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ABSTRACT: Snow in mountain catchments serves as a constant water release during the melting season,
supporting many human activities downstream. However, it also poses threats to human life and infrastruc-
tures, e.g. with wet- or glide-snow avalanches. These avalanches are likely to occur more frequently with
a warming climate but are hard to predict due to the spatio-temporal complexity of the involved processes.
The snow liquid water content is a key parameter to monitor to address both potentialities and challenges
of a melting snowpack. Synthetic Aperture Radar products like Sentinel-1 are valid tools for detecting wet
snow, as liquid water increases dielectric losses absorption coefficients, resulting in low backscattering val-
ues. Although energy-balance snow models can simulate liquid water distribution as well as other scattering
properties, continuous ground truth measurements are needed for validation. However, such datasets are
rare, because they are very demanding as of resources and expertise. We present part of a comprehen-
sive dataset of full snow profiles covering one snow season at the Weissfluhjoch field site (Switzerland).
This dataset includes detailed manual measurements of important snow microwave properties: temperature,
density, specific surface area, liquid water content, and surface roughness. The high temporal and vertical
resolution of the dataset allowed us to track the evolution of the wetting front in detail. Moreover, making use
of the Snow Microwave Radiative Transfer model (SMRT), we were able to use ground data to successfully
reproduce the Sentinel-1 backscattering. Finally, we could give a detailed explanation of the physical pro-
cesses driving Sentinel-1 backscattering trends and explore the potential of interpreting these trends to track
the melting snow process.
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1. INTRODUCTION it can well identify the different stages of the melt-

ing season. Multilayer, energy-balance snow mod-
Snow in mountain catchments is an important wa- els canin principle simulate the distribution of LWC
ter resource, accumulating and storing water dur- and other key snow properties at high resolution
ing winter and releasing it consistently during the in time and space. However, performances heav-
melting season (Viviroli and Weingartner, 2004). ily depend on the quality of the input data, the cho-
This reliable release from higher altitudes supports sen parametrizations and the structure of the mod-
many human activities downstream, including agri- els. On the other hand, Synthetic Aperture Radar
culture and hydropower production (Beniston et al., (SAR) images have proven useful for wet snow de-
2018). At the same time, snow poses significant tection: as the free liquid water in snow increases,
threats to human life and infrastructures during the dielectric losses and, consequently, absorption co-
melting season, such as wet-snow or glide-snow efficients rise (Ulaby et al., 2014). As a result,
avalanches. Despite their likely increasing occur- the average backscattering experiences a signifi-
rence due to a warming climate, predicting these cant drop when the snow starts wetting (Matzler,
avalanches remains challenging due to the spa- 1987; Shi and Dozier, 1992; Nagler et al., 2016;
tiotemporal complexity of the involved processes. Marin et al., 2020; Naderpour et al., 2021). How-
The presence and distribution of liquid water con- ever, the LWC in the snowpack only partially ex-
tent (LWC) within the snowpack is a key parame- plains the behaviour of the coefficient of backscat-
ter to monitor in order to address the above men- tering, as the latter is also affected by other scat-
tioned challenges and potentialities, as it is one of tering properties, such as surface roughness, den-
the drivers of glide-snow avalanche formation and sity, the specific surface area (SSA) and potentially

the large structures buried underneath a wet snow-
pack such as ice lenses or pipes (Shi and Dozier,
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the snowpack properties should be sampled at a
high vertical resolution and continuously over time.
Such datasets are rare, because their collection is
time intensive and requires expertise. In this work,
we present a portion of a comprehensive dataset
made of full snow profiles collected over one snow
season over the field site of Weissfluhjoch, Davos,
Switzerland. This dataset includes detailed manual
measurements of important snow properties, many
of which affect the scattering: temperature, density,
specific surface area, liquid water content and sur-
face roughness. The snow properties were sam-
pled with a high vertical resolution, weekly during
the dry season and up to three times per week dur-
ing the melting season until complete snow ablation.
We use the manually measured snow properties to
validate the SNOWPACK model (Bartelt and Lehn-
ing, 2002) and to reproduce Sentinel-1 backscatter-
ing making use of the Snow Microwave Radiative
Transfer model (Picard et al., 2018). Since its re-
lease, this model has been widely used to reproduce
backscattering and brightness temperature over Ar-
tic and Antarctic snowpack (Picard et al., 2022b; Fan
et al., 2023) and on lake ice (Murfitt et al., 2022).
This work aims at explaining the physical processes
driving Sentinel-1 backscattering trends and explor-
ing the potential of interpreting these trends to track
the melting snow processes.

2. STUDY SITE, DATA, MEASUREMENTS AND
MODELS

2.1 Study site: Weissfluhjoch Versuchsfeld

The measurement campaign was conducted
at Weissfluhjoch Versuchsfeld (WFJV), Davos,
Grisons, Switzerland. This reference field site
lies at an altitude of 2536 m a.s.l., on a flat area
embedded in a valley facing south-east. It is easily
accessible, protected from avalanche danger and
provides shelter for instruments and workers. This
site is equipped with advanced meteorological
sensors, and has one of the longest recorded time
series of snow measurements for a high-altitude
research station.

2.2 The snow season of 2022-2023

The snow profiles presented in this paper were sam-
pled in the 2022-2023 snow season, starting on
14/02 and ending on 16/06, 2023. This snow sea-
son was especially dry, snowfalls were not abun-
dant, isolated, and followed by long dry periods. In
March 2023 a snow height of 107 cm was mea-
sured, matching the lowest measured snow height
on record for this day of the year. Generally, mea-
sured snow heights were very close to the recorded
minima.  Temperatures fluctuated between well
above zero and freezing values between December
and March, giving rise to frequent superficial melt
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events. These conditions favoured the early forma-
tion of ice lenses, i.e. horizontal ice layers formed
as a consequence of water percolating the snow-
pack, hitting colder or denser layers, expanding hor-
izontally and refreezing. Temperature then dropped
again in late spring when isolated snowfalls were
recorded.

2.3 Measurements

The temperature was sampled every 10 cm using a
thermometer (specified for a 0.2 °C accuracy and in
practise accurate at 0.1 °C). The LWC was sampled
every 2 cm using the Denothmeter (Denoth, 1994).
The density was sampled every 3 cm using a snow
cutter (Proksch et al., 2016). The SSA was sam-
pled every 4 cm using the InfraSnow sensor (FPGA
Company). Finally, the surface roughness was mea-
sured with a digital photography based approach
(Barella et al., 2021).

2.4 Sentinel-1 satellite data

Sentinel-1 (S1) is a two-satellite constellation with
a revisit time of 6 days acquiring SAR images in
the C-band in dual polarization at the frequency of
5.405 GHz. Because of the swath width and the cy-
cle length of 175 orbits, at the Alpine mid-latitudes
normally more than one acquisition every 6 days is
available. For WFJV, four tracks are available with
a resolution of 5 x 20 m at vertical and mixed po-
larization. Throughout the measurement campaign,
the S1 data availability has an average of one image
every 2.5 days and a mode of one every 3 days.
The images can be downloaded for free from the
Copernicus data hub (Copernicus). The resulting
backscattering time series are the result of a series
of processing steps described in Marin et al. (2020).

2.5 Models

The quality of the forcing data recorded at WFJV
allowed to produce a high-resolution 1D snow simu-
lation over the 2022-2023 snow season using the
energy-balance, layer based model SNOWPACK
(Bartelt and Lehning, 2002; Wever et al., 2014,
2016). In order to reproduce the ice layers build
up in the snow pack during the melt season, the
Richards equation solver has been used (Wever
et al., 2014) as well as the dual-domain approach to
simulate preferential flow (Wever et al., 2016) and
the ice reservoir approach to allow the refreeze of
the ponding resulting from preferential flow (Quéno
et al., 2020). To reproduce S1 backscattering, the
field data was cleaned, homogenized and resam-
pled to a common vertical resolution of 6 cm, com-
parable to the wavelength of S1. The time se-
ries of snow properties per layer is then fed to the
Snow Microwave Radiative Transfer model (SMRT),
a model built to perform simulations of microwave
response from snowpacks, fully described in Picard
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et al. (2018). The user has to specify a microstruc-
ture, electromagnetic and permittivity model and
the model solves the radiative transfer equations to
generate a time series of backscattering intensities.
In this study, we used the exponential model with
polydispersity equal to 0.6 (Picard et al., 2022b) to
describe the microstructure, the integral equation
model (IEM) for surface scattering (Brogioni et al.,
2010) and, the symmetrized strong-contrast expan-
sion (SymSCE) (Picard et al., 2022a) as the electro-
magnetic model with the semi-empirical permittiv-
ity model developed by Sihvola (2000). At present,
this combination is among the optimal ones to de-
scribe wet snow starting from measured variables,
however additional research is still necessary.

3. RESULTS

3.1 Field measurements and SNOWPACK simulation

Figure 1: Overview of the selection of snow profiles from the
2022-2023 campaign, measured (red outline) and modelled with
SNOWPACK (black outline). From top to bottom: snow temper-
ature, LWC, density, SSA and surface roughness expressed as
root mean square of the heights (blue) and correlation length
(brown).

Figure 1 shows a selection of the snow profiles,
modelled with SNOWPACK and sampled during the
measurement campaign: snow height, temperature,
LWC, density, SSA and surface roughness. These
are the main parameters influencing the scatter-
ing phenomena for snow, and therefore the neces-
sary inputs for the radiative transfer model. As is
to be expected, the measured and modelled snow
heights differ, sometimes quite significantly. We de-
cided not to correct these discrepancies because it
would imply modifying the measured snow proper-
ties in a non-obvious manner. Measurements show
that the snowpack reached the full isothermal state
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on 29/04, 5 days later than the model prediction.
In general, the modelled transition from frozen to
isothermal is more abrupt than it was observed in
the field. The first significant surface melt event
was measured on 29/04. From this date on, mea-
surements show that the surface LWC progressively
increases (or resets to zero as a consequence of
refreezing or spring snowfalls) ponding above the
thick ice lens that formed at around 100 cm from the
ground. As the snowmelt progresses and as the ice
lens disintegrates, the LWC distribution starts being
more homogeneous until the end of the campaign.
Conversely, the simulation exhibits an earlier start
of the melt, almost 20 days earlier than observed in
the field. This melt is followed by ponding that holds
LWC above an ice layer for more than a week (24/04
until 03/05). Then, the LWC breaks through and
although there is still some ponding visible at vari-
ous depths, this does not prevent the flow of LWC
all the way through the snowpack. In the measure-
ments, the wetting starts much later and the pond-
ing over the ice layer holds for much longer (29/04
until 26/05) before significant amounts of LWC can
bee seen below. Therefore, although the model
succeeds in representing complicated preferential
schemes like ice layers and ponding, these phe-
nomena verified in a much enhanced way in the
field, leading to very different snowpack conditions
with respect to the model predictions. This is con-
firmed by both density and SSA. High LWC or ice
layers are characterized by high densities and lower
SSAs. Dry, drained, or new snowfall layers have low
densities and high SSAs. Lastly, the measurements
of snow surface roughness were translated into the
root mean square of the heights (RMSH) and the
correlation length (CL), which are used in the defini-
tion of the exponential autocorrelation function used
by the IEM. RMSH and CL describe roughness in
a different way, however in practice, the RMSH is
generally low for smooth surface and increases with
the development of surface macroscopic roughness
formation like suncups in the later stage of the melt-
ing season — being a self organized process which
generates a quasi-periodic pattern (Betterton, 2001;
Herzfeld et al., 2003), also the CL is generally in-
creasing.

3.2 SMRT simulations and Sentinel-1

In Figure 2, we show the results of the simu-
lated backscattering from measured and modelled
snow profiles using the model SMRT, along with the
recorded S1 backscattering values. As a conse-
quence of the earlier wetting simulated by SNOW-
PACK, the backscattering drop of 3 dB lower than
the winter mean is generated 6 days earlier than
recorded by the SAR (respectively, on 23/04 and
on 29/04). The simulation performed using SNOW-
PACK snow profiles shows an isolated melt event at
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Figure 2: S1 morning (light blue area) and afternoon (orange
area) recorded backscattering; together with the backscattering
time series simulated with SMRT using ground measurements
(black line) and SNOWPACK simulation (grey line) inputs. St
values recorded on the same day as manual measurements are
reported as triangles, light blue for morning passes and orange
for afternoon passes.

the end of March that was missed by the measure-
ment campaign. However, a backscattering drop
of 2.5 dB is also recorded over that period by the
morning satellite passes. In general, there seems
to be a negative bias in the SNOWPACK gener-
ated backscattering time series since the first iso-
lated melt event. The backscattering simulated us-
ing the measured snow profiles reproduces well the
S1 trends, both in terms of wetting timing and low-
est values. On days when manual measurements
and satellite passes coincide, the Mean Bias Er-
ror and the Root Mean Square Error are equal to
respectively 3.9 and 5.0 dB for the backscattering
generated with SNOWPACK and 1.7 and 2.7 dB for
the backscattering generated with manual measure-
ments.
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Figure 3: Detailed snow properties measured (brown) and mod-
elled with SNOWPACK (blue) on April 26, From left to right:
temperature, density (the additional green line represents the
dry snow density measured with the Denoth), SSA, LWC and
a Near-Infra-Red picture qualitatively highlighting wet layers over
dry ones.

The snowpack properties that cause the time lag in
the generated backscattering drop between SNOW-
PACK and manual measurements can be better
understood comparing the modelled and observed
snow profiles on 26/04 (Figure 3) and on 03/05 (Fig-

1252

2023-05-03

Temperature

S5 S

o 5 6 530
ra [kgm?)

1000 0 4
(mkg™1)

'SNOWPACK (09:00)

0o 25 so 75
(vl

Measurements

Figure 4: Detailed snow properties measured (brown) and mod-
elled with SNOWPACK (blue) on May 3. From left to right:
temperature, density (the additional green line represents the
dry snow density measured with the Denoth), SSA, LWC and
a Near-Infra-Red picture qualitatively highlighting wet layers over
dry ones.

ure 4), when the backscattering drops take place
for SNOWPACK respectively for the measurements.
On 26/04, SNOWPACK models a colder snow sur-
face with respect to measurements, and an oth-
erwise isothermal snowpack; measurements only
show an isothermal layer below the frozen surface
and otherwise a snowpack that is still frozen. Mea-
sured and modelled densities are in overall agree-
ment, although modelled densities from the ground
up to 125 cm seem slightly overestimated. SSA is
underestimated by the model over the whole snow-
pack. The modelled LWC is distributed over the
whole snowpack below the frozen surface with an
average value of 0.85%, in accordance with higher
densities and lower SSA. On the field, LWC was
only measured between 160 and 140 cm from the
ground and at the ground level with a maximum
value of around 1%. The NIR image qualitatively
confirms the measured snow properties, showing a
profile that is still relatively dry, where several ice
lenses formed, obstructing free water from flowing
in lower sections. On 03/05, the day where the mini-
mum value of morning backscattering was recorded
by S1, the modelled temperature, density and SSA
remain rather unchanged. The measured profile
is isothermal below the frozen surface, thus the-
oretically allowing the formation of liquid water in
the snowpack. However, the wetting front has not
progressed much with respect to 26/04 likely due
to the presence of an ice lense at 105 cm from
the ground, also visible in the NIR image. Above
this ice lense, the volumetric LWC more than dou-
bled reaching a value of around 7.5% before be-
ing blocked from flowing downwards. The mod-
elled LWC is distributed more homogeneously over
the snowpack but has higher average value (1.2%)
with respect to measurements (0.8%), explaining
the lower backscattering generated from SMRT with
this input.
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Figure 5: S1 morning (light blue area) and afternoon (orange
area) recorded backscattering; together with the backscattering
time series simulated with SMRT using ground measurements
(black line) as a reference. S1 values recorded on the same day
as manual measurements are reported as triangles, light blue
for morning passes and orange for afternoon passes. Squares
represent the SMRT simulation results of the sensitivity analysis:
grey squares represent the variation without surface roughness,
blue squares represent the variation without LWC, yellow squares
represent the variation with a constant value of SSA typical of the
advanced melting period and equal to 8.1 m?kg L.

The increase in S1 backscattering that is recorded
after the local minimum value happens in conjunc-
tion with three different processes within and at the
surface of the snowpack (Figure 1): an increase in
surface roughness due to the slow development of
suncups, a potential decrease of LWC of the super-
ficial layers due to runoff, and a decrease of sur-
face SSA because of grain size growth during the
melt process. Figure 5 shows once again the sim-
ulated backscattering from the field data, this time
with three variations, to explore the isolated effect
of the three above mentioned mechanisms alone in
SMRT. For the first variation, the roughness com-
ponent was disabled in SMRT. For the second vari-
ation, LWC was set to zero at each layer of each
input snow profile. For the third variation, the SSA
of each layer of each snow profile was set to the
average value measured from 22/05 onwards (8.1
m?kg~1), in order to eliminate the effect of higher
surface scattering due to smaller grains. Results in
Figure 5 show that all these variations have no effect
during the dry season, but as soon as the snowpack
starts wetting, different processes become more or
less relevant at different melting stages. Compar-
ing the reference simulation obtained with measured
snow profiles, it becomes clear that the main mech-
anism driving the backscattering drop from the win-
ter mean to the local minimum value is the presence
of the LWC in the snowpack, with residual effect of
scattering increase when SSA is high at the surface
because of refreezing or new snowfalls. S1 is also
very sensitive to low values of surface roughness:
on 08/05, the surface roughness caused a backscat-
tering increase of 3 dB, even with an increase of
LWC, before the snowfall flattened the surface. In
general, a small increase in surface roughness gen-
erates a very quick response in backscattering in-
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crease.
4. DISCUSSION

The high resolution ground truth dataset presented
in Figure 1 consists of a time series of snow profiles
where the major snow scattering properties were
sampled with high temporal and vertical resolution.
These properties, except for surface roughness, can
be generally well reproduced by physically-based
snow models, if detailed and complete input data
is available. However, some snowpack features like
ice lenses and ponding are very hard to reproduce
exactly as observed in the field, and the reason can
be issues in the input data and/or in the model,
spatial heterogeneity of the above mentioned pro-
cesses, or a combination of these factors. Making
use of the high quality observational time series,
we were able to qualitatively reproduce the mea-
sured vertical snow profiles with the model SNOW-
PACK. However, the modelled snowpack gets to the
isothermal state earlier and more abruptly than it
was observed in the field: this allows LWC to start
forming in the snowpack earlier with respect to mea-
surements. Moreover, despite the model’s ability
to reproduce ice lenses and ponding, to simulate
these processes at the same depth and timing as
observed in the field remains very challenging be-
cause they depend strongly on snowpack param-
eters and they have great spatial variability. Us-
ing the measured and modelled snow properties, a
backscattering time series was generated with the
SMRT model, the results are reported in Figure 2
and compared against the recorded backscattering
from S1. The backscattering time series obtained
with the ground measurements generally well repro-
duces the trend of S1, proving that SAR systems
at the C-band like S1 could be used to monitor the
evolution of a melting snowpack. Only two values
were severely underestimated with both the mea-
sured and modelled profile data: however, these
two values belong to the same track that has a very
low incidence angle. This track generates a higher
spread of the afternoon backscattering values with
respect to the morning ones (Figure 2). At such
low incidence angles, the SAR signal may be sen-
sitive to specific snowpack properties that need to
be further investigated. Comparing the measured
snow profiles on 26/04 (Figure 3) and 03/05 (Figure
4), and the recorded backscattering values in those
dates (respectively -12.6 and -20.2 dB), it becomes
clear that the S1 signal is experiencing losses be-
cause of the LWC increase in this time interval. As
a consequence of the early presence of LWC in the
modelled snow profile time series, its quantity and
distribution, not only the same backscattering drop
happens one week earlier, but it also shows a neg-
ative bias of approximately -2.5 dB with respect to
S1 recordings. These findings are supported by the
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sensitivity analysis presented in Figure 5. Here, we
took the reference backscattering time series sim-
ulated by SMRT and added three variations to in-
vestigate the effect of different scattering properties
isolated one from another. This analysis brought
to light that the main backscattering drop in morn-
ing and afternoon tracks is mostly relatable to the
progressive wetting of the snowpack, although high
values of SSA at the surface (due to refreezing or
new snowfalls) may increase the scattering gener-
ating a higher value of backscattering. But mainly,
it is clear that the rise in backscattering after the lo-
cal minimum value is mostly caused by the increase
in surface roughness, with the changes in LWC be-
coming less impacting. By comparing the reference
backscattering time series with the points describ-
ing the variation without roughness, it is interesting
to notice that despite the LWC increase in the super-
ficial layers of the snowpack between 15 and 26/05,
the simulated backscattering increases in the refer-
ence simulation and keeps decreasing in the vari-
ation with no roughness. By looking at the date
of 08/05, when the first remarkable roughness in-
crease was measured, the value recorded by S1 is
almost perfectly reproduced by the reference simu-
lation, but underestimated by 3 dB when neglecting
the roughness. This suggests that the backscatter-
ing from S1 has a high sensitivity to relatively low
roughness values.

5. CONCLUSIONS

In this work, we presented part of a unique dataset
of snow scattering properties measured at high res-
olution over a recent snow season at the field site
of Weissfluhjoch, Davos, Switzerland and used this
dataset to give an overview on how S1 backscat-
tering can be explained by measured snow prop-
erties, with a focus on wet snow. By comparing
ground data with a high quality physically based
simulation, we pointed out key differences in wetting
timing and liquid water release mechanisms, there-
fore highlighting the processes that must be better
modeled for highly detailed simulation of the melt
phases. By using a microwave radiative transfer
model for snow, we were able to use our ground ref-
erence dataset to reproduce the S1 backscattering
time series over the rather complex structure of an
Alpine snowpack. This allowed to better understand
the key mechanisms influencing the backscattering
trends and which properties have the major influ-
ence in different stages of the melting season. We
highlighted the key factors to consider in order to be
able to rely on snow cover simulations to reproduce
the backscattering signal recorded by S1. By con-
ducting a sensitivity analysis, we highlighted that the
presence of LWC in the snowpack is the key factor
influencing the major backscattering drop from the
winter average, and that at this stage there is a mi-
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nor influence of high values of SSA at the surface
that may cause more scattering and contrast the
absorption. Once some relatively small roughness
starts to develop, the surface scattering dominates
the backscattering signal even against increasing
LWC values. This study expands our knowledge of
the complex processes within an Alpine snowpack
necessary to understand trends in satellite obser-
vations and potentially use them as information to
snow models in the future.
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