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Canada; dDepartment of Chemistry, Université Laval, Quebec City, Québec, Canada; eDépartement des Sciences de l’environnement, 
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ABSTRACT
Changes in mass, extent, duration, and physical properties of snow are key elements for studying 
associated climate change feedbacks in northern regions. In this study, we analyzed snowpack 
physical properties along a ‘mega’ transect from 47°N to 83°N (4,000 km) in northeastern Canada, 
which includes marked transitions between ecozones from boreal forest to subarctic and arctic 
ecosystems. Our unique dataset of 391 detailed snowpits acquired over the last 20 years, com-
plemented with snow data from weather stations, shows that snowpack properties such as snow 
water equivalent, snow depth, density, grain size and basal depth hoar fraction (DHF) are strongly 
linked to vegetation type. Based on these results, we propose an updated classification of snow 
types in three classes: boreal forest snow (47–58°N), tundra snow (58–74°N) and polar desert snow 
(74–83°N), which is more appropriate to the study area than the general north hemisphere 
classification commonly used. We also show that shrub presence along the transect contributes 
to a significant increase in DHF development which contributes most strongly to the thermal 
insulation properties of the snowpack. Overall, our analysis suggests that snow–vegetation inter-
actions have a positive feedback effect on warming at northern latitudes.

RÉSUMÉ
Les changements dans la masse, l’étendue, la durée et les propriétés physiques du manteau 
neigeux sont des éléments clés pour l’étude des rétroactions du changement climatique dans 
les environnements nordiques. Dans cette étude, nous avons analysé les propriétés physiques du 
couvert nival le long d’un « méga » transect de 47°N à 83°N (4000 km) dans le nord-est du Canada, 
comprenant des transitions marquées entre l’écozone de la forêt boréale et les écosystèmes 
subarctiques et arctiques. Notre ensemble de données uniques de 391 puits de neige détaillés, 
acquis au cours des 20 dernières années, enrichi de données de neige provenant de 
stations météorologiques, montre que les propriétés du manteau neigeux telles que l’équivalent 
en eau de la neige (EEN), l’épaisseur de la neige, la densité, la taille des grains et la fraction de la 
couche de givre de profondeur sont fortement liées aux types de végétation. Ces résultats 
nous mènent à proposer une classification actualisée des types de neige en trois classes: neige 
de forêt boréale (47–58°N), neige de toundra (58–74°N) et neige de désert polaire (74–83°N), qui est 
plus appropriée à la région étudiée que la classification globalé de l’hémisphère nord 
généralement utiliséé. Nous mettons égalémént en évidence que la présence d’arbustes le long 
du transect contribue à une augmentation significative du développement de la couche basale du 
givre de profondeur. Globalement, notre analyse suggère que les interactions neige-végétation 
rétroagissent positivement sur le réchauffement nordique.
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Introduction
Snow usually covers the ground for more than half of 
the year in northern regions, making it a key environ-
mental component. Snow is a medium where many 
physical variables interact with climate (temperature, 
precipitation, wind) and with the soil and vegetation 
(Pearson et al. 2013; Meredith et al. 2019; Diro and 
Sushama 2020; Grünberg et al. 2020). Past analyses of 

snow time series have mainly focused on snow cover 
duration and extent (Brown and Mote 2009; Brown et al. 
2010; Liston and Hiemstra 2011; Mortimer et al. 2020), 
and on snow water equivalent (SWE) (Takala et al. 2011; 
Larue et al. 2017) or snow mass (SWE x Snow Extent) 
(Pulliainen et al. 2020). Specifically, Pulliainen et al. 
(2020) showed that, over the last 40 years, snow mass 
has decreased by 4% per decade across North America, 
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but that no such trend was detected in Eurasia. Both 
continents exhibit high regional variability, mainly dri-
ven by variable regional warming and precipitation 
rates. The positive feedback effects of increased snowfall 
can counter the negative feedback effect of warming on 
SWE (Brown and Mote 2009). Also, topography and 
vegetation contribute to local variability by affecting 
snow accumulation. However, while variables impacting 
SWE and snow cover duration have been investigated, 
few studies have analyzed how the physical properties 
of the snowpack are linked to regional and local spatial 
variability.

Snowpack properties, mainly density, thermal con-
ductivity and microstructure (snow grain type), govern 
heat exchanges between the atmosphere and the 
ground through the snow, and therefore soil tempera-
ture (Park et al. 2015; Domine et al. 2019). In turn, soil 
temperature affects the temperature gradient in the 
snowpack and therefore the conditions of snow meta-
morphism that may lead to the formation of large 
snow crystals known as depth hoar, mostly at the 
base of the snowpack (Colbeck 1993; Sturm and 
Benson 1997; Domine et al. 2016b). Depth hoar layers 
form under large temperature gradients that drive 
large upward water vapor fluxes. These layers are 
responsible for most of the thermal insulation proper-
ties of snowpacks in the Arctic (Zhang et al. 1996). The 
temperature gradient, especially at the beginning of 
the snow season, is affected by soil moisture, as 
greater moisture maintains the soil at 0°C for 
a longer period, allowing for large temperature gradi-
ents to persist and favoring depth hoar formation 
(Domine et al. 2018). Wind also strongly affects snow 
thermal properties. Snow drifting during the windy 
episodes that frequently sweep barren Arctic regions 
leads to the formation of hard dense wind slabs with 
a high thermal conductivity that favor soil cooling, 
reduce the temperature gradient in the snowpack 
and limit or prevent depth hoar formation (Domine 
et al. 2018). Lastly, snow depth, largely determined 
by the amount of snowfall, also determines snow phy-
sical properties.

Vegetation characteristics also affect snow properties. 
For example, boreal forests essentially prevent wind 
drifting, while shrubs affect snowpack properties by 
not only enhancing snow depth and SWE through 
a trapping effect further north (e.g., Sturm et al. 2001; 
Marsh et al. 2010; Paradis et al. 2016; Busseau et al. 2017) 
but also increasing the formation of depth hoar within 
shrubs (Sturm et al. 2001; Domine et al. 2016a; Gouttevin 
et al. 2018). The challenge here is to know if, in general, 
both effects lead to more insulation by snow changing 
and therefore to ground warming.

Climate change generates modifications in air tem-
perature and precipitation regimes, but it also leads to 
changes in vegetation and soil moisture (Tape et al. 
2006; Myers-Smith et al. 2011; Callaghan et al. 2011; Xu 
et al. 2013; Ju and Masek 2016; Martin et al. 2017). These 
induced changes are also important factors influencing 
key snowpack characteristics (Lawrence and Slater 2010; 
AMAP 2019). Complex snow and land surface processes 
and feedbacks are not well accounted for in climate 
models and are an important source of uncertainty in 
inferring future northern climates (Lawrence and Slater 
2010; Dutra et al. 2012; Gouttevin et al. 2012; Chadburn 
et al. 2015; Paquin and Sushama 2015; Bokhorst et al. 
2016; Barrere et al. 2017; Domine et al. 2019; Meredith 
et al. 2019).

Our objective was to characterize the different snow 
types based on their physical properties observed along 
a 4,000 km transect from 47°N to 83°N in northeastern 
Canada. We explore the relationship between climate, 
vegetation and snow physical properties over this 
uniquely large climate and vegetation gradient from 
boreal forest to Arctic tundra and polar desert. Our find-
ings may guide future climate models to better integrate 
snow-vegetation-climate feedbacks. Our study exploits 
a unique and outstanding dataset of detailed in-situ 
snowpit measurements acquired by our groups over 
the last 20 years. Our analysis of snowpack properties 
leads to a new snow classification, better adapted to the 
specificities of northeastern Canada, and which differs 
from Sturm et al.’s (1995) more general snow 
classification.

Study area and datasets

Study area

The transect over northeastern Canada extends 
between 47°N and 83°N and between 65°W and 80°W 
in its southern part, and shifts slightly to 70°W–90°W in 
its northern part (Figure 1). Figure 1(a) shows the dis-
tribution of the study sites where in-situ field cam-
paigns occurred (Table 1) and where meteorological 
station data are available. The permafrost zones, given 
as complementary information, are also shown (Figure 
1(a)). The gradient of vegetation cover along the trans-
ect is displayed in Figure 1(b) with highlighted tree line 
at 58.5° (orange line) (Payette et al. 2001). The vegeta-
tion zones spanning from closed boreal forest to High 
Arctic polar desert were simplified into eight classes, 
from south to north: (1) Eastern sub-boreal mixed for-
est, with a coniferous dominance; (2) Closed-crown 
coniferous boreal forest; (3) Open-crown coniferous 
boreal forest, e.g., lichen woodland; (4) Forest tundra; 
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(5) Low shrub tundra; (6) Herb tundra; (7) Polar tundra; 
(8) Polar desert (Figure 1(b)). This simplified classifica-
tion in eight classes is based on several sources includ-
ing Payette (1992); Bliss and Matveyeva (1992); Payette 

et al. (2001); CAVM (2003); Girard et al. (2008); Myers- 
Smith et al. (2011); Paradis et al. (2016); Payette and 
Delwaide (2018); and Leboeuf et al. (2018). Note that 
the ‘Herb tundra’ class (6) can include ligneous species 

Figure 1. Left: Locations of in-situ field campaigns and meteorological stations used across the area studied in northeastern Canada 
between 47°N and 83°N. The background image corresponds to the topography, with mean altitude values ranging from 0 to 900 m a. 
s.l., no studied sites are in mountain areas. Black points correspond to main northern communities and southern towns. Right: 
Simplified vegetation cover along the analyzed transect. Black lines correspond to the mean annual air temperature isolines each 5°C 
from −15 to 0°C. From south to north, the orange lines delimit, respectively, the southern limit of the transect at 47°N, the position of 
the tree line and the limit of the polar desert zone. They also delimit the proposed three snow classes (numbers 1, 2 and 3) (see the 
Results section).
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such as Salix arctica, Salix herbacea or Salix reticulata, 
which are prostrate and therefore have a stature similar 
to grasses and mosses, with the same effects on snow. 
For our purpose, the term ‘Herb tundra’ is thus more 
descriptive than ‘Prostrate dwarf-shrub tundra’, 
a botanically more precise term (CAVM 2003). The iso-
lines of mean annual air temperatures over the last 
35 years (1979–2018) are derived from Karger et al. 
(2017) (black lines in Figure 1(b)).

Mean climatology

The mean daily winter air temperature, from 
December to the end of March (DJFM), varies from 
−12°C at 47°N to −35°C at 83°N. Data were averaged 
over the last 20 years for all stations per degree of 
latitude, resulting in a meaningful set of data (see 
Vincent et al. 2015 for data processing) (Figure 2). 
The observed latitudinal temperature gradient is 
almost linear with −0.58°C per degree of latitude. The 
mean annual solid precipitations do not show 
a regular trend with latitude, but can be grouped 

into three latitude ranges, with homogeneous values 
of 255 ± 43 mm of water equivalent (w.e.) for 47°N– 
50°N, 154 ± 29 mm (w.e.) for 53°N–58°N and 
46 ± 19 mm (w.e.) above 64°N (data from Vincent 
et al. 2015, averaged over the last 20 years) (Figure 
2). The observed gradual decrease in snowfall is 
marked by a significant transition around 65°N, south 
of Baffin Island, above which the influence of the 
Continental Arctic air mass is strong throughout the 
winter with dry northerly winds.

Temporal changes of meteorological variables 
impacting the snow cover were not investigated in 
this study. Temperature and precipitation amounts 
increased along the transect over the period 
1948–2012, with the largest increases in warming 
and precipitation occurring during winter from the 
1980s onward, and more significantly in the North 
(Vincent et al. 2015; Mudryk et al. 2018). However, 
we did not observe significant trends in hourly mean 
wind speed over the 1954–2020 period (not shown). 
The potential role of climate change on the results is 
addressed in the discussion section.

Table 1. Description of snow field campaigns, meteorological station datasets and complementary vegetation datasets used. Snow 
density and depth hoar fraction were derived from snowpits (SP). The number of snowpits per field campaigns is given. See Figure 1(a) 
for site locations.

Data or site Acronym
Latitude °N/ 

Longitude °W Date
No. of 

SPs Method Sources

Field campaigns
Forêt 

Montmorency
FM 47.31/-71.13 03 2015–2018 11 Snowpits Larue et al. 2018

IPY transect IPY 50.2–62.3/-65-80 to 
−70-90

02 2008 25 Snowpits and SWE core Langlois et al. 2010

Sept-Iles SI 50.30/-66.28 02 2008 48 Snowpits Langlois et al. 2010
James Bay BJ 53.70/-76.05 03 2013–2016 24 Snowpits Roy et al. 2016; Larue et al. 2018
Schefferville Shef 54.90/-66.70 02 2008 34 Snowpits Langlois et al. 2010
Kuujjuarapik Kupk 55.26/-77.71 03 2013 and 

2016
7 Snowpits This study

Umiujaq Umi 56.55/-76.50 03 2012, 14, 15 
2017

41 Snowpits Roy et al. 2016; Larue et al. 2018; Domine 
et al. 2015**

Kuujjuaq Kuaq 58.06/-71.95 02 2008 26 Snowpits Langlois et al. 2010
Puvirnituq Puv 59.83/-76.47 02 2008 160* SD probe and SWE core Derksen et al. 2010
Bylot Island By 73.16/-79.99 05 2014, 2015 30 Snowpits Domine et al. 2016a, 2016b**, 2018**; 

Barrere et al. 2017
Resolute Res 74.75/-94.97 05 2014, 2016, 

19
21 Snowpits This study

Eureka Eu 80/-84 2012–2020  
04–2011

9  
49

SWE core 
(snow surveys) 

SWE core and Snowpits

ECCC;  
Saberi et al. 2017

Alert Al 82.50/-62.35 04 2000 1 Snowpit Domine et al. 2002; Cabanes et al. 2002
Ward Hunt WH 83.09/-74.16 05 2016, 06 

2019
13 Snowpits Domine et al. 2018**

Meteorological datasets
Hydro-Québec 

network
- 46–53/-65-80 03 2012–2016 6 SD SR50 and SWE GMON Larue et al. 2018

Brown et al’s 
database

- 47–80/-65-80 to 
−70-95

Over 20 years 108 Various Brown et al. 2019

Vegetation data
LAI max LAI 47–62/-76-70 07–08 1988- 

2012
- Global LAnd Surf. Satellite 

(GLASS) LAI product
Xiao et al. 2016

Crown-Closure CC 47–62/-76-70 2011 - Satellite-derived forest attributes Beaudoin et al. 2017b

*1.7 km transect with one SP each 10 m. 
** and additional data used for this study.
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Snow data

We gathered a database of 391 snowpits (SP) over 
the last 20 years, collected during the peak season of 
snow mass, in March, April or May (Table 1). Snowpit 
observations consisted of mean snow depth (SD) 
recorded around the site, density profiles with 
a vertical resolution of 3 or 5 cm using, respectively, 
100 or 250 cm3 density cutters, a stratigraphy of 
snow grain types and size based on visually esti-
mated geometric grain size dimensions (following 
the international classification from Fierz et al. 2009), 
a temperature profile and ground–snow interface and 
identification of soil and vegetation types. SWE values 
(in mm) were derived from vertical density profiles 
with a mean relative accuracy of 11–12%, assuming 
an accuracy of the density cutter measurements of 
about 9% (Proksch et al. 2016).

The ratio of basal depth hoar thickness over snow 
depth, hereinafter referred to as the depth hoar fraction 
(DHF), was also considered in this study. When present, 
the thickness of the depth hoar layer was derived from 
stratigraphic analysis, grain size measurements, visual 
identification of grain types and the measurement of 
specific surface area (SSA) using optical methods 
(Gallet et al. 2009; Montpetit et al. 2012). The SSA, 
which corresponds to the grain surface area per unit of 
mass, is a complementary parameter to geometric grain 
dimension (Taillandier et al. 2007; Langlois et al. 2020) 
and both variables can therefore be used to confirm 
snow classification. The DH SSA is generally lower than 
15 m2 kg−1 (Domine et al. 2007, 2018), and its visual 
grain size is above 2 mm.

To complement the database, an extensive dataset of 
meteorological station SD and SWE measurements was 
used (114 samples). Brown et al. (2019) reported the 
details of these measurements derived from different 
sources: meteorological stations, automatic measure-
ments and regular (mostly bi-weekly) in-situ surveys 
using snow cores (such as the Federal Sampler). We 
only selected data that were recorded near the snow 
depth maximum date and were then averaged over the 
last 20 years. In the case of meteorological data, the 
mean bulk density (ρ) was derived from measured SWE 
and SD: ρ(kg m−3) = 100 x SWE (kg m−2 or mm)/SD (cm).

Table 1 provides detailed information about the data 
and the sites mapped in Figure 1(a). Data are mostly 
derived from published research projects, with some 
additional unpublished data.

Vegetation cover

Vegetation cover zones are mapped in Figure 1(b) in eight 
classes. The closed-crown boreal forest spans from 47°N 
to 51°N and the open-crown boreal forest zone extends 
from 51°N up to 58°N. The open-crown boreal forest (51–-
58°N) includes the lichen woodland zone in its southern 
parts (51–55°N) and the forest–tundra ecotone in its 
northern parts (55–58°N) (Figure 1(b)). These northern 
boreal forest zones are dominated by mainly black spruce 
(Picea mariana), white spruce (P. glauca) and jack pine 
(Pinus banksiana) on generally well-drained soils (Payette 
and Delwaide 2018). The understory of open-crown forest 
is mainly composed of lichen (Cladonia spp.) and dwarf 
birch shrubs (Betula glandulosa) (Payette and Delwaide 
2018). Further north, the tundra zone starts from 58°N 

Figure 2. Latitudinal variation of 2000–2019 mean winter air temperatures (DJFM) (dots, left axis) and total snow precipitation (stars, 
right axis), on a fringe of a few degrees of longitude along the transect. The slope of the temperature linear trend (solid line) is 
significant: −0.58°C per degree of latitude. Dotted lines correspond to the relatively homogeneous mean precipitation values per 
range of latitudes.
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and includes the shrub and herb tundra up until the polar 
desert is located above 74°N. This study will relate these 
latitudinal limits, specific to northeastern Canada, to 
observed snowpack types.

Vegetation was also characterized using two satellite- 
derived spatially continuous variables (Table 1): (1) Leaf 
Area Index (LAI) (Xiao et al. 2016) and (2) the percentage 
of tree cover per surface units, labeled as crown closure 
(CC) of forest stands (Beaudoin et al. 2017a). The derived 
LAI values correspond to the summer maximum in vege-
tation growth at the spatial resolution of 0.05° and to 
two 10-year averages for two decades: 1988–2000 and 
2001–2012. The CC map was derived from images with 
a spatial resolution of 250 m, using 2011 MODIS satellite 
data and photo plots from the National Canadian Forest 
Inventory, and aggregated at 1° latitude intervals along 
the transect. CC was corrected for water surfaces, and 
the boundary between open and closed crown forest at 
51°N corresponds to closed CC = 25%, in agreement with 
Girard et al. (2008). Note that the CC database corre-
sponds to a specific period of the survey under study 
and has certainly evolved since then. It is shown as an 
example of a continuous latitudinal variation of 

a quantitative forest parameter, the temporal evolution 
of the vegetation not being the purpose of this study.

Results
Snowpack and vegetation properties along the 
transect
We analyzed the latitudinal variations of three main 
snowpack parameters: SWE, snow depth (SD) and den-
sity (ρ). Figure 3 synthesizes all available data along the 
transect, including field measurements (open 
symbols, m subscript) and the meteorological dataset 
(filled symbols, Environment and Climate Change 
Canada (ECCC) data, EC subscript) (see Table 1 for data 
description and sources). The values of SWE (top), SD 
(middle) and density (bottom) are along the transect 
range, respectively, from 400 to 80 mm, 150 to 20 cm 
and from 250 to 500 kg m−3 (Figure 3). We highlight here 
the local spatial variability of each parameter by provid-
ing values of a standard deviation when a large number 
of measurements per site (over ~10) were available (ver-
tical bars on SWE, SD and density data, Figure 3). The 
large value of the observed mean coefficient of variation 

Figure 3. Observational evidence of latitudinal changes in snow cover and vegetation properties over the northeastern Canadian 
transect studied from 47°N to 83°N. Filled symbols (EC subscript) are from meteorological data and open symbols are from in-situ 
measurements (m subscript) (field campaigns), all for the period near to the snow maximum (SWE max). Top: snow water equivalent, 
SWE (mm) (blue symbols); middle: snow depth, SD (cm) (red symbols); bottom: mean (bulk) density (ρ; kg m−3) (black symbols). In top 
figure, snow data are matched to continuous satellite-derived leaf area index (LAI): averaged LAI for the 1988–2000 period (dotted 
green line), and for 2001–2012 period (thick green line) (right scale in upper figure). In middle figure, snow data are matched to 
satellite-derived crown-closure (CC, %) (summer 2011 images). Vertical bars show the ranges of local spatial variability (± standard 
deviation) over field campaign sites. Background colors separate the three snow-vegetation classes defined in this study (see below 
and Table 2) and the dotted vertical line delimits the open- from closed-crown boreal forest sub-classes. Table 1 gives the data 
sources, and Figure 1A shows the site locations.
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of SWE at 0.39 indicates the strong local heterogeneity 
of snow properties, highlighting the well-known diffi-
culty in characterizing snow cover at the local scale 
(Derksen et al. 2010, 2014).

Figure 3 also shows the LAI and the forest crown- 
closure fraction (CC) variations along the transect. LAI 
values decrease from 3.9 at 47°N to 1.1 at 58°N and 
rapidly drop to almost 0 north of 60°N. The CC para-
meter, possibly a more robust parameter to characterize 
dense forest areas, confirms the trend, with a quasi- 
linear decrease from 54% to 12% between 47°N and 
53°N. An increase in CC up to 20% can be observed at 
55–57°N, followed by a drastic drop after 57°N (Figure 3). 
This increase can be related to the forest-tundra ecosys-
tem area that encompasses the transect between 55°N 
and 57°N (Class 4 in Figure 1(b)) (see also the map in 
Girard et al. 2008; their Figure 2). The observed CC 
increase between 55°N and 57°N corresponds exactly 
to the latitudinal variation of the Forest Tundra Ratio, 
defined as the forest cover (percentage) per unit area, 
analyzed by Payette et al. (2001). The CC values at those 
latitudes are slightly higher than those of the open- 
crown forest (52°N to 55°N), which would explain these 
variations (Girard et al. 2008; Leboeuf et al. 2018).

Note that in Figure 3 (top), we also show the temporal 
evolution of LAI, given for two periods averaged over 
1988–2000 and 2001–2012. The evidence of warming on 
vegetation is clear where mean LAI values increase by 
30% from the 1988 to 2000 and 2001 to 2012 periods. 
The most important increase can be seen around 50°N, 
at the northern limit of vegetation class 2 (closed-crown 

forest) and for vegetation class 4 between 55°N and 57° 
N, in agreement with Ju and Masek (2016).

Snow classification
The values of the three snowpack parameters (SWE, SD 
and density) shown in Figure 3 were analyzed in terms of 
their mean and variability (standard deviation) as 
a function of latitude over the studied transect in order 
to propose a classification. It is also based on expert 
knowledge such as snowpack stratigraphic and micro-
structural parameters, including density and SSA pro-
files, and knowledge of the bio-climatic environment. 
Despite the observed large regional variability, the 
results show that clusters with a relative consistency in 
snow properties can effectively be defined within three 
ranges of latitudes. The data grouped in the ranges 
47–58°N, 58–74°N and over 74° show three distinct 
classes of snowpack, which can be defined as (1) boreal 
forest snow; (2) tundra snow; (3) and polar desert snow 
(Figure 4). The boreal forest snow class (47–58°N) 
encompasses vegetation cover classes 1 to 4 and 
extends up to the tree line, as far north as Kuujjuaq 
(see Figure 1(b)). The tundra snow class (58–74°N), 
which corresponds to vegetation classes 5 to 7, extends 
past Québec’s far north to encompass all of Baffin Island 
and Bylot Island. The polar desert snow class (74–83°N), 
i.e., vegetation class 8, covers the northeastern part of 
the Canadian Arctic Archipelago (Figure 1(b)).

We have compared this classification with the one 
generated by a purely statistical clustering method. We 

Figure 4. Box plot of Snow Water Equivalent (SWE), Snow Depth (SD) and density (ρ) for each of the three snow classes determined in 
this study and represented with different colors. Data for closed- and open-crown boreal forest are shown separately to demonstrate 
that the snowpacks of these two forest classes are not significantly different.
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used a density-based approach (DBSCAN, MATLAB® sta-
tistical module) to find arbitrarily shaped clusters only 
driven by a given threshold for the neighborhood search 
radius in the data triplets (SD, D, SWE) and without 
setting a number of clusters a priori. In this 3D space, 
the DBSCAN classification led to the same three classes 
(boreal, tundra and polar desert), except for 7% misclas-
sified points. These can be clearly replaced by taking into 
account climatological parameters. This confirms the 
appropriateness of the three classes initially defined.

The main characteristics of these three classes are 
described below, and their typical mean and range of 
parameters (SWE, SD and density) are summarized in 
Table 2 and Figure 4. The mean climatology of these 
classes is given in Table 3.

(1) Boreal forest snow (47–58°N): Typically includes 
relatively cold and deep snow covers, up to 
250 cm thick, formed by large precipitation 
amounts (Figure 2). The increased alternation 
between warm spells and cold temperature 
observed under current warming leads to the for-
mation of melt features, such as melt-freeze 
crusts, ice layers and percolation structures in 
the snowpack. The low wind speed in the forests 

does not favor wind slab formation. The snow-
pack is mostly composed of moderately consoli-
dated fine-grained snow. Due to its high 
thickness, the insulation properties of this type 
of snowpack are often good, commonly leading 
to unfrozen soil throughout the whole winter, 
with a well-developed depth hoar layer at its 
base. Layers of faceted crystals form over tens 
of cm above the basal depth hoar layer. Typical 
properties of this snow class are close to those of 
the taiga class from Sturm et al. (1995), although 
here SD is usually much greater because of the 
high amount of solid precipitation (Figure 2).

(2) Tundra snow (58–74°N): Generally thin snowpack, 
20 to 50 cm in depth, in a windy and very cold 
environment (Figure 1 and Table 3). The ground 
commonly freezes in early to late fall. The snow-
pack is typically characterized by an important 
depth hoar development, with crystals up to 
a few centimeters long (Domine et al. 2016b). 
Between the basal depth hoar and the top wind 
slab, a layer of faceted crystals 1 to 2 mm in size is 
often observed. This is in fact the initial stage of 
increased depth hoar layer development (Domine 
et al. 2016a; Derksen et al. 2014). Furthermore, 

Table 2. Proposed snow-vegetation classes over the northeastern Canadian transect. For each class, mean values (standard deviation, 
Std) of Snow Water Equivalent (SWE), Snow Depth (SD) and density (ρ) are given.

Proposed snow-vegetation classification Sturm et al.’s (1995) classification

Latitude Classes

Main characteristics

Latitude Classes
SWE (±Std) 

mm
SD (±Std) 

cm
ρ(±Std) 
kg m−3

47–58°N Closed- and open-crown boreal forest snow 250.0 
(65.9)

89.8 
(22.9)

275.2 
(31.5)

<50°N Maritime
50–56°N Taiga

58–74°N Herbaceous and low shrub tundra snow 132.9 
(57.6)

43.1 
(35.2)

315.3 
(49.1)

56–82°N Tundra

74–83°N Polar desert snow 88.8 
(30.5)

19.9 
(11.4)

408.6 
(106.5)

Table 3. Measured mean climate variables (and standard deviation, Std) per snow class along the transect: winter (DJFM) air 
temperature, total snowfall per year and Total Wind Index for wind speed at 10 m height above 6 m s−1. Note that for the boreal forest 
class, the effective wind speed that impacts snow at the gound level is practically nil.

Snow Class Latitude range (°N)
Mean Winter Temp. (°C) 

(Std)
Total snowfall per year (mm w.e.) 

(Std)
Mean TWI (6 m/s) 

(Std)

Class 1 Boreal forest 47–58 −16.4 (3.3) 204 (64) 0 * 1266 (604)
Class 2 Tundra 58–74 −23.6 (3.3) 68 (52) 1703 (801)
Class 3 Polar desert 74–83 −31.3 (3.1) 41 (19) 1960** (289) 274 (228) 

xxxx

* At ground level, TWI is null because under the trees. 
** Mean value for Resolute Bay (74.75°N).
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over the southern boundary zone of this class, 
warm spells as well as Rain-on-Snow events can 
take place, leading to the formation of melt-freeze 
crusts and associated percolation structures 
within the snowpack (Roy et al. 2016; Langlois 
et al. 2017; Barrere et al. 2018). The impacts of 
herbaceous and shrub cover on this snow class 
are discussed below.

(3) Polar desert snow (74–83°N): A thin, very cold and 
wind-packed snow cover that rarely exceeds 
30 cm in height over flat areas. The snowpack 
typically consists of a basal layer of depth hoar 5 
to 10 cm thick overlaid by a thicker hard wind slab 
(Domine et al. 2002, 2018). However, the forma-
tion of depth hoar is particularly modulated by 
soil moisture availability and wind conditions. 
Under low soil moisture and high wind conditions 
in early fall that delay the establishment of 
a continuous snow cover, the formation of depth 
hoar can be impeded because the lack of snow 
cover and soil moisture allow very rapid soil freez-
ing, which limits the temperature gradient in the 
snowpack. Moreover, snow hardening by wind 
impedes the water vapor flux, to the point 
where depth hoar can be totally absent (Domine 
et al. 2018). The snowpack then has poor thermal 
insulation properties (typically a snow heat con-
ductivity between 0.05 and 0.2 W m−1 K−1, 
Domine et al. 2007, 2015, 2018, 2019) and ground 
cooling is enhanced.

The boreal forest snow has high SD and SWE values but 
relatively low mean density; the tundra snow has lower 
SD and SWE but higher density, while the polar snow has 
lower SD and SWE but very high density. This is consis-
tent with the variations in snowfall along the transect, 
decreasing towards the north (Table 3), shown in Figure 
2, and with the wind variations discussed below (Section 
on the role of wind in snowpack structure). The values of 
these parameters (SWE, SD and ρ) for each snow class 
are given in Table 2 and synthesized with box plots in 
Figure 4. The three classes are statistically different at the 
95% confidence level. All differences between para-
meters of each class show p-values below 0.056 
(Student test for differentiating two populations). The 
differences between the proposed snow classes and 
those of Sturm et al. (1995) given in Table 2 are 
addressed in the discussion.

Impact of vegetation on snowpack structure

Results from Figures 3 and 4 show that the snowpack 
properties are strongly linked to the vegetation types. 

When vegetation zones are aggregated into three main 
classes, i.e., boreal forest, tundra and polar desert, it 
appears that the observed clusters in snow properties 
described in the previous section show significant statis-
tical differences.

In Figure 4, typical SWE values of the boreal snow 
class are significantly different from those in the tundra 
class. The boreal SWE values range from 200 to 300 mm, 
with an SD of about twice what can be found in the 
tundra snow class. We tested whether the type of boreal 
forest, i.e., closed-crown or open-crown, affected the 
snowpack variables investigated here. The comparison 
between closed-crown (<51°N) and open-crown (>51°N) 
snow classes does not show significant differences, even 
if closed-crown SD is slightly higher than open-crown SD 
(93.4 ± 16 cm and 84.1 ± 29 cm, respectively, p = 0.056) 
(Figure 4). This is likely related to higher precipitation as 
shown in Figure 2 and Table 3. Because we found that 
the values of SWE and ρ were not statistically different 
for these two forest types, they have been grouped 
together in Table 2.

The vegetation in the tundra zone can be comprised 
of shrubs 25 to 100 cm tall. The shrubs trap snow leading 
to higher SD values than on herb tundra. The shrub- 
covered areas are known to induce increased depth 
hoar development due to the combination of a strong 
temperature gradient within the snowpack, high soil 
moisture and wind protection (Sturm et al. 2001; 
Domine et al. 2016b). Based on our measured snow 
profile properties (stratigraphy, density, grain size, SSA) 
along the transect, the basal depth hoar fraction (DHF) 
variation is analyzed in Figure 5 and typical SSA profiles 
for each snow class are presented in the next section 
(Figure 6).

In Figure 5, the basal depth hoar fraction (DHF) varia-
tion with latitude shows that snowpits with erect vege-
tation (red points), i.e., identified with shrubs at least 
10 cm in height in the snowpack, are well distinct from 
those without erect vegetation (blue points), i.e., with 
herb, lichen and/or moss covers. The mean DHF value for 
snowpits with vegetation, 0.63 ± 0.11, is significantly 
higher than for snowpits without vegetation, 
0.40 ± 0.09 (p = 0.0002). Interestingly, the maximum 
difference in DHF occurs around 56–59°N (Figure 5), 
where snow density is lower and temperatures are 
higher than at higher latitudes. Further north at the 
upper limit of the tundra snow class (72–74°N), the 
impact of shrubs on DHF is stronger, probably because 
DH can develop more easily in a thin snowpack whose 
whole height is affected by shrubs. Depth hoar crystal 
can then reach 30 mm in size. Snowpack on herb tundra 
is also characterized by the presence of basal depth 
hoar, even in windy conditions, due to the increased 

ÉCOSCIENCE 9



amount of available soil moisture which delays soil freez-
ing. This strengthens the temperature gradient in the 
snowpack, providing favorable conditions for depth 
hoar formation for several months. The observed strong 
impact of shrubs on basal depth hoar development is in 
agreement with previous studies such as those 
described in detail by Sturm et al. (2001) in Alaska (69° 
N/149°W) and Domine et al. (2016b) on Bylot Island (73° 
N/80°W).

The main characteristic of the shallow polar desert 
snow (>74°N) is its very high density, with mean values 
close to 400 kg m−3. With no erect vegetation and a very 
low plant cover (~5 to 10%) of low stature vegetation, 
generally <5 cm tall, snow cover is mainly driven by 
micro-topography (Derksen et al. 2014) and wind, 
which can lead to thick and hard wind slabs on exposed 
surfaces. The depth hoar fraction over the mean 
20 ± 11 cm snow depth is of ~0.3, with a strong varia-
bility. It strongly depends upon the soil moisture avail-
ability, i.e., the type of soil and sparse vegetation. Wind 
variations along the transect are presented and dis-
cussed in the section on the role of wind in snowpack 
structure.

Snow specific surface area relationships with the 
snow classification
Snow microstructure is another relevant variable to 
characterize a snowpack, as it complements density 
and grain type. We analyzed its variations using an 
objective descriptor, the surface specific area (SSA), 
because its vertical distribution and time evolution 
are very sensitive to meteorological conditions 

(Taillandier et al. 2007). SSA data are not as numer-
ous as other variables investigated here because 
rapid field methods are available only since the 
development of optical methods (Gallet et al. 
2009). As a preliminary investigation, we present in 
Figure 6 what may be considered representative SSA 
profiles for each snow class.

For all profiles, SSA decreases with depth. This is 
expected since SSA decreases over time through 
metamorphism (both kinetic and equilibrium meta-
morphism decrease the surface to volume ratio), 
while higher values can be expected near the air– 
snow interface from recent precipitation (Taillandier 
et al. 2007). However, a striking difference is that in 
the boreal forest snow class, SSA decreases fairly 
regularly with depth with sometimes different 
slopes. But in all cases, the boreal class differs clearly 
from both the tundra and the polar desert classes 
featuring two distinct layers: a lower depth hoar 
layer with low SSA and a top wind slab with higher 
SSA (Domine et al. 2002; Cabanes et al. 2002; 
Domine et al. 2015, 2016a, 2016b, 2018; Vargel 
et al. 2020). The upper part of the snowpack has 
small grain size, SSA from 30 to 60 m2 kg−1, while 
the lower layer shows a remarkably constant SSA 
value around 10 m2 kg−1. This is the typical structure 
of Arctic snowpacks, where depth hoar most often 
has an SSA below 15 m2 kg−1 (Domine et al. 2012, 
2016b, 2018). The effects of shrubs appear clearly on 
these profiles (dotted lines in Figure 6) with lower 
SSA (larger grain size) than for sites without shrubs 
(continuous lines) with larger SSA (smaller grain 
size).

Figure 5. Depth hoar fraction (DHF) (depth hoar thickness over snow depth) along the studied transect. Red points correspond to 
measurements at sites with shrubs and blue points are for sites without shrubs. The vertical bars show the spatial and/or temporal 
variability (standard deviation) for each site. See Table 1 for site acronyms.
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The role of wind in snowpack structure and 
classification

Along with the temperature gradient in the snowpack, 
wind is certainly the most important physical variable 
that affects northern snowpack structure and therefore 
our classification. In the boreal forest, snow is sheltered 
from wind and does not directly affect snow density. In 
tundra and polar desert, wind above about 6 m s−1 

causes shear stress on the surface that generates snow 
particle motion (creeping) and compaction on the sur-
face. This leads to the formation of snow crusts and 
slabs, whose hardness increases with wind speed 
(Pomeroy and Brun 2001; Schweizer 2003; Filhol and 
Sturm 2015; Wright et al. 2018; Sommer et al. 2018).

To characterize the wind effects, we considered the 
cumulative hourly wind speed above which wind can 
compact the snow per winter, noted Total Wind Index, 
TWI, expressed as 

P

DJFM
W � Tð Þ where the hourly wind 

speed W is in m s−1 and T is a fixed threshold = 6 m 
s−1 (inspired from degree-day, see Filhol and Sturm 2015; 
Domine et al. 2018). The WTI can be seen as a metric for 
estimating the cumulated energy available to generate 
wind slabs during the winter along the transect without 
considering variations in temperature and snow accumula-
tion that can affect snow density (Pomeroy and Brun 2001; 
Schweizer 2003). Table 3 gives the mean TWI measured at 
10 m height for each snow class over the last 20 years of 
data (data sources: Environment Canada and Nordicana 
2020) (Table 3).

Between 58° and 74°N, over the tundra snow class with 
high TWI (Table 3) and denser snowpacks with lower SD 
and SWE further north (Figures 3 and 4), no clear relation-
ship appears between TWI and density. Within the polar 
desert above 75°N, the observed mean TWI for the 

extreme High Arctic zone, of the order of 274 ± 228, is 
significantly lower than for the tundra class (Table 3), 
while the snow density exhibits the highest values. The 
main factor is that precipitation is 1.7 times lower in the 
High Arctic than over lower latitudes (see Figure 2). We 
illustrate the wind–density relationship in more detail 
within the desert polar class in Figure 7 by considering 
the interannual density variation, site by site. The results 
show that the density variation in the top 50% of the 
snowpack, mainly the wind-packed layer, increases with 
the cumulated wind speed Index (TWI). The observed 
relative variability of density below 1000 TWI, with 
a mean density of 333 ± 49 kg m−3, is significantly lower 
than the density above 1500 TWI, with a mean density of 
383 ± 41 kg m−3 (p = 1.5E-05). This expected general trend 
between wind and density thus enriches the specificity of 

Figure 7. Relationship between the density of the upper layer 
(top 50% of snowpack) as a function of the Total Wind Index 
(TWI) above 6 m s−1, at sampled sites in the polar desert snow 
class: Ward Hunt (83°N), Alert (82.5°N), Eureka (80°N) and 
Resolute Bay (74.75°N). The vertical bar shows the local spatial 
variability when the number of snowpits >10. The dotted line is 
the linear regression (R2 = 0.246 and p = 3.7E-05).

Figure 6. Surface specific area (SSA) profiles (m2 kg−1) of each snow class. Continuous lines correspond to sites without erect shrubs 
and dotted lines (VG) with erect shrubs. See Table 1 for site acronyms. The abscissa is discontinuous for each class, with the same scale, 
to allow more clarity.
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the proposed polar desert snow class, in comparison to 
the first two classes, boreal forest and tundra. However, 
analyzing this variability individually for each strong wind 
event throughout the winter is recommended.

In conclusion, the observed snowpack properties 
(SWE, SD, ρ, DHF and SSA) along the studied transect 
clearly confirm the rationale for the proposed classifica-
tion related to climate-vegetation gradient. This finding 
is particularly important in the context of the observed 
current shrub expansion, as basal depth hoar layer, 
linked to shrubs, generally acts as a more insulating 
layer, reducing ground winter cooling. The specificity 
of the proposed new polar desert class is also well 
characterized by a strong wind packing effect, generat-
ing a very contrasted SSA profile between a surface wind 
slab layer over a basal hoar depth layer.

Discussion

Comparison to Sturm et al.'s (1995) classification

The proposed new snow classification for northeast-
ern Canada differs in some respects from that of 
Sturm et al. (1995) (hereafter S95). S95 proposed 
a classification system for global seasonal snow cov-
ers based on both microstructural-stratigraphic 
snowpack characteristics and climate variables 
(wind, precipitation and air temperature). This 
resulted in six snow classes (tundra, taiga, alpine, 
maritime, prairie and ephemeral) mapped on a 0.5° 
latitude × 0.5° longitude grid. Table 2 compares the 
main differences between S95 and the proposed 
classification at a regional scale, which considers 
the vegetation. The S95 classes for the studied trans-
ect are mapped in Figure 8, leaving to appear some 
quasi punctual classes because of the climatic con-
siderations taken into account for small particular 
areas. The closed- and open-crown boreal forest 
snow class encompasses two S95 classes: Maritime 
snow for the southern part (<50°N) and Taiga snow 
for the northern part. The specificity of northeastern 
Canada is the combination of high winter precipita-
tion and cold temperatures for the considered lati-
tude (Vincent et al. 2015). The high precipitation 
over the boreal snow class implies a thicker snow-
pack and a lower DH fraction than what is described 
in Sturm’s Taiga class. The low temperatures (Figure 
2, Table 3) imply that at the southern limit of our 
area, DH can form quickly and that melting events 
are less frequent than what is observed in Sturm’s 
Maritime class. Therefore, both these Sturm’s classes 
can be merged in northeastern Canada. The Tundra 

snow we define over 58°<Lat.<74°N is similar to the 
southern part of S95 Tundra snow.

The most important distinction in the snow classifica-
tion is the proposed introduction of the Polar desert 
snow class in the High Arctic, which is not considered 
in the S95 classification (Table 2; Figure 8). Here, we 
separate the Tundra class of S95 into two classes by 
considering the specificity of the Polar desert class with 
higher density, lower SWE and lower SD (see Figure 4) 
than the mean characteristics of the S95 Tundra class, 
which is typified by the snow cover in Arctic Alaska.

Climate change and vegetation cover evolution

Although the data collected on snow span a relatively 
long period of time (2000–2019), we hypothesize that 
the observed climate change over the past 20 years did 
not have a direct impact on the physical properties of 
the snowpack governing our classification. Warming, 

Figure 8. Sturm et al.’ (1995) snow classification over the studied 
transect. The latitudinal limits of the proposed classification 
(Table 2) are shown (black lines). Sturm et al.’s snow classes 
include Ice, Tundra, Prairie, Taiga, Alpine and Maritime.
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which has been less intense in northeastern than in 
northwestern Canada (Vincent et al. 2015), leads to sig-
nificantly smaller changes in temperature when com-
pared to the gradient identified in each zone (Figure 2). 
Furthermore, the currently observed warming in the 
North essentially alters snow cover extent and duration, 
as well as melt onset timing (Vincent et al. 2015; Mudryk 
et al. 2018). The measured changes in snowfall in the 
northeast of Canada (above 55°N) (Vincent and Merkis 
2006) were not sufficient to modify the snowpack prop-
erties at a given location, as observed at sites where data 
were collected for this study. Until now, rain-on-snow 
events mainly affect transition periods (fall and spring) 
(Dolant et al. 2017). Hence, the main climatic factor that 
could directly affect the snowpack properties used in the 
classification is wind, which has not evolved significantly 
over the past two decades. As such, no significant trend 
was observed in hourly mean wind speed over the 
1954–2020 period from meteorological data in the 
study area (not shown). This result is in agreement with 
reanalysis datasets, even if large uncertainties exist in 
the estimated trends of wind speed (Torralba et al. 2017).

We demonstrated in this article that one of the main 
climatic factors that impact snowpack properties is the 
indirect effect of the presence/absence of shrubs. 
However, vegetation responds slowly to climate change. 
Across northern regions (>50° N), the average velocity of 
change in growing-season normalized difference vege-
tation index (‘greening index’) was less than nearly half 
of the growing-season mean temperature velocity 
(Huang et al. 2017). Gagnon et al. (2019) observed that 
the smallest shrubs that could be sampled on expanding 
shrub tundra were at least 25 years old, illustrating that 
the shrub expansion rate is very low. Moreover, the 
‘Arctic greening’ does not necessarily entail an increase 
in the areal extent of vegetation (Myers-Smith et al. 
2020). Numerous studies report that the polar desert 
vegetation has not changed much over the last 
20 years (e.g., Ju and Masek 2016; Meredith et al. 2019; 
Myers-Smith et al. 2020). Therefore, warming over the 
course of our study is insufficient to have affected our 
classification, and the fact that our measurements are 
spread over 20 years did not alter the analysis presented.

Impacts of snow property changes on ground 
temperature

Lastly, in the area studied, the continuous permafrost 
zone spreads northwards from the southern limit of the 
Tundra snow class at about 57.5°N (Figure 1(a)). 
Permafrost linked to the ground thermal regime deter-
mines major variations in hydrological and nutritional 
status of soil conditions, and thus drives vegetation 

distribution and growth. In turn, snow cover and inter-
actions with vegetation modify ground surface 
temperature.

In the context of northern warming, the variations of 
the snow cover state during the winter must be consid-
ered. In addtion to snowpack physical properties, the net 
effect of snow on ground temperature depends upon 
the time of year of snow onset and melt, and snow cover 
duration. Several studies show that both snow timing 
and shrub expansion impacts can lead to both ground 
cooling and ground warming (Ling and Zhang 2003; 
Bartlett et al. 2004; Zhang 2005). Snow–ground interface 
temperature records in Alaska from Sturm et al. (1995) 
confirm the large, up to 10°C, persistent differences in 
winter soil temperature between shrub and nonshrub 
sites. Bartlett et al. (2004) show that variation of the 
duration of the fully insulating snow cover can increase 
the annual ground temperature by 2–7°C. Frost et al. 
(2018) report that in Siberia, mature shrubs cooled soils 
during summer compared to open tundra, but warmed 
soils by the same intensity (~10°C) in winter, presumably 
because they developed highly insulative snowpacks. 
The insulation effect of snow cover can also be counter-
balanced by Rain-on-Snow (ROS) (Langlois et al. 2017) 
and ice crust development following warm spells 
(Barrere et al. 2018). As these processes are not well 
modeled in land surface models, they could lead to 
large uncertainties in the annual ground heat balance 
with a possibly positive or negative impact on perma-
frost evolution and therefore on climate because of the 
feedback related to the carbon cycle in northern regions 
(Gouttevin et al. 2012; Schuur et al. 2015; Gasser et al. 
2018; Biskaborn et al. 2019).

However, globally, with future warming, the snow-
pack is expected to diminish, enhancing permafrost 
warming (see Sospedra-Alfonso and William 2017). On 
the other hand, the snow impact is going to be further 
strengthened by vegetation growth (Meredith et al. 
2019), which leads to a greater proportion of depth 
hoar (Figure 5), increasing snowpack insulation. Both 
these factors might lead to enhanced melt of permafrost 
and related carbon feedbacks.

Conclusion

This study synthesizes the snowpack properties, snow 
water equivalent, snow depth, density, SSA profiles and 
basal depth hoar fraction, analyzed along a transect 
across a region of northeastern Canada between 47°N 
and 83°N. This unique database was generated from in- 
situ snow measurements archived over about 20 years of 
snow research projects, supplemented with all available 
snow-cover data from weather stations in this region. 
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A classification of three snow classes along the latitudi-
nal gradient emerges, driven by climate conditions, 
which control the types of vegetation from boreal forest, 
tundra and polar desert. Defining worldwide snow 
classes as in Sturm et al. (1995) (S95) is convenient for 
many applications, but its use for specific regions can be 
delicate. We show here that northeastern Canada snow 
classes are significantly different from those from S95. 
First, as this study identifies, northeastern Canada fea-
tures the northernmost seasonal snowpack. Second, pre-
cipitation is abundant in the southern part of 
northeastern Canada and this leads to the definition of 
the boreal forest type, different from the S95 Taiga class 
and somewhat overlapping its Maritime class. We also 
proposed a new snow class, specific to the polar desert 
region, above 74°N.

Observed changes in snowpack properties along the 
transect arise from the strong land surface processes 
generated by the vegetation cover. In particular, we 
observed that shrubs significantly modify the snow 
microstructure. In the latitude range of 54° to 74°N, we 
show that the mean relative depth hoar thickness is 
significantly higher (57.5%) in shrub areas compared to 
non-shrub areas. The combined use of satellite remote 
sensing data on snow and vegetation land cover (Larue 
et al. 2017; Martin et al. 2017; Pulliainen et al. 2020) can 
improve future trends of snow–vegetation interactions. 
The effect of snow cover in the context of climate 
changes with shrub expansion at the expense of herbac-
eous or lichen tundra is expected to strengthen snow 
insulation effects. Our snow classification therefore sug-
gests that snowpack structure could positively feedback 
on permafrost warming.
Our database is available at http://www.cen.ulaval.ca/nordica 
nad/dpage.aspx?doi=45705CE-98FC517D461E4C25

Royer A, Domine F, Roy A, Langlois A, Davesne G. 2021. 
Snowpack physical properties along a transect from 47° to 
83°N in northeastern Canada v. 1.0 (2000-2019). Nordicana 
D87, doi: 10.5885/45705CE-98FC517D461E4C25.
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