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Abstract. The forest–tundra ecotone is a large circumpo-
lar transition zone between the Arctic tundra and the boreal
forest, where snow properties are spatially variable due to
changing vegetation. The extent of this biome through all cir-
cumpolar regions influences the climate. In the forest–tundra
ecotone near Umiujaq in northeastern Canada (56◦33′31′′ N,
76◦28′56′′W), we contrast the snow properties between two
sites, TUNDRA (located in a low-shrub tundra) and FOR-
EST (located in a boreal forest), situated less than 1 km apart.
Furthermore, we evaluate the capability of the snow model
Crocus, initially developed for alpine snow, to simulate the
snow in this subarctic setting. Snow height and density dif-
fered considerably between the two sites. At FOREST, snow
was about twice as deep as at TUNDRA. The density of snow
at FOREST decreased slightly from the ground to the snow
surface in a pattern that is somewhat similar to alpine snow.
The opposite was observed at TUNDRA, where the pattern
of snow density was typical of the Arctic. We demonstrate
that upward water vapor transport is the dominant mecha-
nism that shapes the density profile at TUNDRA, while a
contribution of compaction due to overburden becomes vis-
ible at FOREST. Crocus was not able to reproduce the den-
sity profiles at either site using its standard configuration.
We therefore implemented some modifications for the den-
sity of fresh snow, the effect of vegetation on compaction,
and the lateral transport of snow by wind. These adjustments
partly compensate for the lack of water vapor transport in the

model but may not be applicable at other sites. Furthermore,
the challenges using Crocus suggest that the general lack of
water vapor transport in the snow routines used in climate
models leads to an inadequate representation of the density
profiles of even deep and moderately cold snowpacks, with
possible major impacts on meteorological forecasts and cli-
mate projections.

1 Introduction

Seasonal snowpacks significantly increase surface albedo
(Cohen and Rind, 1991) and soil insulation (Meredith et al.,
2019) and are thus critical to the planet’s surface energy bud-
get. In terms of spatial coverage, most seasonal snowpacks
are found in the Arctic tundra and boreal forest biomes, with
clear structural differences between the two. In the tundra,
snow is usually shallow and has few distinct layers, whereas
in the boreal forest, snow is deeper and has a more complex
stratigraphy (Royer et al., 2021a). The transition zone be-
tween both biomes is called the forest–tundra ecotone and
includes areas of short tundra vegetation alongside forest
patches. As snow height depends on the density and height
of the vegetation, the resulting snow cover is heterogeneous
(Roy-Léveillée et al., 2014). Little is known about the snow
structure in the forest–tundra ecotone, whose properties are
evolving quite rapidly. Indeed, in their study, Ju and Masek
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(2016) found that 29.4 % of the land cover in Alaska and
Canada showed greening trends. According to their findings,
the greening occurred primarily in the tundra, with Que-
bec and Labrador being the most affected regions. Consider-
ing these significant changes, the extent of the forest–tundra
ecotone throughout circumpolar regions, and its role in the
global climate, more research is essential.

The weather conditions to which Arctic snow is typically
exposed differ considerably from conditions generally found
in the boreal forest further south (Sturm et al., 1995; Royer
et al., 2021a). During the cold season in the Arctic tundra,
very low air temperatures occur, together with low precipi-
tation and high wind speeds. The result is a shallow snow-
pack with strong vertical temperature gradients, particularly
in the fall when the ground is not yet frozen. Consequently,
the dominant processes that shape the snowpack structure are
the upward transport of water vapor, driven by the high tem-
perature gradient, and the wind-induced compaction of the
upper layers. This creates a low-density layer of depth hoar
at the bottom and a hard, dense, wind-packed layer at the top
(Domine et al., 2015, 2016b). Contrarily, in the boreal for-
est, air temperatures and precipitation are typically higher,
while wind speeds are lower. Thus, the snowpack is deeper
and the vertical temperature gradient is smaller (Royer et
al., 2021a). This is particularly true for the boreal forest of
northeastern Canada, where precipitation is relatively high
compared to Alaska or Siberia (Groisman and Easterling,
1994). In forested environments, the compaction of the lower
snow layers due to the weight of the upper layers becomes
the dominant process, similar to alpine snow. This results
in a snow cover that is spatially complex, where patches of
typical Arctic snow blend into patches of alpine-like snow
(Morin et al., 2013).

Detailed snow models like Crocus (Vionnet et al., 2012)
and SNOWPACK (Bartelt and Lehning, 2002; Lehning et
al., 2002a, b) have been applied in the Arctic with limited
success. Studies using both Crocus (Barrere et al., 2017,
and Royer et al., 2021b) and SNOWPACK (Gouttevin et al.,
2018) show that Arctic snow is generally not well-modeled
as the simulated density profiles do not match the observa-
tions. The lack of consideration of water vapor fluxes is sus-
pected to be one of the main reasons for this (Domine et al.,
2019). These models have been developed for alpine appli-
cations (Brun et al., 1989; Bartelt and Lehning, 2002), so
the dominant process that controls the density profile in the
models is the compaction that results from overburden. To
overcome the lack of water vapor transport, Barrere et al.
(2017), Gouttevin et al. (2018), and Royer et al. (2021b) all
introduced modifications, without explicitly simulating water
vapor transport, by increasing the maximum density of wind-
induced snow compaction and adapting compaction to vege-
tation characteristics. This considerably improved the simu-
lated density profiles and made them more comparable to ob-
servations at the site scale. On the other hand, simulations in
the boreal forest have so far focused on the snow water equiv-

alent (SWE). Studies in Canada (Bartlett et al., 2006; Oreiller
et al., 2014) and Eurasia (Brun et al., 2013; Decharme et al.,
2016) showed that the bulk density and the SWE could be
simulated reasonably well within the boreal forest. However,
the ability of those models to adequately simulate density
profiles has yet to be tested.

Here, we present data on the internal physical properties of
subarctic snowpacks to show that the transport of water va-
por is an important process shaping the vertical snow density
profile in both tundra and forest-dominated areas. Further-
more, we test the performance of the snow model Crocus and
explore adjustments that compensate for the lack of a water
vapor transport mechanism in the model.

2 Methodology

2.1 Study site

Our study site was located in the Tasiapik valley, near
the village of Umiujaq, Quebec, Canada (56◦33′31′′ N,
76◦28′56′′W), on the eastern shore of Hudson Bay. The val-
ley is 4.5 km long and 1.3 km wide, with elevations ranging
from 0 to over 350 m above sea level, and is at the transi-
tion between the boreal forest and the Arctic tundra (Fig. 1).
While the upper part of the valley is dominated by lichen
and shrub tundra, the vegetation in the lower part consists
of a mixture of forest and high shrubs. The shrubs (mainly
dwarf birch Betula glandulosa) are between 0.2 and 1 m tall
and cover 70 % to 80 % of the upper valley. The trees in the
lower valley consist of black spruce (Picea mariana) up to
5 m tall and are estimated to cover roughly 20 % of the sur-
face, while the majority is covered by medium-height shrubs
(Salix spp. and Betula glandulosa) with willows reaching 2–
3 m in height. Soils are predominantly sandy (Lemieux et
al., 2020). While the soil in the upper part of the valley con-
sists almost exclusively of sand (> 90 %), the sand fraction is
lower in forested areas, although no detailed measurements
were available to quantify it. For more details about the study
site, see Lackner et al. (2021) and Gagnon et al. (2019).

2.2 Instrumental setup

Two stations were deployed in the valley. One was located
in the middle part (FOREST, ≈ 80 m above sea level, see
Fig. 1c) and the other was in the upper part (TUNDRA, ≈
140 m above sea level, see Fig. 1d), with a distance of about
900 m between the two. The full radiation budget (CNR4,
Kipp and Zonen, the Netherlands), air temperature and rela-
tive humidity (model HMP45, Vaisala, Finland), wind speed
(A100, Vector Instruments, UK), and snow height (SR50,
Campbell Scientific, USA) were measured at 2.3 m above
ground at both sites. Additional measurements of wind speed
and direction at a height of 10 m (model 05103, R. M. Young,
USA), specific humidity (IRGASON, Campbell Scientific,
USA), and precipitation at a height of 1.5 m (T200B, Geonor,
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Figure 1. (a) Location of the study site on the eastern shore of Hudson Bay, Quebec, Canada. (b) View of the Tasiapik valley towards the
southwest, where the bottom (left) is covered with trees and the top (right) with tundra. Note the presence of the cuesta that delimits the
valley. (c) FOREST station. (d) TUNDRA station. The dotted line is the boundary between the forested area and the shrub and lichen tundra.

USA) were also collected at TUNDRA, some 20 m away.
The nearby trees did not obstruct the instruments at the
FOREST site, and the surface underneath them was covered
with grass. Snow temperature and thermal conductivity were
measured at both sites using vertical poles equipped with
TP02/TP08 heated needle probes (Hukseflux, the Nether-
lands). At TUNDRA, five needles were installed at heights
of 4, 14, 29, 44, and 64 cm above the surface of a 10 cm thick
lichen cover, whereas four needles were installed at FOR-
EST in a patch of grass at heights of 4, 14, 29, and 64 cm
above the base of the grass. The measurement principle of the
TP02/TP08 heated needles is detailed in Morin et al. (2010)
and Domine et al. (2015, 2016b). In short, each needle has a
heated section and an unheated reference thermometer. The
temperature of both is recorded when the needle is heated.
The temperature difference between the two parts is then
plotted against the logarithm of the time elapsed since the
onset of heating. The effective snow thermal conductivity keff
is inversely proportional to the slope of the resulting regres-
sion line. According to Domine et al. (2016b), the uncertainty
in the thermal conductivity can be as high as 29 %. Lastly,
three time-lapse cameras were installed at TUNDRA, which
were used to qualitatively observe the transport of snow and
to check to which extent the snow poles were covered.

Snow field surveys were conducted once or twice a year
from 2012 to 2019 at different times throughout the winter
(from January to April). During each field survey, snow pits
were dug at several locations around the two study sites and
further away in a perimeter of several hundred meters en-
compassing the site, with similar vegetation. A subset of the
snow pit data (from 2012 to 2015) is presented in Domine

et al. (2015). For each snow pit, the grain types of the lay-
ers were identified, and the density and temperature profiles
were measured. For some snow pits, the thermal conductiv-
ity profiles were also measured with a portable instrument
equipped with a TP02 heated needle. A 100 cm3 box cutter
(Conger and McClung, 2009) and a field scale were used to
measure the density profiles. The vertical spacing was mostly
3 cm between measurements but was increased to 5 cm for
some snow pits, essentially those with deeper snow. At FOR-
EST, snow pits were dug at some distance from trees, so snow
interception can be neglected.

2.3 ISBA–Crocus land surface and snow models

Crocus and ISBA (interaction sol–biosphère–atmosphère:
interactions between soil–biosphere–atmosphere) are part of
the SURFEX modeling platform version 8.1 (http://www.
umr-cnrm.fr/surfex/, last access: 20 January 2022) devel-
oped by Météo-France. ISBA (Noilhan and Planton, 1989;
Decharme et al., 2011) simulates water and energy ex-
changes between the atmosphere, the vegetation, and the soil.
In the presence of snow, Crocus is activated. Crocus (Vion-
net et al., 2012) is a physically based snow scheme that can
distinguish up to 50 snow layers each defined by their thick-
ness, temperature, density, liquid water content, age, and
microstructural properties (optical diameter and sphericity).
These properties evolve according to physical processes such
as thermal conduction, snow metamorphism, and snow com-
paction. When new snow is added to the snowpack following
precipitation events, its temperature is equal to the tempera-
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ture of the uppermost snow layer. In Crocus, there is no con-
sideration for snow–vegetation interactions.

A first adaption of Crocus to Arctic snow has already been
introduced in Vionnet et al. (2012) in order to simulate blow-
ing snow events. However, the 1D nature of the model does
not allow a direct simulation of snow erosion and accumu-
lation and the associated effects (additional compaction and
increased sublimation rates). Thus, two separate processes
have been implemented in Crocus to simulate blowing snow:
first, sublimation can be increased to simulate the loss of
snow, effectively reducing the mass of the snowpack, or sec-
ond, the upper layers can be densified without changing the
mass of the snowpack. For the first option, the quantity of
sublimating snow is increased due to blowing snow episodes
and follows the parametrization of Gordon et al. (2006), with
the corresponding mass being subtracted from the snowpack.
This option was not activated here in order not to artificially
increase sublimation rates. In other words, sublimation is in-
cluded in the study, but it is not increased by the blowing
snow parameterization. For the second option, enabled here,
the upper snow layers are additionally compacted according
to the following equation:

δρ

δt
=
ρmax− ρ

τ
, (1)

where ρ is the current density of the upper snow layer, ρmax
is the maximum density (set as 350 kgm−3 by default), and
τ is a timescale set to 48 h. We raised the maximum value
ρmax to 600 kgm−3, as suggested in Barrere et al. (2017) and
Royer et al. (2021b) for Arctic applications.

Barrere et al. (2017) showed that the default version of
Crocus was not capable of correctly simulating density pro-
files that were observed in Arctic snow. Preliminary simula-
tions at our study site led to the same conclusion. We there-
fore deemed it relevant to explore modifications to the code
that are all based on physical processes specific to the Arc-
tic environment in order to remedy this shortcoming. We
chose to focus on three key processes that were suggested
by Barrere et al. (2017), Gouttevin et al. (2018), and Royer
et al. (2021b): densification by wind, particularly the densi-
fication of fresh snow (Snowfall), compaction due to over-
burden (Compaction), and the lateral transport of snow dur-
ing blowing snow events (Blowing snow). Note that our goal
here is not to propose an optimal parametrization of these
processes but rather to explore whether their adaptation to
the low-Arctic context can improve simulations. For the first
process Snowfall, there are three options for fresh snow den-
sity in the default version of Crocus (Vionnet et al., 2012,
Schmucki et al., 2014 and Anderson, 1976), as detailed in
Lafaysse et al. (2017). All three depend on wind speed and air
temperature (except for the one from Anderson, 1976, which
depends on temperature only). All three lead to rather low
densities given the cold temperatures typically found in the
Arctic. As in Royer et al. (2021b), we used the parametriza-

tion of Vionnet et al. (2012) for the fresh snow density ρn:

ρn =max(50,aρ + bρ(Ta− Tfus)+ cρ
√
U), (2)

where aρ = 109 kgm−3, bρ = 6 kgm−3 K−1, and cρ =
26 kgm−7/2 s1/2 are parameters, and Tfus is the melting point
of water. Equation (2) is driven by air temperature (Ta) and
wind speed (U ). Motivated by the fact that the top layers of
the snowpack are usually very hard in Arctic environments,
we opted to increase the density of fresh snow by doubling
the parameter aρ and multiplying cρ by 5. These values were
obtained with a sensitivity analysis in which we varied aρ
and cρ in order to obtain a good agreement between the sim-
ulated and observed densities of the top of the snow cover.
Vegetation traps snow and prevents the subsequent transport
of snow by wind (Essery and Pomeroy, 2004), thus reducing
the effect of wind on the density of fresh snow. We there-
fore chose to apply this new parametrization only when the
height of the snowpack exceeds the vegetation height. When
that is not the case, the default parameters from Vionnet et al.
(2012) are used. Note that this parametrization includes den-
sification effects of the wind during periods when the snow
crystals are still airborne (fragmentation during saltation), as
well as when they are deposited onto the snowpack.

The process Compaction makes snow densification depen-
dent on canopy height. This takes into account the stabilizing
effect of vegetation on the snow cover and follows obser-
vations of Domine et al. (2016a) that density within shrubs
is significantly lower than above. In Crocus, the snow layer
thickness D is updated at each time step dt to account for
compaction and the increase in snow density. Herein, we in-
troduce a parameter c acting to reduce the effective overbur-
den and as such the compaction.

dD
D
= c
−σ

η
dt, (3)

where σ is the overburden stress, and η is the viscosity. This
allows us to modulate the increase in density due to com-
paction from 0 % to 100 %, where 0 % means no increase in
density and 100 % means that the default procedure is ap-
plied. In this study, we selected a fixed value of 0.05, mean-
ing the increase was reduced to 5 % of its default value. This
value was obtained by comparing observed and simulated
density profiles and varying c until a good agreement with
observations was obtained. This procedure was applied only
for half the height of the canopy, following observations from
Ménard et al. (2014) and Belke-Brea et al. (2020) highlight-
ing the bending of shrubs under the weight of snow.

Lastly, a simple scheme to compensate for not considering
any blowing snow process (Blowing snow) was implemented
in Crocus. High winds are very frequent in the Arctic, par-
ticularly during snowfall events, and thus blowing snow is
extremely important (Li and Pomeroy, 1997). Due to the 1D
nature of the model, it is not possible to explicitly take this
phenomenon into account. However, ignoring the effects of
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blowing snow would greatly alter the simulation results. For
offline simulations (no coupling to an atmospheric model),
as presented here, no implementation of snow erosion or ac-
cumulation is available in Crocus. However, as stated earlier,
a blowing snow process is already included in Crocus, but
there snow is removed by increasing sublimation. As such,
we implemented a linear equation that can modulate actual
precipitation during blowing snow events to account for lat-
eral transport. We opted for a process that can add snow with-
out changing the sublimation in order to avoid the artificial
alteration of this flux, and the precipitation rate was changed
based on wind speed:

Pnew = Pold(a+ bmin(U,10)). (4)

In Eq. (4), Pnew (in mms−1) is the new precipitation rate,
Pold (in mms−1) is the old rate, U is the wind speed in
ms−1, and a and b are coefficients. We obtained a reason-
able agreement between the simulations and observations of
the vertical density profiles and snow heights with a = 0.1
and b = 0.3. To account for the fact that blowing snow does
not occur at low wind speeds, this option was only activated
for wind speeds larger than 3 ms−1. Additionally, for wind
speeds exceeding 10 ms−1, the increase in precipitation was
limited to 3.1 times the original precipitation rate. Areas with
tall vegetation act as sinks for wind-blown snow (Myers-
Smith and Hik, 2013). A preliminary series of tests revealed
that it was desirable to use Eq. (4) for FOREST only in order
to remain as close as possible to the observed snow heights
and focus our analysis on the internal properties of the snow
cover.

In summary, we explored various (non-optimized) modifi-
cations that target processes known to be poorly managed
by Crocus in the Arctic. At TUNDRA, the Snowfall and
Compaction modifications were enabled, while at FOREST,
the Snowfall, Compaction, and Blowing snow modifications
were all activated.

2.4 Forcing data and model setup

The meteorological forcing variables of ISBA–Crocus are
typical of those of a land surface model: air temperature,
specific humidity, wind speed, incoming shortwave and long-
wave radiation, atmospheric pressure, and (solid and liquid)
precipitation rates. Hourly observations of these variables at
each of the two sites have been collected since 2012, ex-
cept for atmospheric pressure, which has been available since
June 2017, and precipitation, which was available since May
2016. The closest grid point data of ERA5 (Hersbach et al.,
2020) to the study site data were used for the pressure before
2017 and were adjusted by applying a simple regression ob-
tained with data from after 2017 between the measured data
and the ERA5 data (R2

= 0.99 after the adjustment). We cor-
rected the observed precipitation data for undercatch using
the transfer function of Kochendorfer et al. (2017). For the
partitioning of total precipitation into liquid and solid pre-

cipitation, we used a fixed threshold of 0.5 ◦C. The suitabil-
ity of the threshold was tested using air temperature and ob-
servations of the precipitation type from Environment and
Climate Change Canada (https://climate.weather.gc.ca, last
access: 15 December 2021) at the Umiujaq airport (≈ 3 km
away from TUNDRA). Thresholds between 0.3 and 0.8 ◦C
were also tested, with little impact on the amount of snow.

The modeled soil columns had a total thickness of 12 m
and were divided into 20 layers of increasing depth. The heat
flux at the lower boundary of the lowest layer was set to zero.

Following the soil water content analysis from Lackner et
al. (2021), we also adjusted two soil hydraulic parameters:
the saturated soil water content and the field capacity. The
soil composition was set to 95 % sand and 5 % silt (Gagnon
et al., 2019) for TUNDRA and to 80 % sand, 15 % silt, and
5 % clay for FOREST based on estimates from several soil
pits dug around the station where higher fractions of fine
particles were found compared to TUNDRA. At both sites,
the vegetation consisted of shrubs of 0.4 and 1.3 m height
at TUNDRA and FOREST, respectively. To ensure the equi-
librium of soil moisture and temperature, we initialized the
model with a spin-up of 5 years (2012–2017). Note that be-
cause observations of precipitation from before 2016 were
not available, raw ERA5 data had to be used for the 2012–
2016 period, and for this reason the evaluation period is from
2017 to 2020.

We used a different forcing data set for each station. How-
ever, as some of the required variables were not available at
FOREST, we used the precipitation, pressure, and specific
humidity from TUNDRA. Given the proximity of the two
sites, the differences between these variables are presumed
to be very small.

3 Results

3.1 Observed meteorological conditions

Before analyzing the snow characteristics, we compared the
meteorological conditions at both sites (Fig. 2). Additionally,
in Table 1, the mean difference and the mean absolute dif-
ference are shown for winters 2017–2018, 2018–2019, and
2019–2020.

Air temperatures at the two stations were fairly similar. On
average, TUNDRA was 0.4 ◦C colder than FOREST. Only
occasional larger differences (.2 ◦C) occurred until mid-
April. After this point, air temperatures at TUNDRA were
slightly colder than at FOREST. This trend was observed
for all winters, with the exception of winter 2016–2017,
when the difference was less pronounced. Wind speeds were
consistently higher at TUNDRA, with a mean difference of
about 0.9 ms−1 for all winters. Lastly, the disparity in down-
welling shortwave radiation is also minimal, with a mean
difference of 9.0 Wm−2. The absolute difference in down-
welling shortwave radiation between TUNDRA and FOR-
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Figure 2. Daily mean (a) air temperature Ta, (b) wind speed U , and (c) downwelling shortwave radiation SWdown measured at the two sites
TUNDRA and FOREST for winter 2018–2019. Labeled tick marks on the x axis indicate the start of each month.

Table 1. Mean difference (1) and mean absolute difference (MAD) between the TUNDRA and the FOREST sites of the air temperature
Ta, wind speed U , and downwelling shortwave radiation SWdown for three winters 2017–2018, 2018–2019, and 2019–2020. Note that the
radiation at TUNDRA was replaced with FOREST data for parts of winter 2019–2020 (15 December to 1 March) due to problems with the
instrument at TUNDRA.

Ta (◦C) U (ms−1) SWdown (Wm−2)

Mean 1 MAD Mean 1 MAD Mean 1 MAD

2017–2018 0.5 1.1 0.8 1.3 14.3 14.4
2018–2019 0.5 1.1 1.0 1.5 8.3 9.8
2019–2020 0.3 0.7 0.9 1.2 4.5∗ 4.8∗

All winters 0.4 1.0 0.9 1.3 9.0 9.6

EST increased in spring from February onward, while the rel-
ative difference compared to the magnitude of the fluxes re-
mained comparable throughout winter. The difference likely
arises due to the location of FOREST further down the val-
ley, where topographic shading is more significant. Due to
the low density of trees, no significant differences in long-
wave radiation were observed.

The cumulative solid precipitation for each of the three
winters is shown in Fig. 3. Despite a pronounced interannual
variability, the temporal patterns were very similar from one
winter to the next. In fall, snowfall rates were quite sustained
until mid-January, decreased temporarily, and then rose again
in April.

3.2 Observations of snow properties

3.2.1 Snow height

Figure 4 shows the evolution of observed snow height for five
consecutive winters (2015–2020) at TUNDRA and for three
winters at FOREST. The onset of a seasonal snow cover con-
sistently occurred in the second half of October each winter.

Also, the snow cover formed at the same time at both sites.
However, the subsequent evolution exhibited some differ-
ences between the two sites. At TUNDRA, a large fraction of
the snow accumulation took place in the first few months of
winter, up to mid-January. This was usually followed by a pe-
riod of low precipitation (see Fig. 3) and thus low snow accu-
mulation. Towards the end of winter, an increase in snowfall
coincided with peak snow heights, typically in April or early
May. At FOREST, the accumulation was more evenly dis-
tributed over the entire winter, and a gradual increase in snow
height until April or early May was observed for all winters.
The melt-out date at TUNDRA was strongly correlated with
maximum snow height, and on average, this occurred in early
June. However, depending on the maximum snow height, the
melt-out date could occur half a month earlier or later, as
was observed in winters 2016–2017 and 2019–2020. As the
maximum snow height at FOREST was much more similar
between the winters, the melt-out dates were also more con-
sistent and took place around mid-June for all winters.

Although the observations presented in Fig. 4 are a good
proxy for determining general snow heights at the sites, there
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Figure 3. Cumulative snowfall for three winters at TUNDRA.

Figure 4. Comparison of the measured snow height of TUNDRA and FOREST for several winters. When necessary, missing data were filled
in with time-lapse camera observations of a graduated rod. Unfortunately, there was too much missing data from winters 2016–2017 and
2017–2018 at FOREST, so those winters are not presented here.

is a high spatial variability. This variability is caused by
the redistribution of snow by frequent high winds combined
with differences in micro-topography and vegetation. For in-
stance, on 12 April 2018, we made 172 measurements of
the snow height within a 100 m radius of TUNDRA and ob-
served heights varying between 50 and 210 cm, with a mean
value of 109 cm. This is within 8 cm of the height measured
by the automatic station that day (117 cm).

3.2.2 Stratigraphy

Differences in snow heights are reflected in the internal struc-
ture of the snowpack. Figure 5 shows simplified stratigra-
phies of representative snow pits from both TUNDRA and
FOREST.

At TUNDRA, the depth hoar made up around half of the
total depth. Just above the depth hoar, some layers of faceting
or faceted rounded crystals were present, whereas the top
of the snowpack usually consisted of a hard wind slab. The
fraction of each layer type was highly variable. Furthermore,

Figure 5. Simplified stratigraphies from February 2014 represent-
ing typical snow conditions at sites (a) TUNDRA (25 February) and
(b) FOREST (28 February). Note that the y scales are different for
the two sites.
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there were often more than three layers observed, and wind
slabs alternating with layers of faceted crystals were fairly
common.

The stratigraphy at FOREST was markedly different from
that found at TUNDRA. While the depth hoar fraction was
comparable to the one found at TUNDRA, melt–freeze forms
were often present within these basal layers. On top of the
depth hoar layers, there were often layers of small, rounded
crystals. While the uppermost layers at TUNDRA were usu-
ally made up of a wind slab, fresh snow (precipitation par-
ticles) was often found in the top layer of the snowpack at
FOREST, as seen in Fig. 5.

3.2.3 Density and thermal conductivity

On the left side of Fig. 6, the density profiles of 29 snow pits
that were dug in the months of January, February, and March
from the years 2012–2019 are shown, along with their means.
They were all dug in the surrounding area of TUNDRA or en-
vironments with a similar canopy cover. The same is shown
on the right side of Fig. 6 but for 16 snow pits that were
dug near FOREST or in environments with a similar canopy
cover. In order to make the profiles comparable, every mea-
surement height was divided by the height of the respective
snow cover.

Due to the contrast in snow heights between the two
sites, the vertical density profiles also showed significant dif-
ferences. While mean snow density slightly increased with
height at TUNDRA, there was a clear decrease in density
for the upper 50 % and a very slight decrease between 15 %
and 50 % of the snowpack at FOREST (only the lowermost
snow part did not follow that decreasing trend). At TUN-
DRA, the mean density at the bottom of the snowpack was
around 315 kgm−3 and then rose to 350 kgm−3 in the middle
and upper parts of the snowpack. At FOREST, snow in the
basal part had a mean density of around 375 kgm−3, which
decreased to less than 250 kgm−3 at the top. The scatter in
the measured profiles was comparable at both sites, with fluc-
tuations of 100 kgm−3 around the mean.

The profiles of snow thermal conductivity in Fig. 7 fol-
low the same trend as the snow density in Fig. 6, with keff
increasing with height at TUNDRA and decreasing with
height at FOREST. At TUNDRA, keff values increased from
0.1 Wm−1 K−1 in the depth hoar layers to slightly more than
0.2 Wm−1 K−1 in the wind slab. At FOREST, the thermal
conductivity generally decreased from 0.2 Wm−1 K−1 in the
basal part to almost 0.1 Wm−1 K−1 in the top layer. How-
ever, the lowermost snow layer at FOREST did exhibit very
low thermal conductivity (≈ 0.1 Wm−1 K−1), indicating a
departure from the general trend of the profile. The scatter
of the measured thermal conductivity profiles is more pro-
nounced at both sites when compared to that observed for
density profiles, with a 178 % increase in the variance at
TUNDRA and 214 % at FOREST. This scatter is particularly
large in the layer with the highest thermal conductivity (e.g.,

the top layer at TUNDRA and the near-bottom layer at FOR-
EST), with values ranging from 0.05 to over 0.4 Wm−1 K−1.

3.2.4 Soil and snow temperatures

Snow heights and thermal conductivity were quite different
from one site to another, and consequently, the same vari-
ation can be assumed for snow and ground temperatures
(Fig. 8).

As air temperatures and other meteorological forcings
(Fig. 2) only slightly varied between the two sites, differ-
ences between snow and ground temperatures likely arose
from discrepancies in the snowpack properties. The most no-
ticeable divergence occurred near the soil–snow interface. At
FOREST, the ground remained unfrozen until January and
then dropped to its lowest value at slightly below−1 ◦C. The
snow temperature at 14 cm very closely followed the ground
temperature but was 1 ◦C colder. At TUNDRA, the ground
at 9 cm depth froze as early as mid-November and then in
March dropped to the lowest values of below −11 ◦C, about
10 ◦C colder than at FOREST. At TUNDRA, the snow tem-
perature at 11 cm was on average 3 ◦C colder than the ground
temperature. The temperatures higher up in the snowpack
(53 cm for TUNDRA and 64 cm for FOREST) followed air
temperature fluctuations more closely. At TUNDRA, the dif-
ference between air and the temperature at 64 cm varied be-
tween 0 and 5 ◦C. At FOREST, this difference reached up to
10 ◦C, with an evident decoupling between air and the tem-
peratures at 64 cm beginning in early February.

3.3 Modeling

3.3.1 Snow height

In Fig. 9, the snow heights at TUNDRA and FOREST dur-
ing winters 2018–2019 and 2019–2020 are compared to two
different simulations, one using the default configuration of
Crocus and one using the adjusted version of Crocus pre-
sented in Sect. 2.3.

At TUNDRA, the default version shows reasonable agree-
ment with the observations. In winter 2018–2019, snow
height is underestimated by 15 to 20 cm during the accumu-
lation period, and the snow melt-out date is 12 d earlier than
the observations. For winter 2019–2020, there is better agree-
ment between the default version of Crocus and the observa-
tions, with a mean negative bias of 10 cm, leading to a mod-
eled melt-out date that is just 2 d later than the observed date.
Simulations with the adjusted version of Crocus (including
the processes Compaction and Snowfall) for TUNDRA show
an increased snow height of 10 to 20 cm compared to the de-
fault version. For winter 2019–2020, this leads to a delayed
melt-out that is 15 d later than the observed date, while it
is closer to observations in winter 2018–2019. One striking
difference between the two versions is that the snow height
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Figure 6. Snow density profiles from 29 snow pits near TUNDRA and 18 snow pits near FOREST collected between January and March
from the years 2012 to 2019. For better comparability, snow heights were normalized. The mean of all profiles is also shown, together with
the standard deviation.

Figure 7. Same as Fig. 6 but for snow thermal conductivity (keff). Note that only data from 21 snow pits for TUNDRA and 17 for FOREST
were used as thermal conductivity measurements were not collected for every snow pit. The mean of all profiles is also shown, together with
the standard deviation.

fluctuations are dampened in the adjusted version of Crocus
due to the reduced compaction and the heavier fresh snow.

Since the meteorological forcing is nearly the same at both
sites, it is not surprising that the snow heights modeled by
the default version of Crocus at FOREST are very similar to
those at TUNDRA. As a result, the modeled snow heights of

the default version are lower than the observed snow heights
by a factor of 2. Thus, the simulated melt-out date is early
by 1 month for winter 2018–2019 and by 16 d for winter
2019–2020. The adjusted version of Crocus (including the
processes Compaction, Snowfall, and Blowing Snow) simu-
lated snow heights that are much closer to those observed
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Figure 8. Snow (blue and red lines), ground (pink line), and air temperatures (grey line) at (a) TUNDRA and (b) FOREST for winter 2018–
2019. Heights at which measurements were taken are relative to the ground surface. Air temperature Ta was measured at 2.3 m above ground.
The values correspond to measurements collected once every other day at 05:00 EST.

Figure 9. Evolution of simulated and observed snow heights during winters 2018–2019 and 2019–2020 at (a) TUNDRA and (b) FOREST.
Two different simulations are shown: the default version of Crocus and the adjusted version, in which modifications to the compaction and
snowfall modules are activated at the two sites. At FOREST, a blowing snow module is implemented to account for snow transport by the
wind.

despite being underestimated by 10 to 70 cm. The melt-out
date is better simulated, with a difference of 9 d in winter
2018–2019 and 0 d in 2019–2020.

One striking feature of both versions of the model is that
simulated snow accumulation events do not always match
with the observed accumulation events. This is most no-
ticeable in February and March 2019. In February, all sim-
ulations show an accumulation, while no change in snow
height was observed at TUNDRA. The opposite happened
in March, when an increase in snow height was observed at
the site, but no accumulation is reported in the simulation.
This mismatch between observations and simulation is due
to observed events of snow transport by wind, as confirmed
by visually inspecting time-lapse photos.

Discrepancies in the simulation of snow height can also
arise due to uncertainties of the SWE, i.e., the total snow
mass per unit area. To verify whether this is the case, we com-

pared simulations of the SWE with observations that were
obtained using the density profiles (see Fig. S1 in the Sup-
plement). At TUNDRA, there is a good agreement between
the observed and simulated total snow mass. At FOREST,
the model underestimates the SWE, similar to snow height
in Fig. 9. Thus, the amount of blowing snow was higher than
the one simulated by the model.

3.3.2 Density

The mean observed density profiles (Fig. 6) are compared to
the default and adjusted model runs in Fig. 10. For calculat-
ing the mean of the simulated profiles, one profile per week
during the months of January through March from 2017 to
2020 was taken and normalized, and then the average profile
was calculated.
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Figure 10. Comparison between observed mean snow density pro-
files from Fig. 6 and the simulated density profiles from the default
and adjusted versions of Crocus for (a) TUNDRA and (b) FOREST.
The modeled mean profiles were obtained by averaging one snow
profile per week between the months of January and March for both
sites from 2017 to 2020.

Again, the default version of Crocus produces practically
the same results at both sites, considering the small differ-
ences between the two forcing files. The mean from the de-
fault version shows a steep decline in density with height, as
is typically observed for alpine snow. At the bottom of the
snowpack, the density reaches almost 500 kgm−3, whereas
the snow is very light at the top, with a minimum density of
less than 90 kgm−3. At TUNDRA, the adjusted model fairly
accurately simulated the density profile. It overestimates the
density by≈ 50 kg m−3 in the bottom 40 % of the snowpack,
while it underestimates the density by 40 to 70 kgm−3 in the
upper 60 %. However, whereas the mean absolute error of
the default version is 127 kgm−3, it declines to 38 kgm−3

for the adjusted version. Moreover, the difference between
the observations and the adjusted version is smaller than the
variance of the observations.

At FOREST, the default version of Crocus performs better
than at TUNDRA as observations showed a decrease in den-
sity with height. However, the density at the bottom of the
snowpack is still largely overestimated (≈ 100 kgm−3) and
even more underestimated at the top (≈ 160 kgm−3). Again,
the adjusted version does reproduce the density profile sig-
nificantly better than the default version. The mean abso-
lute error decreases from 87 kgm−3 for the default version
to 30 kgm−3 for the adjusted version. Similar to the profiles
at TUNDRA, the variance of the observations is higher than
the difference between the adjusted model and the observed
profile.

4 Discussion

4.1 Observations

We contrasted snow conditions at two sites located less than
1 km apart in the forest–tundra ecotone, each with very dif-
ferent vegetation characteristics (shrub tundra versus open
forest). Meteorological conditions differed very slightly be-
tween the two sites (Fig. 2). At TUNDRA, air temperatures
were a bit colder in spring for some of the winters we studied,
and incoming shortwave radiation was slightly higher than at
FOREST. The impact of air temperature differences on snow
cover was modest as the largest deviations between the two
sites were minor and confined to short periods. The differ-
ence in downwelling shortwave radiation can be explained by
the location of FOREST further down the valley as for low
solar angles in mid-winter, topographic shading is more pro-
nounced there. Again, this does not heavily impact the snow-
pack as the albedo during this period is very high (≈ 0.85, see
Lackner et al., 2022a). The high albedo means that most of
the additional radiation at TUNDRA is reflected. The higher
wind speeds at TUNDRA, however, have a considerable in-
fluence on the snowpack, leading to greater compaction and
more fragmented crystals than at FOREST. The difference
in wind speed between the two sites is most likely due to
the lower surface roughness at TUNDRA, resulting from the
shorter vegetation.

In addition to altered snow compaction at the surface,
snow is also transported by the wind. During periods of
high wind speeds (> 3 ms−1), snow deposited on the sur-
face is lifted up in the air and is typically transported sev-
eral hundred meters away before settling back on the sur-
face (Takeuchi, 1980). This phenomenon explains the large
difference in snow height between the two sites, despite
the likely similar amounts of total precipitation. As blowing
snow events occur several times per week in the valley, snow
is continuously transported from the upper parts of the val-
ley (TUNDRA) to the lower part (FOREST). This leads to
a gradual increase in snow height at FOREST. We see evi-
dence that the taller vegetation at FOREST traps snow early
in the season, while snow surveys that have been conducted
at the very top of the valley (≈ 500 m north from TUNDRA)
revealed a very shallow snowpack (.40 cm). As snow ero-
sion and deposition at TUNDRA likely balance each other,
the snow height at TUNDRA is more closely correlated with
the precipitation rate, which is typically low from January to
March (see Fig. 3). As a result, the maximum snow height is
on average twice as high at FOREST than at TUNDRA.

The differences in stratigraphy and density are a direct re-
sult of the different snow heights at the two sites. At FOR-
EST, where there is more snow, the bottom fraction of the
snowpack is more compacted by the weight of the overbur-
den snow and is consequently denser. The deep snow cover
insulates the soil more efficiently, maintaining warmer soil
and creating a greater vertical gradient of snow tempera-
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tures throughout the winter (see Fig. 11). These conditions
favor the kinetic growth of snow crystals and the develop-
ment of thick depth hoar layers (Marbouty, 1980). At TUN-
DRA, where the snow height is considerably lower, the over-
burden and therefore the compaction of the lower layers are
reduced, leading to basal sections of the snowpack of lower
density. In part, due to the reduced snow height and fairly
similar snow thermal conductivity, soil freezes earlier in the
winter. Thus, the vertical gradient of snow temperature is
greater at TUNDRA than at FOREST in early winter. How-
ever, the gradient decreases when soil freezes (Fig. 11), re-
sulting in a comparable depth hoar fraction as at FOREST.
At the top of the snowpack, wind speed shapes both the den-
sity and the stratigraphy. The lower wind speeds at FOREST
lead to snow that is not as densely compacted in the top snow
layers, which tends to preserve the shape of the snow crystals
on the surface. This explains the observed lower density and
higher abundance of precipitation particles. The opposite is
true for TUNDRA, where wind speeds are higher, leading to
denser top layers and precipitation particles that are rapidly
fragmented and compacted into wind slabs. We hypothesize
that the melt–freeze crystals are formed at both TUNDRA
and FOREST due to short warm spells at the beginning of
the winter. However, at TUNDRA, the high absolute values
of the temperature gradient in December and January (see
Fig. 11) trigger a more intense recrystallization compared to
the FOREST site, and the melt–freeze crystals disappear at
TUNDRA, while they remain at FOREST.

A key factor that is often not included in relationships be-
tween snow density and thermal conductivity is the snow
type (e.g., Sturm et al., 1997, Calonne et al., 2011, and
Fourteau et al., 2021). Here, we hypothesize that this is the
reason for the mismatch between the observed profiles of
thermal conductivity in Fig. 7 and those of density in Fig. 6.
Indeed, the detailed snow model SNOWPACK (Lehning et
al., 2002b) improves the density–thermal conductivity rela-
tionship by also considering snow microstructure, i.e., snow
type. The thermal conductivity profile at TUNDRA shows a
very clear trend of increasing values with height, while there
is only a very modest increase in density with height. One
should note, however, that this could also be an artifact of the
manual needle probe method as the soft snow at the bottom
of the snowpack often breaks when the needles are inserted.
Admittedly, the error of 29 % for the thermal conductivity
measurements is rather high. However, in this study, the gra-
dient of the profile is our main focus, reducing the impact of
the uncertainty on a single measurement. Moreover, by tak-
ing the average of all samples the uncertainty is reduced ac-
cording to n−1/2 or a factor of ≈ 4 with n= 21 (TUNDRA)
or n= 15 (FOREST) samples.

4.2 Simulations

The accurate simulation of Arctic snow is complex as envi-
ronmental factors are strikingly different compared to those

in alpine environments, for which most of the sophisticated
snow models have been developed (e.g., Brun et al., 1989,
and Bartelt and Lehning, 2002). In recent studies, Arctic
snow was simulated using Crocus and SNOWPACK snow
models that included adaptations to account for higher wind
compaction and the stabilizing effect of vegetation (Barrere
et al., 2017; Gouttevin et al., 2018; Royer et al., 2021b).
With these modifications, the simulations of the density pro-
files were significantly improved and thus more realistic. The
changes proposed in those studies are similar to those we
have implemented here, but some differences should be high-
lighted. Barrere et al. (2017) increased only the maximum
density related to the parametrization of wind-induced snow
compaction. Gouttevin et al. (2018) and Royer et al. (2021b)
reduced the snow density in the vegetation layer, similar to
what we have done in our study. However, we also tried to
account for the bending of shrubs, and as such, snow com-
paction was reduced for only 50 % of canopy height and
not the full height. The latter two studies also implemented
different parametrizations for the density of fresh snow.
While Gouttevin et al. (2018) based their parametrization
on Antarctic data from Groot Zwaaftink et al. (2013), Royer
et al. (2021b) used different parameters in the formulation
of Vionnet et al. (2012) than those used here; namely they
doubled the parameter cρ , while we quintupled it. There-
fore, while there are clear similarities between the various ap-
proaches, the exact parametrizations used differ, which raises
the question of the degree to which the parametrizations can
be valid beyond their site of optimization.

The stabilizing influence of vegetation on the snow cover
is not well documented. Ménard et al. (2014) observed and
modeled the bending of shrubs, showing that they do not
just remain at the same height when being buried in snow
but rather bend to some extent. This suggests that the snow
cover is not stabilized over the full height of the vegetation
but rather on some fraction of it. Belke-Brea et al. (2020)
investigated allometric equations for the exposed vegetation
fraction of shrubs at the same site as in this study and ex-
plained deficiencies of the equation by a twofold structure of
the shrubs, in which the lower part is more stable, while the
upper part is more strongly bent. Thus, not taking the whole
vegetation height as a zone where compaction is reduced
seems a reasonable choice, particularly for higher shrubs as
at FOREST.

Sustained high wind speeds are common in the Arctic and
are thus an important factor influencing the snowpack. First,
the top snow part is compacted by wind, and including this
process into the model significantly improved the results. The
second impact of strong winds is the transport of snow. This
process is getting increased attention for snow simulations
in mountainous environments (Marsh et al., 2020; Vionnet et
al., 2021). We argue that it is equally important for applica-
tions in the Arctic environment. The simulated snow heights
using the default version of Crocus differed from the observa-
tions by more than a factor of 2. Thus, future studies that use
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Figure 11. Temperature gradient at the base of the snowpack for winter 2017–2018 at TUNDRA and FOREST. At TUNDRA, measurements
were made at 11 and 21 cm, while the measurement heights were 4 and 14 cm at FOREST. Note that the measurement interval was 2 d; thus
the peak gradients are likely to be larger than shown here. Negative gradients indicate higher temperatures close to the ground surface than
those in higher snow layers.

distributed snow models should take wind-driven snow trans-
port into account. Combined with the impact of the snow
height on the soil temperature (see Sect. 3.2.4), the impor-
tance of wind-driven snow transport is apparent and has a
crucial impact on permafrost studies.

Finally, we would like to emphasize that we did not set out
to find the best set of coefficients to simulate the two study
sites. By including some key processes that are specific to
the Arctic, our aim was to demonstrate that it is possible to
simulate vertical density profiles reasonably well. The pa-
rameters in the processes Compaction and Snowfall were ro-
bust against small variations, meaning that the output of the
model did not heavily depend on the exact choice of the pa-
rameters. However, as the model did not perform as well at
TUNDRA as it did at FOREST, our results suggest that there
is no single set of parameters that is best suited for both en-
vironments. The reason may be that these coefficient-fitting
schemes are just compensating for the lack of description of
upward water vapor fluxes in snowpacks, and the solution
may be to actually include the latter in models. First attempts
to do so have been made by Jafari et al. (2020) and Simson
et al. (2021).

4.3 Water vapor fluxes

At TUNDRA, the snowpack showed a significant fraction of
depth hoar, a snow type that solely originates under condi-
tions with water vapor transport. Furthermore, the snow den-
sity increased towards the snow surface, whereas the oppo-
site, a strongly decreasing pattern was simulated by Crocus,
where compaction by overburden is the most important fac-
tor influencing the density. As our site receives a relatively
large amount of precipitation, the findings show that water
vapor transport is dominant over compaction even for deeper

(up to 1 m) Arctic snowpacks. Hence, water vapor transport
is the dominant process in shaping the density and thermal
conductivity profile at our site, exceeding the importance of
compaction due to overburden. Domine et al. (2016b) and
Domine et al. (2019) have shown this for shallow high-Arctic
snowpacks, but here, snow height is often more than 1 m and
thus considerably deeper than in the high Arctic. Therefore,
water vapor transport is prevalent for all Arctic regions, even
for those with relatively large amounts of precipitation.

At FOREST, we found a depth hoar fraction similar to that
at TUNDRA. While the density slightly decreases towards
the surface, its gradient is still far inferior compared to sim-
ulations by Crocus. This leads to the conclusion that water
vapor fluxes also play a significant role for deeper, moder-
ately cold snowpacks present at FOREST.

Together with Sturm and Benson (1997), who demon-
strated the importance of depth hoar for shallower (< 1 m)
snowpacks in forested subarctic regions, the results show that
vapor fluxes have a critical impact on snowpack physics in
the Arctic, the thin snowpack boreal forest, and the forest–
tundra ecotone with deep snowpacks and therefore presum-
ably in the boreal forest with deep snowpacks as well. Conse-
quently, vapor fluxes cannot be neglected on the overwhelm-
ing majority of seasonal snowpacks.

5 Conclusions

We analyzed several winters of snow survey data at two sites
that were located less than 1 km apart in the forest–tundra
ecotone. One site was covered with sparse forest (FOREST),
and one was an Arctic tundra (TUNDRA). We compared the
snow properties of the two sites in terms of snow height,
stratigraphy, density, thermal conductivity, and snow temper-
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ature. Additionally, we ran simulations with the snow model
Crocus to explore model performance in both environments.

All the observed snow properties revealed marked differ-
ences between the two sites. Snow height was up to twice as
high at FOREST than at TUNDRA due to wind-driven snow
transport. This strongly affected the temperatures at the bot-
tom of the snowpack as they were at times more than 10 ◦C
colder at TUNDRA than at FOREST. A marked difference
was also observed for the vertical density profiles. Snow den-
sity slightly increased with snow height at TUNDRA, indi-
cating a profile that is typical of Arctic snow. In contrast,
the density at FOREST decreased with height, which is more
typical for alpine environments. In both cases, a substantial
depth hoar layer occupied the lower portion of the snowpack.

The Crocus model failed to reproduce the density profile
of both sites. Non-optimized adjustments to better represent
typical Arctic processes (increased fresh snow density, re-
duced compaction within the canopy, and lateral transport of
snow by the wind) have helped to improve the model out-
puts. However, simulations indicate a significant role of wa-
ter vapor transport, showing that even deep, moderately cold
snowpacks in the low-Arctic significantly differ from alpine-
type snowpacks.

The significant amount of depth hoar and the Arctic-like
density profile led to the conclusion that water vapor trans-
port was the dominant metamorphic process at TUNDRA. At
FOREST, the density gradient is towards slightly less dense
layers at the top, indicating a role of overburden compaction
more similar to alpine-like snow. Thus, after observing that
water vapor transport is a crucial process in both deeper Arc-
tic snowpacks and the deep, moderately cold snowpack in
forested environments, we conclude that it is a critical pro-
cess for the majority of seasonal snowpacks on Earth. Thus,
the integration of water vapor fluxes in snow models, partic-
ularly in those coupled to climate models, is a pressing issue.
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ment, bug fixes, documentation, interface for technical support,
etc.). Registration is required; a description of the procedure
is described at https://opensource.cnrm-game-meteo.fr/projects/
snowtools/wiki/Procedure_for_new_users (last access: 15 January
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