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Abstract. In alpine terrain, the snow-covered winter surface
deviates from its underlying summer terrain due to the progressive smoothing caused by snow accumulation. Terrain
smoothing is believed to be an important factor in avalanche
formation and avalanche dynamics, and it affects surface
heat transfer, energy balance as well as snow depth distribution. To assess the effect of snow on terrain, we use an
adequate roughness definition. We developed a method to
quantify terrain smoothing by combining roughness calculations of snow surfaces and their corresponding underlying terrain with snow depth measurements. To this end, elevation models of winter and summer terrain in three selected alpine basins in the Swiss Alps characterized by low,
medium and high terrain roughness were derived from highresolution measurements performed by airborne and terrestrial lidar. The preliminary results in the selected basins reveal that, at basin scale, terrain smoothing depends not only
on mean snow depth in the basin but also on its variability. The multi-temporal analysis over three winter seasons in
one basin suggests that terrain smoothing can be modelled
as a function of mean snow depth and its standard deviation
using a power law. However, a relationship between terrain
smoothing and snow depth was not found at pixel scale. Further, we show that snow surface roughness is to some extent
persistent, even in-between winter seasons. Those persistent
patterns might be very useful to improve the representation of
a winter terrain without modelling of the snow cover distribution. This can for example improve avalanche release area
definition and, in the long term, natural hazard management
strategies.

1

Introduction

During and after a snowfall event, wind, snow gliding and
avalanches redistribute snow and smooth the geomorphology of the terrain by filling irregularities. During the snow
accumulation season, terrain features successively disappear,
leading to increasingly homogeneous deposition patterns
during storm events and, thus, to a progressive smoothing
of the terrain surface. Terrain smoothing influences albedo
(e.g. Manninen et al., 2012), surface heat transfer and energy balance (e.g Fassnacht et al., 2009) and/or snow depth
distribution (Mott et al., 2010). Whereas albedo is mainly
affected by millimetre to centimetre changes of the winter
terrain surface, snow distribution processes are modified by
a changing winter topography at scales up to several tens of
metres. Thus, understanding the multi-scale effects of snow
smoothing on topography is very important in avalanche hazard assessment, run-off modelling and water resource management.
The evaluation of snow’s influence on topography has always been an important task in avalanche risk assessment
and hazard mapping. Terrain smoothing especially affects
avalanche formation and dynamics. To correctly estimate the
run-out distance of an avalanche, a precise estimation of the
avalanche release area (as well as fracture depth) and the
characteristics of the avalanche track (friction, etc.) are required. Both are influenced by terrain smoothing. Terrain
smoothing in an avalanche path can change the friction between avalanche flow and the underlying terrain and thus has
an impact on the avalanche dynamics. It is further important in determining the location and size of avalanche release
areas. The evaluation of release area size is very complex
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and still typically requires considerable expert knowledge
and experience. Existing tools for the automatic detection
of avalanche release areas (e.g. Maggioni and Gruber, 2003;
Bühler et al., 2013) are based exclusively on topographical
parameters and are therefore mainly suited for the definition of extreme avalanches whose extents are strongly controlled by topography. These algorithms often fail to estimate
smaller avalanche release areas that vary in location and size
within the same topographical basin as they neglect the effect
of variations in snow cover distribution. Changing snow deposition patterns due to terrain smoothing could thus partly
explain the observed differences in release areas.
The importance of snow cover distribution in avalanche
formation processes is well known and widely mentioned in
the literature. One parameter particularly highlighted in this
context is roughness. For a shallow snowpack, roughness can
have a stabilizing function hindering the formation of continuous weak layers (Schweizer et al., 2003) and slabs (Simenhois and Birkeland, 2008) as well as providing mechanical
support to the snowpack. McClung (2001) showed in a study
of 76 avalanche paths due to clear-cut logging in the Coast
and Columbia mountains of British Columbia that ground
roughness (defined in a categorical way: (1) low: ground features smaller than 1 m relief; (2) medium: ground features
1–2 m relief; (3) high: ground features bigger than 2 m relief) is potentially important in inhibiting avalanche initiation. Actually, no events were reported in areas with roughness height larger than 2 m. Moreover, van Herwijnen and
Heierli (2009) stated that, in the case of weak layer failure,
roughness of the bed surface plays an important role in determining whether an avalanche will release or not. However
these stabilizing effects of terrain roughness disappear if the
snowpack is deep enough to form a relatively smooth intermediate surface (McClung and Schaerer, 2002) where the
formation of a homogenous snowpack with continuous weak
layers and slabs is facilitated. All these studies demonstrate
the ability of roughness to capture terrain smoothing as well
as its importance in avalanche formation processes.
In recent years, airborne (Vallet, 2011; Fischer et al.,
2011) and terrestrial laser scanning (Grünewald et al., 2010;
Prokop, 2008; Prokop et al., 2008) have become increasingly
reliable and feasible techniques to obtain high-resolution
snow depth measurements even in steep alpine terrain, allowing analysis of snow depth distribution over multiple scales
(Schirmer and Lehning, 2011; Deems et al., 2008; Trujillo
et al., 2007). The importance of scale in snow redistribution is widely recognized. For instance it is known that snow
redistribution patterns vary over scales due to different underlying processes (Blöschl, 1999). Winstral et al. (2002)
suggested that one reason for the low percentage of snow
depth variation that can be explained by terrain parameters
might be differences in modelled processes and scales. Accordingly, methods like fractal analysis have been applied to
evaluate snow depth variability over a wide range of scales
(Schirmer and Lehning, 2011; Deems et al., 2008, 2006).
The Cryosphere, 8, 547–569, 2014

Snow depth generally showed two distinct regions of fractal
scaling separated by a scale break where the dynamics of the
underlying processes shaping the snow cover are supposed to
change. Interestingly, these studies revealed very high interannual consistency of the fractal scaling behaviour of snow
depth, suggesting that observed scaling properties are characteristic of the specific site and are relatively insensitive to
variations in snow accumulation (Deems et al., 2008). This
result was further strengthened by Schirmer et al. (2011),
who found very high interannual consistency of snow depth
measurements. Using a fractal roughness parameter, Lehning
et al. (2011) established a statistical relationship between topography and snow depth in small topographical units. While
Grünewald et al. (2013) showed that this behaviour is not
universal, they stressed again the consistency of such statistical models at a given field site for consecutive years at
times of maximum snow accumulation. Although these studies have brought valuable insight into snow depth distribution
and its persistent topographical control in alpine terrain, little
focus was put on how snow depth affects roughness of a winter terrain surface. Schirmer and Lehning (2011) interpreted
the two distinct fractal scaling behaviours of snow depth in
combination with increasing scale breaks in the accumulation season as smoothing of terrain roughness at increasing
scales. Schweizer et al. (2003) stated that a snow depth of 0.3
to 1 m is required to eliminate terrain roughness. However, a
consistent method to quantify the influence of snow depth
on the geomorphology of a terrain surface integrating scale
dependency and the temporal consistency of these processes
has not been attempted yet.
In this study we provide a method to characterize and
quantify the smoothing effects of snow on terrain based on
high-resolution, multitemporal lidar measurements of summer and winter terrain. To this end, we derive local roughness estimates based on gemorphological parameters of winter and summer terrain. First, we develop a method to capture
and quantify terrain smoothing at basin as well as at pixel
scale as a function of snow depth parameters. We apply and
discuss the method, using lidar data of three geomorphologically different basins within two alpine field sites in the Swiss
Alps. Finally, we assess and quantify the persistence of snow
depth and its corresponding terrain smoothing effects.

2
2.1

Methods and data
Field sites and data acquisition

We focus our study on three geomorphologically different
basins located at two mountain test sites in the Swiss Alps
(Fig. 1). The site of Vallée de la Sionne (VdlS) is located
in the south-western part of Switzerland in the canton of
Valais, near Sion. The terrain is characterized by elevations
between 2460 and 2679 m a.s.l., and the orientation ranges
from E to SE. The VdlS field site is divided into two different
www.the-cryosphere.net/8/547/2014/
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basins characterized by distinct topography: Crêta Besse 1
(CB1) is steeper and rougher, whereas Crêta Besse 2 (CB2)
is less steep and shows a very homogenous terrain surface
without major ridges or cliffs. The area of the basin CB1 is
52 600 m2 ; its mean slope is 42.4◦ with a standard deviation
of 6.0◦ . The area of the basin CB2 is 60 700 m2 , and it has a
mean slope of 36.2◦ with a standard deviation of 3.9◦ .
The Steintälli site (ST) is situated in the eastern part of
Switzerland near Davos. The area of the basin is 73 500 m2 .
The terrain is characterized by elevations between 2418 and
2600 m a.s.l., and the orientation ranges from NE through
E to SE. Steep slopes are located near the ridge, flattening
out in the lower part of the basin. The terrain surface is less
rugged and irregular than in CB1 but still contains more topographical variety, such as gullies and rocky outcrops, than
CB2. The mean slope of the basin is 35.6◦ with a standard deviation of 7.3◦ . Slope maps of all basins are shown in Fig. 2.
Further, all three basins represent areas where avalanches can
potentially release (slope angle steeper than 28◦ ).
Snow distribution in the Steintälli basin was determined
by terrestrial laser scanning (TLS). The Riegl LPM-321 device, operating at 905 nm, was used. This device has proven
its ability to work in harsh alpine environment with sufficient
accuracy (Prokop, 2008; Prokop et al., 2008). Grünewald
et al. (2010) compared TLS with tachymeter measurements
and found a mean deviation of 4 cm with a standard deviation of 5 cm at distances up to 250 m. Our measurement distances ranged from 200 up to 600 m; thus we estimate our
vertical measurement accuracy of 20 cm or better. To ensure
scan quality, we further performed reproducibility tests. We
always performed a scan in coarse resolution in the beginning of the measurement campaign in addition to the normal
laser scan acquisition. This allowed us in the post-processing
to detect misalignments between the two, indicating possible errors due to an unstable scanner setup (stability of tripod, wind influence, etc.). Only scans with a mean deviation
of less than 10 cm of the coarse scan were considered. We
produced raster maps with a spatial resolution of 1 m. We
performed in total eight scans of the winter terrain between
January and March within the winter seasons of 2010/11,
2011/12 and 2012/13. An additional scan of the summer terrain was acquired on 18 September 2011 and serves as a reference for the snow depth calculations.
At the Vallée de la Sionne site, airborne laser scanning (ALS) measurements are performed before and after
avalanche events using a helicopter-based system, and a detailed description of the method and the precision of the measurements can be found in Sovilla et al. (2010). The vertical
accuracy of the data is 0.10 m. We resampled the original grid
from 0.5 m resolution to 1 m resolution using cubic interpolation to have the same spatial resolution as in Steintälli. At
the Vallée de la Sionne test site, three ALS measurements
were performed in three different winter seasons.
To calculate snow depth, the summer terrain was subtracted from the winter terrain and negative snow depth valwww.the-cryosphere.net/8/547/2014/
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ues were excluded. Simple statistics were used to describe
the snow depth distribution: Mean snow depth, HS, and its
standard deviation, σ (HS), as well as the coefficient of variation. The coefficient of variation, Cv , is a normalized measure of the variability of the snowpack defined by the standard deviation divided by the mean snow depth:
Cv =

σ (HS)
HS

(1)

.

The ST field site serves as an example for the exploitation
of mulitemporal acquisitions over a larger time span (eight
scans over three winter seasons). The comparison with the
VdlS field site, where only three data sets are available, is
intended to illustrate the differences with respect to different
terrain morphology.
2.2

Surface roughness calculation

In general we understand as roughness the variability of a topographical surface at a given scale. A number of definitions
of roughness exist; for a recent overview see Grohmann et al.
(2011). We decided to choose the vector ruggedness measure
developed by Sappington et al. (2007) and based on the vector approach proposed by Hobson (1972). In a preliminary
step, the elevation gradient in both the x and y directions of
a grid cell and its eight neighbouring cells is used to calculate the magnitude (slope), α, and the direction (aspect), β,
of steepest gradient (Horn, 1981). We define a, b and c as the
upper left, upper central and upper right pixel respectively; d
and f as the central left and central right pixel respectively;
and g, h and i as the lower left, lower central and lower right
pixel respectively (Fig. 3). We denote
dz
(c + 2f + i) − (a + 2d + g)
=
,
dx
(8 · cellsizex )
dz
(g + 2h + i) − (a + 2b + c)
=
,
dy
(8 · cellsizey )

(2)
(3)

where a ... i represent the elevation of the corresponding cells
and cellsizex and cellsizey correspond to the size of the grid
cell in x and y direction, respectively. Slope and aspect are
then calculated using the following formulas:
s

 2  2
dz
dz
,
α = arctan 
+
(4)
dx
dy
!
dz
β = arctan

dy
dz
dx

.

(5)

To attribute the right quadrant to the calculated aspect value,
the implemented arctangent function with two input arguments allows retrieving information about the signs of the input arguments and thus returning the right quadrant. Aspect
is not defined for flat areas (slope = 0◦ ), and values are set to
The Cryosphere, 8, 547–569, 2014
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−1. Consequently, trigonometric operations using these values are treated as 0. Based on these definitions, normal unit
vectors of every grid cell of a digital elevation model (DEM)
are decomposed into x, y and z components (Fig. 4, Eqs. 6–
9):
z = 1 · cos(α),
xy = 1 · sin(α),
x = xy · cos(β),
y = xy · sin(β).

(6)
(7)
(8)
(9)

A resultant vector |r| is then obtained for every pixel by summing up the single components of the centre pixel and its
neighbours using a moving window technique. The neighbourhood size can be set by the user and is defined by the
number of pixels n taken into account.
qX
X
X
|r| = (
x)2 + (
y)2 + (
z)2 ,
(10)
as shown in Fig. 4b. The magnitude of the resultant vector is
then normalized by the number of grid cells n and subtracted
from 1:
R = 1−

|r|
,
n
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where R is the vector ruggedness measure.
The result is a measure of the surface roughness with values ranging from 0 (flat) to 1 (extremely rough). This definition makes it possible to derive roughness directly from a
DEM, and the moving window technique allows us to calculate local, pixel-based estimates of roughness. Since the
method incorporates both the aspect and slope of the elevation gradient, we can distinguish between constant slope
with constant aspect and constant slope with changing aspect (Fig. 4c). Sappington et al. (2007) showed that the vector ruggedness measure is uncorrelated with slope. The measure has already been applied in different research fields, including, among others, animal habitat analysis (Sappington
et al., 2007), avalanche dynamics (Sovilla et al., 2012) and
avalanche formation (Vontobel, 2011).
We calculated roughness for every 1 m grid cell of all measured winter surfaces, RS , and the corresponding summer terrain, RT . By varying the neighbourhood size from 3 × 3 pixels (3 m scale) up to 25 × 25 pixels (25 m scale), we aimed
to account for different scales. Scale in our context thus corresponds to the size of the moving window.

(11)
www.the-cryosphere.net/8/547/2014/
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(a) slope ST

Fig. 3. Calculation of the horizontal and vertical gradient at grid
cell e, using the elevation values of the centre cell e and its eight
Fig. 3: Calculation
thecalculated
horizontal and
gradient
neighbours.
Gradientsofare
forvertical
each grid
cellat in the input
cell e, using the elevation values of the center cell e and
raster grid
using
a 3 × 3 window.
its eight neighbors. Gradients are calculated for each grid cell
in the input raster using a 3 x 3 window.

the corresponding summer surface of the form
(12)

RS = b × RT ,

where b is the slope of the regression fit. We then denote the
smoothing factor F :
F = 1 − b.

(13)

(b) slope VdlS

F ranges between 0, when surface roughness is equal to terand 1 for a
can be negsurfaces
arecellrougher
than the terrain
grid cell ative
e, usingfor
the snow
elevation
values ofwhich
the center
e and
its eight neighbors.
surface. Gradients are calculated for each grid cell
in the input raster using a 3 x 3 window.
Further, we calculate the coefficient of determination, R 2 ,
of the regression fit, which determines the degree of similarity between the snow surface and terrain surface. High values, up to 1, indicate that the underlying terrain is still dominating and the influence of snow is low. Low values indicate
that snow influence is dominant, creating significant changes
of the surface structure. Thus, these measures, F and R 2 define terrain smoothing at basin scale.
(b) slope VdlS
At pixel scale, terrain smoothing is analysed as a function
Fig. 2. Slope derived from a DTM with 1 m resolution in (a) the
of the roughness of the summer terrain as well as of the snow
basin of ST and (b) the basin of VdlS. Pixmaps© 2013 swisstopo
Fig. 2: Slope derived from a DTM with 1 m resolution in (a)
depth at this position. We assume that terrain smoothing is
(5704 000 000).
the basin of ST and (b) the basin of VdlS. Pixmaps© 2013
dependent on the value of the terrain roughness under conswisstopo (5704 000 000).
sideration. We binned terrain roughness values into classes
separated by intervals of 0.002. For each class with similar
2.3 Terrain smoothing assessment
terrain roughness, snow surface roughness is analysed as a
function of snow depth.
To quantify intra- and interannual persistence of snow
Snow changes the underlying terrain by filling gullies and
depth and surface roughness, we calculate the degree of corcovering rocks; it also creates drift features such as dunes
relation between two distinct winter snow covers using the
and cornices, which may be uncorrelated with the underlycoefficient of determination, R 2 .
ing terrain. Thus, to evaluate terrain smoothing it is necessary
rain roughness and no smoothing is observed,
Fig. 2: Slope derived from a DTM with 1 m resolution in (a)
the basin of ST and (b) the basin of VdlS. Pixmaps© 2013
completeofeven
snow surface.
Theoretically,
F
Fig. 3: Calculation
the horizontal
and vertical
gradient at
swisstopo (5704 000 000).

to both calculate the degree of attenuation of terrain features
produced by snow and estimate the degree of similarity between winter and summer surface. In this study, we use the
roughness calculations to assess the terrain smoothing processes.
To quantify terrain smoothing at basin scale, we performed
a linear regression analysis between all pixels of a winter and
www.the-cryosphere.net/8/547/2014/
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3.1

Results and discussion
Snow depth distribution

At the Steintälli field site, eight TLS measurements were performed in three different winter seasons. Table 1 shows the
The Cryosphere, 8, 547–569, 2014
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Fig. 4. Calculation of vector ruggedness measure R. (a) Decomposition of normal unit vectors of a DTM grid cell into x, y and z components
using slope α and aspect β. (b) Resultant vector r is obtained by summing up the x, y and z components of all pixels n within the neighbourhood window. (c) Vector ruggedness measure in flat (left), steep and even (middle), as well as steep and uneven terrain (right). Graphics
from Sappington et al. (2007).

Table 1. Mean HS, standard deviation σ (HS) and coefficient of
variation Cv of snow depth distribution for every laser scan acquisition in the ST basin.
Steintälli
Date
2 Feb 2011
1 Mar 2011
11 Jan 2012
13 Feb 2012
4 Mar 2012
9 Mar 2012
20 Mar 2012
10 Jan 2013

Table 2. Mean HS, standard deviation σ (HS) and coefficient of
variation Cv of snow depth distribution for every laser scan acquisition in the CB1 and CB2 basins.
Date

HS[m]

σ (HS)[m]

Cv

1.33
1.43
2.75
1.91
1.99
2.31
2.01
1.36

0.48
0.53
0.54
0.60
0.73
0.70
0.75
0.35

0.36
0.37
0.20
0.32
0.36
0.30
0.37
0.26

snow cover characteristics of all acquisitions for the basin
ST. Snow depths in 2010/11 and 2012/13 were lower (between 1.33 and 1.43 m) than in 2011/12, when snow depth
varied between 1.91 and 2.75 m. The coefficient of variation
ranges from 0.2 to 0.37 with generally increasing values towards the end of the accumulation period. Thus we believe it
is a potentially good indicator for the increasing redistribution of the snow cover during the accumulation season. Figure 5 shows the evolution of snow depth for the three winter
seasons of 2010/11, 2011/12 and 2012/13 at the weather station WAN7 in close vicinity to the basin ST. Interestingly, the
maximum snow depth was reached very early in the winter
season 2011/2012, in January, and it is basically the result of
one long period of intermittent snowfalls. Normally peak accumulations at these altitudes are reached later in the season
(March or April).
At the Vallée de la Sionne test site, three ALS measurements were performed in three different winter seasons. The
three scans were taken at significantly different stages of the
accumulation season. Figure 5 shows the evolution of snow
The Cryosphere, 8, 547–569, 2014

HS[m]

σ (HS)[m]

Cv

0.78
0.64
0.30

0.29
0.47
0.22

0.61
0.62
0.23

0.17
0.29
0.17

Crêta Besse 1
8 Mar 2006
25 Jan 2009
8 Dec 2011

2.71
1.36
1.39
Crêta Besse 2

8 Mar 2006
25 Jan 2009
8 Dec 2011

3.68
2.13
1.36

depth for the winters 2005/06, 2008/09 and 2011/12 at the
weather station Donin du Jour, which is situated about 2 km
away from the basins. Table 2 shows the snow cover characteristics of all acquisitions for the basins CB1 and CB2. The
scan acquired on 8 March 2006 can be considered close to
the peak accumulation of the winter. The scan of 25 January
2009 is the result of several snowfalls within the winter season. Both scans show a significantly larger standard deviation. Finally, the scan of the 8 December 2011 was performed
after the first significant snowfall of the winter season, and
represents a very homogeneous snowpack where little redistribution has taken place.
We further observe that snow depth at the weather stations
can significantly deviate from mean snow depth observed in
the basins. Snow depth at the weather station is therefore just
used for visualization purposes of the winter history.

www.the-cryosphere.net/8/547/2014/
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Fig. 5: Evolution of snow depth from 1 November until
31 March measured (a–c) at the weather stationFig.
WAN7
6. inTerrain roughness derived from a DTM with 1 m resoluTerrain roughness derived from a DTM with 1 m resSteintälli and (d–f) at the weather station Donin du Jour in
tion,
for a 5Fig.
m 6:scale
in (a) the ST basin and (b) the VdlS basin.
olution, for a 5 m scale in (a) the ST basin and (b) the VdlS
the Vallée de la Sionne. The vertical blue lines correspond to
©
Swissimage
2013
swisstopo
000
000).
basin.
Swissimage©
2013(5704
swisstopo
(5704
000 000).
the acquisition times of the laser scans.

3.2

Fig. 5. Evolution of snow depth from 1 November until 31 March
(a–c) at the
and (d–f)
Fig.measured
5: Evolution
of weather
snow station
depthWAN7
fromin1Steintälli
November
until
at the weather station Donin du Jour in Vallée de la Sionne. The
31 March
measured
(a–c)
at
the
weather
station
WAN7
in
vertical blue lines correspond to the acquisition times of the laser
Steintälli
scans. and (d–f) at the weather station Donin du Jour in
the Vallée de la Sionne. The vertical blue lines correspond to
the acquisition times of the laser scans.
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Terrain smoothing at basin scale

Figure 6 shows terrain roughness of the three basins CB1,
CB2 and ST. We observe that the vector ruggedness measure
R captures well terrain features such as rocky outcrops, boulders as well as small channels and gullies. It further confirms
our selection criteria with increasing roughness from CB2 to
ST to CB1. Mean roughness in CB2 is 0.0028 with a standard deviation of 0.0044, mean roughness in ST is 0.0050
with a standard deviation of 0.0089, and mean roughness in
CB1 is 0.0084 with a standard deviation of 0.133 (all values
calculated at a scale of 5 m).
Figure 7 shows an example of the correlation between terrain roughness, RT , and snow surface roughness, RS , for the
CB1 basin and for scales of 5 and 25 m. We observe a linear relationship between RS and RT . Whereas the correlation is very strong at larger scales (R 2 of 0.97 at a scale
of 25 m), more deviation from the linear fit is observed on
Fig. scales
6: Terrain
derived
from a DTM with 1 m ressmaller
(R 2 ofroughness
0.73 at a scale
of 5 m).
olution,
for a an
5m
scale inover
(a) all
thebasins
ST basin
and (b)
8 gives
overview
and shows
F the VdlS
Figure
Swissimage©
2013 swisstopo
(5704roughness
000 000).
andbasin.
the coefficient
of determination,
R 2 , of terrain
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Fig. 7. Snow surface roughness as a function of terrain roughness for every pixel in CB1 in the year 2011 for scales of (a) 5 m and (b) 25 m.
In green the linear regression line.

Fig. 7: Snow surface roughness as a function of terrain roughness for every pixel in CB1 in the year 2011 for scales of (a) 5 m
and (b) 25
In green
linear as
regression
andm.
snow
surfacethe
roughness
a functionline.
of different scales
scales, F of all winter seasons converges to values of around
for the basins ST, CB1 and CB2. It confirms that correlation
0.45. However, this behaviour is not unequivocal, and mean
between terrain and surface roughness increases with scale
snow depth alone cannot always explain terrain smoothing.
in all basins. Further, all basins show a decreasing smoothFor example, the scans of 11 January 2012 and 4 March 2012
ing factor F with increasing scales. Thus, we observe inshow almost the same smoothing behaviour despite a signifversely proportional behaviour of R 2 and F , indicating that
icantly larger mean snow depth on 11 January 2012 (2.75 m
the more terrain roughness is attenuated (high F ), the more
compared to 1.99 m on 4 March). In this case, the coefficient
snow surface roughness can deviate from its underlying terof variation, Cv , is significantly lower for the scan of 11 Janrain, forming a distinct winter terrain (low R 2 ). This confirms
uary 2012, indicating that the snow cover is less distributed
quantitatively our intuitive understanding of terrain smooththan for 4 March 2012. This is confirmed in other basins. In
ing. We further observe that terrain smoothing is generally
CB2 we observe that the smoothing in the year 2006 is only
larger (higher F , lower R 2 ) in sampled basins with low terslightly larger than in 2009 despite a significantly thicker
rain roughness (e.g CB2, Fig. 6). Smoothing is strongest in
snowpack (3.68 m in 2006 compared to 2.13 m in 2009). Also
in this case, Cv is almost twice as large in 2009, indicating
CB2 where small-scale terrain roughness could be almost
that relatively more snow has been redistributed. In CB1 we
completely eliminated (F close to 1, R 2 almost 0). With inobserve that both years 2006 and 2009 show a very simicreasing terrain roughness (ST, CB1) terrain smoothing is
less pronounced. This behaviour can be best illustrated with
lar smoothing behaviour despite higher mean snow depth in
2006. Again, Cv is larger in 2009; thus the snow cover was
the example of 8 December 2011 in CB1 and CB2, where
more affected by redistribution processes.
the first significant snowfall of the winter season resulted in
The above observations suggest that terrain smoothing
a very similar mean snow depth (1.39 and 1.36 m in CB1 and
may thus be dependent on the mean snow depth, HS, as well
CB2 respectively) in both basins. However, terrain smoothing is significantly
as its variability, σ (HS). To examine this
relationship
(a) F inlarger
ST (higher F , lower R 2 ) in CB2 than
(b) F in CB1
(c) F
in CB2 we use
in CB1. This underlines that every basin has a unique imprint
the data of the ST basin where eight laser scans are available.
and shows a different smoothing behaviour even with almost
With only three scans in VdlS, this would not be possible.
identical snow depth distribution parameters such as mean
We define:
snow depth.
f = HS × σ (HS) [m2 ].
HS
(14)
Beside the basin characteristics, it is clear that the differences of the smoothing behaviour observed within every inf for the scales of 5, 15 and 25 m
Figure 9 shows F with HS
dividual basin are due to a varying snow cover distribution.
and as a comparison only with HS. In both cases, we can
Figure 8 shows qualitatively that terrain smoothing insee that increasing scales lead to a decreasing smoothing becreases with increasing snow depth. In the basin ST for
f does not
haviour and that a linear increase in HS and HS
example, we clearly identify two different smoothing beresult in a linear increase of the smoothing factor. Therefore
haviours between the two winters of 2010/11 and 2012/13
a power function of the form
and the winter of 2011/12, which were characterized by snow
depths in the range of 1.33–1.43 m and 1.91–2.75 m, respecf = c × Fr,
HS
(15)
tively. This pronounced difference in snow depth of the winter season 2011/12 compared to the two others results in
where c and r are coefficients depending on terrain characmore pronounced2 smoothing at scales up to 15 m. At larger 2 teristics and scale, describes better the exponential
increase
2

(d) R in ST
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(e) R in CB1

(f) R in CB2
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Fig. 8: (a–c) Smoothing factor F and (d–f) coefficient of determination R2 (p < 0.0001) between snow surface roughness and
terrain roughness as a function of scale for the basins ST, CB1 and CB2.

and (b) 25 m. In green the linear regression line.
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(a) F in ST

(b) F in CB1

(c) F in CB2

(d) R2 in ST

(e) R2 in CB1

(f) R2 in CB2
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Fig. 8. (a–c) Smoothing factor F and (d–f) coefficient of determination R 2 (p < 0.0001) between snow surface roughness and terrain
Fig. 8:as(a–c)
Smoothing
and (d–f)
coefficient
of determination R2 (p < 0.0001) between snow surface roughness and
roughness
a function
of scalefactor
for theF basins
ST, CB1
and CB2.

terrain roughness as a function of scale for the basins ST, CB1 and CB2.
Table 3. Coefficients c and r of the power function modelling terrain smoothing (Eq. 16) in the basin of ST.
Steintälli
Scale

c

r

5m
15 m
25 m

2.8
10.6
24.9

2.2
3.2
3.5

f with F. Further, by visual inspection, we observe a betof HS
ter agreement with the fit when the variability of snow depth
is integrated.
If we solve Eq. (15) for F we obtain

F=

f
HS
c

!1
r

,

(16)

where Table 3 shows characteristic values of c and r for the
basin ST.
The observed smoothing behaviour indicates that the snow
which fell at the beginning of the winter season is more efficient in cancelling out roughness than larger snowfalls ocwww.the-cryosphere.net/8/547/2014/

curring later in the season, when the snow cover is already
relatively high. Further, it shows how a simple standard deviation can capture complex redistribution processes such as
a wind transport, at least at basin scale.
We believe that the obtained relation in this basin captures
well the essence of terrain smoothing. Basins with different
terrain characteristics may show different behaviours with
stronger or weaker increases of F in relation to snow depth
and its variability.
Nonetheless, this result suggests that, in contrast to the indications given by Schweizer et al. (2003), terrain smoothing
processes are not restricted to snow depths of 0.3–1 m, but
are still observable in considerably thicker snowpacks. However, it is important to emphasize that this is dependent of
the scale of terrain roughness under consideration. Considering the work of Schirmer and Lehning (2011), we can confirm increasing terrain smoothing on increasing scales with a
deeper and more variable snowpack; however we did not find
a clear break separating scales where terrain is smoothed or
not smoothed. We rather observe a gradual decrease of terrain smoothing with increasing scales.
Assuming that snow influence on terrain morphology is
significant for values of R 2 < 0.5 between snow surface
roughness and terrain roughness, we find critical scales
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Fig. 9. (a) F as a function of mean snow depth and (b) F as a function of mean snow depth multiplied by its standard deviation for scales of
5, 15 and 25 m.

9: (a) F as a function of mean snow depth and (b) F as a function of mean snow depth multiplied by its standard devia
andm.
10 m for snow depth ranging roughly
scales of 5mostly
m, 15between
m and525
between 1 and 3 m. Larger critical scales were found in
smoother terrain of CB2 with values around 25 m. This finding is very useful to select appropriate resolutions of the
DTM for modelling purposes in a winter terrain.
3.3

Terrain smoothing at local scale

As discussed above, terrain smoothing at basin scale is directly proportional to the average snow depth and its standard
deviation. However, to understand the smoothing behaviour
of single terrain features, it is necessary to assess the link between snow depth and surface roughness at local scale. Accordingly, we analysed the correlation between snow depth
and terrain smoothing at pixel scale (Fig. 10). This example
shows that, in contrast to what was observed at basin level,
it is not possible to establish a general relationship between
the two variables. No relationship was found in any basin or
Fig. 10. Snow surface roughness as a function of snow depth for
with terrain roughness of 0.025 ± 0.001. Example for acquiat any scale.
Fig.pixels
10: Snow
surface roughness as a function of snow depth
sition
of
2 February 2011 and a scale of 15 m in the basin ST.
To get a deeper understanding of this behaviour, we profor pixels with terrain roughness of 0.025 ± 0.001. Example
duced gridded maps of 1 m resolution of snow depth and
surface roughness and assessed the spatial distribution of for acquistion of 2 February 2011 and a scale of 15 m in the
ST. which persists in all given snow cover distributions.
snow depth and surface roughness. Figures 11 and 12 show basin
circles)
two selected snow depth distributions and the correspondThis illustrates that smoothing processes are strongly driven
ing surface roughness and underlying terrain roughness at
by single features and explains why a local gridded reprea scale of 5 and 25 m in the basin ST and VdlS, respecsentation of terrain cannot capture the complex relationship
tively. Maps of all snow depth and roughness distributions
between snow depth and terrain smoothing. The smoothcan be consulted in the Appendix. Even if a correlation being of a single pixel (in our case 1 m) cannot be unambigutween snow depth and smoothing at the pixel level could not
ously explained by snow depth and its terrain roughness. It
be found, by visual inspection we observe that snow can inis controlled by geomorphological parameters of neighbourfluence smoothing processes at feature level, systematically
ing pixels, which control together with meteorological facand persistently. This can be observed for example in Fig. 11
tors such as wind the local redistribution of snow dependwhere channels (marked with black circles) are systematiing on their arrangement at feature scale. Another reason is
cally filled with snow and completely disappear on the surthat terrain smoothing may vary strongly within an individface roughness maps, in all observed scans. Another example
ual basin due to local wind conditions and their interaction
is surface roughness due to small rocks (marked with yellow
with the underlying terrain features, which strongly influence
The Cryosphere, 8, 547–569, 2014
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Table 4. Coefficient of determination (R 2 ) of correlations between
snow depth distributions in the CB1 and CB2 basins (p < 0.0001).
Date

8 Mar 2006

25 Jan 2009

8 Dec 2011

1
0.34

1

1
0.29

1

Crêta Besse 1
8 Mar 2006
25 Jan 2009
8 Dec 2011

1
0.73
0.41
Crêta Besse 2

8 Mar 2006
25 Jan 2009
8 Dec 2011

1
0.58
0.54

deposition, redistribution (e.g. snow drift, saltation, preferential deposition (Lehning et al., 2008; Mott et al., 2010))
and/or wind erosion processes. Surface roughness might thus
be influenced by drift features (dunes, cornices) or sastrugi.
This complex behaviour is not captured by a simple power
law as shown in Sect. 3.2, but can only be reproduced using
physical models able to calculate snow redistribution in 3-D
terrain (e.g. Alpine 3-D; Lehning et al., 2006).
However we stress that, under snow influence, characteristic patterns of surface roughness appear to be persistent. In
the following we will thus analyse quantitatively the persistence of snow depth distribution and whether persistence is
further transferred to surface roughness.
3.4

Intra- and interannual persistence of snow
depth

Table 5 shows the correlations of the snow depth distribution
for the Steintälli basin. We observe high intra-annual correlation of 0.81 between the two scans in the season 2010/11
as well as the last four scans in 2011/12, with values ranging
from 0.73 to 0.93. Only the scan from 11 January 2012 is correlated to a less strong extent with all other scans from this
winter season, with values ranging from 0.43 to 0.58. Thus,
in general the intra-annual correlation at this site is strong,
with higher values towards the middle and end of the accumulation season.
The same holds for the interannual comparison. The correlation between scans performed at the beginning of the
winter season is generally lower as in the case of the scan
from 11 January 2012 compared with the scan from 2 February 2011 (R 2 = 0.25) and with that from 10 January 2013
(R 2 = 0.28). The correlation increases for scans performed
towards the end of the winter season as in the case of scans
from 1 March 2011 and 20 March 2012 (R 2 = 0.65). Still,
we observe that strong correlations exist also between scans
acquired substantially before the peak of the accumulation
season (e.g. scans of 10 January 2013 and 2 February 2011
with a correlation of R 2 = 0.69).
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Table 4 shows correlations of the snow depth distribution
for the basins CB1 and CB2. In this case we can only perform
an interannual comparison, and in agreement with the results
from the Steintälli basin the correlation increases for scans
which correspond to the end of the accumulation season. In
fact, we can observe that in basin CB1 the years 2006 and
2009 are more highly correlated (R 2 = 0.73) than 2006 and
2009 with 2011 (R 2 = 0.41 and R 2 = 0.34, respectively). In
CB2 this effect is less pronounced, which can be explained
by the fact that smooth terrain generally shows lower interannual persistence (R 2 = 0.58 between 2006 and 2009).
To summarize, we generally observe larger intra- and interannual persistence for snow depth distributions acquired
closer to the end of the accumulation period which have
been exposed to settling and redistribution processes over a
whole winter. Still, large persistence is possible already early
in the accumulation season, under the condition that a certain settling and redistribution has occurred (e.g. scans of 10
January 2013 and 2 February 2011 in ST). A significantly
weaker intra- and interannual consistency was observed for
snow depth distributions which resulted basically from the
first snowfall or snowfall period in the winter season, like the
scans from 11 January 2012 in ST or the scan from 8 December 2011 in VdlS. Thus, a single snowfall (period) at the
beginning of the accumulation season can considerably vary
from the characteristic accumulation pattern.
This is in agreement with previous studies of the snow
cover distribution, which have generally found very high interannual persistence of the snow cover at the end of the accumulation season, with correlations up to 0.97 (Pearson’s
correlation coefficient; Schirmer et al., 2011). Yet, interannual persistence is slightly lower in the Steintälli basin. This
can be explained by large glide cracks in the winter season 2011/12, affecting the snow depth distribution during the
whole winter season. Still the correlations are significant and
the results confirm the hypothesis that the snow cover distribution converges towards a site-specific, characteristic pattern.
3.5

Intra- and interannual persistence of
surface roughness

Tables 6 and 7 show the correlation of surface roughness of
all winter surfaces with each other and with terrain roughness
at scales of 5, 15 and 25 m for the basins ST, CB1 and CB2
respectively.
Generally we observe that the correlations between summer and winter terrain roughness and between the different
winter surfaces increase with larger scales. This can be explained by the fact that at larger scales the snow surface
more closely follows terrain. Further, winter surfaces with
a thinner snowpack are more strongly correlated with the terrain than winter surfaces consisting of a thick snowpack (e.g.
scans of 2010/11 and 2012/13 compared to 2011/12 in ST).
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(a) DTM

(b) 01 Mar 2011

(c) 20 Mar 2012
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Low : 0

180
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240
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(e) 20 Mar 2012

Fig. 11. (a) Surface roughness of summer terrain and (b, c) winter terrain at a scale of 5 m in the basin ST. (d, e) show the corresponding
Fig. 11: (a) Surface roughness of summer terrain and (b), (c) winter terrain at a scale of 5m in the basin ST. (d), (e) show the
snow depth distributions. The black and yellow circles show persistent smoothing features. Red circles show the location of glide cracks.
corresponding snow depth distributions. The black and yellow circles show persistent smoothing features. Red circles show
©
Pixmaps 2013
000 000).
theswisstopo
location of(5704
glide cracks.
Pixmaps© 2013 swisstopo (5704 000 000).
Table 5. Coefficient of determination (R 2 ) of correlations between snow depth distributions in the ST basin (p < 0.0001).
Steintälli
Date
2 Feb 2011
1 Mar 2011
11 Jan 2012
13 Feb 2012
4 Mar 2012
9 Mar 2012
20 Mar 2012
10 Jan 2013

2 Feb 2011

1 Mar 2011

11 Jan 2012

13 Feb 2012

4 Mar 2012

9 Mar 2012

20 Mar 2012

10 Jan 2013

1
0.81
0.25
0.37
0.53
0.54
0.61
0.69

1
0.30
0.51
0.64
0.57
0.63
0.59

1
0.58
0.44
0.52
0.43
0.28

1
0.81
0.79
0.73
0.34

0.86
0.91
0.41

1
0.93
0.50

1
0.49

1

We observe that the persistence of snow surface roughness
follows similar patterns to those observed for the snow depth
distribution. For example, the intra-annual persistence at a
scale of 5 m in ST in 2010/11 is slightly larger than those of
the corresponding snow depth distribution (R 2 = 0.89 compared to 0.81 for snow depth), whereas in 2011/12 the persistence is slightly weaker. The same is observed for the interan-
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nual persistence. If we take as a reference the scan of 10 January 2013, interannual persistence is higher when compared
with the scans of 2010/11 and lower when compared with the
scans towards the end of winter season 2011/12. This can be
explained with the increasing formation of glide snow cracks
leading to substantial alterations of the snow surface (marked
with red circles in Fig. 11). Whereas persistence of snow
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(e) 25 Jan 2009

Fig. 12. (a) Surface roughness of summer terrain and (b, c) winter terrain at a scale of 25 m in the basins CB1 and CB2. (d, e) show the
Fig. 12: (a) Surface roughness of summer
terrain and (b), (c) winter terrain at a scale of 25 m in the basins CB1 and CB2. (d),
corresponding(e)
snow
depth distributions. Pixmaps© 2013 swisstopo (5704 000 000).
show the corresponding snow depth distributions. Pixmaps© 2013 swisstopo (5704 000 000).

surface roughness is similar to those of the snow depth distribution at a scale of 5 m, it is significantly higher for the larger
scales of 15 and 25 m. Even more important, winter terrain
roughness is correlated to a significantly larger degree with
all other winter surfaces with similar or larger snow depth
than each of the winter surfaces is with the terrain. For example, at a scale of 5 m in ST, an increase of R 2 between 0.09
and 0.16 for all winter surfaces is observed using the winter terrain of 10 January 2013 as a reference instead of the
summer terrain. This is noteworthy as several glide cracks
in winter 2011/12 introduced considerable alteration in the
surfaces. At larger scales of 15 and 25 m the increase is also
observed but to a slightly lesser extent. This is mainly due to
the already very strong correlation with the terrain at larger
scales, reducing the potential gain in correlation.

www.the-cryosphere.net/8/547/2014/

The same behaviour can be observed in the basins CB1
and CB2. Using for example the scan of the first snowfall of
the winter season on 8 December 2011 instead of the summer
terrain increases the correlation with the surfaces of 8 March
2006 and 25 January 2009 of 0.1 and 0.23 respectively in
CB1 (0.21 and 0.1 in CB2 respectively). In the case of CB2
the increase of correlation is even more pronounced on larger
scales (15 and 25 m) than at the 5 m scale, with an increase
of R 2 up to 0.31. That confirms the finding in Sect. 3.3 that
snow influence in smooth terrain affects larger scales than in
rough terrain.
Overall, this finding is important in the sense that, at
scales where snow has a significant influence on terrain morphology, a DSM of a snow surface explains to some extent the variance between snow surface roughness and terrain
roughness. It might be thus possible to capture the persistent
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Table 6. Coefficient of determination (R 2 ) of surface roughness correlations in the ST basin (p < 0.0001).
Steintälli
Scale

Date

2 Feb 2011

1 Mar 2011

11 Jan 2012

13 Feb 2012

4 Mar 2012

9 Mar 2012

20 Mar 2012

10 Jan 2013

DTM

5m
5m
5m
5m
5m
5m
5m
5m
5m

2 Feb 2011
1 Mar 2011
11 Jan 2012
13 Feb 2012
4 Mar 2012
9 Mar 2012
20 Mar 2012
10 Jan 2013
DTM

1
0.89
0.43
0.51
0.48
0.41
0.45
0.78
0.67

1.00
0.42
0.50
0.50
0.38
0.47
0.73
0.57

1
0.49
0.51
0.41
0.40
0.44
0.30

1
0.69
0.53
0.52
0.51
0.38

0.80
0.79
0.44
0.33

1
0.77
0.38
0.28

1
0.41
0.30

1
0.65

1

15m
15m
15m
15m
15m
15m
15m
15m
15m

2 Feb 2011
1 Mar 2011
11 Jan 2012
13 Feb 2012
4 Mar 2012
9 Mar 2012
20 Mar 2012
10 Jan 2013
DTM

1
0.98
0.66
0.70
0.68
0.68
0.67
0.94
0.85

1.00
0.65
0.68
0.67
0.67
0.67
0.93
0.82

1
0.77
0.80
0.74
0.72
0.75
0.63

1
0.88
0.80
0.77
0.75
0.68

0.96
0.94
0.74
0.65

1
0.97
0.72
0.63

1
0.70
0.62

1
0.89

1

25m
25m
25m
25m
25m
25m
25m
25m
25m

2 Feb 2011
1 Mar 2011
11 Jan 2012
13 Feb 2012
4 Mar 2012
9 Mar 2012
20 Mar 2012
10 Jan 2013
DTM

1
0.99
0.81
0.80
0.80
0.83
0.79
0.97
0.91

1.00
0.80
0.79
0.79
0.82
0.79
0.96
0.89

1
0.89
0.91
0.90
0.86
0.87
0.78

1
0.94
0.92
0.88
0.85
0.80

0.98
0.97
0.85
0.79

1
0.99
0.87
0.79

1
0.82
0.76

1
0.93

1

Table 7. Coefficient of determination (R 2 ) of surface roughness correlations in the CB1 and CB2 basins (p < 0.0001).
Crêta Besse 1
Scale

Date

8 Mar 2006

25 Jan 2009

5m
5m
5m
5m

8 Mar 2006
25 Jan 2009
8 Dec 2011
DTM

1
0.62
0.49
0.39

1
0.65
0.43

15m
15m
15m
15m

8 Mar 2006
25 Jan 2009
8 Dec 2011
DTM

1
0.89
0.84
0.78

1
0.84
0.76

25m
25m
25m
25m

8 Mar 2006
25 Jan 2009
8 Dec 2011
DTM

1
0.95
0.92
0.88

1
0.89
0.84

Crêta Besse 2
8 Dec 2011

1
0.73

1
0.93

1
0.97

characteristics of a winter terrain surface, including wind effects, without extensive modelling of the snow cover. However, this is only true if the reference DSM is used to approximate winter surfaces with similar or deeper snowpack.
A DSM representing a very thick snow cover situation might
be less representative for a thin snow cover situation than the
summer DTM.
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DTM

8 Mar 2006

25 Jan 2009

8 Dec 2011

DTM

1

1
0.38
0.31
0.10

1
0.33
0.23

1
0.43

1

1

1
0.74
0.67
0.36

1
0.64
0.43

1
0.72

1

1

1
0.83
0.81
0.53

1
0.74
0.53

1
0.79

1

Moreover, the observed patterns of homogenous snow surface roughness, especially at larger scales (> 10 m), appear
to be well suited to defining potential avalanche release areas.
We observed that these patterns are generally strongly persistent for different snow depth distributions; however they still
diverge locally in some regions. Whereas the persistent parts
may represent the zone where an avalanche most often releases, the changes (e.g. connection of two areas with low
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surface roughness, Fig. 12) may explain to some extent the
regularly observed differences in release area size and location. This is supported by recent mechanically based, statistical modelling of the slab–weak-layer system, which emphasizes the important role of small changes in terrain morphology in the definition of release area size (Gaume, 2012).

4

Conclusions

In this study we present a method to quantify terrain smoothing based on a multi-scale roughness approach. This method
allows us to link terrain smoothing to geomorphological parameters as the roughness estimates used in our study are
based on changes in slope and aspect. Together with the possibility to precisely map roughness changes in the terrain, this
is a significant step forward in interpreting terrain smoothing.
The analysis of three selected alpine basins suggests that,
at basin scale, not only mean snow depth but also its variability drive the process of terrain smoothing. The multitemporal analysis in one basin revealed that the relation between terrain smoothing and snow depth parameters follows
a power law indicating that snowfalls at the beginning of
the winter season are more efficient in eliminating terrain
roughness than snowfalls occurring later in the season. On
the other hand, a relationship between terrain smoothing and
snow depth was not found at pixel level as geomorphology
and snow depth of neighbouring pixels strongly influence
surface roughness at a given point. Still, at larger scales,
winter terrain roughness can be derived, even at pixel level,
from a summer DTM using a simple smoothing factor as the
relationship between terrain and snow surface roughness is
strongly linear. At smaller scales, snow surface roughness
decorrelates stronger from terrain roughness and the summer
DTM is not representative for the winter surface anymore. In
this case, the representation of a winter terrain can be significantly improved by the acquisition of a winter DSM with
similar or less snow depth as it captures site-specific and persistent effects of wind–terrain interaction on the snow depth
distribution.
Our results are promising; however, the relatively small
number of data sets with limited spatial and temporal extent restricts the generality of our results. A larger number of
scans obtained in all possible snow cover situations, covering different terrain types and snow climates, would be necessary to confirm and strengthen the significance of our findings. New technologies to derive high-resolution DSMs over
a wide area even in a winter terrain are currently being developed (Bühler et al., 2012; Bühler, 2012), making it more
feasible in the future to obtain DSMs at significantly lower
cost than lidar techniques.
Such winter terrains may then be very useful in avalanche
dynamics simulations (e.g. RAMMS; Christen et al., 2010)
as they provide a more realistic estimation of topography. For
example the disappearance of small channels observed in a
www.the-cryosphere.net/8/547/2014/

561

winter terrain can have a large influence on the main direction
taken by the flow in 2-D or 3-D simulations (Maggioni et al.,
2013). Further, the estimation of friction parameters could
also be significantly improved. Moreover, the persistent patterns of winter surface roughness appear to be well suited to
defining potential avalanche release areas and, thus, to improving automatic procedures for avalanche release area detection (Maggioni and Gruber, 2003; Bühler et al., 2013) and
consequently natural hazard management strategies. Still, it
remains unclear which scales are critical for the processes
determining avalanche release size and location. This has to
be assessed in future studies. A more realistic winter terrain
will further improve modelling of wind–ground interaction
in snow-covered terrain and be important for better snow redistribution simulation, which can be valuable for water resources assessment or ecology purposes.
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