Proceedings, International Snow Science Workshop, Whistler, BC, Canada, 2026

VALIDATION OF SNOWPACK SIMULATIONS USING A LOW-COST WEATHER
STATION IN SOUTHERN NORWAY

Bert Kruyt'!, Markus Landrg', Havard Boutera Toft!, Rasmus Haury', Eirik Stave?, Jostein Aasen',
Karsten Muller’

"Norwegian Water and Energy Directorate NVE, Oslo, Norway
2Western Norway University of Applied Sciences, Sogndal, Norway

ABSTRACT:

Snow-cover models are increasingly used to support avalanche forecasting, but their reliability must
be demonstrated under prevailing climatic conditions before they can become part of operational work-
flows. We present a first validation of the SNOWPACK model for Norway using repeated snow-profile
observations collected during the winter of 2025/26 at two sites representing continental and maritime
snow climates. Simulations forced with numerical weather prediction (NWP) data and measurements
from low-cost weather stations were compared with observed snowpack evolution. The results show
that errors in meteorological forcing, particularly a cold bias in NWP air temperature, strongly influence
simulated snow depth and snowpack structure. Including explicit soil layers improved the simulation of
temperature gradients and depth-hoar formation, while modifications to melt-freeze crust metamorphism
improved agreement with observed grain-type evolution. Across both sites, however, simulations tended
to overestimate the occurrence of melt forms and rounding facets relative to observations. Overall,
SNOWPACK reproduced the main characteristics of the observed snowpacks when appropriate forcing
data and model settings were used. The study provides an important first step toward the operational use
of SNOWPACK in avalanche forecasting in Norway and highlights areas where further model development

is needed.
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1. INTRODUCTION

Snow-cover models are increasingly used to sup-
port avalanche forecasting. However, for forecast-
ers to trust model predictions, the simulations must
first be proven to be reliable. Validating a layered
snowpack model is challenging because simu-
lated layers do not always correspond directly to
observed layers. Differences in model parameter-
izations, observational uncertainty, and observer
subjectivity can all contribute to this mismatch. As
a result, objective comparison is difficult, although
recent studies have introduced quantitative meth-

ods to assess snow-profile similarity (Herla et al.

2021; Viallon-Galinier et al. 2020; Hagenmuller
et al. 2016).

A further challenge is that snowpack-model errors
accumulate throughout the season. Errors in one
period influence the evolution of the snowpack in
subsequent periods. For example, an overestima-
tion of snowfall can produce excessive snow depth,
weaker temperature gradients, and consequently
less faceting. In numerical weather prediction, this
problem is addressed by regularly re-initializing
models with observations. For snowpack models,

* Corresponding author address:
Bert Kruyt, NVE

Middelthuns Gate 29; Oslo
email: alkr@nve.no

https://doi.org/10.15788/1790099139

this is generally not feasible because snow-profile
observations are sparse and difficult to interpolate
across complex terrain. Nevertheless, methods for
initializing point simulations from observed snow
profiles have been developed by Viallon-Galinier
et al. (2020) and Binder et al. (2024), and have
been shown to improve short-term model perfor-
mance.

Layer-scale validation studies remain relatively
rare. Most validation efforts focus on bulk snow-
pack properties. For example, Wever et al. (2015)
compared SNOWPACK simulations driven by au-
tomatic weather station data at Weissfluhjoch
(WFJ), Switzerland, against multi-year observa-
tions of snow depth (HS), snow water equivalent
(SWE), snow temperature, liquid water content,
density, grain size, and other variables. Similarly,
Calonne et al. (2020) evaluated density, specific
surface area (SSA), and critical cut length at the
same site. More commonly, however, studies fo-
cus on stability metrics and avalanche-relevant
indicators rather than directly validating simulated
physical properties (Richter et al. 2019; Schweizer
et al. 2023; Herla et al. 2024b; Bellaire et al. n.d.).

Most of these studies have been carried out in the
Alps, many of them at WFJ. In addition, several
SNOWPACK parameterizations were developed
using observations from WFJ. It remains unclear
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how well these parameterizations perform in other
snow climates, although recent work indicates that
differences do exist (Herwijnen et al. 2024).

This study is a first step towards validating SNOW-
PACK for operational use in Norway, where efforts
are underway to integrate the model into the na-
tional avalanche forecasting workflow (Herla et al.
2024c). We focus on physical snowpack proper-
ties in order to establish a robust foundation for
model-based forecasting. During one winter sea-
son, repeated snow profiles were collected at two
study sites equipped with low-cost weather sta-
tions. Simulations driven by both weather-station
observations and numerical weather prediction
(NWP) data were compared with these observa-
tions to assess SNOWPACK performance across
a range of model configurations.
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Figure 1: Location of the test sites Stongenuten
(red) and Kalvavatni (blue) within Norway.

2. METHODS

2.1. SNOWPACK Model and Setup

SNOWPACK is a one-dimensional, physically
based snowpack model that simulates the evolu-
tion of a layered snow cover by solving the energy
balance equations along a vertical column. Each
layer is characterized by microstructural properties
such as grain type, grain size, bond size, and den-
dricity/sphericity. These properties evolve over
time and determine the thermal and mechanical
behaviour of the snowpack (Bartelt et al. 2002;
Wever et al. 2015).
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SNOWPACK requires meteorological forcing data,
which can be obtained either from weather sta-
tions or from numerical weather prediction (NWP)
models. In this study, we use simulations driven
by several NWP configurations as well as simu-
lations forced by measurements from SNOWER
weather stations. Comparing these simulations
allows us to distinguish errors originating from the
forcing data from those arising within SNOWPACK
itself. SNOWER is a low-cost weather station with
a radar-based snow depth sensor (Nieminen et
al. 2024). Since SNOWER does not measure
radiation, the incoming shortwave and incoming
longwave radiation are taken from the Numerical
Weather Prediction (NWP) model The MetCoOp
Ensemble Prediction System (MEPS) (Mdiller et
al. 2017). This same model is used to force the
NWP-based simulations in two different configu-
rations. In the fully distributed configuration, NWP
model data at 1-km resolution is used to force
SNOWPACK at each NWP grid point. In the semi-
distributed configuration, this same weather data
are aggregated to 20 x 20km ’pixels’ at 100 m
wide elevation bands at 300 m intervals (Herla et
al. 2024c). All the simulations described here are
conducted within the AWSOME framework (Herla
et al. 2024a).

Apart from simulations with different input data,
we also present simulations with different model
configurations in order to demonstrate the model’s
capabilities (Table 1). At the 1-km resolution, a
simulation with largely default setting for the vari-
ous parameterizations is presented as a baseline.
Next is a 1km simulation with settings optimized
for Norway. This simulation, identified with 7km
NO contains several additions since Wever et al.
(2015) and Bavay et al. (2024) related to the ef-
fects of wind on snow (Kruyt et al. 2026). It also
uses 7 explicit soil layers and Richard’s solver for
both snow and soil to improve water percolation
(Wever et al. 2014).

From simulations in both, Norway and the Alps,
it has been observed that refrozen melt forms
(MFcr) often persist in simulated profiles long after
these layers have transformed into facets in ob-
served profiles. Therefore the faceting behavior
of MFCr layers was recently modified in SNOW-
PACK. MFCr layers are now "allowed” to resume
faceting at normal rates after having been exposed
to reduced faceting rates following refreeze. Simu-
lations with the MFcr relaxation behavior are iden-
tified as 1km MFcr or 20km MFcr.

An overview of included simulations is provided in
Table 1. Due to limited space here, we do not show
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Table 1: Overview of the different Simulations.

ID input SNOWPACK settings
shower AWS default settings
1km def NWP 1km default settings
1km NO NWP 1km wind-related changes(Kruyt et al.
2026),
7 soil layers
Richard’s equation
1km TA+1 NWP 1km +1°K TA as 1km NO
1km MFcr NWP 1km as 1km NO, plus MFcr relaxation
20km NO NWP 20km agg. as 1km NO
20km MFcr NWP 20km agg. as 1km NO, plus MFcr relaxation

all possible combinations of model improvements
that were simulated in order to attribute changes
to changes in model settings, nor do we show
a comparison of individual profiles to investigate
density differences.

2.2. Test sites

We installed two validation sites for this project,
both located in Southern Norway (Figure 1). The
main validation site 'Stongenuten’, is located in
the region of Hemsedal, east of the watershed,
at an elevation of 1200 m.a.s.l.. Most precipi-
tation is associated with easterly and southeast-
erly weather systems. Under intense precipitation
events west of the watershed divide, accompa-
nied by strong winds, some spillover precipitation
may extend into this area. The climate is continen-
tal. Typical precipitation amounts associated with
low-pressure systems are 0-20 mm per 24 hours,

while higher amounts are considered significant.

Precipitation events are frequently accompanied
by strong winds of 8-15 m/s. The area is gen-
erally characterized by high wind exposure, with
prevailing westerly winds. Extended periods with
air temperatures near —20°C are common. The
snowpack is typically shallow, heavily influenced
by wind redistribution, and characterized by poor
snowpack structure with multiple persistent weak
layers. A secondary site, 'Kalvavatni’, is located
near the town of Sogndal roughly 100 km to the
North-West. This site lies at 900 m.a.s.l. and gets
most of its precipitation from westerly flows. Its
proximity to the fjords makes for a maritime snow-

pack with fewer weak layers than at Stongenuten.

Both sites had a SNOWER station installed in De-
cember 2025, after the first snowfalls. From then
on snow pits were dug at weekly intervals, with a
few exceptions. As much as possible, we had a
dedicated observer per site, but schedules forced
some substitution of observers.

In the following, when we compare the modeled
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data to the observations, we refer to the nearest
grid point from the selected model chain when we
speak of the "1-km” or "20-km” model. In the case
of Stongenuten, this is a grid point with a mean
elevation of 1207 m.a.s.I for the 1-km model, and a
pixel with an elevation band of 1150-1250 m for the
20-km model. For Kalvavatni, we use a grid point
from the 1-km model at 921m, and an elevation
band of 850-950m from the 20-km model.

Input comparison Stongenuten
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Figure 2: Comparison of modeled weather data
with observed values from the SNOWER station
at the test site Stongenuten. Relative humidity
(top panel); 2m air temperature including (offset)
bias of the 1-km NWP model (middle panel). Wind
speed and its bias (offset by 20 m/s for clarity) are
shown in the bottom panel.

3. RESULTS

3.1. Meteorological Input Data

Figure 2 shows the air temperature and relative
humidity as measured by the SNOWER station
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at the Stongenuten site, compared to the NWP
model data at 1km and 20km ’'aggregated’ resolu-
tion. There is a distinct cold bias in the NWP data,
especially at 1km (mean bias -3.02 deg K for 1km,
-0.50 deg K for 20km). This is most pronounced
during cold periods in mid-winter in January and
February. At the Kalvavatni location this bias is
markedly less, and only occurs during those same
cold spells (not shown). The NWP data also has
a positive bias in relative humidity (4.4%), which
may be a direct result of the temperature bias.
Wind speed and direction (not shown) deviate sig-
nificantly from measured values, but this is to be
expected in complex terrain with NWP models at
the kilometer scale. The 1km model has a signifi-
cant positive bias of 3,67 ms~! at Stongeskardet.
At the Kalvavatni site, model biases are markedly
less, with -1.44° C, 0.33% and -0.21 ms~! for air
temperature, relative humidity and wind speed,
respectively. Given the large bias in air tempera-
ture at Stongenuten, we included a bias-corrected
simulation, where a constant +1° C temperature
correction was applied to the input data.

3.2. Snow Depth

Snow depth, as measured by the SNOWER radar
sensor, as well as modeled snow depth from differ-
ent SNOWPACK simulations are shown in Figure 3
for both test sites. For the location at Stongenuten,
the default settings overestimate the snow depth
significantly. The 7km NO simulation improves
this somewhat, likely due to wind compaction and
higher new snow densities. The largest improve-
ment however appears to come from a 1 degree
bias correction in the input air temperature (simula-
tion 7km TA+1), which leads to a very good match
with observed snow depths. Although the mean
bias in air temperature was 3 degrees, a higher

bias correction led to too little snow (not shown).

Finally the regional, 20 km simulation also shows
good agreement.

The second test site, Kalvavatni, is shown in the
right panel of Figure 3. All simulations tend to un-
derestimate the snow depth, although this seems
to stem predominantly from the underestimation
of two large snowfall events (mid-December and
end of February). The melt phase of the season
aligns well in all included simulations.

3.3. Grain Type Evolution

Figures ?? and ?? show the grain types of the
observed and simulated profiles. In both test sites,
the snower weather station was installed after the
first snowfall. As a consequence, the simulations
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driven by SNOWER data show a mismatch in
grain types at the start of the simulation. At Ston-
genuten (Figure ?? ), the first profiles show small
melt-freeze crusts that are not simulated, since the
model initializes the existing snow depth as new
snow (PP). At Kalvavatni this is also the case, and
the SNOWER-driven simulation misses the melt
forms from the early season, that are evident in the
first few observed profiles. These melt forms (MF
& MFcr) are present in the NWP forced simulations,
albeit more as MFcr than MF, which could be due
to model parameterization or observer subjectivity.
Melt forms are also present in the NWP-forced
simulations at Stongeskardet, however at this lo-
cation they are not observed as frequently as they
are simulated. The 1km NO (as well as 1km def,
not shown) runs simulate too many melt forms in
the lower half of the snow cover, which is slightly
alleviated in the bias corrected run 1km TA+1 and
the 1km MFcr.

Temperature measurements showed sub-zero
temperatures at the soil-snow interface. This was
not reproduced by SNOWPACK using the default
1-km configuration without explicit soil layers. We
found that adding several soil layers improved
the simulated temperature profile, and resulted
in faceting near the interface (Figure ??).

In general, at both locations the SNOWPACK sim-
ulations forced with NWP data show too many MF
and MFcr layers, as well as rounding facets (FCxr)
compared to observations. Furthermore, the tran-
sition from PP and DF to RG does not align well
between simulations and observations.

3.4. Individual Profile Comparison

Although a comparison of all individual profiles is
beyond the scope of this current work, we present
a single profile and its corresponding simulations
in Figure 5. A manual profile observed on 2026-
01-12 at the Stongenuten site is compared to the
simulated profiles at 1km resolution to showcase
the improvements by including various aspects in
the model. First, the inclusion of soil layers in the
simulation (1km NO, TA+1, MFcr) improves the
temperature profile near the bottom, and leads to
the accurate simulation of depth hoar that does
not occur without soil layers ( 1Tkm def). Based
on the analysis of several profiles not shown in
this work, it appears that the inclusion of Richard’s
equation improves the formation of low density
layers in between large melt form layers, although
further work is needed to substantiate this claim.
Adding the correction of input temperatures in 1km
TA+1 to these aforementioned changes gives the
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Figure 3: Snow depth at two test sites: Stongenuten (L) and Kalvavatni(R). Shown are observations
(snower measured, black dotted), a simulation forced with measured snow depth (snower modelled,
blue dashed), and several simulations forced with NWP data at either 1- or 20-km resolution. Both
measurement stations were installed in December 2025, when there was already some snow on the

ground.

best agreement with the observed profile, where
we start to see the same general outline as the
observed profile, at least in the bottom half.

4. DISCUSSION

Validating a model as complex as SNOWPACK is
a challenging task, and the work presented here
is only a first step in an ongoing effort to build a
robust forecasting toolchain. It has nevertheless
provided valuable insights, both for the improve-
ment of the SNOWPACK model as well as the
experimental setup itself. Since the installation of
the SNOWER at both locations occurred after the
season start, simulations forced with the SNOWER
data suffered from fundamental flaws. Melt forms
had already formed, while the SNOWER-forced
simulations assumed fresh (PP) snow. This led to
a mismatch in grain types that persisted through-
out the season, especially at the Kalvavatni site.

The ground at the test sites was uneven and rocky.

Combined with a thin snowpack, there was signifi-
cant variability between profiles from the same site,

that could not be attributed to temporal evolution.

For future studies, it would probably be a good
idea to prepare the soil at the test locations to be
even, so that the snowpack is more homogeneous
throughout the entire test area.

Grain types in the SNOWPACK model are defined
by a combination of sphericity, dendricity and grain
size, while a complex set of rules describes the
evolution of these parameters. These parameteri-
zations come from different studies, conducted in
different climates. Together they may not repre-
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sent the most accurate parameterization for Nor-
way. Combined with the fact that there might be
some subjectivity in the observations, leads us to
believe that the occurrence of FCxr where RG or
FC are observed should not be interpreted as a
complete model failure.

This work has also highlighted the challenge of
accumulating errors. At Stongenuten, an early-
season melt-crust that was simulated erroneously,
remained in place throughout the season and af-
fected the metamorphism in the months follow-
ing. In the future, data assimilation such as those
pioneered by Binder et al. (2024) may provide
valuable for identifying model errors in seasonal
simulations.

Calonne et al. 2020 (Calonne et al. 2020)

5. CONCLUSIONS

In this work we have presented a comparison of
simulated snowpack characteristics with observed
snow profiles at two test sites in Southern Nor-
way. By including a low-cost weather station at
both locations, we were able to attribute some
of the model error to errors in NWP input data.
Correcting the bias in air temperature at the Ston-
genuten site improved both the simulated snow
depth as well as the simulated grain forms. Never-
theless, all NWP-forced simulations at this location
show too many MF layers. Similarly at both loca-
tions, simulations show too many rounding facet
(FCxr) layers compared to observations. This over-
representation of FCxr occurs mainly where either
RG or FC are observed. It could therefore be due
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Figure 4: Comparison of seasonal evolution between observed snow profiles, a simulation forced with
locally measured data (SNOWER), and several simulations forced with NWP data at either 1- or 20-km
resolution. For test location Stongenuten (left) and Kalvavatni (L)

to observer subjectivity, or inaccurate parameteri-
zations of grain shape. Furthermore, the transition
from PP and DF to RG does not align well be-
tween simulations and observations, where often
the simulations show rounded grains when PP or
DF are observed.

Simulating soil layers has been shown to be im-
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portant in simulating a correct temperature profile
in the lower part of the snow cover. Without ex-
plicit simulation of soil layers, the temperature at
the snow-soil interface is 0° C by default, while our
profiles clearly show subzero temperatures at this
interface. Getting this temperature profile right by
including soil layers also improves the formation
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Figure 5: Individual snow profiles from 12-01-2026 at Stongenuten. From left to right: Observed profile,
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of depth hoar in the simulations. The inclusion
of Richard’s equation is less obvious, but it does
appear to improve overall layering, and reduce
the formation of large homogenous MF(cr) layers
that are simulated too much. The melt crust re-
laxation algorithm, which allows for MFcr grains
to resume normal faceting rates appears to im-
prove the agreement with observations, although
the exact tuning of this model feature requires fur-
ther investigation. In general, the model seems
to struggle with an over-representation of large
layers of melt forms, while thin crusts are often
missing in the simulations. Lastly, though not the
focus of this paper, the semi-distributed method
where weather data is aggregated to represen-
tative elevation bands seems to produce results
that are very close to the higher resolution model.
Validation studies with a larger spatial scope will
be conducted in the future to assess the validity of
this approach, but initial findings are promising.
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