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ABSTRACT: The snow-covered winter surface differs significantly from its snow-free equivalent due 
to the smoothing caused by progressive snow accumulation and erosion. This smoothing effect be-
comes more pronounced as the absolute snow depth increases. However, variations in accumulation, 
settling and redistribution occur in complex mountain terrain. The spatial variability of snow depth plays 
a crucial role in the formation and dynamics of snow avalanches. Surface shape and roughness serve 
as established metrics to assess the effect of snow on terrain. In this study, we investigate snow surface 
smoothing within the release areas of typical skier-triggered avalanches observed in the vicinity of Da-
vos, Switzerland. We analyze the release areas of nearly 2000 avalanches of class size 2 to 3, using 
high spatial resolution (0.5 m) annual snow depth maps recorded during the peak of winter over 6 years 
and covering an area of 275 km2. These avalanche release areas are grouped according to their main 
terrain shape. Within each group, the influence of snow depth on surface shape and roughness is as-
sessed. Finally, we investigate the effect of different DEM resolutions on the terrain smoothing factor 
and analyze the intra-annual consistency of the terrain smoothing. For the first time, we assess the role 
of snow depth on surface shape and surface roughness in avalanche release areas over a large sample 
size and a large area. We find strong agreement in the intra-annual terrain smoothing behavior despite 
significant differences in mean snow depths observed over the study period, ranging from 0.73 m in 
2023 to 2.2 m in 2019. 
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1. INTRODUCTION 

Surface smoothing in alpine terrain due to in-
creasing snow depth has a significant impact on 
several natural processes. As snow accumulates, 
it gradually fills in small depressions and covers 
rough features, resulting in a smoother surface. 
This phenomenon changes the physical charac-
teristics of the terrain and affects the dynamics of 
snow movement and stability. In particular, the 
smoothed surface can decrease variability in the 
snowpack layering and promote crack propaga-
tion in the avalanche formation process. In addi-
tion, surface smoothing alters the energy balance 
by changing albedo and insulating properties 
(Warren, 1982), thereby affecting the local micro-
climate and ecological processes in alpine envi-
ronments. 

The importance of surface smoothing for ava-
lanche formation is widely recognized in the liter-
ature. For shallow snowpacks, a rough surface 
can have a stabilizing function and prevent the 

formation of weak layers (Schweizer and 
Jamieson, 2003). Van Herwijnen and Heierli 
(2009) point out that in the case of a weak layer 
collapse, the roughness of the underlying surface 
plays an important role in whether or not a crack 
can propagate. McClung and Schaerer (2006) 
found, that with increasing snow depth, the stabi-
lizing effects of terrain roughness disappear, and 
the formation of a widespread weak layer and 
slab is facilitated. 

Airborne laser scanning (Wehr and Lohr, 1999), 
terrestrial laser scanning (Prokop, 2008) as well 
as photogrammetry (Bühler et al., 2015) have be-
come increasingly reliable and effective tech-
niques to obtain high-resolution terrain and snow 
surface data even in alpine terrain. Based on 
these data, the focus of research so far has been 
the analysis of snow depth and snow distribution 
at different scales. There are only a few studies 
on the influence of snow depth on roughness.  
Schweizer et al. (2003) found that a snow depth 
of 0.3 to 1 m is required to eliminate terrain rough-
ness. Veitinger et al. (2014) used terrestrial and 
airborne laser scanning in three basins to evalu-
ate the effect of snow depth on surface smoothing 
based on a multi-scale roughness approach. 
They found that the relation between terrain 
smoothing, and snow depth parameters follows a 
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power law, suggesting that snowfall at the begin-
ning of the winter season is more efficient at re-
moving terrain roughness than snowfall later in 
the season. 

The existing studies in this field are limited to a 
few areas. Recent advances in remote sensing 
and data processing (Eberhard et al., 2021) allow 
us to analyze the influence of snow depth on sur-
face shape and roughness in the release areas of 
nearly 2000 avalanches of size 2 to 3, which are 
considered typical for human-triggered ava-
lanches. High spatial resolution (0.5 m) annual 
snow surface and snow depth maps are recorded 
during the peak winter season since 2017 over 
the study area, located near Davos, Switzerland, 
covering an area of 275 km2 (Bührle et al., 2023, 
Figure 1). Based on these annual snow data and 
the underlying terrain data, we evaluate the snow 
surface and terrain type (Dikau, 1989) as well as 
the surface roughness (Veitinger et al., 2014) for 
each release area and snow map acquisition. 
Furthermore, we analyze the correlation between 
snow depth and terrain smoothing at 0.5, 2, and 
5 m grid resolution and check for the intra-annual 
consistency of the results. 

 

2. METHODS AND DATA 

2.1 Study area, snow depth and release ar-
eas 

The study area is defined by the airplane-based 

snow depth acquisitions recorded with the large-

frame Vexcel UltraCam sensor in the years 2017 

to 2023 over the broader extent of the Dischma 

valley near Davos, Switzerland (Figure 1). Details 

on the snow surface and snow depth processing 

can be found in Eberhard et al. (2021) and Bührle 

et al. (2023). The 2018 data acquisition was ob-

structed by cloudy conditions and is therefore ex-

cluded from this study. The original 0.5 m cell size 

snow depth and snow surface grids are general-

ized to 2 and 5 m, respectively, to improve com-

parability with existing studies and to assess scal-

ing effects caused by the spatial grid resolution. 

The summer terrain data are provided by swis-

stopo’s swissALTI3D LiDAR DTM in 0.5 and 2 m 

grid resolution. The 5 m DTM is resampled from 

the 2 m grid resolution. 

Within the extent of these snow depth maps, the 

avalanche database established at SLF recorded 

more than 3000 observed avalanches of class 

size 2 to 3, the size of avalanches considered to 

be typical for skier-triggered avalanches. The re-

lease areas of these avalanches were automati-

cally defined by Harvey et al. (2018). 

In this study, we removed release areas by apply-

ing a vegetation and buildings mask, and further 

checked the release areas for snow coverage on 

the snow map acquisition dates. The remaining 

dataset contains 1937 release areas. Their eleva-

tions range from 1550 to 3050 m a.s.l. with a 

mean elevation of 2350 m a.s.l. The aspect distri-

bution is dominated by NE (29 %) and E (19 %), 

followed by W (12 %), SE (11 %), N (9 %), SW (8 

%), NW (6 %), and S (6 %). 

 

Figure 1: Main map: Study area based on the 

common extent of the snow maps (green outline), 

overlayed by the 1937 release areas (purple pol-

ygons). Detailed map: Release areas and snow 

surface roughness on 11.04.2019 at 5 m grid res-

olution (orange = smooth, purple = rough). 

 

For each of the selected release areas, we calcu-

late the mean snow depth (HS) based on the an-

nual snow depth maps. Over the 6-year study pe-

riod, the mean snow depth within these release 

areas differs significantly, with the winter of 

2022/23 having the lowest mean snow depth and 

the winter of 2018/19 having the highest mean 

snow depth (Table 1). 
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Date  HS [m] 

(Percentage 

of HS at 6-
year max.) 

Max HS 
[m] 

σ(HS) 
[m] 

16.03.2017  1.15 (52) 3.91 0.56 

11.04.2019  2.20 (100) 7.90 1.02 

06.04.2020  1.37 (62) 5.48 0.76 

16.04.2021  1.39 (63) 5.40 0.76 

23.03.2022  1.02 (46) 3.92 0.52 

22.03.2023  0.73 (33) 2.35 0.41 

Table 1: Snow map acquisition dates, mean snow 

depth (HS), percentage of HS compared to the 

measured maximum HS (11.04.2019), maximum 

HS, and standard deviation σ(HS) over the 1937 
release areas. 

2.2 Terrain type 

Dikau's (1989) approach, also used by Maggioni 
and Gruber (2003), Vontobel (2011), and Vonto-
bel et. al. (2013), is implemented to evaluate the 
terrain and snow surface shape of the release ar-
eas. The profile and plane curvature are used to 
differentiate nine shape elements that occur on 
slopes.  

 

Figure 2: Classified terrain types (adapted from 
Dikau, 1989)  

 

The average value of the plan and profile curva-
ture within the release areas is assigned to one of 
the three characteristics: convex (X), straight (S), 

and concave (V), based on a threshold of -0.2 and 
0.2. The curvatures classified in this way, ulti-
mately determine the shape of the terrain (Figure 
2). 

2.3 Surface roughness and terrain smooth-
ing 

The quantification of surface roughness and the 
terrain smoothing caused by the winter snowpack 
(Figure 3) is implemented according to Veitinger 
et al. (2014). They introduced a method to quan-
tify terrain smoothing based on roughness and 
snow depth, where roughness is estimated based 
on geomorphological parameters of summer and 
winter terrain. First, the release area terrain and 
snow surface roughness are derived as a vector 
ruggedness measure by Sappington et al. (2007). 
The vector ruggedness is then computed for all 
winter surfaces and the corresponding summer 
terrain in all spatial resolutions. The neighbor-
hood size is kept constant at 5 m. To quantify ter-
rain smoothing, a linear regression analysis is 
performed between all pixels of a winter and the 
corresponding summer surface intersected by a 
release area (Veitinger et al., 2014). The resulting 
smoothing factor F ranges from 0, where surface 
roughness is equal to terrain roughness to 1, for 
complete surface smoothing. 

 

Figure 3: Relief shading of the terrain surface 
(top) and the corresponding snow surface meas-
ured on April 11, 2019 at 0.5 m grid resolution 
(bottom). The terrain smoothing caused by the 
snowpack leads to diverting terrain shapes in the 
release areas (labeled polygons). The extent of 
the avalanches is shown in light purple. 
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3. RESULTS AND DISCUSSION 

3.1 Terrain surface shape analysis 

The terrain surface type analysis of the 1937 se-
lected avalanches shows that most release areas 
are characterized by concave profile curvatures, 
with V/V (28 %), V/S (13 %), and V/X (12 %), as 
shown in Figure 4. 

 

 

Figure 4: Distribution of terrain surface types over 
the selected 1937 release areas in percent (ab-
solute numbers). Concave profile curvatures 
dominate (highlighted background). 

 

3.2 Snow surface shape analysis 

The snow surface shape may differ from the un-

derlying terrain surface shape due to snow accu-

mulation, settling and redistribution processes. 

Based on the selected 1937 release areas, we 

analyze the snow surface at the 6 snow map ac-

quisition dates, i.e. we assess the snow surface 

shape for a total of 11622 snow surfaces. Com-

paring the terrain surface shapes with these snow 

surface shapes; the terrain type differs for 4309 

release areas (37 %). In absolute numbers the 

largest deviations occur for the concave profile 

curvature types V/V (20 %), V/S (14 %), and V/X 

(14 %). Comparing the deviation over all 6 years 

with the annual deviations, we find that the intra-

annual distribution of deviating profile types is 

largely consistent, differing only within a range of 

0 to 3 % (Table 2). 

 

Ter-
rain 
type  

All 6 
years 

[%] 

2017 

[%] 

2019 

[%] 

2020 

[%] 

2021 

[%] 

2022 

[%] 

2023 

[%] 

X/X  10 10 11 10 10 10 10 

X/S  5 5 5 5 5 6 6 

X/V  5 6 5 5 4 5 5 

S/X  13 14 13 14 13 13 14 

S/S  9 9 9 10 10 9 9 

S/V  10 10 9 10 10 10 10 

V/X  14 13 14 13 14 14 13 

V/S  14 15 12 13 15 12 15 

V/V  20 19 22 21 20 21 19 

Table 2: Percentage of release areas with a dif-
ferent type of snow-free terrain compared to the 
type of snow surface, summarized over all 6 
years and on an annual basis. 

 

Normalized by occurrence the straight profile and 
plan curvatures deviate most often, with S/X (14 
%), S/S (13 %), S/V (11 %), X/S (14 %), V/S (11 
%), followed by the more convex and concave ter-
rain shapes (Figure 5). 

 

 

Figure 5: Total percentage of release areas with 
deviating terrain to snow surface type normalized 
by occurrence. Straight profile types dominate 
(highlighted background).  
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This result supports the findings of Deems et al. 
(2008) that the characteristics of a given site are 
relatively insensitive to variations in snow accu-
mulation. Similarly, Schirmer et al. (2011) found a 
very high interannual consistency of snow distri-
butions in alpine terrain. 

3.3 Terrain smoothing assessment 

Understanding the effect of snow depth on sur-
face smoothing in avalanche release areas is of 
great importance. To better understand this rela-
tionship, we apply the methodology of Veitinger 
et al. (2024). Therefore, we analyze the correla-

tion between mean snow depth (HS) and terrain 
smoothing (F) within 1937 release areas for 6 
years at 0.5, 2, and 5 m grid resolution. 

Figure 5 shows that, in general, terrain smoothing 
increases with increasing snow depth. At 2 and 5 
m grid resolution a power function can be fitted, 
but with a low coefficient of determination (R2 = 
0.17 at 2 m; R2 = 0.2 at 5 m, Figure 6). Veitinger 
et al. (2024) obtained a similar or higher coeffi-
cient of determination at 5 m grid resolution using 
basin-scale data. At 0.5 m grid resolution, we are 
unable to establish a general relationship be-
tween the two variables (not shown). Similarly, 
Veitinger et al. (2014) did not find a relationship 
at 1 m resolution. 

 

 

 

Figure 6: Terrain smoothing (F) as a function of 

mean snow depth (HS) at 2 m grid resolution (top) 
and at 5 m grid resolution (bottom). 

 

Next, we divide these data into terrain types to 

check for terrain dependent patterns in the coeffi-

cients of correlation. At 2 m grid resolution, the 

planar curvature groups (convex, plan-straight, 

concave) best discriminate the snow depth de-

pendence of terrain smoothing. Where convex 

terrain shapes (spur, ridge) show the lowest cor-

relation while the concave curvature terrain 

shapes (depression) show the highest correla-

tion. Interestingly, at 5 m grid resolution, the pro-

file curvature is a better discriminator than the 

plan curvature. The convex profile curvatures 

show the lowest correlation between snow depth 

and surface smoothing, while the concave curva-

ture terrain shapes show the highest correlation 

(Figure 7). 

 

 

 

 

Figure 7: Terrain smoothing (F) as a function of 

mean snow depth (HS) at 2 m grid size (top) and 
at 5 m grid size (bottom) divided by terrain type. 
The best correlations are shown with highlighted 
background. 

 

Finally, we evaluate the intra-annual relationship 
between HS and F for the selected release areas 
over the 6 recorded dates. We find a power func-
tion that is nearly identical for each snow depth 
acquisition, despite the substantial differences in 
absolute snow height between the years studied 
(Figure 8). This finding is independent of the grid 
resolution, while the base and exponent of the 
power function differ with changing grid resolution 
due to the scale dependence. This is consistent 
with previous studies by Lehning et al. (2011), 
Deems et al. (2008), Deems et al. (2006), and 
Veitinger et al. (2014). 
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Figure 8: Terrain smoothing (F) as a function of 

mean snow depth (HS) at 2 m grid resolution (top) 
and at 5 m grid resolution (bottom) segmented by 
snow depth dates (6 years).  

 

4. CONCLUSIONS 

In this study we investigate the influence of snow 
depth on surface shape and surface smoothing in 
avalanche release areas in the region of Davos, 
Switzerland. We analyze the release areas of 
nearly 2000 avalanches of class size 2 to 3, the 
size of avalanches considered to be typical for 
skier-triggered avalanches. The study is based 
on 6 years of snow depth and snow surface data 
collected by airborne photography near to the 
peak of winter snow depth (Bührle et al. 2023).  

The terrain type analysis shows that due to snow 
accumulation, settling and redistribution, the 
snow surface type differs significantly from the 
underlying terrain surface type in 37 % of the re-
lease areas. Normalized by occurrence, the 
straight profile and plan curvatures deviate the 
most, while the highly concave or convex terrain 
shapes require large redistribution efforts to 
change the terrain surface type.  

Furthermore, we analyzed the correlation be-
tween snow depth and terrain smoothing within 
the release areas at 0.5, 2, and 5 m grid resolu-
tion using the methodology introduced by 
Veitinger et al. (2014). This method derives a 
power function between snow depth and surface 
smoothing, which can only be fitted to our data 
with low coefficients of determination. We ob-
serve that the method used is less suitable for ter-
rain data captured at high spatial resolution than 
at lower resolution. The analysis of the multi-win-
ter relationship between snow depth and surface 
smoothing shows that the power function is com-
parable between years, despite the considerable 
absolute differences in snow accumulation.  

This analysis is the first to investigate the smooth-
ing effect of snow depth on surface roughness for 
a large sample size in avalanche release areas. 
Despite the low coefficient of determination ob-
served, we show that the smoothing effect of 
snow depth on surface roughness can be mod-
eled with a power function at grid resolutions of 2 
and 5 m, which are commonly used in avalanche 
dynamics simulations, thus simplifying the input 
assumptions of avalanche simulations. 

In the future, a re-analysis of the potential release 
areas of larger avalanches, which were not in-
cluded in this study, could improve the under-
standing of the terrain characteristics of observed 
skier-triggered and potential natural avalanches. 
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