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ABSTRACT: Recently, different efforts were dedicated to improve various components of snowpack
models, notably, by including more objective parameters of snow microstructure. To contribute with a da-
taset for this purpose, we designed a new measurement campaign for the winter 2015-2016 at Weissfluh-
joch, Switzerland. We focused on density and specific surface area (SSA) of snow, two fundamental
microstructural parameters from which many physical snow properties can be estimated. Weekly meas-
urements of density (density cutter) and SSA (IceCube) profiles at 3 cm vertical resolution now extend the
traditional snow measurements. To investigate also short time evolutions, daily SnowMicroPen meas-
urements were additionally done from which proxies of density and SSA can be calculated at 1 mm verti-
cal resolution. Occasionally, snow samples were also taken from the snow pit for micro-tomography
measurements to investigate specific snow cover features, such as weak layers, graupel or crusts at a 10
micrometers resolution. Finally, Propagation Saw Tests were performed nearly on a weekly basis. In this
paper, we present an overview of this measurement campaign carried out from December 2015 to March
2016. We show preliminary results of the density profile evolution that highlight the advantage of daily
measurements compared to weekly ones when aiming at a highly continuous picture. The present da-
taset offers new opportunities for calibrating and validating physically based snowpack models, as well as
for a better understanding of processes such as fracture propagation, snow densification, or crust for-
mation.
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1. INTRODUCTION parameters, density and specific surface area’
(SSA) are the fundamental ones from which the
majority of the physical snow properties, such as
thermal conductivity, dielectric permittivity, or per-
meability, can be already estimated. Along these
lines, the traditional grain size was replaced by the
SSA in Crocus (Morin et al. 2013, Carmagnola et

In Europe, three main snow monitoring sites with a
long history of regular measurements of snowpack
properties exist: Sodankyla in Finland (Essery et
al. 2016), Col de Porte in France (Morin et al.
2012) and Weissfluhjoch (WFJ) in Switzerland.
While Sodankyla is an Arctic site, Col de Porte

and WFJ are located in the Alpine regions. WJF, al. 2014).

at an elevation of 2536 m corresponds to a high To provide a dataset needed for the validation of
elevation site, compared to 1325 m for Col de new model components, we started to include
Porte. Among other goals, these “reference” sites measurements of additional parameters in the
have been used to build snowpack models in Eu- regular observation program at the WFJ site.
rope, such as Crocus (Vionnet et al. 2012) or Weekly measurements of vertical profiles of densi-
SNOWPACK (Bartelt and Lehning 2002). ty and SSA now extend the traditional snow pro-
Presently, efforts are underway to improve certain file.

components of snowpack models, and, notably, to Only little data exist on the short-time scale evolu-
incorporate more objective parameters of snow tion of the snow cover. At best, weekly snow pit
microstructure that can be directly compared to measurements were performed at the three sites
measurements. Among different microstructural cited above. However, processes such as crust

formation, layer compaction, development of sur-
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face hoar, or faceting can occur over much shorter
time scales than one week (e.g. Stéssel et al.
2010, Pinzer et al. 2012). Thus, we started a novel
attempt that aims at monitoring the evolution of
density and SSA on a daily basis. To this end, we
chose the penetrometer SnowMicroPen (SMP)
(Schneebeli et al. 1999) to benefit from rapid
measurements and that can be combined with the
method of Proksch et al. (2015) to obtain esti-
mates for density and SSA.

In this paper, we present an overview of the
measurement campaign at WFJ during the winter
2015-2016. We focused on the time from Decem-
ber to March where the snowpack was mostly dry.
The campaign was primarily designed to provide a
time series of density and SSA at different spatial
and temporal resolutions. While a detailed evalua-
tion of the data is currently in progress, we present
in the following preliminary results of snow density.

2. MEASUREMENT CAMPAIGN

2.1 Instruments

The SnowMicroPen was used to measure the
penetration resistance at a millimeter resolution by
driving a 2-meter long probe vertically into the
snowpack (Schneebeli et al. 1999). From the sig-
nal, the density and SSA profile can be retrieved
(Proksch et al., 2015). One measurement takes
about 1 to 3 minutes, which is well suited for daily
investigations.

The IceCube is a commercial optical system for
measuring the snow SSA, which was derived from
the method presented by Gallet et al. (2009). In
summary, it is based on the relationship between
the infrared hemispherical reflectance of snow and
the SSA. The surface of a 3 cm thick snow sample
is illuminated by a laser diode at a wavelength of
1310 nm. Light reflected by the snow is collected
via an integrating sphere and converted to voltage
by a photodiode. A calibration curve, obtained us-
ing certified standards, provides the voltage-to-
reflectance relationship. This reflectance is then
converted to SSA using a radiative transfer model.
The vertical profile of SSA at a 3 cm resolution
was obtained by measuring successively the SSA
of snow samples collected vertically in the snow
pit.

A rectangular density cutter of 100 cm® and 3 cm
height was used to measure density by weighing
the snow contained in the cutter and assuming an
ice density of 917 kg m™. The density profile was
obtained by taking samples every 3 cm in the
show pit.
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Traditional snow profiles included ram and hand
hardness, grain size, grain shape as well as tem-
perature profile and snow water equivalent (SWE)
(Fierz et al. 2009).

X-ray computed tomography (micro-CT) was used
to image snow samples in three dimensions at a
resolution of 10 micrometers. Snow samples were
collected in the snow pit and transported in insu-
lated boxes filled with dry ice (about -80°C) to the
SLF cold-laboratory for scanning. Based on the 3D
images, we computed properties such as density,
SSA, and other microstructural parameters.

The Propagation Saw Test (PST) was used to in-
vestigate fracture propagation along buried weak
snow layers independently of additional loading
required for failure initiation (Gauthier and Ja-
mieson 2008). The experiments were recorded
with a video camera with a frame rate of 120
frames per second. From the video recordings of
the PST experiments, we derived the critical crack
length, the elastic modulus of the slab, the weak
layer specific fracture energy, the crack propaga-
tion velocity and finally the amount of collapse of
the weak layer after fracture (Van Herwijnen et al.,
2016).

2.2 Weissfluhjoch site and measurement protocol

The WFJ site is located in the Swiss Alps at an
altitude of 2536 m (latitude 46.82963 N, longitude
9.80925 E).

Method | Vertical | Periodicity Properties
scale
SMP 1 mm daily Penetration force,
derived: density and
SSA
Cutter 30 mm weekly Density
IceCube | 30 mm weekly SSA
micro-CT | 0.1 mm variable Microstructure, nu-
merical computa-
tions
Trad. >5 mm 2 weeks Grain shape/size,
profile hardness, etc
PST - ~ weekly | Mechanical proper-
ties

Table 1. Overview of the measurements per-
formed during winter 2015-2016.
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1) at 0.3 m distance from the measurements of the
previous day. Each day, five SMP measurements
were done. Every week, a snow pit was in addition
dug to measure density with the cutter and SSA
with the IceCube along the pit wall. Every two
weeks, we also recorded a traditional snow profile gLound
in the same pit. The PST was carried out on an
undisturbed area directly adjacent to the pit, al-
most every week starting on beginning of January.
Finally, we took samples from the snow pit to mon- 3 PRELIMINARY RESULTS

itor the evolution of the dominating weak layers in
interesting periods. While a detailed evaluation is currently in pro-

gress, a preliminary analysis on snow density is
presented here to demonstrate the impact of tem-
poral resolution.
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Fig. 3: Set up of the different snow measurements
illustrated for two days.

Figure 4 shows the weakly evolution of the density
profile of the snowpack obtained by the cutter
measurements in the snow pit. To enable compar-
isons with the SMP measurements below, the per-
sistent melt-freeze crust formed early December
2015 has been chosen as reference layer and ar-
bitrarily assigned to zero depth.

Recent snow falls are easily identified by the pres-
ence of light snow of about 100 kg m™ (blue),
while denser snow of about 450 kg m™ is shown in

Fig. 1: Picture of the WFJ measurement site. red. As an interesting feature, the bottom of the
Measurements were done following the snowpack is lighter than the adjacent layers above
line shown in blue. from February on. This bottom part corresponds to

depth hoar crystals, which apparently inhibit the
compaction, although the snow height reached
more than 2 meters at the beginning of March.

Next we compare these weekly observations to
daily ones from the SMP shown in Figure 5. The
height has also been re-adjusted using the same
crust as reference layer as explained above. Note
that these density values have been retrieved from
the SMP measurements using directly the pa-
rameters given in Proksch et al. (2015) without
site-specific calibration (ongoing work).

First, as an obvious advantage of the SMP meas-
urements, thinner layers can be detected and fol-
lowed in time. This is due to the difference in
vertical resolution between the different measure-
ments (3 cm vs. 1 mm). Second, daily data allows
to follow more continuously the density evolution

Fig. 2: (left) Preparing the PST and (right) perform-  of layers during the season.
ing the traditional snow profile.

686



Proceedings, International Snow Science Workshop, Breckenridge, Colorado, 2016

1600 500
1400+ 450
1200 400
1000} 1350 ~
— o
E g0l £
IS 4300 ©
et X
e
| >
o 600 {250 £
Q 2
[a)
@
400} 200 O
200 150
or 100
—-200 F 50
_400 L L 1 1 1 1 L 1
o\] (el A0 A0 A0 A0 A0 A0
o 2% w® % ¥ »r @ 2%
o o N o < &0 W W

Fig. 4: Weakly evolution of the density profile of the snowpack at WFJ during winter 2015-2016 obtained
by the cutter measurements.
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Fig. 5: Daily evolution of the density profile of the snowpack at WFJ during winter 2015-2016 derived from
the SMP measurements.
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For instance, we can follow the density of the fresh
snhow layer formed on around 16" of January of
about 70 kg m* (blue), which gradually evolved
toward 250 kg m™ after a few days (green), to 350
kg m™ around 26" of January (yeIIowL, and finally
to 450 kg m™ and higher (red) after 3" of Febru-
ary.

Some features are consistently revealed by both
methods (cutter and SMP): the layer directly
above the crust, from 0 to 100 mm depth, was
compacted from a density of about 150 kg m> to
250 kg m due to the large snowfall starting on
11" of January. After that, the density remains
almost constant throughout the season as a con-
sequence of depth hoar structures.

4. CONCLUSION

We have presented an overview of the 2015-2016
measurement campaign at the high-elevation al-
pine site of WFJ, Davos, Switzerland. The cam-
paign was designed to provide a time series of
density and SSA, combining methods with differ-
ent spatial and temporal resolutions for snowpack
model evaluations. Traditional snow profiles, sta-
bility tests and micro-CT measurements comple-
ment this dataset.

The daily observations allow to follow the evolution
of thin layers almost continuously, in contrast to
weekly measurements. Such detailed monitoring
enables a comprehensive investigation of the
snowpack evolution such as densification rates.
Note however that accurate estimates of density
and SSA from SMP measurements rely on a local
calibration, which was not done yet in this paper.

Daily monitoring is time consuming and the tem-
poral resolution of measurements should be cho-
sen depending on the application. Our preliminary
comparison showed that some features are con-
sistently revealed using weekly or daily measure-
ments, e.g. the low densification of the bottom part
of the snowpack.

In combination with high quality meteorological
and radiation data available at the WFJ site, this
unique set of objective measurements will contrib-
ute to improve our understanding of snow-cover
processes, ranging from metamorphism to me-
chanical stability, and guide the development of
next generation snow-cover models.
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