from the climatic stations @ the Auberge, Petit Pont
and La Chaux points {see Table 1), The locations are chosen o represent the differem geomorphological charscteristics and

environments in the catchment, from deep soil covered by mixed forest 1o shallow soils developed above the moraine deposit.

following the technical recommendations (KIT, 2005). To complement these Sy g time series. local density measurements
were carried out during the winter of 2022-2023 near the Auberge station, using the method of weighing cylindrical samples:
sy profiles were dug, and snow samples were collected spow profiles were dug, and snow samples were collected horizon-
tally with a metal cylinder of volume 550 em’. The collected snow is weighed to calculate the density of the snow sample. At
each location, a sample is collected approximately 7 em from the ground (which corresponds to the SAMA measurement leight

1 and, if the depth of the snowpack allows, ansther sample is taken in the middle of vertical.
34 Soll sampling and analysis

To describe the variety of soils in the study area, eight sampling sites were chosen. The physiographic characteristics of this
eight sites and the instrumental set up are presented on Table | and the point 10 are referenced on Figo 1), At cach site, soil
cores were taken and the gramulometry of the sampled soil were analysed. Infilirometery tests have been conducted for seven
af the eight sampling sites (expect the Bastion poeint for technical reasons at this distant podnt). Seil modstere probes have
been installed at three of this eight sampling sites thar are located close from the climatic stations @ the Auberge. Petit Pont
and La Chaux points {see Table 1), The locations are chosen o represent the different geomarphological characteristics and
environmsents in the catrchment, from deep soil covered by mived forest to shallow soils developed above the maraine deposit.
In particular, four points at different altitudes (Combe, La Chaox, Petit Pont, and Argile) were specially analysed because they
present panicularly deep soils, resulting from the secumulation of material eroded from the schist cliffs on the western side
af the valley. Evidence of superficial water saturation in spring observed at these sites for the three years studied motivates
the derailed analysis of the dynamics of their contribution to the hydrological system. Both grazed and non-grazed sites were
sampled. STM/DECAGON capacitive sensors were used to measure soil moisture and s0il temperature at hourly intervals at
different depths at three points in the catchment (Fig. 1). These sensors were installed in August 2021,

15 Granolometry analysis and pedotransfer functions

Vertical description of the soils and sampling was performied af one of two auger holes for each sampling point. Granulometry
analysis was then performed for sach of the samples collected for the main ohserved horizons at the nine sampling points.
Particle size distributions were determined via laser granulometry analysis (Blot et al., 2004). The empirical pedotransfer
funciions proposed by Clapp and Hommberger { 1978) were used to compute values of seil water conient at safuration (s, [m?
m ™), wilting point (i, (" m~ ). and fiebd capacity G, [mf me 13 from the clay € [-] and sand 5 [-] feaction of each

sample:

Wy = [—LOBS 4+ 404 305) - 107 F, ()

Wi = BT.1342- 10305, (5
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Tulde 1. Physsgraphic characlenistics of the nine soil sampling points: locabien, soil depth, geomeaphalogy {Pesret and Maran, HH5) and
CLCI06 Land Cover (Aune-Lundberg aml Strund, 2 classifications, togelber with the estimation of soil parameters: grunulometry,
waber conlent of the todal soil column 2t sturation W and ol the willing point w, Beld copacity wy, and hydraulic conductivity at

saturation .. AD - Alluvial deposit; GT - Glacial 6ill; SR - Screes and rockfall; CF - Coniferous forest; NG - Natural grusslands; BR

Bare rock.
Aaberge Pracedii Chalet Peai Paei Praicgée L hane: Conbe BEasdion
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Enstramental devions
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Both grazed and non-grazed sites were sampled. In paricular, four points at different altiosdes {Auberge, Petit Pont and La
Chanx ) wiere specially analysed because they present particularly deep soils, sesulting from the accumulation of material eroded
from the schist cliffs an the western side of the valley. Evidence of superficial water saturation in spring observed at these sites
fior the three years studied motivates the detailed analysis of the dynamics of their contribution o the hydrological system.
STMU/DECAGON capacitive sensors were used to measare soil modstere and soil emperaore ar hourly intervals at different
depths at these three poines (Fig. 1), These sensors were installed in August 2021,

A5 Granolometry analysis and pedotransfer functions

Vertical description of the soils and sampling was performed at one or two auger holes for each sampling point. Granulometry
analysis was then performed for each of the samples collected for the main observed horizons at the 8 sampling points. Particle
size distributions were determined via laser granulometry analyais (Blot et al., 2004). The empirical pedotransfer fusctions
proposed by Clapp and Hoenberger {1978) were used o compute values of soil water comtent al saturation (u-_,, [ov® o *]).
wilting peint (e [m? %), and field capacity (us ;. [m* m~"]) from the clay ' [-] and sand 5 [-] feaction of each sample:

Tulde 1. Physsgraphic characlenistics of the nane sail sumpling points: ocabion, soil depth, geomosphalogy (Perret amd Martin, NH5) and
CLCH0R Land Cover (Aune-Lumdberg amd Strand, 20 classifications, togeilber with the estimation of sml paramelers: granulomelry,
waber comlest of the total soil column 21 sturation w,,qs and al the willing poinl wyn, Beld capacity a g, and hydraulic conductivity at

saturation i, AD - Alluvial deposit; GT - Glacial 6ll; 3R - Screes and rockfall; CF - Coniferous forest; NG - Natural grasslands; BR

Bare rock.
Auberge Flazenlit Chalket Pt Poag Prinegie LoChaux o Hastion

Point I 1 2 3 4 L] a 7 B
Fhyzingraphée charaoieristies
Lavlen | M5E] 4625107110 462407106 ST Z SRZINTMIZ 460 THNT U 48 2ZWTORD 46 22570EE  JEILRTOTT
Elevamos [mas.l) 1257 1231 44l 473 14T 1777 IK53 2497
Sol diepeh oo L) Aix n =130 1o =5 o (=]
Czomorpholagy AD AD AD AD Al aT oT 5R
CLC2ER CF OF KO R G Pl NG BR
Pastare Bo Ve Ve Yei Mo Yes P Mo
Instrumenial devices
Climsalic station o . ' - - W
SnowTree and visual scake o - o - - -
ST sensor depils [cm| 500, 20,30 - - p= - 2%
Infiliromeery wested ¥ b 1-' + + o b

Estimation ol seil paraneeiers

Clay [%] (SR 7.3 4.1 155 a1 131 15,15 182
Silke %] BllL5 Tk ml &T3 LIk nry n2l 3.2
Sand [ %] 2440 .y 157 172 IRG M2 229 IS
e (" mTF) 140K (LR} 0477 LR 11432 fh4ns 147 472
et [ m ) 143 o134 [ER kL] DIRE!S anl 1134 k144 k159
aty, [mf m] 11229 024 0115 23] LB L] 1218 229 2
Kowe [mmi™"] 522 ™2 Al a3 1T 2032 IHS 4
and,
e = BO.0407 - 10— SO 0HE ()

The soil parameters are computed for each depth and then averaged on the soil verically to get one value for each of the 9

sampling points. To consider commensurate variables, the Relative Water Content W [-], was wsed for each soil layer:

(T

where W [m? m~"] is the measured soil water content. A 1V, equal 1o | means that the saturation of the soil layer is reached,

while () means that its wilting point is reached.
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Ut = [ — LORS + 404,305 - 1077, (@)
hits = 3T.1342- 1073005, (5}
and,

Wy, = ROO407 - 1= IO™H, ()

The soil parameters are computed for each depth and then averaged on the soil vemically 1o get one value for each of the @
sampling points. To consider commensurate variables, the relative water content W [-], was used for each soil layer:

W — Wit

Wiang — Waglp

W, =

(7}

where W [m? m—7] is the measured soil water content. A 1, equal to | means that the safuration of the soil layer is reached,
while ) means that its wilting point is reached.

The clay, sand, and silt fractions reaulting from the laser granubometry analysis, wgether with the water content at different
phases compated through the Clapp and Homberger ( 1978) s equation, are summarised in Table 1. Using the USDA soil textune
classification, all the samples are in the Silty Loam category, which is consistent with moraine silty deposits. In addition, the
results are consistent with previous stwdies in the Mant Valley (Grand e al., 2006, Cianfrani et al., 2009). The hydeaulic
conductivity at saturation (/... ) and the average soil water content are also peesented in Table |, The values of K., obtained
are consistent with general values considered by Cosby et al. {1984 for soil classes. Cantle wampling and grazing affects K,
mon-grazed locations (Combe, Proteges, Auberge) present K, considerably higher than grazed locations (Chalet, LaChaox.,
Pissenlit). In addition, a dense grass rood svstem is observed in Combe, which might act to reduce the infiltration rate at this
location.

A6 Infiltrometry test

The Beerkan infil tration method was used to determine the saturated bydraulic conductivity ot the sampling poims. This method
i detiled by Haverkarp et al. (1994) and Braud eval. (2005). A PVC eylinder of diameter 25 cm was used with | L of water
powred at each ieration. For estimating retention curves and hydraulic conductivities, the BEST (Beerkan Estimation of Soil
Tranafer paramseters) method (Lassabatre et al., 2006) was applied. BEST is approaching the series of cumulative infiltration
rates and instantaneous infiltration rates by the expressions provided by Haverkamp et al. {19947, which involves the sorptivity
and the hydraulic conductivity at saturation K. of the soil (Van Genvchten, 1980; Burdine, 1953 Brooks and Corey, 1966).
These expressions involve three parameters of form which are determined from particle size distributions (Fuentes et al., 2007

and based on capillarity models {Haverkamp et al, 1994

210

A6 Infiltrometry test

The Beerkan infiltration method was used to determine the saurated bydraulic conductivity st the sampling points. This method
is detailed by Haverkamp et al. (19945 and Braod o al. {2005). A PVC cvlinder of diameter 25 cm was used with | L of water
poured at each iteration. For estimating retention curves and hydraulic conductivities, the BEST (Beerkan Estimation of Soil
Tramafer parameters) method (Lassabatdre et al., 20086) was applied. BEST is approaching the series of cumulative infiltration
rates and instantaneous infilteation rates by the expressions provided by Haverkamp etal. {1994, which involves the sorplivity
and the hydranlic conductivity ar satwration i, of the soil (Van Genuchien, |980; Burdine. 1953 Brooks and Cosey, 1966).
These expressions involve three parameters of form which are determined from particle size distributions (Feentes @ al., 2007

and based on capillarty models {Haverkamp et al., 1994,

4 Results
4.1 Snow depth estimation

The snow depth estimations from the two SnowTrees at LaChaux and Chaler are presented in Fig. 2, together with the visual
s depth estimation at the Auberge station. The dynamics of the snow depths are consistent between the temperatune-
based and visual methods. For example, the snow depth peak on 21 Janeary 2023 is represented with the same timing in the
SnowTree and the visual scale results, The SnowTree better monitors the snow depth when it is well exposed to direct solar
radiation, i.e.. after mid-January {time-lapse images showed undetected frosted residual snow rermaining along the wood mast).
In a narrow and shadowed valley like the MNant Valley, the diumal heating due o solar radiation when the sun position is
Lo i winiter is not dramatically varying and the determination of snow depth based on logger temperature is challenging. &
visualisation of the solar illumination in the valley, including hill-shading effects as computed with the Fflsfading fusction
(ingod B package; Comipio and Corripio, 2009) is plotted in Fig. 2. Incongistent values due to these effects are mamually
removed but weaker penurbations may sermain in the temperature measurements during cold days. This issee i3 tackled by
applving different thregholds whether the daily temperature exceeds 1°C. This differentiated threshold, combined with manual
checking of the images from the camera, makes Snow Tree a potentially valuable instrument for assessing snow depth in renmots

areas.
4.2 Saow Water Equivalent estimation

The 12 b averaged Sw e computed with the Cosmic Ray Sensor and with the Snow Melt Analveer are presented in Fig. 3.
together with the hourly total precipitation and temperature recorded at the Auberge weather station. Despite the time series
being short (the CRS instrament stopped due to an unstable electric feeding in early Febroary 2003), different processes wers
identified: (1) regarding the snow sccumulation periods, an increasing snow depth and increasing Sy p were recorded without
considerable increasing in Lb‘.,;“‘i.""“ when precipitation occurs with T < | . This ean be seen, for example, between 8 and

18 December, 2022; (i) an increase in snowpack total Hguid water content cawsed by liquid precipitation (e, T = 1 507
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Figure L Temperature standard deviation compated over 24 h (2465700 recorded by the iButton loggers on the SmvwTree instrument at
the Auberge aml Chalet hications (backgroaund coborsh. Black and red selid lines represent the snow depths chizined from the SnowTrees
and the visual scales, respectively, The dashed line comresponds o the itensity of solar illumination received 2t the measuemenl podnts.
The solar illuminateon in the valley, including hill-shading effects is co i with the hillsivading function {insel R package: Comipio and
Cuorripin, 2019).

4 Results
4.1 Multi-instrumental assessment of snowmelt

At the Auberge station, the dynamics of the srow depths deduced from the Snow-Tree measurements are consistent with the
observation at the visual scale (Fig. 2). In pamicular, the snow depth peak on 21 Janwary 2023 is represented sith the same
timing in the SnowTree and the viswal scale resulis. In addition, the only punciual seow density measurement realized within
the CRS recording period (recorded on 5 December, 2022) gave a siow density of p.s. = 203kg.m " and a 24 cm sow depth.
Fore this time point, the CRE provided a SWE of 7.9 cm, what s equivalent to 26.9 cm using the g, density. This shows that
the estimation of SWE by the CRS led 1o an estimation of snow depth consistent with the snow depth estimated at the Auberge
Snow-Tree (269 cim against observation of 24 cm). This measurement enforce the robusiness of the Snow-Tree resulis.

The twi SnowTree at the Auberge and Chalen site allow to estirmate the seasonal dynamics of spow depths. Owver the mond-
tored winter (2022-2023), the average snow depth at Auberge is 16 cm and 27 em at Chalet. The dynamics at the two sites ane
conaistent, with the beginning of the snow accumulation on mi-November (Mov 25 at Auberge and Mov 17 at Chalet), and the
disappearance of the snow cover between late December an mi-January, The snow peak of Jan 2151 i3 observed at the two sites.

Figure 3, despite the time series being short (the CRS instrument stopped due 1o an unstable electric feeding in early February
1023). the SWE measured by the CRS and the liguid water content of the bottorn layer measursd by the SMA (A} can be
compared at the hourly time scale. The recorded period consist in two periods: i) between Dec, 2150 and Jan, 15th, a period

10
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o FLL
il
,E i hLi]
=usi 1 .g
E’Im- Mt
— Dapth an SnowTiee
1504 = Dapth on visual scale
00l -=-= Intomeng solar
Muminakion
2D
o

nai-ad o o 21 [T L] i mayE3

Figure 2. Temperature standard deviation computed aver 24 h {24857 1) reconded by the iButlon loggers on the SnowTree mstrument at
e Auberge and Chalet hcations (backgroand colees). Black and red solid lires represent the snow depths obtained from the SnowTrees and
e visual scabes, respectively, The dashed line corresponds o the intensity of selar illuminabon received at the measuremend poants.

with an increase both in Sy and in Lt without significant decrease in snow depthy; and (iii) an anomaly in snowmelt
fAux when T, = 1 °C and when LEFie behaves oppositely to the variation of the S5/

This shows that the variation of Sy g does not necessarily comectly represent the melt rate, as it is often considered in other
studies {Kampfet al., 2005; Fang et al., 2009; Archer and Stewarn, 1995). The vertical heterogeneity of the snowpack influences
e water content within the snow laver. By focusing on the bottom snow layer, our novel approach isolates actual melt from
general changes in snow depth and Sy . allowing for more accarate local melt rate estimations, which is a key variable of
interest. In addition, the only punctual snow density measurement realized within the CRS recording period (recorded on §
December, 2022) gave a snow density of 8., = 203, Ty.doe and a 24 em soow depth. For this time point, the CRS provided
i Syep of 792 cm, what is equivalent to 26,9 cm using the 4§ g, density. This shows that the estimation of Sy ¢ by the CRS
led 1o an estimation of snow depth consistent with the measured snow depth (26,9 em against observation of 24 cm).

4.3 Soll parameters estimation

The clay, sand, and silt fractions resulting from the laser granulometry analysis, together with the water content at different
phases computed through the Clapp and Hormberger ( 1978)'s equation, are summarised in Table 1. Using the USDA soil texture
classification. all the samples are inthe Silty Loam category, which is consistent with moraine silty deposits. In sddition, the
results are consistent with previous studies in the Mant Yalley (Grand et al., 2006 Cianfrani ef al, 20019). The hydreaulic
conductivity at saturation (&, ) and the average soil water content are also presented in Table 1. The values of K, obtainsd
are consistent with general values considered by Cosby et al. (1984) for soil elasses. Cattle rampling and grazing affects £,

1n
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Figure 3, Spow Water Equivalent computed from Cosmic Bay Sensor measurements SWE [mm], wgether wih the liquid water content of

the boltom soow layer measured by the spowmelt Analyzer A& [%]. The grey bands imdicate the time sbep with temperatures below 1707

with high temperature (above 1% and liquid precipitation happening and i) between Jan, 15th and Jan, 20uh, a period without
precipitation and with temperature bebow 190, During the first period, & appear 1o actively react to liguid precipitation, which
is consistent with a fast wansfer of liguid water theough the snow pack. On the opposite, during the second period. the SWE
reacts to the changes in temperature, whersas A remains stable. This corresponds 1o process of ransformation of snow, with a
compaction of the snow pack ot associated with melt.

This shows that the variation of 8WE does not necessarily comectly represent the melt rate, as it is often considered in other
studies (Kampf et al., 2005; Fang et al.. 2009; Archer and Stewart, 1995). By focusing on the bottom smow layer, our approach
isnlates actwal melt from other transformation of the snow pack (kcing. compaction, wind depletion, ... ), allowing for mone
aceurate local melt rate estimations, which is a key variable of interest. However, using A as a proxy of snowmelt must be
conaidered with caution when liquid rainfall happens (see Discussion section). This result provide a comparative application
of the SMA instrument available for the scientific commumnity.

4.2 Infiltration/runcfl partition
The partition between surface unofT and infiliration can occor sither by exceeding of the water content at saturation () of

the first soil layes (Dunne rnaff) or by exceeding the soil conductivity an saturation (K ) (Horonian ronoff). At the Auberge

| A '.-‘ &
E 5+ Fread Vid uk""\_ A
o | A e Y .
54 M s
E 5 e f'\{ w-""‘
10 *nf
1 517 T e R THE T
. e Tl i = * ae . ¥
=| 31 i = e
= — i L x L]
R| 2 gl L B |
14 r EI = =
L1 g . . at 8
1 1% . FRTiH . ki
x i B
3 Ly it | % i .+ q Sl ] S o
§§J i * itz = i B ¥ iy
3| -
il %
]
SE| 4
- ™ [ N r
| o i Ll L x 3 e I o \ e i
o7-12-2032 13-12-3022 17-12-2032 23-12-2023 27-12-2022
Wmsntde
séulmlmllla.Llsl'lr'?lul;!;gqn_.ﬁurmuu..-
Ve Wyaler ERLENOIETE Iy LS. [mami
13l prec b i
A et 101
Figure 3. Snow Water Equivalent compuled from Cosmic Ray Sensor measurements 'll,r,(mzl‘ [mm], and its hearly variations a wver

12 bumars .ﬂ.‘?:vr:; |mm], together with the lequid water content of the bottom snow layer measured by the Snew Melt Amalyrer Lfv‘rj_-"‘ %]
and its hourly variations averaged over |2 hours A L3AA [%)]. The grey bands indicate the time step with temperabures hekew 1907,

mon-grazed locations (Combe, Protegee, Auberge) present K, considerably higher than grazed locations (Chalet, LaChaux.,
Pisgenlit). In addition, a dense grass rood svsteim is observed in Combe, which might sct to reduce the infiltration rate at this
loscation.

44 Inter-annual variability of the snow contribution

The theee monitored winters markedly differ in terms of snowpack dynamics as indicated by e g, the climatic and hydsological
variables observed at the outlet of the catchment (Fig. 4). The Winter 202 1-2022 consisted of an intense melting period in early
winter, the 2022-2023 winter presented chaotic snow conditions, with the altemation of accumulation and melting periods, and
the 2023-2024 winter exhibited a shorter snow cover period, but with a melt period concentrated in the spring season. For
the 20021-H022 winter, the first snow secumualation perod eccurred in early winter { December), followed by a warmer melting
period in January, another accumulation period in late winter (March), and a gradual melting in April. For the 2022-1023

winter, the snow season consisted mainly of an altemation of accumulation and fast melt periods, due to the sharp increase in
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site, of the entire monitored period (22287 howrs), snowmelt is detected at 2086 hours, e 93% of the time. Among these
time steps with melt occurring, the first soil layer reaches sauration during 326 hours {153% of the hours with snowmelt).
This shows that snowmelt resulted o Dunne surface runoff in 135 of the melt event at the Auberge site during the monitored
period. Regarding Homonian runoff, based on the obtained &, ,, wvalue for the Pissenlit site (gee Table 1), the intensity of the
meht rates exceeded K. for @1 hours during the recorded period (437 of the hours with snowmelt). Both conditions with
melt intensities greater than &, , on a saturated sodl happened for only 13 time steps during the monitored period. Depending
on the site, Homonlan runoff of can occur for between 4 3% {at Auberge site) and 100% {La Chaux site) of the melt events,

Figure 4 shows that, snowmelt prodeces surface minoff mainly during easly winter and spring seasons. with low melt rates
during Febwuary and March, But the processes of run off generation strongly varies between winter and spring season. During
spring (Figure Sa), the peaks of snowmelt that exceed K, are mainly associated with changes in the energy budger, led by
diurnal variation of radiation and temperatore. The noff generation results from melt rates greater than K, around the
maximal peak of diumal temperature. The response of the s0dl layers, as well as the river discharge is between 3 hours and
5 Iwours {graphical assessment). The dynamics for eady winter melt is less repetitive (Figure Sh): both Dunne and Hortonian
runcdf oceurred but the response of neither the soil layers nor the river discharge to melt event is clear. The delay induced by
soil storage during early winter melt strongly varies between the events.

4.3 Lateral transfer of melt flux

Figure 4 and Figure § show that during both the spring and the winter melt, the response of the soil laver at 30 cm depth is weak.
This means that the infilteation of ssowmelt hardly overpasses 30 cm an this measurement point. The main increase of the soil
water content of this sodl layer mainly coincides with liguid precipitation in late spring. This observation suggest that, despine
melt flux can infiltrate in the superficial soil layers when por K. 007 ., ane overpassed, deeper infiltration does not eccur
at the Auberge gite. These resulis suggest that lateral transfer in superficial sodl layers {above 30 cm depth) might concurmence
the wertical infiltration in @ mountainous context, even in a context favorable w infiltration swch as the Auberge site. The first
soil layers can then represent a zone where lateral ransfers wwards the outlet are significant. These results corroborated the
resulis of Ceperley et al. {2020), who found that young water is the main contributor 1o discharge during winter, Kanpf et al.
(2015} also nediced empirical evidence of lateral transfers during speing melt, based on audible sounds.

We explore the spatial variability of snowmel-infiloration dynamics, focusing on the hydeological response an the 25 em
depth at the Chalet. La Chaux and Auberge sites (Fig. 6). The annual dynamics of the soil moisture ane simdlar an the three
measurervent points: overall soil moisture increases with increased snow pack. This is clearly vizible in December 2022, A
graphical assesment of the response times of the soil moisture shows that the peaks due o liquid 1w mixed precipitation in
winter, as well as liquid precipitation in summer are shifted by only two bours between the three sites, The peaks of soil
misture dwe to divrmal melt in spring are shifted from abowt five hours between Chalet and Auberge stations. This is due 1o
the lag between dinmal snownselt at different altitudes, whereas precipitation happens more simultansously in the catchment.
O can also not that the soil modsture peaks are less prosounced at La Chawx, compared to the two other ones. This is due to
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Figure 4. Sodl massture (HU), Precipitation (PR Temperatore, discharge at the outlet (0. Water conlent of the botlom soow layer and
sewww depth measured al the Auberge poinl. together with K. values and zoom into persods of interest, for the entire recording perind:
froen September 2021ty March 2024, The vertical grey lines represent the 1ime steps when the bourly melt rate overpasses the R, value
myeasured 3 the Auberge soil sampling point.

ternperature. The spring melt period expands from mid-Febnoary 1o the beginning of April. Over the entire period, at the three
measurement points and at all of the instrumented depths, none of the recorded hourdy =oil wmperature reached values lower
than (.5°C. meaning that soils do not get frozen. The annual cvele is clearly observable for the wpper soil laver, i.e., the 10 cin
and 20 em depths, with a progressive decrease after the snowpack disappearance in spring (Fig_ 4). Details on this dynamic are
discussed next.

4.5 Dynamics of the infilivation-runoff partiton

The melt rate intensity is generally lower than the conductivity at saturation determined from the infilirometry tesis, indicating
that infiltgation-excess surface saturation is unlikely 1w occur(Fig. 4). During the monitoring pericd, melt rates exceeded K,
mainly during the winter melt in 2022 (January and February) and doring the speing melt in 2023 and 3024 (Mars and Apeil).

12
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the fact that the K., value measured at La Chaux is smaller than at Chalet of Auberge, leading to more occurences of surface
rumn off that infiltration at La Chaux site.

This time series show that, in the whole catchment. the reaction of soils o both snowmelt and liguid precipitation is fast
(less than 6 howrs) and happens aliost simultaneously (with a shift of less than 5 bowrs). This shows that the transfers along
the carchment toward the outlet are fast, for liquid precipitation but also for snowmelt.

£ Discussion
21  Uncertainties in snowmelt estimation

Although this instrumental approach makes it possible to strengthen the robusiness of snowmelt measurement, significant
uncertainties remain in these estimations. In particular, the rain-on-snow phenomena strongly disturb the measurements. In
Figure 3, between Dec, 2181 and Jan, 1$th (period with liguid precipitation happening on spowpack), A values recorded by the
SMA resct to precipitation within the next hour. This raises the issue of the representativeness of the SMA measurement in
such conditions, as well as the delay induced by vertical percolation of the liquid water through the snowpack. The transfer
time of liquid water during rain-on-snow phencmena can be considered as the Fastest transfer through the snowpack, Le. the
minimal delay induced. Thiz means that the A time series might include a = 1-lour uncenainty.

In addition, the main weakness of the SMA instroment is that very thin snowpacks of bess than the sensor ribbon size (7 cm)
are insccurately represented. However, this situation has lintle impact in terms of hydrology as the equivalent volumes ane ko,
Aovariations recorded with very thin srow packs must then be considered with caution. Lastly, one can also note that the positive
warations of A& may also be due to refreezing of the bottom laver in the case of very thin snow covier. This is a limitation of the
estimation of melt rate. However, since the SMA also provides the ice content of the bottom snow layer, refreezing periods can
be determined.

52 Inter-annual variability and climate change

The three monitored winters markedly differ in terms of snowpack dynamics {Fig. 4). The winter 2021-2022 consisted of an
imtense melting period in early winter, the 2022-2023 winter presented intermittent snow conditions, with the altemation of
accumulation and meling periods, and the J023-2024 winter exhibited a shoeter snow cover period bat with a melt period
concentrated in the spring season. For the 20212002 winter, the first snow aceumulation period occurred in early winter
(December), followed by a warmer melting pericd in Janoary, another sccumuolation period in late winter (March), and a
gradual melting in April. For the 2022-2023 winter. the snow season consisted mainly of an alternation of accumulation and
fast melt periods doe to the sharp increase intemperature. The spring melt period expanded from mid-Pebroary to the beginning
af April. In Figure 7, the behavior of snowmelt, as well as Dunne ranoff and Hortonian ranoff, strongly differ between the three
manitored winters, Consequently, this three-year dataset does not allow for describing the seasons of majority influence of the

different types of mnoff and infiltration processes during snowmelt.
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During winter, when peaks of melt are concomitant with liquid precipitation. they lead to a quick response of soil modisture
and stream discharge. As illusteated in Fig. $a. when they are not associated with precipitation, winter peaks of snow melt do
ot lead 1o a significant response of discharge or soil water content. Therefore, since infiliration excess overland flow are non-
majority of the contribution during winter, the discharge response must be driven by shallow subsurface stormflow in winter.
This nicely emphasis the phenomenon known as the “inverse storage effect” (Ceperley et al., 2020; Bang et al_, 2019, Benettin
etal., 2017

During spring, the peaks of snowmelt that exceed &, are mainly associated with changes in the energy budget, led by
diurnal variation of radiation and termperature. Fig. Sb clearly illusirates these dinrnal cycles. In this example, diurmal peaks of
snowmelt that exceed K. (or closely) happen whereas the superficial wop layers are already close to saturation (15 higher
than 80K, The response time of both the two superficial sodl layers and of the discharge is very fast, about 3-4 b The response
af the third layer is slower (5-6 h) and attenvated. In addition, the melt peaks are more often associated with mixed {rain and
snow ) precipitation. Combined with the low spring snow depths (Fig. 2), precipitation acis o strongly accelerate spring smow
pack melt. In addition, the discharge measurements are taken significantly downstream of the monitoging sites, highlighting
the critical examination of how these measurement points in the catchment connect to the location where discharge is observed

46 Influence of snow cover on soll layers responses

Ag s in Fig. 4, the occurrence of snow cover madifies the response of the soil water content to incident flux (melting or
precipitation) for the two superficial layers (up 1o 20 cm depth). Table 2 synthesizes the characteristics of the three considered
soil layers with or without snow cover. The soil relstive water content averaged over each period is slightly higher when the
2nil is covered by srow than when it is not covered. For the two superficial layers, periods with snow cover are characterized by
longer periods of saturation, with numerous eccurrences of periods of 6 consecutive hours with 1V, higher than #0% (W%
see Table 2). On the contrary, the 30 cm depth laver does not strongly react to the presence of snow cover, neither regarding the
WHEHS nog the average W, In addition, in both cases of winter (Fig. Sa) and spring {Fig.5b and Sc) melting, the response of the
M-cm layer to snowmelt peaks is delayed and attenuated compared to the two superficial ones. In some cases, this deep layer
can even present oo reaction o the melt flux and the satoration for this layer is rarely reached. Conversely, as shown in Fig. 5d.
the response of soil to summer liquid precipitation {without ssow cover) consists of fast responses to the peak of precipitation
(ahaout 2 hj and progressive empiying. The three considered soil depths have similar response times o precipitation peaks, but
the two superficial lavers present faster-decreasing rates than the 30 cm layer ome.

These observations lead o the conclusion that, despite the intensity of the melt rate being bower than the conductivity &t
saturation. the infilirated volumes hardly reach the sodl layer below 30 cm at this measurement point. The main increase of the
=oil water content of this soil layer mainly coincides with liquid precipitation in late spring. The transfer of infiltrated melted
snow mainly takes place in the superficial sodl layer. These results suggest that lateral transfer in superficial soil layers (above
M) em depth) might be the main process leading snowmelt flux toward the river network. These resulis corroborated the results
af Ceperley et al. {20200, who found that young water is the main contributor to discharge during winter. Kampf e al. (2005
alzo noticed empirical evidence of Lateral transfers during speing melt, based on sudible sounds.

13
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The potential implications of these results in the context of climate clange can be questioned. The amount of solid precip-
itation is projected o decrease, and the onset of the melt is expected o commence earlier (Masson-Delmote en al., 2021).
changing the snowmelt infiliration dynamics. In the Swiss Alps, for example. a reduction in snow amount. a shonening of
e melt period. and faster melt rates associated with shomened snow events are expected (Fischer et al.. 2022). The rapid
infiltration in the upper soil layers and the fast response of the river Aow highlighted in this work corroborate the increase in
Ao Fisk during the spring season (Kundzewicz et al., 2004}, in particular in the context of increased melt flux intensities. In
addition, the extent of the bow-fow period {from July—August o Jure—August) could lead 1o an increasing risk of damage 1o
riverine ecosystems (Pletierbaver et al., 2018) and fo a deficit in seasonal feeding for hydroelectricity. This work emphasizes
theat the fast response of soils and discharge o spowmelt increases the risk of low flow and water shortage owtside of the melt
period. This highlights the dependency of water availability on the delayed melt of the snowpack at high elevations,

E3  Spatial variability of soll processes

The & points sampled for the soil analysis represent various soil contexts. Some sites present low values of K ... such as the
LaChaux and Chalet sites. The impact of pasturing on the K. values for nearby sites can be noted. just like berween the
Auberge and Pissenlit sites and between the Combe and LaChaux sites. For these four sites. cow pasture significantly reduces
thee soil conductivity at saturation.

Other sites present higher K., values, like the Prowégde (protected from cows) and La Combe sites. This variability il-
lusirates that some areas may actually block the infiliration of meltwater and produce significant surface nnoff. Conversely,
Combe-like areas may act as recharge zones, with higher vertical infiltration rates. This emphasizes the crucial role of these
areas in enabling infiliration in mountaing. However, a sampling of & points remains limited for such a heterogeneous environ-
ment, and the representativeness of these sites is necessarily restricted.

In addition, the response of degper soils and grousdwater 8 not considered ere. In particular, the Aows and storage in
unconsolidated subsoils, such as moraine deposits from landslides and rockfalls, can be significant. This work paves the way
fior a better understanding of the contribation of snowmelt to deep water recharge in mountainows regions: at the stody site.
the superficial sodl layers (i.e. above 30 cm) appear 1o limit the infiltration flux wward deeper zones. The assumption can
then be made that the recharge of deep sorage might preferentially occur in specific areas presenting liitke o no developed
snils, such as bare rock or uncovered moraines. This assumption would need 1o be funther explored by future hydrogeological
studies { Thornton, 20200, Further instramental work could allow for a better description of the circulation below 30 cm depeh.
Interactions between the fast-reacting unsaturated zone of the soil and the snow-groundwater system at the catchment scale
could then be considered in future work.
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4.7  Spatial variations of the snowmelt-infiltration processes

Last, we explose the spatial variability of spowmel-infiliration dynamics, focusing on the hydralogical response at the 23 cm
depth (Fig. &), The anmual dynamics of the soil moisture are similar at the theee measarement points. Overall soil modsture
increases with increased snow pack: this is specifically noticeable in December 2022, Diumal cycles of soil moisture occur
during the spring melt season, from April 1o May 2022 and from mid-February o late April 2023, The dynamics of soil
madsture during spring melt are shifted at the three sites, due o the difference in altitude. However, the overall spring melt
periods coincide. In spring, the peaks of soil modsiure due 1o divrnal melt rates as described earlier, are shifted from abowt five
Iwiuars between Chalet and Awberge stations. On the other side, the peaks due to liguid (o mixed precipitation in winter, as well
a5 liguid precipitation in summer are shifted by only two hours. This is due to the lag between divrmal snowmeh at different
altimdes, whereas precipitation happens more simultanscusly in the catchment. The soil moistare peaks are less pronounced at
La Chaux, compared to the two other ones, This can be since the soil comdwctivity at sataration is smaller at La Chaux than at
Chalet of Auberge. in particular, due o the impact of cow grazing. Another reason can be related 1o the fact that the snowmelt
rate can be slower with increasing elevations, with a smaller divrmal amplitode of air temperatune.

The correspondence of the soil moistare time series at these three measurement sites, together with the relative similarity of
the Koo walues ab measurement points presenting similar soil contexts {see section 4.3), allows to extent the resulis obtained
at the Auberge sites. Processes at the Chalet, Petit Pont, Pissenlit, and La Chaux points may then correspond to the processes
observed af the Auberge point: these locations may act mainly a5 areas of lateral ransfer in superficial soil laver (less than
0 cm depth) during speing melt periods but also durng winter accumulation periods. However, punctual areas with higher
valwes of A, illustrated by the Combe podnt, may act as areas of recharge, with more important vertical infiltration rates.
This emphasizes the crucial role of these non-pastured, protected arcas in mountains.

£ Discussion

One of projected impact of global increase in temperature in alping area i3 an increase in the intensity of the winter melt
rates and an increase in intensity and volumes of spring melt (Han et al, 2024; Masson-Delmoite et al., 2021). This intense
melt period. combined with projected decrease of seasonal snow volumes, is also projecied (o cause a shift in the spow melt
period of about one month &t the horizon of 100 years (Hock en al, 20099, that is, for the stodied area, from March-June toe
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spivw depth measured i the Auberge poinl, ogether with . values and zoom into persods of interest, for the entire recording period:
From Septemiber 2021 to March 2024, The vertical grey lines represent the fime sieps when the bourly melt rate averpasses the 5. valoe
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Febrary-May (Antoniazza, 2023). In this context. the rapid infiliration in the upper sodl layers and the fast response of the river
Aow highlighted in this work corroborates the increase in the Aood risk during the Spring season Kundzewicz et al. (2004} In
addition, the extend of the low flow period (from July-Auguest o Jure-Augusty could lead to an increasing rsk of damage to
the riverine ecosystems (Pletterbaoer et al_, 2018) and to a deficit in the seasonal feeding for hydroeleciricity.

Even though this wark is limited by compiling only three years of data, which occasionally includes significant gaps and
restricted recording periods, with limited measurement points and uncertainties, especially regarding weather and snow depth
dara, it moetheless provides an uncommon combination of soil and srow data using various acquisition methods. The resulting
dataset represents a valuable contribution to the understanding of mountainous envisenments.

Muoreover, the response of deeper soils and groundwater iz not considersd here. In particular, the flows and storage in
unconsolidated subsoils such as moraine deposits of landslides and rockfalls can be prone to be important. This work paves
the way for a better understanding of the contribution of snow melt to deep water recharge in mountain @ at the sindy site,
the superficial soil layers (i.e. above 3 cm) appear to limit the infiltration flux toward deeper zones. The assumption can the
be done that the recharge of deep storage might then preferentially ocour over specific areas presenting no or littke developed
zoils, such & bare rock or uncovered moraines. This assumption would need 1o be further explored by future hydrogeology
siudies. Pierometers were installed st different locations in the Nant valley by Thosmston (2020), however the recording but
were o longer recording during this study. Further instrumental works could allow to better describe the circulation below 30
cm depth.

In addition to its contribution o process understanding, the snow-and-soil records can be used as validation or calibeation
data to improve process simalation in physically-baged hydrolegical models, in panicular for local scale studies. These ob-
servations could assist in refining aspects physically based surface schemes implemented an the measurement point (Thosaton
et al., 2022).
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6 Conclusions

The results explore @ (i) Comparing thiee different methods to estimate of spowmelt rate at the local scalbe ; (i) Comparing
the intensities of melt rates with the infiltration capacity of soils o better quantify the partition between surface runoff and
infiltration of the melt Aus; and {iii) Describing the dynamics of vertical and lateral transfers of the fux issued from snowmelt
in the superficial soil layers and the response of the stream discharge o melt events o better quantify the response of the
catchment o melt events.

The meain conclusions of this instrumental experiment are as follows:

1. Snow-Tree temperature measurements align well with visual observations, confirming their reliability. SWE estimates
from the CRS are consistent with snow depth measurements. The study shows that SWE variations do not always reflect
actual melt, as other svowpack processes {e.g., compaction) can interfere. Pocusing on the bottom snow layer provides a

mare aceurate melt rate estimation.

2. The measured snowmelt rate is generally lower than the soil conductivity at saturation., allowing infiliration of melt Aux
in the first soil layers. For the Auberge site, Homonian runaflf (exceeding soil conductivity) happened fior 435 of the
maht events, Dunne ranad (due to soil saturation) happened in 1559 of the melt events. The infiltvation processes strongly
differs between winter and spring. In spring, runoff is mainly driven by divmal temperature variations, while winter

runoff patterns are more irregular

3. Boil layers below 30 cm are lintle influenced by snow melt, and soil moisture responses st the three monitored gites show
rapid and simultaneous reactions o melt and precipitation {delay <5 hours), confirming fast water wransfer across the

catchment. Mo inter-seasonal storage in soils is ohaerved.

Even though this work is limited by compiling only three years of data, which occagionally inchedes significant gaps and
restricted recording periods, with limited measurement points and uncertainties, especially regarding weather and snow depth
dlara, it nonetheless provides an uncommon combination of soil and srow data wsing variows acquisition methods. The resulting
daraset represents a valuable contribution to the understanding of mountainous environments, In addition o its contribution 1o
process understanding, these snow-and-soil records can be used as validation or calibration data to improve peecess simulation
in physically-based hydrological maodels, in particular fior local scale studies. These observations could assist in refining aspects
pliysically based surface sch impl

mted at the

ment podnt.

Dt availehifity. Al be dala produced m this work are freely available through the dedicated Zenodo platform: zenodo.ergfcommunities o
Soal maisture, soal temperature data and granulomelry results can be download ot zenodo.orgfrecord s 10136586 (Eeckman, 2023). SMA
spawwmell rale and snow waler contend data. as well as SnowTree data can be download at zenodo.orgirecands/] 1580271 {Eeckman, 20245
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6 Conclusions

We combined innovative tools o locally monitor both the snowimelt rate and the response of the soil water content o it An
uncommon methed was tested to assess mow depth in the absence of a measuring station in remote areas: the snow depth is
eatimated based on the emperature measurements 3 tny sensors along a wood mast. Two approachses ane crossed to estimate
the ancwmielt rate: the measurement of the dielectric constant of the bottom snow layer and the measurement of the total spow
water comtent through a cosmic ray sensor.

The meain conclusions of sur instumental experiment ane as follows:

— Even if the measured soowmelt rate is generally Lower than the soil conductivity at ssturation, the response time of
superficial soil layers above 20 cm and discharge o melt events is relatively fast, between 2 and 5 hours. No long-term
stogage is observed in these superficial soil layers.

An inverse storage effect is demonstrated during winter: although snowmelt events in winter lead (o rapid stream dis-
charge responses but of low amplitude, the surface water content of the soil decreases over the periods of spowpack

accumulation. This corroborates the fact that young waters actively contribute 1o discharges in winter.

The warer conbent of the sedl at 30 ¢ depth is litke inAuenced by the melt Aux, or exceptionally influenced during melt
events coupled to precipitation. On the opposite. this soil Layer is fast reacting 1o summer precipitation.

Sodl moisture recorded ar different locations present similar temporal dynamics. The processes observed an the point
measurement can thus be extrapolated and arcas of superficial nnoff generation can be described. On the other hand,

less commune areas potentially allowing more important vertical infiltration may be assumed.

This work emphasizes that the fast response of soils and discharge o snowmelt increases the risk of low flow and water
shortage outside of the melt period. This highlights the dependency of the water availability on the delayed melt of the spow
pack at high elevations, Finally, interactions between the fasi-reacting unsaturated zone of the soil and the snow-groumdwater
at the catchment scale must be considesed in future work.

Dharg avaddzbility. Allbe dala produced i this work are freely available through the dedicabed Zepodo platform: zenodo.crgicommunitieshdns.
Sl moasture, soil temperature dats and granalometry resulls can be downlosd ot zesodoorgirecords! | 0136586 (Eeckman, 2023), SMA sow
meelt rute and snow water content data, ax well ax SnowTree data can be download 28 resodeorgfrecords!] 1580271 (Eeckman, 2024).
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