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Automated detection and mapping of rough snow surfaces including ava-
lanche deposits using airborne optical remote sensing
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ABSTRACT: The characteristics of snow pack surfaces are spatially and temporally highly variable.
Today, in situ field observations provide mostly isolated information on characteristics such as grain
size, grain shape, free water content or surface roughness. Remote sensing instruments are promis-
ing tools for systematic and wide-area mapping of several snow surface parameters. This study pre-
sents a methodology for an automated, systematic and wide-area detection and mapping of rough
snow surfaces including avalanche deposits using optical remote sensing data of high spatial and
radiometric resolution. A processing chain integrating directional, textural and spectral information was
developed using ADS40 airborne scanner data acquired in spring 2008 and 2009 over a test site near
Davos, Switzerland. Though certain limitations exist, encouraging detection and mapping accuracies
can be reported. The presented approach is a promising addition to existing field observation methods
for remote regions, and can be applied in inaccessible areas.
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1 INTRODUCTION

Systematic and wide-area information about
snow surface characteristics of alpine snow
covers such as roughness or optical equivalent
diameter (grain size) would be of great interest
for diverse application in snow- and avalanche
research (Schweizer et al., 2008). Currently, the
acquisition of such parameters relies mainly on
isolated observations acquired by individual ex-
perts in the field. Consequently, the achieved
coverage is rather poor as only data from certain
regions can be recorded. Large parts of the Alp-
ine region are inaccessible to observers, espe-
cially if the avalanche hazard level is high.

Remote sensing instruments are able to ac-
quire data over wide areas without restrictions
caused by poor ground accessibility. The use of
remote sensing data to retrieve snow cover
properties such as optical equivalent diameter of
snow grains (Dozier, 1989; Nolin and Dozier,
2000; Painter et al., 2003), free water content
(Schanda et al., 1983; Strozzi and Matzler,
1998), snow depth (Foppa et al, 2007;
Schaffhauser et al., 2008) or contamination con-
tent (Painter et al., 2001; Warren and
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Wiscombe, 1980) has been investigated inten-
sively in the past. But the spatial resolutions of
the applied instruments were often not able to
capture the small-scale variability of alpine snow
covers.

The wide-area characterisation of snow sur-
face roughness in particular has been investi-
gated using MISR multiangular satellite data
with a spatial resolution of 275 m (Nolin et al.,
2002; Nolin and Payne, 2007). But this coarse
spatial resolution is insufficient for a meaningful
characterisation of snow surface roughness
within alpine terrain. This paper presents an
automated approach for the detection and map-
ping of rough snow surfaces such as avalanche
deposits over large areas using remote sensing
data.

2 ADS40 AIRBORNE SCANNER DATA

In April 2008 and March 2009 Leica Geosys-
tems and swisstopo acquired data with an aver-
age ground sample distance of 20 cm over the
mountain range west of Davos, Switzerland
using the airborne scanner ADS40-SH52. This
sensor, built by Leica Geosystems AG, Heer-
brugg, Switzerland, is able to acquire high spa-
tial resolution imagery with a dynamic range of
12 bits in five spectral bands simultaneously at
three observation angles (Figure 1).

The radiometrically stable instrument be-
longs to a new generation of airborne sensors,
aimed at replacing older analogue airborne
cameras used for surveying and topographic
mapping (Petrie and Walker, 2007). Due to its
high spatial and radiometric resolution, the sen-
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sor is able to detect small variations within snow
cover even in shadowed areas, and has there-
fore great potential for mapping snow surface
characteristics. A detailed description of the
sensor characteristics is given by Leica (2008).

Figure 1. Data acquisition geometry and spectral
bands of the ADS40-SH52 sensor used in this
study, modified from Leica (2008)

3 METHODOLOGY

By combining different pieces of information
derived from airborne scanner imagery and aux-
iliary datasets, a processing chain to extract
rough snow surfaces was developed (Figure 2).

3.1 Multidirectional information

Using one band acquired from the nadir look-
ing angle and one band from the backward look-
ing angle (Figure 1), elevated objects can be
distinguished from flat surface features based
on radial distortion. The multiangular information
is extracted by calculating the Normalized Dif-
ference Angle Index NDAI (1) using the nadir
and backward looking NIR bands. This index
has a demonstrated ability for characterising the
surface roughness of snow using multidirec-
tional MISR data (Nolin et al., 2002).

NDAI= NIRbackw _NIRzadir
NIR,,.. + NIR,

(1)
ackw adir

3.2 Texture Analysis

The NDAI values are analysed using second
order statistical texture measures, accounting
for the spatial and spectral dimensions of tex-
ture. The number of a specific change in pixel
value between neighbouring pixels in one direc-
tion is counted within a quadratic filter box. The
result is written to a Grey Level Co-occurrence
Matrix (GLCM), used to derive further texture
measures. A detailed overview of this method is
given by Haralick et al. (Haralick et al., 1973;
Haralick, 1979; Tuceryan and Jain, 1998). This

approach has shown good results for the classi-
fication of urban structures (Karathanassi et al.,
2000), agricultural structures (Delenne et al.,
2008) and sea ice (Soh and Tsatsoulis, 1999).
Local texture variations are valuable indicators
for rough snow surfaces. To identify the best
measure for the separation of the different types
of snow surface roughness, different texture
measures were tested using varying parameter
settings. An entropy measure, specifying the
“orderliness” of a texture (Haralick et al., 1973),
showed the most stable results and the best
separability. High entropy values indicate rough
snow surfaces, low values the opposite (Figure
3).

3.3 Object-oriented classification

Contrary to traditional pixel based ap-
proaches, object-based methods classify objects
formed by adjacent pixels based on a homoge-
neity criterion. Analysing objects instead of sin-
gle pixels allows for the inclusion of further pa-
rameters such as topological-, shape- and stat-
istical information and for improved classification
results (Yan et al., 2006). A detailed overview of
the object-based classification approach is given
by Benz et al. (2004). The texture analysis re-
sults described in section 3.2 are labelled, ap-
plying directional filters, statistical object infor-
mation and neighbourhood relationships.

To distinguish avalanche deposits from other
rough snow surfaces, auxiliary datasets are uti-
lised. Even in high mountain terrain, regions ex-
ist where the occurrence of an avalanche is im-
plausible. The numerical simulation tool RAMMS
(Rapid Mass Movements), developed by the
SLF (Christen et al., 2008), models avalanche
run-out, velocities and flow-heights by solving a
system of partial differential equations using first
and second order finite volume techniques. The
starting zones are derived automatically from
digital elevation data (Maggioni and Gruber,
2003). The model can therefore predict the po-
tential area affected by avalanches. It was cali-
brated and evaluated using different well-
documented avalanche events in Switzerland,
mainly from winter 1999 (Christen et al., 2008).
In this paper, areas not prone to avalanches are
excluded by inverting the RAMMS model result.
Very steep slopes are likely to be starting zones
of avalanches, but it is very unlikely that an ava-
lanche stops its flow within the same area
(McClung and Schaerer, 2006). Therefore,
slopes with an inclination of 35° or more are ex-
cluded using a digital elevation model with a
spatial resolution of 25 meters.
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Figure 2. Flowchart of the processing chain for rough snow surface (here: avalanche deposits) detec-
tion and mapping showing input, intermediate and output data (Bihler et al., 2009)

melt water or disturbed snow covers such as

4 RESULTS AND DISCUSSION avalanche deposits are indicated by high en-
tropy values and can be well distinguished from
The local variation of texture proves to be a smooth snow surfaces (Figure 3).

valuable indicator for snow surface roughness.
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Figure 3. Near infrared bands of the ADS40 data showing a test site near Wannengrat, Davos (left)
and derived snow surface roughness indicator entropy for the same area (right). The wind modelled
snow pack (bottom inset) and the small avalanche deposits (top and middle inset) are indicated by
high entropy values.
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In combination with auxiliary information,
snow surface roughness can be applied to de-
tect and map avalanche deposits. Qualitative
visual comparison of the classification with the
full spatial resolution ADS40 data indicates a
very good detection rate and mapping accuracy
(Figure 4). Even deposits in shadowed areas
were correctly detected.

To quantify the reliability of the classification
methodology, the digitised avalanche deposits
from three different test sites were used as
ground reference. Visual interpretation of the
ADS40 data with the full spatial resolution of
20 cm was used to determine the location and
extent of avalanche deposits. The processing
chain detects 94 % of all avalanche deposits
within the three test sites correctly (Buhler et al.,
2009).

I

Figure 4. Avalanche deposit mapping result of
the Salezer avalanche (red, above) and oblique

photograph acquired one day before the data
acquisition (Blhler et al., 2009)

4.1 Limitations

Optical remote sensing instruments depend
on weather conditions: Fog or clouds can hinder
data acquisition. The airborne ADS40 sensor
can be operated under cloud cover at high alti-
tudes, but dependency on weather conditions
remains strong.

Although the vast majority of avalanche de-
posits were successfully detected and mapped,
certain limitations should be mentioned. Isolated
errors of commission occur and cannot be com-
pletely eliminated by the object-based classifica-
tion step. Other rough snow surfaces such as
wind modelled snowpack, artificially piled snow,
traces and sparsely vegetated snow cover can
cause confusion with avalanche deposits. These
errors are considerably higher for small ava-
lanche deposits than for large deposits.

5. CONCLUSIONS

Spatially and radiometrically highly resolved,
directional optical remote sensing data are suit-
able for wide-area detection and mapping of
rough snow surface features and avalanche de-
posits (Bihler et al., 2009). The proposed classi-
fication processing chain, integrating directional,
textural and spectral information provided by the
ADS40-SH52 airborne digital scanner enabled
the detection and mapping of the majority of
avalanche deposits within the test area.

The presented approach can be used to gain
information about the status of snow surface
roughness and recent avalanche events within
remote and inaccessible regions. The algorithm
is very sensitive even for low amplitude rough-
ness. The method relieves the recognition of
spatially variable snow surface patterns, which
may lead to different snow cover evolution and
so to different avalanche formation conditions at
a small scale. The detection of avalanche de-
posits (large scale, catastrophic events, as well
as medium to small size avalanches) is of
fundamental relevance This information may be
used to refine decision-making and forecasting,
avalanche cadastres, hazard mapping and ava-
lanche model calibration / validation. It substan-
tially complements in-situ observations due to its
wide-area coverage, offering additional oppor-
tunities for avalanche hazard verification. The
applicability is limited by a) the restricted avail-
ability of appropriate sensors due to weather
conditions and b) misclassifications caused by
other rough surfaces such as artificial snow
piles, wind modelled snowpack and sparsely
vegetated area.

The additional automated detection and
mapping of avalanche starting- and translation
zones, as well as the extraction of the deposition
volume, would be of great value for avalanche
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research. Further studies have yet to determine
whether or not this type of data and methodol-
ogy can be used to achieve these goals.

Since a spatial resolution of one meter
proved to be sufficient for this application,
spaceborne optical sensors with stereo capa-
bility (e.g. Quickbird, lkonos, SPOT5) may be
suitable. The new generation of spaceborne
SAR-Sensors (TerraSAR-X, Cosmo Skymed,
Radarsat-2), acquiring data with a spatial resolu-
tion of close to one meter, overcome the limita-
tions imposed by weather conditions, but are
hampered by layover, radar-shadow and fore-
shortening in alpine terrain (Lillesand and Kiefer,
2000).
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