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Abstract.

Long-term snow observation sites provide valuable datasets for understanding snowpack evolution and evaluating snow mod-
els. Recent observation campaigns have progressively enriched these monitoring programs with high-resolution measurements
of snow microstructure, particularly using the SnowMicroPen. Here, we present a two-winter dataset of snow and atmospheric
observations collected at Col de Porte (French Alps, 1325 m), a warm alpine environment, during the winters 2021-2022 and
2022-2023. The dataset extends the standard observation program with weekly vertical profiles of snow density, specific sur-
face area (SSA), structural anisotropy, and penetration resistance obtained from the SnowMicroPen, X-ray tomography, density
cutters, and two optical reflectance instruments (DUFISSS and HISSGraS). Tomography measurements combined fast acquisi-
tions (42 pm) and high-resolution acquisitions (10 pm). The study (i) provides a comprehensive dataset of snow microstructural
properties together with atmospheric forcing for snow model evaluation under warm snow conditions, characterized by fre-
quent wet snow and melt-freeze crusts, and (ii) assesses the strengths and limitations of the different measurement techniques,
including the feasibility of seasonal snowpack monitoring by X-ray tomography, the use of the SnowMicroPen under warm
snow conditions, and the agreement between the two optical reflectance instruments. The paper describes the meteorological
and snowpack conditions during the two winters, presents multi-instrument vertical profiles of snow density and SSA, and
reports the characteristic ranges of density, SSA, and structural anisotropy for the different snow types encountered at Col de
Porte. The dataset is available at https://doi.org/10.6084/m9.figshare.33426472 (Calonne et al., 2026).

1 Introduction

In situ snow observations are crucial for understanding snow properties, snow evolution, and the physical processes responsible
for this evolution (Krinner et al., 2018). They are essential to many applications, such as climate trend studies (e.g. Dumont
et al., 2025), remote sensing data analysis (e.g. Lemmetyinen et al., 2018), snow model evaluation (e.g. Essery et al., 2013), or
avalanche and water resource forecasting (Bader, 1939). Standard snow observations generally include measurements of snow
bulk properties, such as snow height or snow water equivalent, and, sometimes, measurements of the snowpack stratigraphy,

such as the vertical profile of density, specific surface area (SSA), visual grain types and sizes, hardness, temperature, and liquid
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water content (e.g. Fierz et al., 2009; Ménard et al., 2019). A variety of field instruments are classically used to retrieve these
snow properties, from traditional ones, such as density cutters, Ramsonde, and magnifying glass, to more modern ones, such
as optical reflectance instruments (e.g. Gallet et al., 2009) and snow micro-penetrometers (SMP) (Schneebeli et al., 1999).
Recently, a few observation campaigns started to use X-ray tomography for in-situ snowpack monitoring (Calonne et al.,
2020; Macfarlane et al., 2023), previously restricted to snow studies in a cold laboratory. Tomography gives access to a three-
dimensional (3D) image of the snow microstructure at the micron scale, and thus, to the microstructural properties of snow
(e.g. Coléou et al., 2001; Calonne et al., 2014; Krol and Lowe, 2016). From these images, the effective properties of snow,
such as albedo (Robledano et al., 2023), thermal conductivity (Calonne et al., 2011; Lowe et al., 2013), or different mechanical
properties (Schleef and Loewe, 2013; Védrine et al., 2024) can be simulated.

All over the world, snow observation sites are maintained and provide winter-long time series of snow properties. Among
these sites, Sodankyla in Finland (Essery et al., 2016), Col de Porte in France (Morin et al., 2012; Lejeune et al., 2019), and
Weissfluhjoch in Switzerland (Marty and Meister, 2012; Calonne et al., 2020; Lowe et al., 2025) provide essential snow mea-
surements over more than half a century. At these sites, both snow and atmospheric properties are monitored, offering datasets
for driving and evaluating the snow models. The first seasonal snow dataset that includes snow microstructure properties from
tomography and from SMP measurements was obtained at Weissfluhjoch, a high-elevation site located at an altitude of 2536
m, by Calonne et al. (2020). With SMP measurements performed daily, they showed the benefits of high-resolution data of
density and SSA for snow model evaluation.

The objective of the present paper is to provide and describe a two-year dataset of snow and meteorological observations
at Col de Porte (1325 m a.s.l, French Alps), which includes detailed weekly measurements of the vertical profile of snow
properties (traditional snow profile, X-ray imaging, density, and SSA). The goal was i) to obtain a dataset for driving and
evaluating snow models at a *'warm’ alpine site, and ii) to explore our ability to integrate tomographic measurements into the
weekly standard observations, for the monitoring of snow microstructure at high resolution. For those purposes, during winter
2021-2022 and 2022-2023, the standard observation program of the Col de Porte site (Lejeune et al., 2019), a mid-elevation
site located at 1325 m, was complemented by additional weekly measurements of highly-resolved vertical profiles of density
and specific surface area by tomography, SMP, density cutter, and two optical reflectance devices: DUFISSS (Gallet et al.,
2009) and HISSGraS (Aoki et al., 2023). Two methods of tomography were tested, allowing different image resolutions and
scan durations: the high-resolution scan method at 10 pm and the fast scan method at 42 pum. This specific campaign is referred
to as the IVORI campaign at Col de Porte, as part of the ERC IVORI project.

The paper first describes the measurement campaign, the instruments, and the processing methods. Next, we describe the
atmospheric and snowpack conditions during the two winter seasons, which are put into perspective with the climatological
records. Then, we present our dataset of density and SSA vertical profiles and discuss its potential for snow model evaluation
through layer tracking. The usage and performance of the instruments and methods of the field campaign are commented on,

notably SMP measurements in *warm’ snowpack.
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Figure 1. Picture of the observation field site for automatic and manual measurements at Col de Porte (credit: Y. Lejeune, CNRM). The snow

pit field, in which the IVORI measurements were done, is shown.

2 The IVORI measurement campaigns at Col de Porte
2.1 The Col de Porte observation site

Our measurement campaigns were carried out at Col de Porte (45.30° N, 5.77° E), a site dedicated to the study and monitoring
of the meteorology and snow since 1959 (Lejeune et al., 2019). Col de Porte is located at an elevation of 1325 m in the
northwestern part of the French Alps, on the border of the main Alpine range, near Grenoble, France. The study field of Col
de Porte corresponds to a flat to low-slope grassy meadow surrounded by pine trees, as illustrated with the overview picture
in Figure 1. The site exhibits the characteristics of a low-elevation alpine snowpack environment, characterized by relatively
warm and wet conditions. Over the period 1990-2020, from November 1 to April 30, the site shows a mean snowpack height
of 53 cm, a mean air temperature of 1.15°C, and a mean total precipitation (rain and snow) of 989 kg m~2 (Lejeune et al.,
2019; Dumont et al., 2025). In comparison, the Weissfluhjoch site, located at 2536 m of elevation and located in the inner
part of the Eastern Swiss Alps, shows a much higher mean snow height of 142 cm combined with a much lower mean air
temperature of -6.37°C and lower mean total precipitation of 555 kg m~2, over the same period (Dumont et al., 2025). The
impact of climate change at Col de Porte is very pronounced. The mean snow height decreased by about -32.7 cm between the
periods 1960-1990 and 1990-2020 (corresponding to a 39% decrease). Over the same periods, the snow cover duration has

shortened by 22 days on average, associated with an increase in air temperature of +1.01°C and no significant change in total
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Figure 2. Schematic of the organization of the measurements in the snow pit, illustrated for January 10, 2023 (credit: N. Calonne). The SMP

measurements were performed before digging the snow pit and are represented here a few cm in front of the pit wall.

precipitation (a decrease of -17 kg m~2 corresponding to 1.7%). The primary reason for the increased snow scarcity at low and
mid-elevations, such as the Col de Porte site, is the shift in precipitation phase, i.e., more rain and less snow Hock et al. (2019);
Dumont et al. (2025).

At Col de Porte, automatic hourly measurements include air and soil temperatures, wind speed and direction, air pressure
and humidity, precipitation, shortwave and longwave incident radiation, outgoing longwave radiation, reflected shortwave
radiation, snow surface temperature, and total snow height. Manual weekly measurements are also performed and include total
snow water equivalent, snow water equivalent of fresh snow, and the standard snow profiling (temperature profile, Ramsonde
hardness profile, layer hand hardness, layer grain type and size, layer density, and layer liquid water content). These automatic
and manual measurements constitute the standard observation program at Col de Porte, as carried out every winter. They
are detailed in Lejeune et al. (2019) and the dataset of the snow and atmospheric properties is available in the repository

https://doi.org/10.17178/CRYOBSCLIM.CDP.2018.
2.2 Overview and sequence of measurements

During the winters of 2021-2022 and 2022-2023, the standard weekly observations at Col de Porte were supplemented by
additional measurements of vertical snow property profiles. These measurements are synthesized in Table 1. The first campaign
ran from November 30, 2021, to April 12, 2022, and the second one ran from January 10, 2023, to March 28, 2023. We
recorded vertical profiles of density by cutter measurements, vertical profiles of SSA with two optical instruments (DUFISSS
and HISSGraS), vertical profiles of penetration force with the penetrometer SnowMicroPen (SMP), and vertical profiles of
the snow microstructure by tomography measurements, following a high-resolution (HR) method and a fast scanning (LR)

method. The methods and data processing applied for each instrument are described later in this section. These measurements
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were performed in the field reserved for the snow pits and manual snow measurements, indicated by the blue rectangle in Figure
1. The profiles cover the entire height of the snowpack, except for the tomography measurements that cover only part of it. They
show a vertical resolution ranging from 10 microns to 3 cm, depending on the instrument (Tab. 1). The measurements were
performed weekly, with a few exceptions. Dates for each measurement are provided in Figure 3. No measurements were taken
with the SMP from mid-January to mid-February 2022, as the instrument was under repair. These additional measurements
were not necessarily taken on the same date as the standard Col de Porte observations, as shown in Fig. 3.

The measurements were taken in the field in the following sequence. The organization of the measurements in the snow pit
is illustrated in Figure 2 for the date of January 10, 2023. Measurements were taken at a distance of 1 m from the previous mea-
surements, moving in a straight line along corridors defined in the snow study field. All instruments and tools were thermalized
outside before use. First, 5 SMP profile measurements spaced 10 cm apart were recorded, following a straight line. Then, the
snow pit was dug so that the face of the wall was aligned with the line of the 5 SMP measurements and a few cm past them. The
pit wall was about 1 to 1.5 m wide and was divided into several zones, dedicated to the different types of measurements. The
snow samples for tomography were taken from the snow pit wall, and the tomographies were carried out in the cold laboratory
shortly after. At the same time, the snow pit measurements were performed by another team, which included measurements
with the density cutter, DUFISSS, and, at times, HISSGraS. When recorded on the same day, the snow profile was taken in the
same snow pit as the other measurements, following the standard methodology described in Fierz et al. (2009). Throughout
the paper, the standard snow-type abbreviations used in snow profiles are: PP for precipitation particles, DF for decomposing
and fragmented precipitation particles, RG for rounded grains, FC for faceted crystals, DH for depth hoar, SH for surface hoar,
MF for melt forms, and IF for ice formations (Fierz et al., 2009). At the end of the measurements, the snow pit was filled with

snow, and its position was marked with a pole.

Table 1. Overview of the measurements of the [IVORI campaign at Col de Porte

Instrument Vertical resolution Derived parameters

HR scan 10 um (only parts of the snowpack) | Density, SSA, and structural anisotropy computed from the binary 3D

snow images

LR scan 42 pm Same as HR scan, with corrected chord length distributions

SMP 0.5 mm Density and SSA derived from penetration resistance force

Density cutter 30 mm Density

DUFISSS 30 mm (3 days at 10 mm) SSA derived from reflectance

HISSGraS 30 mm (1 day at 10 mm) SSA derived from reflectance

Snow profile Layer scale Grain shape and size, hand hardness, liquid water content, temperature,

ram resistance
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Figure 3. Dates of the measurements performed during the IVORI field campaigns in winter 2021-2022 and 2022-2023.

2.3 Tomography measurements

X-ray tomography was performed to measure the 3D arrangement of air and ice of a snow sample at micrometric resolution
(Coléou et al., 2001) and retrieve a high-resolution vertical profile of snow microstructural properties, focused here on density,

SSA, structural anisotropy and snow type.
2.3.1 Snow sampling

After digging the snow pit, snow samples were collected for tomography (Fig. 4). An overview of the tools used for snow
sampling is presented in Figure 4.b. In the standard procedure, a transparent PMMA cylinder of 4 cm in inner diameter and
10 cm height, referred to as SO0 in Figure 4.b, was used for sampling. The end of the cylinder was chamfered to facilitate

insertion. The standard sampling procedure was as follows:
— A clean horizontal surface was excavated at the desired height corresponding to the top of the sample.

— The plate of a trowel was inserted at the height corresponding to the bottom of the sample, most of the time 10 to 15 cm

below the excavated surface.

— A plastic transparent cylinder of 4 cm in inner diameter was placed on the excavated surface and gently pushed downward

until it reached the plate of the trowel, so that the disturbance of the snow microstructure was kept as small as possible.
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Figure 4. Snow sampling for tomography. a) Overlapping snow sampling location along the snow pit wall, for 8 March, 2022. b) Tools for

snow sampling: different types of cylinders, with and without metallic teeth, trowel, metal saw, and bottom plugs to hold the sample in the
tomograph (not always used). c) Snow sample in the tomograph in the LR scan position. d) Parallelepiped snow volume cut with the metal
saw, before being placed into a cylindrical holder. e) 2D vertical grayscale slice from an LR scan of a snow sample whose sampling failed. A

large crack is seen in the middle (white color corresponds to ice, and black color corresponds to air).

125

The heights at which the snow sample was extracted from the snowpack were recorded for further vertical referencing.

The cylinder was then carefully extracted from the snow wall and sealed at the top and bottom with polystyrene caps.

Finally, the snow sample was transported on foot to the -8°C cold laboratory, located 50 m away from the sampling
area. After being thermalized for 30 minutes to 1 hour, the sample was placed into the tomograph installed in the cold

laboratory and scanned (Fig. 4.c).

130

The same procedure was repeated at the next desired height. An overlap in sample height was made when we wanted to

ensure continuity between samples, as illustrated in Fig. 4.a.

Sampling was sometimes challenging. The quality of the sampling was checked on the reconstructed LR scans. An example

is given in Figure 4.e, where a large crack in the middle of the image is visible. Difficulties were found for hard layers, typically
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Figure 5. Example of an LR and HR scan from the tomography measurements. Left: 2D vertical grayscale slice from a fast LR scan of the
entire snow sample. The white color corresponds to ice, and the black color corresponds to air. Right: 3D segmented image from an HR scan

of a sub-volume of the snow sample. The red box indicates the position of the HR scan relative to the LR scan position.

the melt-freeze crusts or ice layers, for which it was not possible to push the cylinder through without damage. In that case,
a parallelepiped snow sample was cut with a thin metal saw, as exemplified in Figure 4.d, and then placed in a cylinder for
tomography. Note that a sampling cylinder with teeth, referred to as TOO in Figure 4.b, was also tried out on hard layers,
inserting the cylinder by smooth rotational movements. It did not provide satisfactory results. Sampling could also be difficult
in fresh, light snow, which tended to compact when the cylinder was inserted. This could be detected in the field by checking
whether the surface of the snow sample in the cylinder had sunk relative to the surrounding untouched snow surface. Finally,
sampling in wet snow was carried out as in dry snow, and the sample was refrozen when placed in the cold laboratory before
scanning. In any case, the sampling was repeated until satisfactory. In only a few cases, we did not succeed in sampling, so no

tomography data could be obtained.
2.3.2 Tomography acquisitions

Tomography acquisitions were performed with a tomograph RX-Solutions DeskTom (Hagenmuller, 2019). It is composed of
a reflection source (Hamamatsu, L9181-02, 130 kV) with a tungsten anode and a flat panel detector (Varian, DX2520) of
1920x 1536 pixels with a pitch of 127 pum.
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Table 2. Tomography acquisition parameters used for the HR and LR scans.

Parameters HR scan LR scan
Voxel size 10 pm 42 um
Duration 50 min per scan 1 min for 5 mm of snow height

Final image width
Final image height

Voltage, current

12.5 mm (1250 voxels)
Up to 13 mm (800 to 1300 voxels)
70kV, 114 pA

2 frames s~ 1, 4

26.25 mm (625 voxels)
Up to 98.2 mm (2340 voxels)
100 kV, 300 pA

12 frames s ™1, 4

Frame rate, Averaged frames
Number of projections per turn 1440 704
Stack mode No Yes

Imager mode Full resolution (1920 1536 pixels) Binning 2x2 (960x 768 pixels)

Two configurations were used to scan the samples: a high-resolution (HR) scanning method and a fast low-resolution scan-
ning (LR) method. LR scanning was performed on all the collected samples over their entire height. Owing to the HR scan
duration of about 50 min for 1.3 cm of snow height (see below), HR scanning was not used systematically. When applied, HR
scans were done on the same snow samples used for the LR scans, but only at specific heights of the samples. Figure 5 presents
LR and HR scans co-located on the same snow sample. The tomography acquisition parameters used for the scans are detailed
in Table 2 and briefly described below.

HR scans were obtained at a voxel size of 10 wm, a resolution that allows for capturing snow microstructure and directly de-
riving snow properties from the images. At this resolution, the field of view (the scanned snow volume) was 18.07 x 18.07 mm?
in cross-section and 13.19 mm in height. Images were cropped during the reconstruction step to eliminate unusable image
borders, so the size of the final cropped images was 12.5x12.5 mm? in cross-section and 8 to 13 mm in height. One HR scan
lasted around 50 minutes. Note that HR scanning of samples of very light and fresh snow (with a high SSA) was sometimes
not possible, as compaction occurred during the scan and led to an image of bad quality.

LR scanning was performed to capture the entire height of the collected snow sample in a time-efficient way, using a larger
voxel size of 42 um. A binning of 2x2 pixels was used: the effective resolution of the detector was artificially degraded,
such that a 2x2 matrix of pixels was taken and combined to create one larger pixel. With that setup, the field of view was
37.92x37.92 mm? in cross-section. For the vertical dimension, we used the stack mode so that multiple LR scans were per-
formed, each at different fixed vertical positions, and combined. This way, the entire height of the snow sample was imaged.
The size of the final cropped images was 26.25x26.25 mm? in cross-section and up to 98.2 mm in height. With that, scanning

was done at a speed of approximately 5 mm of snow height per minute.
2.3.3 Image analysis and property computation

The first step of the analysis was image registration. The LR scans were manually positioned in the snowpack height coordinates

using the heights recorded during snow sampling in the field. The positions of the HR scans were then obtained by applying a
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registration operation that matched the HR scan (grayscale attenuation image) to the LR scan. The registration was performed
using the package SimpleITK, by maximizing the correlation between the images using a linear gradient descent method.
Results were visually checked for each scan.

Both the HR and LR scans were then segmented into a binary ice—air image using the energy-based method of Hagenmuller
et al. (2013), in which the data term is derived from a fit of the attenuation histogram with the partial volume mixture model
(Gage et al., 1992). The regularization parameter, which controls the level of smoothing, was adjusted separately for the HR
and LR scans by visually optimizing the segmentation on images of various snow types and kept identical within each scan
type.

Vertical profiles of snow properties were computed from the segmented images based on chord length distributions. For each
horizontal slice of the LR and HR images, the distributions of ice and air chord lengths were computed in the vertical (2) and
horizontal (z, y) directions, discarding chords intersecting the image borders. In addition, the 20 uppermost and lowermost
slices of each sample were excluded to avoid border effects. The ice volume fraction, ¢, was computed as the ratio of the
cumulative ice chord length to the cumulative total (ice and air) chord length, both measured in the horizontal directions. Snow
density was then obtained as p = ¢ pice, With pjce = 917.5 kg m~3. The SSA was derived from the mean ice chord length L
averaged over the three directions using the stereological relationship SSA = 4/(pjc.L). The structural anisotropy was defined
as the ratio of the mean ice chord length in the vertical direction to that in the horizontal directions, A = 2L, /(L + L), where
values below 1 indicate a preferentially horizontal structure, whereas values above 1 indicate a preferentially vertical structure.
Microstructural properties derived from tomography images are primarily sensitive to image resolution and the applied image-
processing method, with an impact that depends on the snow type considered (Flin et al., 2011; Hagenmuller et al., 2016).
For SSA, comparisons with methane-adsorption measurements, considered as a reference, showed agreement within 3 % for
tomography measurements acquired at a resolution of 30 pum (Kerbrat et al., 2008). For density, comparisons with gravimetric
measurements showed agreement within 5 - 9 % (Proksch et al., 2016).

Because of their coarser resolution, the LR scans miss the thinnest chords and smooth out the finest structures, leading to
biased estimates of SSA in particular. To mitigate this resolution effect, the chord length distributions of the LR scans were

corrected before computing the snow properties. The number of chords of length L was multiplied by the transfer function

Lfexp {— (L/QJLR)Q}

S 1+exp [— (L/QO'HR)Q} ’

6]

which enhances the contribution of short chords in the LR scans relative to the HR scans, where oyr and o1,y characterize the
effective smoothing of the HR and LR scans, respectively. These two parameters were calibrated using all pairs of co-located
HR and LR scans: the chord length distributions of both scan types were accumulated over common 1-mm-thick layers, and
ogr and opr were optimized by minimizing the mean absolute differences in ice volume fraction and SSA between the
corrected LR scans and the HR scans. The calibration yielded opyr = 4.1 pm and org = 57.0 pm, which can be interpreted

as the effective resolutions of the two scan types, of the same order as their voxel sizes of 10 and 42 um. Note that the same

10
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Figure 6. Correlation between ice volume fraction, SSA, and structural anisotropy estimated from the HR scans and the LR scans. Values

from the LR scans before correction (LR raw, in blue) and after correction (LR cor, in orange) are provided.

HR-LR pairs were used for calibration and evaluation. However, because only two parameters were fitted using hundreds of
layers, overfitting is unlikely. The performance of this correction is evaluated in Sec. 2.3.4.

Finally, vertical profiles of snow type were determined visually from the tomography images. The same operator (P. Hagen-
muller) inspected each scan individually, divided it vertically into intervals of homogeneous snow type, and assigned to each
interval a primary and, when relevant, a secondary snow type, following the morphological classification of the International
Classification for Seasonal Snow on the Ground (Fierz et al., 2009). This classification was performed independently of the
traditional snow profiles of the snowpack. Relying on a single operator ensured consistency of the classification across the

whole dataset.
2.3.4 LR scan evaluation

Properties derived from the LR scans, before and after correction, are compared with those derived from the HR scans in Figure
6. Only overlapping HR and LR scans were used for the comparison. After correction, good agreement is obtained for the ice
volume fraction (RMSE of 0.012): the slight underestimation observed in the raw LR data, mainly in recent snow where image
resolution is most critical, disapears. For SSA and structural anisotropy, the scatter remains larger after correction; however,
the RMSEs remain small, 4.3 m? kg~! and 0.036, respectively. Nevertheless, LR scans tend to underestimate SSA, even after

correction, for SSA values above 40 m2 kg’l.
2.4 Cutter measurements

Two types of box-type density cutters were used to measure snow density, one of 100 cm? (3 cm height, 5.5 cm length, and 6
cm width) (e.g. Proksch et al., 2016), and one of 250 cem® (10 cmx 10 cmx2.5 cm). A measurement error of about 10 % can

be expected (Carroll, 1977; Conger and McClung, 2009; Proksch et al., 2016).
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During this campaign, cutter measurements were performed from the surface to the bottom of the snowpack, mostly with a
regular vertical resolution of 3 cm. Regular sampling was not possible in some cases, for example, because of the presence of

hard layers, so the vertical resolution of the measurements can vary.
2.5 DUFISSS measurements

The DUal Frequency Integrating Sphere for Snow SSA measurement (DUFISSS) is an optical system that measures the infrared
hemispherical reflectance of snow, from which the snow SSA is derived (Gallet et al., 2009). For this, snow samples are
collected in a sample holder of 6.3 cm diameter and 2.5 cm height, making sure to have a flat and even snow surface. When
needed, the excess of snow is cut or gently pressed down. The snow samples are then placed in DUFISSS and illuminated
using the 1310 nm light diode. The recorded voltage signals are then converted into reflectance values based on the voltage-to-
reflectance calibration curve, obtained using the reflectance standard values. SSA values are finally derived from the reflectance
values using the following polynomial fit, SSA = a5 R +ay R + a3 R2 +as R + a1 R, + ag, with R, the reflectance and a5 =
6526.67, ay = —10409.84, a3 = 6878.49, as = —2076.35, a; = 338.04, ay = —15.75. This fit differs from the one presented
in Gallet et al. (2009) (equation 9 in the paper). At the 1310 nm wavelength, measurement uncertainty is estimated below about
10 % for SSA values lower than 60 m? kg—! and 15 % for higher ones (Gallet et al., 2009).

During this campaign, DUFISSS measurements were performed from top to bottom along the snow pit wall, with a regular
vertical resolution of 3 cm, when possible, except for the 11th, 18th, and 24th of January 2022, for which the resolution
was 1 cm. Here again, the vertical resolution of the measurements varied in some cases, due to sampling difficulties. The
instrument was thermalized outside before starting the measurement. The measurement of the reflectance standards was done

at the beginning of the measurement procedure.
2.6 HISSGraS measurements

The Handheld Integrating Sphere Snow Grain Sizer (HISSGraS) is a field instrument recently developed by Aoki et al. (2023)
to measure snow SSA. HISSGraS is based on the same measurement principle as DUFISSS (Gallet et al., 2009) and measures
snow reflectance at 1310 nm. This instrument allows SSA measurements directly on a clean, smooth snow pit wall, so without
having to sample snow. For that, the instrument is held facing the pit wall, and the measurement window, from which the light
radiations come in and out, is gently pressed into the snow surface. The voltage-to-reflectance calibration curve is obtained
based on the measured reflectance standard values. Reflectance values are converted into SSA using a theoretical reflectance-
SSA relationship derived from a radiative transfer model based on Mie theory, assuming spherical snow grains (Aoki et al.,
1999). The instrument can be equipped with a sheltering disk to prevent sunlight from penetrating into the instrument through
the snow surface and disturbing the measurement.

HISSGraS measurements were carried out during the winter 2022-2023, following the direct measurement method. Profiles
were measured from the top to the bottom of the snowpack with a regular vertical resolution of 3 cm, except for 31 January
2023, for which a resolution of 1 cm was used. We also measured SSA at the surface of the snowpack, placing the instrument

vertically on the surface and using the sheltering disk.
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2.7 SMP measurements

The SnowMicroPen (SMP) is a motorized cone penetrometer measuring the vertical penetration resistance profile of the snow-
255 pack at high resolution (Johnson and Schneebeli, 1999; Schneebeli et al., 1999). The SMP is driven vertically into the snowpack
at a constant speed of 20 mm s~ ! to measure the penetration resistance exerted at the tip of the probe on a cone (diameter of 5
mm and cone half angle of 30°) with a vertical resolution of 1/242 mm.
Here, we used an SMP version 4 and measured with the SMP placed on a low table with adjustable feet. The threshold
for the overload was set to 40 N. The measurements were done following the standard procedure, except in the case of early
260 overloads, which occurred on February 22, March 1, and March 8, 2022. At these dates, the SMP reached the overload value
before reaching the ground due to layers of hard snow. To allow for more complete SMP profiles, the SMP measurements
that stopped before the ground due to an overload were repeated in the same hole, but after breaking the hard layers using an
avalanche probe inserted in the SMP hole. We discarded the first 10 cm of the snow signal of the second SMP measurement, as
the snow below the broken hard layers may have been disturbed. The data from the two SMP measurements of the same hole
265 were then combined.
SMP data were quality checked and processed using the snowmicropyn package (URL: https://snowmicropyn.readthedocs.io/en/latest/).
The air—snow and snow—ground interfaces were detected manually to remove the parts of the signal that correspond to air or
ground. Density and SSA profiles were derived from the penetration force profiles, based on Proksch et al. (2015). First, the
stochastic model of (Lowe and van Herwijnen, 2012) was applied to estimate the median of the penetration resistance force
270 F and a characteristic length of the microstructure L on a vertical window of size 1 mm with an overlap of 50%. A median
operator was then applied to the 5 profiles of F and L of each day to obtain a median profile. This operation smoothes the SMP
data and mainly preserves variations that appear consistently in the 5 profiles. Finally, we applied the regressions of Calonne

et al. (2020) to derive density and SSA from the median profile of Fand L, as
Psmp = a1 + az In(F) +az In(F) L+ a4 L SSAgmp = by + by In(L) + b3 In(F) )

275 with a1 =295.8, ap = 65.1, az = —43.2, ay = 47.1, by = 0.57, by = —18.56, and b3 = —3.66, and where pgy,, is in kg m~3,
Lin mm, F in N, and SSA,,,, in m? kg~'. The vertical resolution of the obtained density and SSA profiles is 0.5 mm.
3 Results
3.1 Seasonal evolution of the snowpack and atmospheric conditions
3.1.1 Winter 2021-2022

280 Figure 7 shows the temporal evolution of the atmospheric and snowpack conditions during the winter of 2021-2022. Figure 8
complements it by presenting the temporal evolution of the density profiles from the cutter measurements, SSA profiles from
DUFISSS, and force profiles from the SMP. Climatological data from the previous 28 winters at Col de Porte are also provided

for comparison: daily minimum, maximum, and quantile values of the hourly air temperature and hourly snow height from the
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the maximum, the 20th percentile (Q20), the 40th percentile (Q40), and the 60th percentile (Q60) of the hourly snow height data over

the period 1993-2021 are provided for comparison. b) Hourly air temperature, hourly surface temperature, and hourly cloudiness from

automatic measurements during winter 2021-2022. The minimum, the maximum, and the quantiles of the hourly air temperature data over

the period 1993-2021 are provided. ¢) Snow profiles from the manual snow profiles, hourly snow height and basal water runoff from

automatic measurements during winter 2021-2022. For each snow layer, the color indicates the primary snow type, and the width indicates

the hand hardness, following Fierz et al. (2009). 14
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Figure 8. Temporal evolution of vertical snowpack properties during winter 2021 -2022. a) Density from the cutter measurements, b) SSA
profiles from the DUFISSS measurements, and c¢) median penetration resistance force from the SMP measurements. Each vertical bar
corresponds to one profile; the left side of the bar shows the measurement time. For visualization, the width of each bar is artificially set to

correspond to 5 days. Hourly snow height from the automatic measurements is shown with black lines.
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winters of 1993-1994 to 2020-2021 are shown (Fig. 7), with a winter defined as the period from November 1 to April 30 of
each year. Note that snow heights from the snow profiles and hourly snow heights from the automatic measurements can differ
slightly because they are measured at locations 20 to 30 m apart; a mean deviation of 13 cm and an RMSD of 13 cm were
estimated between the two locations by Lejeune et al. (2019).

The winter of 2021-2022 had continuous snow cover from November 26, 2021, to April 14, 2022. It was characterized by
snow heights close to the climatological average, with a mean hourly snow height from November 1, 2021, to April 30, 2022,
of 63 £ 37 cm, compared with 53 &+ 44 cm over the 1993-2021 reference period. This corresponds to a snow-height anomaly
of +9.9 cm (standardized anomaly: 0.2). The mean hourly air temperature was 1.9 £ 4.8°C, close to the reference value of
1.15£5.2,°C over the 1993-2021 reference period, indicating no significant temperature anomaly. However, the total winter
precipitation was 1092 kg m~2, higher than the reference value of 989 kg m—2.

We sum up the main weather events (Fig. 7.a and .b) and their consequences on the snowpack stratigraphy (Fig. 7.c) and

snowpack properties (Fig. 8) in a chronological order.

— The winter started with a first period of regular snow precipitations, which brought the snowpack to a height of 128 cm
on December 10, becoming the maximum snow height recorded on that day since 1993. Rainfall and snow surface tem-
peratures of up to 0°C also occurred during that period. It led to a snowpack made of precipitation particles, decomposed

and fragmented particles, and rounded grains, interrupted by melt forms, mostly melt-freeze crusts and ice crusts.

— Then, a dry weather period occurred from December 10 to 24, associated with rather low snow surface temperature,
ranging from -5°C to -15°C over 15 days. This favored the formation of faceted crystals in the top first 20 cm, whereas
the rest of the snowpack developed towards rounded grains, except for the crusts that remained (see the snow profile of

December 22 in Fig 7.c). The snowpack settled down to about 90 cm.

— Between December 24 and 29, heavy rainfall occurred, with a total of around 150 mm of water. Consequently, the entire
snowpack was affected by liquid water percolation and developed into melt forms. Snow height decreased rapidly to
reach 50 cm. After the rain, warm air and snow surface temperatures continued until the beginning of January, keeping
the snowpack wet (as indicated in the January 6 profile). This lower part, approximately 50 cm high, made of melt forms,
persisted for the remainder of the season. The effect of the heavy rainfall is visible in the cutter and DUFISSS data (Fig.
8). A net transition in density and SSA is found around 50 cm height from the end of December 2021 on, that persisted
until mid-February 2022. Below this height, the snow was dense, with densities mostly comprised between 400 and 500

kg m~3, and had low SSA, mostly below 10 m? kg~!, typical of melt forms.

— Conditions in January and February were normal, with the succession of snowfalls, dry periods, and small rainfalls.
First, significant snowfalls occurred between January 4 and 9 and the snowpack reached a height of about 100 cm. These
snowfalls were deposited on the wet snowpack formed during the heavy rain events. They formed layers that contrasted
with the lower part of the snowpack, showing densities below 250 kg m—2 and SSA above 30 m? kg—!. The rest of

January was dry, and the recent snow developed into faceted crystals at the top and rounded grains below. February was
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wetter and the snow surface temperature occasionally reached 0°C, mostly due to rain events, forming melt-freeze crusts

and ice layers.

— Finally, from the beginning of March on, typical spring conditions prevailed, with snow surface melting during daytime.
The snowpack gradually decreased in height, losing about 50 cm in a month. The snowpack consisted of melt forms
interrupted by ice layers. About 60 cm of fresh snow fell on April 1, quickly melting and transforming into melt forms,

to complete snow disappearance on April 20.
3.1.2 Winter season 2022-2023

The atmospheric and snowpack conditions during the winter of 2022-2023 are presented in Figs. 9 and 10. In contrast to
the previous winter, snow cover remained sparse throughout most of the season. The longest period of continuous snow cover
lasted only about 1.5 months, from January 9, 2023, to February 24, 2023. This was the earliest date of snowpack disappearance
recorded at Col de Porte over the 1993-2021 reference period. The winter of 2022-2023 had by far the lowest snow cover
among the 30 winters from 1993-1994 to 2022-2023. The mean hourly snow height from November 1, 2022, to April 30,
2023, was 7=+ 11 cm, compared with 53 £ 44 cm over the period 1993-2021. This corresponds to a snow-height anomaly of
—46 cm (standardized anomaly: —1.04). The second-lowest winter, 20062007, had a mean snow height of 17 cm, more than
twice that of 2022—-2023. The mean hourly air temperature was 2.0£5.1 °C, close to the average value of 1.1545.2°C over the
period 1993-2021, indicating no significant temperature anomaly. Total winter precipitation was 966 kg m~2, slightly lower
than the average value of 989 kg m~2 over the same period.

The temporal evolution of the atmospheric and snowpack properties was characterized by the following main events.

— A first thin snowpack formed end of November 2022, reached 22 cm height by mid-December, and completely melted by
the end of December. The melt was caused by about 165 mm of rain over 72h from December 20 on. No snow property

profiles were taken during this period.

— From December 25, 2022, to January 9, 2023, no snow was on the ground and the period was characterized by relatively

warm air temperature, between about 5 to 10°C, and occasional rainfalls.

— From January 9, 2023, regular consecutive snowfalls started, characterized by a high proportion of graupels, and inter-
spersed with rainy spells. By mid-January, the snowpack reached its maximum height of the entire season of 53 cm.
As shown by the snow profile of January 20, the snowpack consisted of melt forms, topped by a thin ice layer, topped
by mostly decomposed and fragmented particles (Fig 9.c). The entire snowpack had a low hardness, mostly *fist’ or ’4
fingers’, except for the ice layer. Consistently, this ice layer showed a high penetration force resistance, which stands out

from the other layers and can be easily tracked over time, located at heights between 7 to 10 cm (Fig 10.c).

— A long dry period followed for almost 2 months, from January 19 to March 7, except for a few insignificant snowfalls
that brought less than 5 cm of fresh snow. For the first 10 days of this period, from January 19 to February 1, relatively

cold temperatures prevailed. Snow surface temperatures were never warmer than -5°C, and punctually as low as -15°C
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Figure 9. a) Hourly snow height and total daily precipitation during winter 2022-2023. The minimum, the maximum, the 20 quantile (Q20),
the 40 quantile (Q40), and the 60 quantile (Q60) of the hourly snow height data over the period 1993-2021 are provided for comparison.
b) Hourly air temperature, hourly surface temperature, and hourly cloudiness during winter 2022—-2023. The minimum, the maximum, and
the quantiles of the hourly air temperature data over the period 1993-2021 are provided. c) Snow profiles from the manual snow pits, hourly
snow height, and hourly basal water runoff during winter 2022—2023. For each snow layer, the color indicates the primary snow type, and

the width indicates the hand hardness, following Fierz et al. (2009).
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. a) Density from the cutter measurements, b)

SSA profiles from the DUFISSS measurements, and ¢) median penetration resistance force from the SMP measurements. Each vertical

bar corresponds to one profile; the left side of the bar shows the measurement time. For the sake of visualization, the width of each bar is

artificially set to correspond to a duration of 5 days. Hourly snow height from the automatic measurements is shown with black lines.
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Figure 11. Snowpack stratigraphy from snow profiles and vertical profiles of density and SSA from the different measurement methods on

February 7, 2023. The snowpack was dry.

to -20°C. It favored the formation and persistence of surface hoar and faceted crystals in the upper part of the snowpack.
The ice layer formed with the rain of early January persisted at around 10 cm height, as shown by the snow profiles. The
snowpack settled down to about 28 cm height by February 1. The rest of the dry period, from February 1 to March 7, was
characterized by warmer temperatures. The diurnal cycle of the air temperature could be observed, and the snow surface
reached 0°C almost daily during daytime, while the snow refroze at night. Air temperatures were consistently high,
between 2 to 10°C, from mid-February on. As melt water percolates into the snowpack, melt forms gradually formed,
associated with a decrease of SSA and an increase of density (see property profiles of February, 21 in Fig. 10). On
February 22, the snowpack was fully made of melt forms and had strongly decreased in height (Fig 9.c). The snowpack
fully melted by February 24 at the weather station location.

— The long dry period finally came to an end with the rainfall on March 7. Spring was rather wet, showing a mix of regular
rain and snowfall. Several thin snowpacks formed with a height of 10 to 20 cm maximum, which lasted at most for a few

days before complete melt.
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Figure 12. Density profiles obtained during winter 2021-2022 from the density cutter, SMP, LR scans, and HR scans. The presence of liquid

water in the snowpack (partial or full) at the time of measurement is indicated by the blue symbol. When needed, a shift was applied to the

heights of the SMP profiles to better match the cutter profiles (descrilield in Sec. 3.2).
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Figure 13. SSA profiles obtained during winter 2021-2022 from DUFISSS, SMP, LR scans, and HR scans. The presence of liquid water in

the snowpack (partial or full) at the time of measurement is indicated by the blue symbol. When needed, a shift was applied to the heights of

the SMP profiles to better match the DUFISSS profiles (described in 2Sze:c. 3.2).
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Figure 14. Density profiles obtained during winter 2022-2023 from the density cutter box, SMP, LR scans, and HR scans. The presence of

liquid water in the snowpack (partial or full) at the time of measurement is indicated by the blue circle. When needed, a shift was applied to

the heights of the SMP profiles to better match the cutter profiles (described in Sec. 3.2).
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Figure 15. SSA profiles obtained during winter 2022-2023 from DUFISSS, SMP, HISSGra$S, LR scans, and HR scans. The presence of

liquid water in the snowpack (partial or full) at the time of measurement is indicated by the blue circle. When needed, a shift was applied to

the heights of the SMP profiles to better match the DUFISSS profiles (described in Sec. 3.2).
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3.2 Vertical profiles of density and SSA from multiple instruments

We present the vertical profiles of snow density and SSA obtained during the two winter seasons from the SMP, density cutter,
DUFISSS, HISSGraS, fast tomography (LR), and high-resolution tomography (HR) measurements. Figure 11 illustrates the
dataset for February 7, 2023, together with the corresponding snow profile. The SMP and tomography measurements, owing
to their higher vertical resolution, resolve finer density and SSA variations than the other methods.

Figure 12 to Figure 15 present an overview of the dataset and show the vertical profiles of density and SSA obtained from
each instrument for each measurement day. To plot these profiles, a simple manual height realignment was applied to the SMP
data to visually align prominent stratigraphic transitions with the cutter or DUFISSS profiles. It was only used when an obvious
mismatch was found. 4 out of 13 SMP profiles were realigned for winter 2021-2022, and 6 out of 11 for winter 2022-2023.
The applied vertical shift never exceeded 30% of the total snowpack height. The blue circle in the upper right corner of the
plots indicates the presence of liquid water in the snowpack at the time of measurements, based on observer comments or,
when available, co-temporal temperature profiles.

Overall, the density and SSA profiles are qualitatively consistent among the different measurement techniques, showing sim-
ilar profile structures. A quantitative comparison between instruments cannot be performed without further profile processing.
Indeed, as the measurements were collected at different locations along the snow pit wall, up to 1 m apart, spatial variability
in the snowpack often results in vertical misalignment between profiles, as visible in Figs. 12 - 15. A direct comparison of
the profiles would therefore be biased by spatial variability (Proksch et al., 2015). The provided profiles would require profile
matching to enable a relevant quantitative instrument intercomparison (Hagenmuller and Pilloix, 2016). Such an analysis is
beyond the scope of this paper. Nevertheless, noticeable discrepancies in the density and SSA derived from the SMP are ob-
served for some measurement days and are discussed in Sec. 4.2. In addition, a dedicated quantitative comparison between the
DUFISSS and HISSGraS instruments is presented in Sec. 4.1.

3.3 Snow-type characteristics from tomography

We analyze the relationships between snow type, density, SSA, and structural anisotropy over both winter seasons using
properties derived from tomography measurements. The distributions of these properties by snow type are shown in Fig. 16.
To emphasize the characteristic properties of each snow type, only samples with identical primary and secondary snow types
were retained. The mixed FC/DH class was included as an exception because no pure DH samples were observed. Results for
all primary-secondary snow-type combinations are presented in Appendix Fig. Al.

Over both winters, the most represented snow types are by far MF and the mixed type RG/FC (Fig. Al). No pure DH was
observed, as is typical for Col de Porte (Lejeune et al., 2019). The PP class often consisted of rimed PP and graupel (PPgp),
which is also typical of Col de Porte.

The density and SSA distributions reproduce the expected differences among snow types (e.g., Colbeck, 1991; Fierz et al.,
2009; Domine et al., 2007). From Figure 16 showing the values for non-mixed snow types, PP, DF, and SH exhibit the lowest
densities, with median values between 150 and 170 kg m—3. Recent snow (PP and DF) has the highest SSA values (around 40
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Figure 16. Distribution of density, SSA, and structural anisotropy derived from tomography measurements, grouped by snow type identified
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minimum and maximum values. H is the cumulative height of the analyzed layers. Only snow layers with identical primary and secondary
snow types are included, except for the mixed FC/DH class, which is retained because no pure DH layers were observed. The abbreviations

of the snow type names follow the international classification for seasonal snow on the ground (Fierz et al., 2009).
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m? kg~!), whereas SH displays intermediate SSA values comparable to those of FC (around 20 m? kg~!). In contrast, MF and
IC have the highest densities, up to a median of 480 kg m~3, and lowest SSA values, down to 3 to 5 m?2 kg_l, while RG and
FC occupy intermediate ranges.

Regarding structural anisotropy, PP and DF exhibit a pronounced preferential horizontal structure, with median structural
anisotropy values of 0.78. This horizontal orientation nearly vanishes in RG, whose median approaches 0.95, but remains
more pronounced in FC, with a median of 0.90, reflecting that the anisotropy inherited from freshly fallen snow seems better
preserved in FC than in RG. This observation is consistent with the density and SSA values of the FC, which remain closer
to those of fresh snow than RG (median density of 205 versus 340 kg m~2, and median SSA of 23 versus 12 m? kg—1). The
stronger compaction experienced by RG may contribute to the greater loss of the initial anisotropy. The FC/DH class does
not display the pronounced vertical anisotropy commonly associated with well-developed depth hoar, for which values as high
as 1.35 have been reported (e.g. Bouvet et al., 2023). The MF snow type is also nearly isotropic, with a median value of
1.04, suggesting that wet-snow metamorphism does not generate a marked preferential orientation. Rather, it tends to remove
the horizontal anisotropy inherited from recent snow: for example, the mixed MF/PP class has a median anisotropy of 0.94,
compared with 0.78 for pure PP (Appendix Fig. Al). SH exhibits a preferential vertical orientation, although with substantial
variability. Finally, IC also has a median anisotropy slightly above 1, but its very broad distribution indicates highly variable

structures.

4 Discussion
4.1 Comparing SSA from the DUFISSS and HISSGraS instruments

During the winter of 2022-2023, SSA measurements obtained with the recently developed HISSGraS instrument can be com-
pared with those from the other methods, particularly DUFISSS, which is based on the same measurement principle. The SSA
profiles are generally consistent, but HISSGraS systematically reports slightly lower SSA values than DUFISSS (Fig. 15). This
difference is illustrated by the profiles from February 7, 2023 (Fig. 11).

To investigate this bias, measurements with both instruments were performed on the same snow samples on January 24 and
January 31, 2023. Snow samples were collected following the DUFISSS sampling protocol using the dedicated sample holder
and were subsequently measured with both DUFISSS and HISSGraS. Thus, unlike the standard HISSGraS measurements
conducted during the campaign, these measurements were not performed directly along the pit wall. Using the same snow
samples eliminates the influence of snowpack spatial variability. The comparison is presented in Fig. 17. On the two evaluated
dates, HISSGraS reports lower SSA values than DUFISSS, with a mean bias (HISSGraS—DUFISSS) of —3.69 m?2 kg’1 and
an RMSE of 4.55 m? kg~!. The discrepancy is smaller for low SSA values.

Aoki et al. (2023) compared HISSGraS with IceCube, which relies on the same measurement principle as DUFISSS (Zuanon,
2013). Using 161 paired measurements performed on the same snow samples, they found good agreement overall between the
two instruments, with noticeable discrepancies only for some high-SSA near-surface layers. They attributed these discrepancies

either to snow evolution between successive measurements or to changes in the snow sample surface induced by contact with
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Figure 17. Comparison of SSA values between DUFISSS and HISSGraS using measurements performed on the same snow samples. a)
and b) SSA profiles from January 24 and January 31, 2023, respectively. ¢) Correlation between SSA values measured with DUFISSS and
HISSGra$, including the RMSE and mean bias (MB; HISSGraS—DUFISSS).

a relatively warm instrument window. In contrast, for the two dates investigated here, HISSGraS generally reports lower SSA
values than DUFISSS at intermediate to high SSA values, with the discrepancy increasing with SSA. Given the limited scope
of our comparison, Dedicated measurements under controlled laboratory conditions are needed to enable a more rigorous

comparison of the two instruments.
4.2 Limitations of SMP measurements in warm snowpacks

Two main challenges were encountered during the SMP measurements. The first challenge is the penetration of hard snow
layers, such as melt-freeze crusts and ice layers. When the probe encounters such layers, the maximum penetration force
(overload) is reached and the measurement stops automatically to protect the force sensor. This leads to incomplete vertical
force profiles. Because of the frequent alternation of melting and refreezing conditions at Col de Porte, hard layers occur
frequently and often persist throughout the winter, resulting in incomplete SMP profiles over extended periods. During our
campaign, at least one complete SMP profile was obtained on most measurement days from the five daily SMP measurements.
On three days, however, all five measurements stopped before reaching the bottom of the snowpack because of an overload,
typically near the middle of the snowpack. In these cases, an avalanche probe was used to break the hard layer responsible
for the overload, and the SMP measurement was restarted in the same hole following the procedure described in Sec. 2.7. We
therefore reconstructed complete force profiles by combining two successive SMP measurements, except across the hard layer
itself. This was the case on February 22, 2022, as illustrated in Figure 18. The ice layers at 88 and 80 cm caused an overload.
No SMP data are available for those heights. However, by applying the procedure mentioned above, we were able to get data
in the part of the snowpack below. Density and SSA profiles from such reconstructed force profile can also be seen for March

1 and March 8, 2022 (Fig. 12 and 13).
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Figure 18. Snowpack stratigraphy and temperature from snow profiles, and vertical profiles of density and SSA from the different mea-
surements for February 22, 2022. Note that the snow and temperature profiles were recorded at 2pm30, while the other measurements were

performed between 10am30 and 12am30, local times.

The second challenge is that the empirical relationships used to derive snow density and SSA from SMP measurements
are currently only valid for dry snow (Lowe and van Herwijnen, 2012; Proksch et al., 2015). At relatively warm sites such as
Col de Porte, liquid water is frequently present in the snowpack, limiting the applicability of these relationships. The effect
of wet snow on the derivation of density and SSA from the force signal can be seen in the vertical profiles in Figure 12 to
15, and in more detail for a particular day in Figure 18. The blue circle symbol in the vertical profiles indicates the presence
of liquid water in the snowpack during the measurements. On February 22, 2022, the snowpack was dry in its upper part
and wet in its lower part. As a consequence, density values from the SMP measurements agree well with the other data in
the upper part of the snowpack, while below 80 cm height, they are systematically underestimated, by approximately 100
kg m~3. Concerning the SSA values from the SMP measurements, no clear impact of the presence of liquid water could
be detected. During the winter season 2021-2022, 8 measurement days showed a snowpack with liquid water in its bottom
part. Similar observations can be made from these profiles: underestimated density values from the SMP are shown in the
lower part of the profiles and seem to be associated with a transition from dry to wet snow (Fig. 12 to 15). The presence of
liquid water during the SMP measurements is only approximate because it is inferred from observer’s field observations, when
available, or from temperature profiles acquired during snow profiling, which were not always recorded simultaneously with
the SMP measurements. Dedicated measurements combining SMP and liquid water content observations would help quantify

the influence of liquid water on the force signal. Developing methods to retrieve snow microstructural properties from SMP
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measurements in wet snow would extend the applicability of the technique to warm, low-altitude snowpacks such as Col de

Porte and to spring melt conditions.
4.3 Snow layer tracking and profile matching

The tracking of specific snow layers over time was proposed as a way to compare snow properties obtained from different mea-
surements or to evaluate snow models against observations through the temporal evolution of snow layer properties (Calonne
et al., 2020). It requires snow layers whose boundaries can be distinguished from the surrounding layers and that persist for
a sufficiently long period of time. Only a few layers could be tracked in our dataset. During winter 2021-2022, the marked
transition in density and SSA located at a height of about 50 cm can be tracked in the cutter and DUFISSS data from the
beginning of January to mid-February (Fig. 8). This transition separated the lower melt-forms layer from the upper part of the
snowpack, which consisted mainly of rounded grains (Fig. 7.c). During winter 2022-2023, another trackable feature is a thin
ice layer located at heights of 7-10 cm, which can be followed for about a month, from mid-January to mid-February (Fig.
10). It is particularly well identified in the SMP data by its high penetration-force resistance. This ice layer was formed in early
January 2023 due to rain, as described in Sec. 3.1.2. These examples highlight the importance of the spatial and temporal reso-
lution of the measurements for snow layer tracking. The higher vertical resolution of the SMP measurements provides a more
detailed description of the snowpack stratigraphy than the cutter and DUFISSS measurements, which have a vertical sampling
interval of 3 cm. For example, the ice layer described above is clearly visible in the SMP data but only weakly resolved in the
cutter and DUFISSS data. Regarding temporal resolution, the weekly resolution of our measurements limits layer tracking, as
it is difficult to follow the evolution of snow layers between successive measurements, except for sharp, contrasting snowpack
transitions. As shown by Calonne et al. (2020), a daily temporal resolution is therefore more appropriate, as applied in current
snowpack monitoring programs (e.g. Lowe et al., 2025).

Another method to compare snow properties from different sources is profile matching (Hagenmuller and Pilloix, 2016;
Herla et al., 2021). This method aligns profiles based on corresponding stratigraphic features and can be used to compare
profiles obtained with different measurement techniques or from simulations and observations. As described in Sec. 3.2, pro-
file matching could be applied to the density and SSA profiles of our dataset to reduce vertical misalignment resulting from
spatial variability. This could enable a quantitative instrument intercomparison based on our dataset, provided that satisfactory
matching can be achieved. Profile matching can only compensate for discrepancies between profiles to a certain extent; mea-
surements intended for comparison should therefore be performed as close to each other as possible to limit spatial variability,
and with a consistent vertical reference to minimize initial offsets between profiles. These requirements were not specifically

considered in our measurement protocol.
4.4 Tomography for snowpack monitoring

In this study, we assessed the feasibility of monitoring snowpack evolution by X-ray tomography over complete winter seasons.
Because tomography requires rapid transport of snow samples to a cold laboratory, the infrastructure available at Col de Porte

is particularly well suited to this approach. Obtaining undisturbed centimeter-scale snow samples proved to be the first practical
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challenge, especially for fragile fresh snow, which tended to compact during insertion into the sample holder, and for dense ice
layers, which were difficult to cut through.

The second challenge concerns the trade-off between scan duration and image resolution. HR scanning is not practical for
imaging complete alpine snowpacks, as scanning a 1-m snowpack would require approximately 80 hours under our current
acquisition settings. We therefore complemented the HR scans with LR scans at a voxel size of 42 pwm, which require only about
2 minutes per centimeter of snow height. HR scans were acquired on selected samples and used as reference data, whereas LR
scans were applied more frequently to complete or large sections of the snowpack to retrieve continuous profiles of density,
SSA, and structural anisotropy.

The LR scans were processed with the same segmentation and chord-length analysis as the HR scans, and thus provide the
same set of properties — density, SSA, structural anisotropy — over the entire height of the samples, at a fraction of the acquisition
time. Once the correction of the chord length distributions is calibrated on a limited set of co-located HR scans, LR scanning
alone is sufficient to retrieve accurate property profiles: after correction, the agreement with the HR scans is within 0.012 in
ice volume fraction, 4.3 m? kg~! in SSA, and 0.036 in structural anisotropy (Sec. 2.3.4). This makes LR scanning a practical
approach for the routine monitoring of snowpack microstructure. Its main limitations concern the finest microstructures, with

SSA underestimated above about 40 m? kg~!

, and the computation of detailed microstructural descriptors, such as surface
curvature, for which HR scans remain necessary. Emerging deep-learning-based super-resolution methods, which reconstruct
fine microstructural details from low-resolution tomographic images, could further reduce these limitations and extend the
applicability of fast scanning (e.g. Klos et al., 2025).

Overall, our study suggests that tomography is a promising tool for monitoring the microstructural evolution of natural snow-
packs, provided that sufficient laboratory infrastructure and scanning time are available. It provides access to snow properties
that cannot currently be measured with field instruments, such as structural anisotropy. The choice of image resolution and
scan duration should be guided by the scientific objectives, the available resources, and the expected snow depth at the study

site.

5 Conclusions

During the winters of 2021-2022 and 2022-2023, the IVORI field campaigns were carried out at Col de Porte as a comple-
ment to the standard observation program (Lejeune et al., 2019). The resulting dataset comprises two winter-long time series
of vertical profiles of snow density, SSA, and structural anisotropy derived from complementary measurement techniques. In
particular, X-ray tomography was applied to monitor snowpack evolution over complete winter seasons. This was made possi-
ble by the availability of an on-site cold laboratory equipped with a micro-CT scanner. Two tomography configurations were
employed: fast scanning (LR) at a voxel size of 42 pm and high-resolution scanning (HR) at 10 um. Measurements from the
SnowMicroPen, density cutters, and two optical reflectance instruments (DUFISSS and HISSGraS) complement the tomogra-
phy data, together with traditional snow profiles. Meteorological data from the Col de Porte automatic weather station are also

provided to place the snowpack evolution in its atmospheric context.
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The dataset provides a valuable benchmark for the evaluation of snow models under warm alpine conditions, where melt
forms, including melt-freeze crusts, are frequent. The forcing dataset of atmospheric and soil properties at Col de Porte is
available in Lejeune et al. (2019). The high vertical resolution of tomography and SMP measurements enables detailed char-
acterization of snowpack stratigraphy. Despite the weekly sampling frequency, some persistent snow layers can still be tracked
over time.

This study also highlights the complementary strengths and limitations of the different measurement techniques. Tomogra-
phy provides access to microstructural information that is currently inaccessible to field instruments, but its application remains
constrained by scan duration and the need to collect undisturbed snow samples. In contrast, the SMP allows for high-resolution
snow property measurements in the field but remains limited in the presence of liquid water and hard snow layers. Future work
should focus on extending SMP signal interpretation to wet snow and on improving the retrieval of microstructural proper-
ties from low-resolution tomography images, thereby expanding the applicability of both techniques to long-term snowpack
monitoring.

Together, these observations constitute a comprehensive multi-instrument dataset that will support future studies of seasonal

snowpack evolution, the evaluation and development of snow models, and the advancement of snow observation techniques.

6 Data availability

The dataset, including the field measurements and tomography data, is available at https://doi.org/10.6084/m9.figshare.33426472
(Calonne et al., 2026). The atmospheric and ground measurements and snow profiles from the Col de Porte observatory used
in this study are available at https://doi.osug.fr/public/CRYOBSCLIM_CDP/CRYOBSCLIM.CDP.2018.html (Lejeune et al.,
2019).
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from the tomography images. Boxes extend from the 25th to the 75th percentiles, horizontal lines indicate the medians, and whiskers indicate

the minimum and maximum values. H is the cumulative height of the analyzed samples.
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