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Abstract. Sophisticated snowpack models such as Cro-
cus and SNOWPACK struggle to properly simulate pro-
files of density and specific surface area (SSA) within
Arctic snowpacks due to underestimation of wind-induced
compaction, misrepresentation of basal vegetation influenc-
ing compaction and metamorphism, and omission of water
vapour flux transport. To improve the simulation of profiles
of density and SSA, parameterisations of snow physical pro-
cesses that consider the effect of high wind speeds, the pres-
ence of basal vegetation, and alternate thermal conductivity
formulations were implemented into an ensemble version of
the Soil, Vegetation, and Snow version 2 (SVS2-Crocus) land
surface model, creating Arctic SVS2-Crocus. The ensemble
versions of the default and Arctic SVS2-Crocus were driven
with in situ meteorological data and evaluated using mea-
surements of snowpack properties (snow water equivalent,
SWE; depth; density; and SSA) at Trail Valley Creek (TVC),
Northwest Territories, Canada, over 32 years (1991–2023).
Results show that both the default and Arctic SVS2-Crocus
can simulate the correct magnitude of SWE (root-mean-
square error, RMSE, for both ensembles – 55 kg m−2) and
snow depth (default RMSE – 0.22 m; Arctic RMSE – 0.18 m)
at TVC in comparison to measurements. Wind-induced com-
paction within Arctic SVS2-Crocus effectively compacts the
surface layers of the snowpack, increasing the density, and
reducing the RMSE by 41 % (176 kg m−3 to 103 kg m−3).

Parameterisations of basal vegetation are less effective in re-
ducing compaction of basal snow layers (default RMSE –
67 kg m−3; Arctic RMSE – 65 kg m−3), reaffirming the need
to consider water vapour flux transport for simulation of low-
density basal layers. The top 100 ensemble members of Arc-
tic SVS2-Crocus produced lower continuous ranked prob-
ability scores (CRPS) than the default SVS2-Crocus when
simulating snow density profiles. The top-performing mem-
bers of the Arctic SVS2-Crocus ensemble featured modifica-
tions that raise wind speeds to increase compaction in snow
surface layers and to prevent snowdrift and increase viscos-
ity in basal layers. Selecting these process representations in
Arctic SVS2-Crocus will improve simulation of snow den-
sity profiles, which is crucial for many applications.

1 Introduction

Seasonal snow cover in the Arctic is an important water
reservoir and plays an integral role in the global surface en-
ergy balance and the ground thermal regime (Appel et al.,
2019; Gouttevin et al., 2018; Barrere et al., 2017). Incorrect
simulation of the seasonal evolution and vertical layering of
Arctic snowpack properties e.g. depth, density, snow water
equivalent (SWE), and specific surface area (SSA) can lead
to errors in the simulation of snow thermal properties, in-
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fluencing soil temperatures and respiration impacting Arc-
tic winter carbon fluxes (Dutch et al., 2022). Furthermore,
an understanding of Arctic snowpack conditions is crucial
for wildlife welfare, as the physical properties of snow af-
fect movement (Le Corre et al., 2017), access to food, and
foraging ability (Berteaux et al., 2017; Ouellet et al., 2016);
support reproduction and corresponding population dynam-
ics (Domine et al., 2018b; Boelman et al., 2019); and pro-
vide a suitable space for subnivean life (Berteaux et al., 2017;
Domine et al., 2018b). Changes to snow properties can also
have a human impact, affecting transportation (Hovelsrud et
al., 2012), cultural practices (Contosta et al., 2019) and in-
frastructure (Callaghan et al., 2012). The ability to accurately
simulate Arctic snow properties depends on the complex-
ity of snowpack models, which differ in their representation
of layering and parameterisation of snow physical processes
(Krinner et al., 2018). In the Arctic, where measurements are
rare, multi-layered snowpack models are necessary to pro-
vide the detailed information on the seasonal evolution and
layering of snowpack properties needed for an understanding
of the surface energy balance (Flanner et al., 2011) and soil
temperatures (Meredith et al., 2019).

Detailed multi-layered snowpack models primarily devel-
oped for avalanche forecasting, i.e. Crocus (Vionnet et al.,
2012) and SNOWPACK (Bartelt and Lehning, 2002), do
not perform well when applied within Arctic environments
(Domine et al., 2019; Fourteau et al., 2021; Barrere et al.,
2017). Despite showing reasonable agreement in their sim-
ulation of snow depth and SWE of Arctic snowpacks (Bar-
rere et al., 2017; Gouttevin et al., 2018; Krinner et al., 2018;
Domine et al., 2019; Royer et al., 2021; Krampe et al., 2021;
Lackner et al., 2022) both models often simulate profiles of
increasing density with snow depth because both Crocus and
SNOWPACK were originally developed to simulate alpine
snow. Further uncertainties arise in the simulation of snow
density due to underestimation in wind-induced compaction
(Barrere et al., 2017; Royer et al., 2021; Lackner et al., 2022),
misrepresentation of the impact of basal vegetation on com-
paction and metamorphism (Gouttevin et al., 2018; Royer
et al., 2021), thermal conductivity formulation (Royer et al.,
2021; Dutch et al., 2022), and omission of water vapour flux
transport (Brondex et al., 2023) within both models.

In the Arctic, high wind speeds compact the snowpack sur-
face, creating wind slab snow layers (King et al., 2020; Derk-
sen et al., 2014). The effect of wind on surface snow den-
sity has been found to be underestimated in Crocus, leading
to underestimations in simulated surface snow density (Bar-
rere et al., 2017). Attempts to account for an underestimation
in wind speed have been proposed by Barrere et al. (2017)
and Royer et al. (2021), where wind speed during snow pre-
cipitation events and the rate of snow compaction were in-
creased. Based upon analysis of field measurements, Barrere
et al. (2017) and Royer et al. (2021) also increased the max-
imum density constraint from 350 to 600 kg m−3 for Arctic
applications.

Basal vegetation (shrubs and sedges) modifies temperature
gradients within the snowpack by reducing compaction and
enhancing snow metamorphism, which promotes the forma-
tion of depth hoar (Domine et al., 2016, 2022). The ability of
basal vegetation to promote the development of depth hoar
is currently not considered within Crocus or SNOWPACK,
where compaction due to the weight of the overlying snow is
the dominant process in shaping density profiles (Vionnet et
al., 2012; Bartelt and Lehning, 2002). To consider the pres-
ence of basal vegetation, Gouttevin et al. (2018) and Royer
et al. (2021) proposed deactivating wind compaction and in-
creasing snow viscosity below a set vegetation height, which
contributed towards density reduction and enhanced grain
growth in basal layers.

Thermal conductivity of snow is often computed as a func-
tion of density within many snowpack models (Gouttevin et
al., 2018), with a number of different relationships proposed
(e.g. Yen, 1981; Calonne et al., 2011; Sturm et al., 1997).
The parameterisation of Sturm et al. (1997) has been found
to produce better results for Arctic snow than the default Cro-
cus parameterisation of Yen (1981), due to its development
on Arctic and sub-Arctic snow, and has recently been im-
plemented into Crocus (Royer et al., 2021; Calonne et al.,
2011). The thermal conductivity formulations of Calonne et
al. (2011), who used 3D tomographic images of most snow
types, and Fourteau et al. (2021), who proposed a formula-
tion suitable for temperatures within Arctic snowpacks, have
also been found to improve the simulation of snow ther-
mal conductivity at an Arctic site (Dutch et al., 2022). The
Calonne et al. (2011) formulation is available for use within
the ensemble system version of Crocus (Ensemble System
Crocus, ES-CROC; Lafaysse et al., 2017); however, the pa-
rameterisation of Fourteau et al. (2021) is yet to be imple-
mented within Crocus.

Strong temperature gradients within an Arctic snowpack
generate vertical water vapour fluxes that redistribute mass
from the bottom to the top of the snowpack, leading to the
formation of basal depth hoar layers (Bouvet et al., 2023;
Weise, 2017). Attempts have been made to implement water
vapour diffusion into Crocus (Touzeau et al., 2018), SNOW-
PACK (Jafari et al., 2020), and SNTHERM (Jordan, 1991).
However, no approach was successful in accounting for all
aspects of vapour diffusion or was able to be numerically
stable at the typical time steps of snowpack models, and this
aspect is therefore currently not simulated (Brondex et al.,
2023).

An ensemble modelling approach allows evaluation of
uncertainties in all the main snowpack process representa-
tions, both individually and in combination with each other,
to better quantify overall modelling error (Lafaysse et al.,
2017; Essery et al., 2013). Previous attempts to simulate
Arctic snow density profiles focus on individual modifica-
tions to existing snow physical processes that account for
high wind speeds, the presence of basal vegetation, and/or
better simulations of snow thermal conductivity (Barrere et
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al., 2017; Lackner et al., 2022; Royer et al., 2021; Gout-
tevin et al., 2018). Uncertainties that arise from interaction
between model components, site-specific calibration of pa-
rameter choices, and limited evaluation datasets (one site,
few snow seasons; e.g. Gouttevin et al., 2018; Barrere et
al., 2017) are hard to evaluate through this approach. Large-
ensemble studies evaluating snowpack models of different
complexities (SnowMIP, Etchevers et al., 2004; SnowMIP2,
Rutter et al., 2009; ESM-SnowMIP, Krinner et al., 2018)
have been effective in demonstrating how ensemble frame-
works can aid analysis of specific parameterisations that lead
to large model disagreement and how the combination of
such parameterisations can yield significant divergences in
model behaviour (Essery et al., 2013). The latter approach
has been investigated through the development of the Jules
Investigation Model (JIM; Essery et al., 2013), the Facto-
rial Snow Model (FSM; Essery, 2015) and Ensemble Sys-
tem Crocus (ESCROC; Lafaysse et al., 2017), which aim to
facilitate exploration of parameterisation choice and uncer-
tainty through an ensemble framework. However, no ensem-
ble study has yet evaluated the uncertainty associated with
modelling error for simulation of snowpack properties in an
Arctic tundra environment.

This study uses the multi-physics ensemble version of
Crocus (Lafaysse et al., 2017; Vionnet et al., 2012) embed-
ded within the Soil, Vegetation, and Snow version 2 (SVS2)
land surface model (hereafter referred to as SVS2-Crocus;
Garnaud et al., 2019; Vionnet et al., 2022) to evaluate the im-
pact on simulated Arctic snowpack properties by modifying
parameterisations of falling snow density, snowdrift, com-
paction, and thermal conductivity that have been proposed
within the previous literature. Using an ensemble of simula-
tions, the effects and interactions of Arctic parameterisations
on the simulation of SWE, snow depth, and bulk density are
evaluated over a 32-year period at Trail Valley Creek (TVC),
Northwest Territories, Canada. We then evaluate the impact
of Arctic parameterisations on the simulation of snowpack
microstructure properties, density, and SSA with detailed
measurements from six winter field campaigns to identify
combinations of preferential parameters and process repre-
sentations for the application of SVS2-Crocus within an Arc-
tic environment.

2 Study location

The TVC (68°44′ N, 133°33′W) research watershed lies
within the Inuvialuit Settlement Region of the lower
Mackenzie Valley, 50 km northeast of Inuvik, Northwest Ter-
ritories, Canada, on the northern edge of the tundra–taiga
ecotone. Vegetation primarily consists of low shrubs (0.2–
0.7 m), lichens, grasses, and mosses (Marsh et al., 2010;
Walker and Marsh, 2021; King et al., 2018) with some sparse
patches of taller shrubs (1–2 m) and black spruce evergreen
needleleaf forest (Walker and Marsh, 2021). The terrain con-

sists of mineral earth hummocks that range in diameter be-
tween 0.4 to 1.0 m and inter-hummock areas of peat (Quinton
and Marsh, 1999). TVC is a tundra environment with contin-
uous permafrost that experiences approximately 8 months of
snow cover annually, which varies spatially due to vegeta-
tion, wind speed, and topography, with snow depth ranging
from 0.1 to 4 m (Pomeroy et al., 1993; Derksen et al., 2014).

3 Data and methods

3.1 Field methods

Half-hourly snow depth measurements were made using an
SR50A sensor (Campbell Scientific) at the TVC Main Mete-
orological Station (TMM) for 32 winter seasons (from 1990–
1991 to 2022–2023). Depths below 0 m and above instru-
ment sensor height (1.63 m) and abrupt jumps or spikes (neg-
ative or positive) that lie outside the reasonable range of
values within the SR50A snow depth data were removed.
Peak winter SWE, density, and depth measurements were
collected across a network of locations for the same winters
using an ESC-30-style snow corer tube (Walker and Marsh,
2021). Detailed vertical profiles of density and SSA were
measured in snow pits during six field campaigns across
four winters (16 March 2018, 15–18 November 2018, 19–
25 January 2019, 26 March 2019, see Dutch et al., 2022;
21 March 2022 and 27 March 2023, this paper). All mea-
surement and pit locations differed from year to year but
were selected based upon their proximity to TMM while
sampling across vegetation characteristics (shrubs, mosses).
In all snow pits (n= 32), stratigraphic layer boundaries and
snow types were identified through visual inspection fol-
lowing Fierz et al. (2009) and hand hardness tests. Density
profiles were obtained by extracting a snow sample using a
100 cm3 density cutter at a 3 cm vertical resolution. SSA was
measured at the same vertical resolution using an A2 Pho-
tonic Sensor IceCube (Zuanon, 2013), following principles
outlined in Gallet et al. (2009).

3.2 Snowpack model

3.2.1 SVS2-Crocus

The multi-physics ensemble version of the snow model Cro-
cus (ESCROC; Lafaysse et al., 2017) is embedded within
the Soil, Vegetation, and Snow version 2 (SVS2) land sur-
face model developed at Environment and Climate Change
Canada (ECCC; Vionnet et al., 2022; Garnaud et al., 2019).
The implementation of Crocus within SVS2 relies on the re-
cently developed externalised version of Crocus that aims
to facilitate the coupling of Crocus with other land surface
models (e.g. Mazzotti et al., 2024). Crocus is a 1D multi-
layer snowpack model that simulates vertical layering and
the seasonal evolution of snowpack physical properties. For
each snow layer, Crocus computes the mass, density, tem-
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perature, liquid water content, age, and snow microstructure
properties (optical diameter, sphericity). A full description of
Crocus can be found in Vionnet et al. (2012) and Lafaysse
et al. (2017). To obtain detailed stratigraphic information,
the maximum number of simulated snow layers was set to
20. Snowpack properties were simulated in 1D at an hourly
resolution. In situ measurements of soil properties (Boike
et al., 2020) and land cover type from the ESA CC1 LC
global map (European Space Agency Climate Change Ini-
tiative Land Cover; http://esa-landcover-cci.org, last access:
September 2023), were used to specify soil and vegetation
characteristics in SVS2. Simulations were run from Septem-
ber 1991 to September 2023 with gap-filled meteorological
data (see Sect. 3.2.2). SVS2-Crocus requires the atmospheric
forcing of air temperature, specific humidity, wind speed at
a known level above the surface, incoming longwave and
shortwave radiation, and precipitation rate (separated into
liquid and solid precipitation). Precipitation was partitioned
into rain and snow using a 1 °C temperature threshold dur-
ing processing. A sensitivity analysis of the correct tempera-
ture threshold at which to partition precipitation was carried
out (testing values between 0 and 5 °C) by comparing obser-
vations of the precipitation type from TMM and the imme-
diately adjacent (∼ 5 m) Meteorological Service of Canada
(MSC) weather station, finding 1 °C as the most suitable op-
tion for TVC. Specific humidity was converted from rela-
tive humidity following Bolton (1980). The option to acti-
vate mass loss due to blowing snow sublimation through the
parameterisation of Gordon et al. (2006) was selected for all
simulations, as high wind speeds at TVC lead to frequent
blowing snow events and associated mass loss due to sub-
limation (Pomeroy et al., 1997). The snow albedo parame-
terisation in SVS2-Crocus uses a snow ageing coefficient to
indirectly represent the impact of the deposition of light ab-
sorbing impurities on the snow surface. This coefficient has
a default value of 60 d, which has been calibrated at the Col
de Porte experimental site, France (Table 4; Vionnet et al.,
2012). As the light-absorbing impurities, associated fluxes,
and radiative forcing are of a lower magnitude within Arctic
snowpacks (Skiles et al., 2018), the snow surface ageing co-
efficient was increased to 900 d, as was done previously by
Brun et al. (2011) to simulate snowpack evolution in Antarc-
tica.

3.2.2 Meteorological driving data

Hourly fields of meteorological variables were obtained from
TMM, where gaps of 3 h or shorter were filled by linear in-
terpolation (Tutton et al., 2024). Longer gaps were first filled
using the MSC weather station. If data from the MSC sta-
tion were not available, meteorological measurements from
the Inuvik Mike Zubko airport or the Inuvik Climate Station,
situated 50 km south of TVC, were used to fill the gap. If data
from all stations were unavailable, the remaining gaps were
filled with ERA-5 reanalysis data. The percentage of mea-

surements taken from TMM varied from 98.7 % to 50.2 %,
data used to gap-fill from the Inuvik Climate Station varied
from 1.3 % to 33.3 %, and ERA5 varied from 1.4 % to 49.8 %
over the 32-year period (Tutton et al., 2024).

3.2.3 SVS2-Crocus ensemble

The multi-physics ensemble modelling framework (ES-
CROC) was designed by Lafaysse et al. (2017) to account
for numerical snow modelling errors in ensemble forecast-
ing and ensemble assimilation systems. It included addi-
tional parameterisations of snow processes in the snowpack
model Crocus for the evolution of midlatitude snowpacks.
The spread of the ESCROC ensemble represents model un-
certainty due to parameterisation of snow processes within
midlatitude environments. We develop an Arctic version of
ESCROC that relies on existing parameterisations that have
been developed for Arctic snowpacks but that have never
been tested within a consistent model framework. The model
experiment focuses on three key processes as displayed in the
schematic of Fig. 1: increased compaction of surface snow
due to high wind speeds (wind effect), reduced compaction
and snowdrift due to the presence of basal vegetation (basal
vegetation effect), and alternate thermal conductivity for-
mulations better suited for Arctic snow types (thermal con-
ductivity). The Arctic modifications implemented into the
ESCROC framework are available in an official version of
SVS2-Crocus (see the “Code availability” section below) and
aim to represent model uncertainty within an Arctic environ-
ment.

Wind effect comprises three modifications within the
falling snow density and snowdrift schemes. Following
Royer et al. (2021) and Lackner et al. (2022), we modified the
default parameterisation of Vionnet et al. (2012) (Eq. 1) that
computes falling snow density as a function of wind speed,
U , and air temperature, Ta, as

ρnew =max(50,ap + bp (Ta− Tfus)+ cpU
1/2), (1)

where Tfus is the temperature of the melting point for
water, ap = 109 kg m−3, bp = 6 kg m−3 K−1, and cp =

26 kg m−7/2 s1/2. Royer et al. (2021) increased the wind
speed parameter cp by a factor of 2 and found a reduction in
the root-mean-square error (RMSE) of surface layer density
from 86.5 % to 63.4 % when applied at four Arctic reference
sites (TVC, Cambridge Bay, Bylot Island, and Samoylov).
Motivated by this work, Lackner et al. (2022) doubled the
density parameter ap and multiplied cp by 5 at their ref-
erence site, Umiujaq, Canada. These modifications reduced
the error in simulated surface density from 127 to 38 kg m−3.
Attempts to apply the modification proposed by Lackner et
al. (2022) to TVC within this study found that the increased
parameters produced unrealistic densities throughout the en-
tire snowpack (> 800 kg m−3). We therefore chose to imple-
ment the parameters proposed by Royer et al. (2021) (R21)
and two further parameter values of cp = 39 kg m−7/2 s1/2
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Figure 1. Model ensemble schematic showing the modified SVS2-Crocus schemes for Arctic application. Green initials illustrate the default
parameterisations, blue initials illustrate other existing parameterisations, and red illustrates the Arctic-focused parameterisations imple-
mented. For a description of both green and blue options, see Lafaysse et al. (2017) and Vionnet et al. (2012). The options in red are
described in the main text. A description of the acronyms can be found in Table A1.

and cp = 32.5 kg m−7/2 s1/2 (described as GW1 and GW2
in Fig. 1) to account for the uncertainties associated with
the impact of wind speed on snowfall density (Walter et al.,
2023).

Wind speed also acts to increase surface snow density (ρ)
during drifting and blowing snow events with or without con-
current snowfall. This is incorporated within Crocus follow-
ing the parameterisation of Vionnet et al. (2013):

∂ρi

∂t
=
ρmax− ρi

τi
(2)

τi =
τ

windeffect0i,drift
, (3)

where for a given snow layer iρmax is the maximum density
of the snow surface layers, and windeffect is a parameter that
modulates an increased rate in density for a given snow trans-
port intensity. The parameterisation was developed for alpine
snow and aims to represent the effect of surface snow frag-
mentation during wind-induced snow transport and the asso-
ciated increase in surface snow density (Comola et al., 2017;
Walter et al., 2023). Previous studies have shown that the

windeffect parameter needs to be adjusted for Arctic snow to
account for high wind speeds (Barrere et al., 2017; Royer et
al., 2021). We first follow the approach of Royer et al. (2021)
and increase the windeffect coefficient from 1 to 3 to ac-
count for an underestimation of the effect of wind on sur-
face snow density, implemented into the Arctic ensemble as
R21W. Royer et al. (2021) found that the increased rate re-
duced the RMSE from 73.9 % to 63.4 % and mean bias from
11.2 % to 9.6 % in density layers at their four reference sites.

As a second option for the snowdrift scheme, we raise
the maximum density of snow impacted by wind from 350
to 600 kg m−3, following the work of Barrere et al. (2017),
Royer et al. (2021), and Lackner et al. (2022) (R21R). Mea-
sured Arctic snow density profiles from TVC (Rutter et al.,
2019; Derksen et al., 2014), Eureka (King et al., 2020), and
Cambridge Bay (Meloche et al., 2022; Royer et al., 2021)
all show densities exceeding current modelled density within
surface snow layers (Domine et al., 2019). We create one fi-
nal wind effect option by combining the increased windeffect
coefficient and raised the maximum density of snow im-
pacted by wind to investigate process interactions (R21F).

https://doi.org/10.5194/tc-18-5685-2024 The Cryosphere, 18, 5685–5711, 2024
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The basal vegetation effect comprises three modifications
to snow compaction and snowdrift schemes. The default con-
figuration for snow compaction within Crocus follows that of
Vionnet et al. (2012) and is controlled by the weight of the
overlying snow and viscosity of each snow layer, working to
increase the density of the layer below according to

dD
D
=
−σ

η
dt, (4)

where D is the layer thickness, dt is the model time step, σ
is the weight of the overlying snow, and η is snow viscosity.
Following the approaches of Domine et al. (2016), Gouttevin
et al. (2018), and Royer et al. (2021), we deactivated wind
compaction and increased η under a set vegetation height that
reduced the rate of densification through compaction pro-
cesses. We implemented a vegetation height of 0.1 m after
analysis of basal vegetation heights around TMM. Below the
vegetation height, we deactivate the snowdrift scheme (R2D)
(Royer et al., 2021) and increase snow viscosity by a fac-
tor of 10 (R2V) (Domine et al., 2016; Royer et al., 2021).
Modifications R2D and R2V are also investigated together
in combination as R21.

The default parameterisation for snow thermal conductiv-
ity within SVS2-Crocus (Y81; Yen, 1981) was interchange-
able with two other parameterisations (I02, Boone, 2002;
C11, Calonne et al., 2011) within ESCROC. Two addi-
tional parameterisations of Sturm et al. (1997) and Fourteau
et al. (2021) were implemented into Arctic SVS2-Crocus,
which have been found to improve the simulation of snow
thermal conductivity at TVC (Dutch et al., 2022) due to
their development specific to Arctic and sub-Arctic snow
(Eq. 18, Fourteau et al., 2021). The formulation of Calonne
et al. (2011) was included within the Arctic ensemble due to
their use of 3D tomographic images of most snow types (in-
cluding depth hoar grains). We therefore developed thermal
conductivity to include these formulations as S97 (Sturm et
al., 1997), F21 (Fourteau et al., 2021) and C11 (Calonne et
al., 2011).

The default and Arctic SVS2-Crocus ensembles consid-
ered in this study are composed of a random selection of 120
members, where each member draws a random combination
of parameterisations from only the default (default SVS2-
Crocus) or Arctic (Arctic SVS2-Crocus) versions of SVS2-
Crocus. A random selection of 120 members can be consid-
ered a suitable selection process and number to capture the
uncertainty in a snow model ensemble (Cluzet et al., 2021).
We then allow members to draw a random combination of
parameterisations from both the default and Arctic versions
of SVS2-Crocus to produce a mixed ensemble. If simulations
produced by Arctic parameterisations can be statistically dis-
tinguished from those originating from the default parameter-
isations within the mixed ensemble (i.e. higher frequency of
occurrence among the best-performing members), the Arc-
tic parameterisations are deemed to be adding value to the
simulation of snowpack properties.

3.3 Model evaluation metrics

Three evaluation metrics were considered to evaluate the
simulation of snow depth, SWE, bulk density, and profiles of
density and SSA (as per Table 1): the root-mean-square er-
ror (RMSE), spread skill (SS), and continuous ranked prob-
ability score (CRPS). We use RMSE as a measure of the
accuracy between modelled and measured outcomes. The
SS of an ensemble measures the ratio of the root-mean en-
semble spread to the RMSE of the ensemble against a mea-
sured result (Lafaysse et al., 2017). An SS value of 1 indi-
cates perfect dispersion (i.e. representative of typical error)
and that the measurements lie within the ensemble spread
(Fortin et al., 2014). The CRPS assesses the accuracy of a
probabilistic forecast in comparison to a measured result,
calculated by comparing the cumulative distribution function
(CDF) for the simulated result against the measured dataset
(Bröcker, 2012). The CRPS value has the same unit as the
measured variable where a score of 0 is an accurate simula-
tion (Lafaysse et al., 2017). The RMSE, SS, and CRPS scores
are generated for the overall ensemble (error and spread of
the ensemble as a whole). When computed for an individ-
ual ensemble member, the CRPS score corresponds to the
mean absolute error (MAE) of the simulation. We refer to
the MAE of an individual ensemble member as the CRPS
score (Sect. 4.3). CRPS scores are ranked for the identifica-
tion of best-performing ensemble members. For profiles of
density and SSA, all statistics are calculated for the depth
hoar fraction (DHF). The DHF of each measured profile was
determined by identifying transitions in the density and/or
SSA. The transition between the SSA for different layers is
often more distinct than density (Rutter et al., 2009), provid-
ing a sharper transition between wind slab (WS) and depth
hoar that can be visibly identified. Where the transition be-
tween the snow types occurs, the density and/or SSA value
is noted and cross referenced with those presented in Fig. 9
of Rutter et al. (2009). DHF values varied from 42 % to 74 %
across the investigated snow seasons and are applied to the
normalised profiles of simulated density and SSA. Measured
and simulated density and SSA profiles report different verti-
cal resolutions; therefore, we rescale each individual profile
to a 0.005 m grid interpolated using layer thickness, begin-
ning at 0 m and ending at 1 m. All snow layers above the DHF
are classified as high-density surface snow (Wind Slab). Veg-
etation in the base layer of an Arctic snowpack makes density
and IceCube measurements difficult, meaning measurements
do not always reach the base of the snowpack, which may
impact the evaluation of simulated basal layer density and
SSA.
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4 Results

4.1 SWE, snow depth, and bulk density

A large fraction of total annual snow accumulation at TVC
typically occurs from September through mid-January (50–
150 kg m−2 of SWE), followed by smaller snowfall events
that lead to peak SWE around mid-April in most years
(Figs. 2, B1). Snow melt-out occurs around late May–early
June (Figs. 2, B1, and B2). As snow begins to accumulate,
simulated bulk density reaches 200–400 kg m−3 and remains
consistent until late April, when the snowpack begins to melt
(May–June) and there is a sharp increase in bulk density,
reaching values above 550 kg m−3 (Figs. 2, B3).

Differences in seasonal evolution of simulated and mea-
sured snow depth, SWE, and bulk density were found over
the 1991–2023 period. Model overestimation, good model
agreement, and model under-estimation in simulated snow
depth and SWE are observed when compared to measure-
ments, depending on the year considered (Fig. 2). These bi-
ases can be explained in some part by the meteorological
forcing data. Figure 2 (2004–2005) highlights that prior to
an increase in snow depth, both the default and Arctic SVS2-
Crocus show good agreement with SR50 measurements un-
til an extra input of snowfall is added to the model, which
is not reflected in the time series of SR50 snow depth mea-
surements. This simulated overestimation is then maintained
for the entire winter. Uncertainties in the reference measure-
ments, including small-scale spatial variability, can also con-
tribute to apparent model biases: during 2018–2019 (Fig. 2),
the SR50 snow depth measurements indicated much deeper
snow depth than manual snow course measurements. In this
case, a snow drift observed in the SR50 footprint during field
campaigns, caused by surrounding topography and prevail-
ing wind direction, led to exaggerated differences between
simulated and measured snow depth. SVS2-Crocus simula-
tions in 1D are unable to account for these point measure-
ment uncertainties.

Statistical analysis of simulated and observed peak SWE
for 1991–2003 demonstrates that both the default and Arc-
tic SVS2-Crocus show good agreement with measured re-
sults for the simulation of SWE (default RMSE – 55 kg m−2;
Arctic RMSE – 55 kg m−2) and snow depth (default RMSE
– 0.20 m; Arctic RMSE – 0.17 m) at TVC (Fig. 3, Table 1).
Similar magnitudes of SWE are simulated by both ensembles
(default mean – 128 kg m−2; Arctic mean – 130 kg m−2).
Wind effect modifications applied to Arctic SVS2-Crocus in-
crease surface layer density, leading to a higher bulk density
(default mean – 239 kg m−3; Arctic mean – 278 kg m−3; Ta-
ble 1, Fig. B3) and shallower snow depths (default mean –
0.54 m; Arctic mean – 0.47 m) than the default SVS2-Crocus.

The results in Fig. 3 show that both the default and Arc-
tic SVS2-Crocus simulate very similar bulk properties, with
the spread of both ensembles overlapping across the 32
years investigated (Fig. 3, Appendix B). The spread of the

Arctic SVS2-Crocus ensemble better captures the variabil-
ity in SWE measurements (default SS – 1.23; Arctic SS –
1.13), whereas the default ensemble performs better for snow
depth (default SS – 0.90; Arctic SS – 0.75) and bulk den-
sity (default SS – 1.08; Arctic SS – 0.67). CRPS scores for
the simulation of SWE (default CRPS – 39 kg m−2; Arctic
CRPS – 40 kg m−2), snow depth (default CRPS – 0.13 m;
Arctic CRPS – 0.12 m), and bulk density (default CRPS
– 35 kg m−3; Arctic CRPS – 40 kg m−3) are consistent be-
tween both ensembles. As the spread of both the default and
Arctic SVS2-Crocus overlap across each year, for each snow-
pack property, the modifications applied to Arctic SVS2-
Crocus are not significant in comparison to the known uncer-
tainty in snow modelling (Lafaysse et al., 2017). However, as
Arctic modifications have a notable impact on the density of
the snowpack, increasing the bulk density by 39 kg m−3, it is
necessary to look further into the impact of these modifica-
tions by analysing simulated profiles of density.

4.2 Profiles of density and SSA

We first analyse measured profiles of density at TVC across
the 2018–2019 winter and the four winter seasons for a
March snowpack. Measured profiles of density exhibit the
typical structure of Arctic snowpacks: low-density basal lay-
ers ranging between 200 and 300 kg m−3 (mean measured
density of DHF – 228 kg m−3; Table 2, Figs. 4 and 6) overlain
with higher-density surface layers ranging between 200 and
400 kg m−3 (mean measured density of WS – 322 kg m−3;
Table 2, Figs. 4 and 6). The vertical pattern of measured
SSA follows density, with lower SSA values for basal lay-
ers (ranging between 7 and 20 m2 kg−1; Figs. 5 and 7) and
higher SSA values for surface layers (ranging between 15
to 50 m2 kg−1; Figs. 5 and 7). The density profile from
November 2018 was measured early in the snow season and
shows less variability and range than other snow seasons
(Fig. 4), as the snowpack was shallow, and metamorphism
in basal layers and compaction in surface layers had little
time to affect the density. A rain-on-snow event that occurred
on 15 January 2018 led to the sharp increases in density
(∼ 917 kg m−3) observed in March 2018 that were retained
within the snowpack across the entire winter. Variability in
the density of the top 20 % of the January 2019, March 2019,
and March 2022 snowpacks was greater than in other win-
ter seasons due to sampling during a fresh snowfall event
(Figs. 4 and 6).

Over the course of the 2018–2019 winter season, the de-
fault SVS2-Crocus simulated a snowpack subject to con-
sistent compaction, with basal layers increasing in density
from ∼ 200 kg m−3 in November 2018 to ∼ 300 kg m−3 in
March 2019 (Fig. 4). Arctic modifications are effective in
simulating lower-density basal layers < 300 kg m−3, over-
lain by higher-density surface layers (200 to 400 kg m−3) that
develop over the winter season. As the season progresses and
snow depth increases, the basal vegetation effect modifica-
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Figure 2. Evolution of simulated SWE (kg m−2), snow depth (m), and bulk density (kg m−3) during selected snow seasons: overestimation
of model SWE and snow depth (2004–2005), good model agreement (2002–2003), and model underestimation (2018–2019) for the default
(blue ensemble with blue median) and Arctic SVS2-Crocus (red ensemble with red median). Green crosses represent the average of manual
snow course measurements around peak SWE accumulation. Hourly averaged SR50 measurements are represented by the black lines.

Figure 3. Distribution of simulated SWE (kg m−2), snow depth (m), and bulk density (kg m−3) by the default and Arctic SVS2-Crocus,
1991–2023, calculated at the time of snow course measurements (around peak SWE accumulation). Dashed vertical lines represent mean
values of each ensemble. Green crosses (mean) and error bars (range) represent the range of snow measurements taken around peak SWE.
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Table 1. Mean, RMSE, SS, and CRPS scores for measured and simulated SWE (kg m−2), snow depth (m), and bulk density (kg m−3) for
the 1991–2023 snow seasons at the time of snow course measurements (around peak SWE accumulation), represented by green crosses in
Figs. 2 and 3. Statistics in italics represent mean, RMSE, SS, and CRPS scores computed using SR50 measurements across all 32 winter
seasons.

Mean RMSE SS CRPS

SWE (kg m−2)
Measured 105 – – –
Default 128 55 1.23 39
Arctic 130 55 1.13 40

Depth (m)
Measured 0.44 (0.33) – – –
Default 0.54 (0.37) 0.20 (0.22) 1.34 (0.90) 0.13 (0.13)
Arctic 0.47 (0.31) 0.17 (0.18) 1.62 (0.75) 0.12 (0.11)

Bulk density (kg m−3)
Measured 236 – – –
Default 239 54 1.08 35
Arctic 278 68 0.67 40

Table 2. Mean, RMSE, SS, and CRPS scores for measured and simulated snow density (kg m−3) and SSA (m2 kg−1) for the March 2018,
March 2019, March 2022, and March 2023 snow seasons. Scores are separated for depth hoar and wind slab.

Wind slab Depth hoar

Mean RMSE SS CRPS Mean RMSE SS CRPS

Density (kg m−3)
Measured 322 – – – 228 – – –
Default 177 176 0.31 134 268 67 0.38 54
Arctic 283 103 0.92 93 280 65 1.06 62

SSA (m2 kg−1)
Measured 25.7 – – – 14.8 – – –
Default 12.9 14.3 1.7 12.6 5.9 9.6 0.3 8.3
Arctic 16.0 10.4 1.6 9.9 6.3 7.9 0.9 8.2

tions counteract the dominance of compaction found within
the default SVS2-Crocus and lead to a sharp drop in simu-
lated density (reduction of ∼ 50 kg m−3 in November 2018).
This decrease in density is retained within the snowpack
over the entire winter season, with a greater reduction of
∼ 150 kg m−3 simulated by March 2019. Wind effect modifi-
cations applied to Arctic SVS2-Crocus compact surface lay-
ers over the snow season, increasing densities from ∼ 200 to
400 kg m−3 by March 2019 (Fig. 4).

Across the four winter seasons for a March snowpack,
the dominance of compaction is clear when using the de-
fault SVS2-Crocus where the ensemble simulated high-
density basal layers (default mean DHF – 268 kg m−3) over-
lain with lower-density surface layers (default mean WS –
177 kg m−3; Table 2, Fig. 6) across each year. The appli-
cation of wind effect modifications in Arctic SVS2-Crocus
were effective in compacting the surface layers of the snow-
pack, increasing the mean density to 283 kg m−3 and reduc-
ing the RMSE by 41 % (default WS RMSE – 176 kg m−3;
Arctic WS RMSE – 103 kg m−3; Table 2, Fig. 6), leading
to ensemble divergence in all years. Basal vegetation ef-
fect modifications were less effective in reducing the er-
ror for simulated basal layer density (default DHF RMSE

– 67 kg m−3; Arctic DHF RMSE – 65 kg m−3; Table 2,
Fig. 6). As measurements were not always available for
the base of the snowpack due to the impact of shrubs and
vegetation, we compared the lowest 10 cm of each pro-
file where measurements were available for fair statistical
analysis of the basal vegetation effect modifications. Arc-
tic SVS2-Crocus simulated a mean depth hoar snow den-
sity that better matched measurements (by 15 kg m−3; Ta-
ble C1) than the default SVS2-Crocus, with a higher error
(default RMSE – 69 kg m−3; Arctic RMSE – 79 kg m−3; Ta-
ble C1) due to a larger ensemble spread leading to higher
variance from the measurements. SSA exhibited less vari-
ability than density across each year. Both the default and
Arctic SVS2-Crocus simulated low SSA values for the base
of the snowpack (default mean DHF – 5.9 m2 kg−1; Arc-
tic mean DHF – 6.3 m2 kg−1; Table 2, Fig. 7), with Arc-
tic SVS2-Crocus slightly reducing the error (default RMSE
DHF – 9.6 m2 kg−1; Arctic RMSE DHF – 7.9 m2 kg−1; Ta-
ble 2, Fig. 7). SSA increased towards the surface in both
simulations, reaching maximum values of 60 m2 kg−1 in
March 2022 due to a recent snowfall event causing the sim-
ulation of low-density surface snow. SSA values for surface
snow layers are underestimated in both ensembles (measured
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Figure 4. Comparison of measured and simulated vertical profiles of density (kg m−3; median, interquartile range) by the default and Arctic
SVS2-Crocus from the November 2018, January 2019, and March 2019 winter field campaigns. Black and grey lines indicate different pit
profiles. Tables contain statistical scores of SS and CRPS for the full November 2018 and January 2019 profiles.

Figure 5. Comparison of measured and simulated vertical profiles of SSA (m2 kg−1; median, interquartile range) by the default and Arctic
SVS2-Crocus from the November 2018, January 2019, and March 2019 winter field campaigns. Black and grey lines indicate different pit
profiles. Tables contain statistical scores of SS and CRPS for the full November 2018 and January 2019 profiles.

mean WS – 25.7 m2 kg−1; default mean WS – 12.9 m2 kg−1;
Arctic mean WS – 16.0 m2 kg−1; Table 2, Fig. 7), with
Arctic modifications reducing the error by 3.9 m2 kg−1 (de-

fault RMSE WS – 14.3 m2 kg−1; Arctic RMSE WS –
10.4 m2 kg−1; Table 2, Fig. 7).

The default and Arctic SVS2-Crocus ensembles diverge
in surface layers of the snowpack for the simulation of snow
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Figure 6. Comparison of measured and simulated vertical profiles of density (kg m−3; median, interquartile range) by the default and Arctic
SVS2-Crocus from the March 2018, March 2019, March 2022, and March 2023 winter field campaigns. Black and grey lines indicate
different pit profiles.

Figure 7. Comparison of measured and simulated vertical profiles of SSA (m2 kg−1; median, interquartile range) by the default and Arctic
SVS2-Crocus from the March 2018, March 2019, March 2022, and March 2023 winter field campaigns. Black and grey lines indicate
different pit profiles.

density in all years (Figs. 4 and 6) and in some years for the
simulation of SSA (March 2019, March 2023; Figs. 5 and 7).
Wind effect modifications work to increase the density of the
surface layers of the snowpack, allowing the spread of the
Arctic SVS2-Crocus ensemble to better capture the variabil-

ity in snow pit measurements and produce a more accurate
simulation of measured density (Arctic WS SS – 0.92; Arctic
WS CRPS – 93 kg m−3; Table 2). The spread of the default
SVS2-Crocus ensemble exhibits a lower SS score (default
WS SS – 0.31) and higher CRPS score (default WS CRPS

https://doi.org/10.5194/tc-18-5685-2024 The Cryosphere, 18, 5685–5711, 2024



5696 G. J. Woolley: Multi-physics ensemble modelling of Arctic tundra snowpack properties

– 134 kg m−3), suggesting that the ensemble spread was too
narrow to capture measurement variability and was more in-
accurate in simulating measured results. Variability between
the two ensembles was lower for the simulation of SSA, with
similar SS and CRPS for both the default and Arctic SVS2-
Crocus (default WS SS – 1.7; Arctic WS SS – 1.6; default
WS CRPS – 12.6 m2 kg −1; Arctic WS CRPS – 9.9 m2 kg−1;
Table 2). Both ensembles exhibit a narrow spread for sim-
ulated SSA in comparison to the large observed differences
between measured profiles, suggesting that the uncertainty in
metamorphism is underestimated within SVS2-Crocus. Al-
though visually (Figs. 4 and 6) the basal vegetation effect
modifications appear effective at reducing basal layer den-
sity, the overall accuracy of the Arctic ensemble is similar
to that of the default SVS2-Crocus (default DHF CRPS –
54 m2 kg−1; Arctic DHF CRPS – 62 m2 kg−1). Basal veg-
etation effect modifications are evaluated individually (as
R2V and R2D) and then combined as R21 (described in
Sect. 3.2.3), producing a large ensemble spread. Analysis
of the impact of each individual modification for the lowest
10 cm of the snowpack highlights that modification R21 pro-
duces a mean value that is representative of measurements
(measured mean – 234 kg m−3; R21 mean – 215 kg m−3; Ta-
ble C2) with the lowest RMSE (60 kg m−3; Table C2) and
CRPS (45 kg m−3; Table C2) out of all basal vegetation effect
modifications. Modification R2D is not as effective at sim-
ulating basal layer densities (measured mean – 234 kg m−3;
R2D mean – 300 kg m−3; RMSE – 74 kg m−3; Table C2), im-
pacting the overall statistical analysis of the basal vegetation
effect modifications. Given that the two ensembles produce
clearly divergent estimates for snow density across all years,
we suggest that the Arctic SVS2-Crocus modifications are
worth implementing due to their ability to simulate an Arc-
tic density profile of low-density basal layers overlain with
higher-density surface layers, with an ensemble spread that
better captures the variability in snow measurements.

4.3 Ranking of ensemble members

Arctic modifications are effective in reducing CRPS scores
for the simulation of snow density in comparison to the
default parameterisations. The top 100 members of Arctic
SVS2-Crocus simulate lower CRPS scores than those of
the default SVS2-Crocus and mixed SVS2-Crocus ensem-
ble members for simulation of snow density (Fig. 8 and Ta-
bles D1–D3). Arctic ensemble members show minor varia-
tion in CRPS scores across all 120 members, varying from
74 to 94 kg m−3, in comparison to the default SVS2-Crocus
that shows high variability (CRPS scores varying from 89 to
149 kg m−3). The use of the NONE parameterisation within
the snowdrift scheme, i.e. snowdrift is not allowed to occur
from ensemble member 80 onwards, causes a sharp increase
in CRPS scores when using the default SVS2-Crocus. Mixed
ensemble CRPS scores show a consistent increase in CRPS
scores until ensemble member 104, where a rapid increase

is observed, again due to the NONE parameterisation in the
snowdrift scheme, suggesting that this is a critical parameter
driving the accuracy of the ensemble.

Figure 9 shows a count of the number of occurrences
of parameterisations in the top 30 members (lowest CRPS
scores for simulation of density) of the default, mixed, and
Arctic SVS2-Crocus ensembles. The parameterisations are
grouped by process: snowdrift, falling snow, thermal con-
ductivity, and compaction (note that liquid water content and
turbulent flux are also shown for completeness). For three of
the four modified SVS2-Crocus snowpack schemes (falling
snow density, compaction, and snowdrift), Arctic-specific
modifications are the dominant parameterisations in produc-
ing lower CRPS scores for the simulation of snow density
(R2V – compaction; R21W – snow drift; and R21 – falling
snow density; Fig. 9). Arctic modifications R2V, R21, and
R2D are present in 20 of the top 30 mixed ensemble mem-
bers; snowdrift modifications R21W and R21R occur in 24
of the top 30; and falling snow modifications R21, GW1,
and GW2 occur in 17 of the top 30 (Fig. 9; Table D3). As
these same modifications also occur most frequently in the
top 30 Arctic ensemble members that produce the lowest
CRPS scores for the simulation of snow density, we deem
these modifications to be best suited for the simulation of
snowpack properties by SVS2-Crocus within Arctic environ-
ments. Although developed for Arctic application, snowdrift
scheme modification R21F does not occur within the top 30
of the Arctic or mixed ensembles, as the parameterisation
leads to an overestimation in surface snow density at TVC
(Fig. 9). All members of the default and Arctic ensembles
within the thermal conductivity, liquid water content, and
turbulent flux schemes occur consistently within the top 30
ranked members. No member appears as a dominant option,
suggesting that the choice of parameterisation within these
schemes is not a key contributor to the simulation of snow
density in comparison to other modified schemes.

For simulation of SSA, the top 90 members of the Arctic
SVS2-Crocus ensemble produce lower CRPS scores than the
default SVS2-Crocus (Fig. S1). Arctic modifications R21F,
R21W, and R21R are the dominant parameterisations within
the snowdrift scheme and contribute towards lower CRPS
scores, occurring in 30 of the top 30 mixed ensemble mem-
bers (Fig. S2). For all other schemes investigated (e.g. falling
snow density, thermal conductivity, liquid water content,
compaction, and turbulent flux) both the default and Arctic
parameterisations occur consistently, suggesting that no new
parameterisation of Arctic SVS2-Crocus is able to improve
the simulation of SSA at TVC (Fig. S2). Figures highlighting
the comparison of CRPS scores for the simulation of SSA
and number of occurrences of each parameterisation in the
top 30 of each ensemble are provided in the Supplement.
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Figure 8. Comparison of ranked CRPS scores for all 120 members of the default, Arctic, and mixed ensembles of SVS2-Crocus for the
simulation of snow density (kg m−3) averaged over the whole snowpack in March 2018, March 2019, March 2022, and March 2023.

Figure 9. Number of occurrences of each parameterisation in the top 30 members with the lowest CRPS scores for simulation of density by
the default, mixed, and Arctic SVS2-Crocus. Blue indicates members of the default ensemble, red indicates members of the Arctic ensemble,
and black indicates members of both. Numbers in brackets represent the number of occurrences. SD – snowdrift; FS – falling snow; TC –
thermal conductivity; LWC – liquid water content; C – compaction; and TF – turbulent flux. For specific combinations of parameterisations
within each ensemble member, see Appendix D.
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5 Discussion

5.1 Simulating bulk Arctic snow properties

Implementation of Arctic modifications into SVS2-Crocus
does not produce significant differences in modelled SWE
but can affect the simulation of snow depth and bulk density.
Wind effect modifications simulated new snow of a higher
density (parameterisations R21, GW1, and GW2) and in-
creased the rate of the wind compaction processes (param-
eterisations R21F, R21W, and R21R) working to increase
surface layer density and reduce snow depth and consequen-
tial bulk density (Lackner et al., 2022; Royer et al., 2021;
Krampe et al., 2021). Without the inclusion of Arctic mod-
ifications, the default SVS2-Crocus simulated deeper snow
depths than Arctic SVS2-Crocus and also overestimated bulk
density due to the dominance of compaction due to overbur-
den weight (Vionnet et al., 2012). Overestimations in snow
depth at Arctic sites are common (Umiujaq – Lackner et al.,
2022; Bylot Island – Barrere et al., 2017; Cambridge Bay
and Samoylov – Royer et al., 2021) as SVS2-Crocus does not
account for lateral transport of snow (Vionnet et al., 2012).
Parameterising the effect of snow distribution by wind could
support reduction in overestimations in snow depth in future
studies that simulate in areas where the occurrence of blow-
ing snow events is high (Pomeroy et al., 1997). Evaluation
of bulk density was carried out at peak SWE when the per-
centage of low-density snow in the base layer of the snow-
pack is highest, as metamorphism and water vapour transport
were effective over the course of the winter (Domine et al.,
2018a), which may have led to the observed overestimations
simulated by both the default and Arctic SVS2-Crocus.

Neither the default nor Arctic SVS2-Crocus ensemble ex-
hibits perfect dispersion (SS score of 1) for the simulation of
snow depth, SWE, or bulk density at TVC. Both ensembles
are overdispersive, which may be due to evaluation being
carried out at peak SWE and not over the entire winter sea-
son as in Lafaysse et al. (2017), who found under-dispersion
when simulating using ESCROC at Col de Porte. Where we
can evaluate over the winter season for snow depth, we also
find under-dispersion for both ensembles (Fig. B2). Arctic
SVS2-Crocus exhibits a lower SS score than that of the de-
fault SVS2-Crocus for snow depth (across the winter season),
as some wind effect (R21, GW1, GW2; falling snow scheme)
parameterisations are highly correlated and only vary by pa-
rameter value (Lafaysse et al., 2017). Higher dispersion can
indicate that the optimal skill of parameterisations within
each ensemble is lower, which may explain the higher SS for
the default SVS2-Crocus when simulating SWE and snow
depth.

5.2 Capacity to simulate profiles of snowpack
properties

Implementing wind effect modifications into Arctic SVS2-
Crocus produces simulations of snow density profiles at TVC
that agree with measurements better. Wind effect modifica-
tions are effective in reducing the RMSE in simulated surface
layer density by 41 % with R21W (Table 2; increasing the in-
fluence of wind on snow compaction), identified as the most
effective modification to increase surface density due to its
high occurrence within the top 30 Arctic and mixed ensem-
ble members that produce the lowest CRPS scores (Fig. 9).
Barrere et al. (2017) implemented modification R21R (rais-
ing the maximum density impacted by wind) into Crocus and
were unable to reproduce surface layer densities that matched
measurements at Bylot Island. As we found an increase in
surface densities using R21W, we suggested that just rais-
ing the maximum density alone is not enough to match sur-
face densities in an Arctic environment and that consider-
ing wind-induced compaction is necessary. However, mod-
ification R21F proposed by Royer et al. (2021) (combining
R21W and R21R) leads to over-compaction of snow surface
layers when applied at TVC due to the occurrence of frequent
high wind speeds at this Arctic site. R21F occurs in the bot-
tom 28 of Arctic SVS2-Crocus ensemble members, with the
default SVS2-Crocus parameterisations producing more ac-
curate simulations (Fig. 9, Table D3), suggesting that the pa-
rameterisation should be revised, especially for application at
other Arctic sites with high wind speeds. Furthermore, with-
out the wind effect modifications, the default SVS2-Crocus
is unable to simulate high-density surface layers, leading to
a 45 % underestimation in wind slab density (Table 2).

R21 (snow compaction scheme) is the most effective mod-
ification at reducing basal layer density when using Arctic
SVS2-Crocus, which combines modifications R2D and R2V,
supporting the work of Royer et al. (2021) at Cambridge
Bay. Although statistically the basal vegetation effect mod-
ifications are unable to reduce basal layer densities to match
those of observations (Table 2), the high relative occurrence
of R21 within both the Arctic and mixed ensembles (Fig. 9)
and the statistical analysis of the lowest 10 cm of the snow
density profile (Appendix C), suggests that the modification
simulates snow densities that are more reflective of measured
results, in comparison to the default SVS2-Crocus parame-
terisations. As vegetation is commonly present in the base
layer of an Arctic snowpack, which makes density and SSA
measurements difficult, most measured profiles do not reach
the base of the snowpack. It is likely that the basal vegeta-
tion effect modifications appear less effective than the wind
effect modifications due to the inability to calculate statis-
tics for this area of the snowpack. For this same reason, sta-
tistical scores for the default SVS2-Crocus may be under-
estimated for the simulation of basal layer densities. Fur-
thermore, the DHF varied from 42 % to 74 % across the in-
vestigated snow seasons, which in some years incorporates
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much of the simulated profile. As a result, surface densi-
ties impacted by the wind effect modifications may be in-
cluded in the basal layer statistics, further contributing to
overestimated densities. Calculating an explicit percentage
for the DHF using pit measurements yields a value that is
representative of snow profiles at TVC and builds on pre-
vious work that applies simple approaches of splitting the
snowpack in half, with the top 50 % classified as surface lay-
ers and the bottom 50 % as the DHF (Royer et al., 2021).
Water vapour transport is the biggest driver of low-density
basal layers, and omission of the process is the main cause of
the inaccurate simulation of basal layer density within this
study and in many previous studies (Domine et al., 2019;
Barrere et al., 2017; Lackner et al., 2022). Emerging efforts
to build a microstructure-based model that will encompass
water vapour transport are therefore important but may be
too computationally expensive to implement into operational
versions of current snowpack schemes (e.g. SVS2-Crocus)
(Brondex et al., 2023). Using R21, basal layer compaction
simulated by the default SVS2-Crocus can be reduced with-
out parameterisation of water vapour transport and is a mod-
ification that can be easily implemented within operational
models. Small improvements in snow density are crucial for
permafrost modelling applications and will contribute to an
overall improvement in calculations of metamorphism and
snowpack temperature gradients for earth system modelling
(Barrere et al., 2017; Domine et al., 2019; Krampe et al.,
2021).

Basal Vegetation Effect modifications appear more effec-
tive in 2018–2019 than in 2021–2022 and 2022–2023 due
to a sudden increase in snowfall in late October 2018 that
sharply increased the snow depth from > 0.1 to > 0.5 m.
In this case, the basal vegetation effect is activated immedi-
ately, causing compaction to occur at a very low rate, and
low basal densities are then retained within the snowpack
throughout the entire winter. Inputs of snowfall are consis-
tent over the 2021–2022 and 2022–2023 winters when snow
depth increases gradually, resulting in a gradual decrease in
basal layer density over the winter.

Arctic SVS2-Crocus reduces the RMSE in the simula-
tion of SSA over the whole snow profile. Arctic modifica-
tions R21F, R21W, and R21R are dominant parameterisa-
tions within the snowdrift scheme that lead to lower CRPS
scores for the simulation of SSA as they work to modify the
microstructure of snow grains during blowing snow events,
which occur frequently at TVC. In years where Arctic SVS2-
Crocus is effective in reducing basal-layer densities, lower
SSA values are observed that better match measurements.
However, both the default and Arctic SVS2-Crocus simulate
basal SSA values that are too low in comparison to measure-
ments, which could partly be due to IceCube overestimating
SSA values for large-faceted-depth hoar grains (Martin and
Schneebeli, 2023) and/or from uncertainties in the parame-
terisation of the optical diameter (Libois et al., 2014; Car-
magnola et al., 2014). Reducing the uncertainty in the simu-

lation of snow density and SSA using Arctic SVS2-Crocus
is important for many applications, including the analysis
of satellite microwave measurements, for which initial es-
timates of snow microstructure properties are necessary for
accurate retrieval of SWE (Derksen et al., 2021; Larue et al.,
2018).

6 Conclusion

Parameterising missing Arctic processes improved the sim-
ulation of snow density and SSA (2018–2023) at TVC in
comparison to the default SVS2-Crocus. Accounting for
wind-induced compaction and the presence of basal veg-
etation impacting compaction and metamorphism allowed
Arctic SVS2-Crocus to simulate a more physically repre-
sentative snowpack of high-density surface layers overlying
lower-density basal layers. The unique opportunity to eval-
uate SVS2-Crocus over a winter season (November 2018–
March 2019) found that Arctic modifications improved the
simulation of snow density profiles throughout the whole
winter. Measurements from this winter season provided an
important contribution to model evaluation by allowing anal-
ysis of the development of simulated snow density and SSA,
which differs from the typical methodology of evaluating
using one measurement snapshot (March–April). As basal
vegetation effect modifications do not statistically improve
the simulation of low-density basal layers in comparison to
the default SVS2-Crocus, in-part due to evaluation method-
ologies, future work should consider revisions to the snow
compaction scheme. Changes should be applied to the snow
viscosity to reduce the compaction rate in the presence of
basal vegetation. The ability to evaluate the simulation of
microstructure properties at the base of the snowpack and
the performance of the basal vegetation effect parameterisa-
tions would benefit from the use of an in situ snow micro-
penetrometer (SMP; Johnson and Schneebeli, 1999) that is
not hindered by the presence of basal vegetation and can
reach the base of the snowpack. Furthermore, the parame-
terisation of water vapour transport is well known to be a key
driver of the formation of low-density basal layers, and find-
ings from this study reiterate the need for the process to be
better parameterised within SVS2-Crocus to allow simula-
tion of basal densities that match measurements. The ability
to improve the simulation of snow density and SSA using
Arctic SVS2-Crocus will, however, provide a benchmark for
development of future versions of the model that do aim to
consider water vapour transport.

Developing an ensemble that considers Arctic processes
allowed for the identification of optimal parameterisations
and combination of parameterisations for the application
of SVS2-Crocus at Arctic sites. Arctic SVS2-Crocus is ex-
pected to provide more robust conclusions than the pre-
vious literature that introduced new parameterisations but
neglected the interactions between processes. As the 100
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members of Arctic SVS2-Crocus consistently produce lower
CRPS scores than those of the default SVS2-Crocus, we
suggest that these combinations of parameterisations should
be considered for simulation of snowpack properties within
Arctic environments (Table D2). For simulation of high-
density surface layers, the most effective Arctic SVS2-
Crocus modifications are raising wind speeds to increase
compaction in snow surface layers (Barrere et al., 2017;
Royer et al., 2021) and doubling the impact of wind on fresh
snow density (Royer et al., 2021). To reduce compaction
in basal layers, both increasing snow viscosity (Royer et
al., 2021; Domine et al., 2016; Gouttevin et al., 2018) and
switching off snow drift below a set vegetation height (Royer
et al., 2021) should be considered. A combination of wind
effect and basal vegetation effect modifications, as illus-
trated by 100 members of the Arctic SVS2-Crocus ensem-
ble, are most effective in simulating a snow density profile
that matches measured results within an Arctic environment,
in comparison to the default SVS2-Crocus.

The ability to generate realistic ensemble simulations of
Arctic snowpack properties that match measurements us-
ing Arctic SVS2-Crocus provides the ability to support fu-
ture model development in the Arctic, provides improved
estimates for snow data assimilation applications, and sup-
ports accurate simulation of the ground thermal regime. As
some Arctic parameterisations have improved skill in com-
parison to the default SVS2-Crocus, the parameterisations
are expected to be implemented within the main Crocus
code, becoming available in the future in externalised ver-
sions (e.g. SURFEX). The challenge now is to test the per-
formance of Arctic SVS2-Crocus at other Arctic sites that
differ in terms of vegetation, climatology, and topography to
evaluate the spatial transferability of the Arctic parameteri-
sations.
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Appendix A: The default and Arctic SVS2-Crocus
ensemble options

Table A1. Table of the default and Arctic SVS2-Crocus ensemble options used within this study. SD – snowdrift; FS – falling snow; TC –
thermal conductivity; LWC – liquid water content; C – compaction; and TF – turbulent flux.

Snowpack

scheme

Default SVS2-Crocus

SD VI13 (Vionnet et al., 2013) DFLT (falling snow falls as
purely dendritic)

NONE (no snowdrift scheme) GA01 (Gallee et al., 2001)

FS V12 (Vionnet et al., 2012) A76 (Anderson, 1976) S02 (Lehning et al., 2002) P75 (Pahaut, 1975)
TC Y81 (Yen, 1981) I02 (Boone, 2002) C11 (Calonne et al., 2011) –
LWC B92 (Vionnet et al., 2012) B02 (Boone, 2002) O04 (Oleson et al., 2004) SPK (Boone, 2002)
C B92 (Vionnet et al., 2012) S14 (Schleef et al., 2014) T11 (Teufelsbauer, 2011) –
TF RIL (Boone and Etchevers,

2001)
DEF (Vionnet et al., 2012) M98 (Martin and Lejeune,

1998)
–

Arctic SVS2-Crocus

SD R21F (Royer et al., 2021; Lack-
ner et al., 2022; Barrere et al.,
2017)

R21W (Royer et al., 2021) R21R (Royer et al., 2021; Lack-
ner et al., 2022; Barrere et al.,
2017)

–

FS R21 (Royer et al., 2021) GW1 (this study) GW2 (this study) –
TC S97 (Sturm et al., 1997) F21 (Fourteau et al., 2021) C11 (Calonne et al., 2011) –
LWC B92 (see above) B02 (see above) O04 (see above) SPK (see above)
C R21 (Royer et al., 2021) R2V (Domine et al., 2016;

Royer et al., 2021; Gouttevin et
al., 2018)

R2D (Royer et al., 2021;
Domine et al., 2016)

–

TF RIL (see above) DEF (see above) M98 (see above) –
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Appendix B: 32-year time series of SWE, snow depth,
and bulk density (1991–2023)

Figure B1. Time series of hourly simulated snow water equivalent (SWE; kg m−2) at TVC for the 1991–2023 snow seasons. Maximum and
minimum values of the default (blue) and Arctic (red) SVS2-Crocus ensembles are represented by the shaded regions. Median values of both
ensembles are represented by solid lines. Measurements from SWE courses are represented by green crosses.
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Figure B2. Time series of hourly simulated snow depth (m) at TVC for the 1991–2023 snow seasons. Maximum and minimum values of
the default (blue) and Arctic (red) SVS2-Crocus ensembles are represented by the shaded regions. Median values of both ensembles are
represented by solid-coloured lines. SR50 measurements are displayed using solid black lines, and snow course measurements are green
crosses.
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Figure B3. Time series of hourly simulated bulk density (kg m−3) at TVC for the 1991–2023 snow seasons. Maximum and minimum values
of the default (blue) and Arctic (red) SVS2-Crocus ensembles are represented by the shaded regions. Median values of both ensembles are
represented by solid lines. Measurements from SWE courses are represented by green crosses.

Appendix C: Analysis of the lowest 10 cm of simulated
and measured snow density

Table C1. Mean, RMSE, SS, and CRPS scores for measured and simulated snow density (kg m−3) for the lowest 10 cm (starting where
measurement profiles begin) for the March 2018, March 2019, March 2022, and March 2023 snow seasons.

Mean RMSE SS CRPS

Density (kg m−3)
Measured 234 – – –
Default 277 69 0.6 51
Arctic 262 79 1.1 35

Table C2. Mean, RMSE, SS, and CRPS scores for measured and simulated (specifically basal vegetation effect modifications R21, R2D, and
R2V) snow density (kg m−3) for the lowest 10 cm (starting where measurement profiles begin) for the March 2018, March 2019, March 2022,
and March 2023 snow seasons.

Mean RMSE SS CRPS

Density (kg m−3)

Measured 234 – – –
R21 215 60 2.0 45
R2D 300 74 0.5 55
R2V 274 63 0.6 46
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Appendix D: Top 30 default, Arctic, and mixed
ensemble members for simulation of snow density

Table D1. Top 30 default ensemble members with associated CRPS scores (kg m−3).

Ensemble SD FS TC LWC C TF CRPS
member score (kg m−3)

1 DFLT S02 I02 B92 S14 M98 89.50
2 DFLT S02 I02 B92 S14 RIL 89.89
3 DFLT S02 Y81 B02 S14 M98 89.92
4 DFLT S02 Y81 SPK B92 RIL 91.18
5 GA01 S02 I02 B02 S14 RIL 91.33
6 GA01 S02 Y81 SPK S14 RIL 91.38
7 GA01 S02 I02 B92 S14 RIL 91.61
8 GA01 S02 Y81 O04 S14 DEF 91.67
9 VI13 S02 I02 O04 S14 RIL 91.88
10 DFLT S02 C11 B02 B92 DEF 91.93
11 DFLT V12 I02 B02 S14 DEF 92.37
12 GA01 S02 C11 B02 S14 DEF 93.21
13 DFLT V12 Y81 O04 S14 M98 93.49
14 DFLT V12 C11 B02 S14 M98 93.52
15 GA01 S02 Y81 B02 S14 RIL 93.64
16 VI13 S02 C11 O04 B92 M98 93.67
17 DFLT V12 Y81 SPK B92 RIL 94.22
18 DFLT V12 Y81 O04 B92 RIL 94.57
19 DFLT V12 I02 O04 B92 RIL 94.60
20 DFLT P75 I02 B02 S14 M98 94.62
21 DFLT V12 C11 SPK B92 RIL 94.73
22 DFLT A76 Y81 O04 S14 DEF 94.83
23 VI13 V12 I02 SPK B92 M98 95.06
24 DFLT A76 Y81 B02 S14 DEF 95.27
25 DFLT P75 Y81 SPK S14 RIL 95.31
26 DFLT A76 Y81 SPK B92 DEF 95.47
27 DFLT A76 Y81 SPK B92 RIL 95.47
28 GA01 V12 Y81 O04 S14 RIL 95.48
29 VI13 V12 C11 SPK B92 M98 95.55
30 DFLT A76 Y81 B92 B92 DEF 95.73
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Table D2. Top 30 Arctic ensemble members with associated CRPS scores (kg m−3).

Ensemble SD FS TC LWC C TF CRPS
member score (kg m−3)

1 R21W R21 C11 B02 R2V M98 74.04
2 R21W R21 C11 O04 R2V RIL 74.28
3 R21W GW1 C11 O04 R21 RIL 74.53
4 R21W R21 C11 B02 R21 M98 74.53
5 R21W R21 F21 O04 R21 DEF 74.88
6 R21W R21 F21 B92 R21 DEF 75.16
7 R21W R21 F21 SPK R21 DEF 75.48
8 R21W R21 S97 O04 R21 RIL 75.49
9 R21W GW1 C11 O04 R2V M98 75.69
10 R21W R21 C11 B92 R2V DEF 75.70
11 R21W GW1 C11 B02 R21 RIL 75.84
12 R21W GW2 S97 SPK R21 M98 76.60
13 R21W GW1 F21 O04 R21 RIL 76.69
14 R21W GW1 C11 SPK R2V RIL 76.71
15 R21W GW2 S97 O04 R21 DEF 76.84
16 R21W GW1 S97 B02 R2V M98 77.06
17 R21W R21 C11 B92 R2D M98 77.11
18 R21W GW1 C11 B02 R21 M98 77.28
19 R21R R21 F21 B02 R2V DEF 77.34
20 R21W GW1 S97 B02 R2V RIL 77.36
21 R21R R21 F21 O04 R2V RIL 77.55
22 R21W R21 F21 SPK R2D M98 77.63
23 R21W R21 S97 B02 R2D RIL 77.79
24 R21W R21 S97 SPK R2D DEF 77.84
25 R21R R21 S97 SPK R2V RIL 77.90
26 R21W R21 F21 O04 R2D DEF 77.92
27 R21R R21 C11 B92 R2V DEF 77.95
28 R21R GW1 C11 O04 R21 DEF 77.99
29 R21W GW2 F21 SPK R21 RIL 78.02
30 R21W GW1 F21 B92 R2V DEF 78.08
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Table D3. Top 30 mixed ensemble members with associated CRPS scores (kg m−3).

Ensemble SD FS TC LWC C TF CRPS
member score (kg m−3)

1 R21R S02 S97 B92 R21 DEF 75.48
2 R21W R21 S97 SPK R21 RIL 76.05
3 R21W GW2 Y81 O04 R2V M98 76.67
4 R21W GW2 I02 B02 R21 M98 76.67
5 R21W S02 C11 B92 R2D RIL 77.06
6 R21W S02 F21 SPK R2D DEF 77.38
7 R21W R21 S97 O04 B92 M98 78.04
8 R21W GW2 C11 B02 R2V DEF 78.12
9 R21W P75 I02 B02 R21 RIL 79.43
10 R21R S02 Y81 B02 S14 RIL 79.88
11 DFLT R21 I02 SPK R2V DEF 80.32
12 R21R S02 F21 B92 B92 RIL 80.39
13 R21W GW2 Y81 B02 R2D M98 80.41
14 R21R S02 F21 O04 R2D M98 80.73
15 GA01 R21 Y81 O04 R2V DEF 80.80
16 R21W P75 F21 B92 R2V DEF 80.82
17 GA01 R21 C11 B92 R2V DEF 80.88
18 R21R GW1 I02 SPK R21 M98 80.92
19 R21R P75 I02 SPK R2V DEF 81.05
20 VI13 R21 C11 B92 R21 DEF 81.19
21 R21W V12 S97 O04 B92 M98 81.41
22 GA01 R21 I02 O04 R2V M98 81.45
23 R21W GW1 S97 SPK S14 RIL 82.03
24 R21W P75 Y81 O04 S14 DEF 82.05
25 R21R R21 F21 SPK B92 RIL 82.18
26 VI13 R21 F21 B92 R2V M98 82.35
27 R21R V12 Y81 B92 R2V DEF 82.46
28 R21W V12 C11 B92 T11 M98 82.48
29 R21W P75 I02 SPK B92 RIL 83.18
30 R21R GW1 I02 B92 S14 DEF 83.25
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