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Abstract. The identification of snow avalanche release ar-investigations on avalanche release areas in remote regions
eas is a very difficult task. The release mechanism of snowsuch as the Indian Himalaya and is a precondition for large-
avalanches depends on many different terrain, meteorologscale avalanche hazard mapping.

ical, snowpack and triggering parameters and their interac-
tions, which are very difficult to assess. In many alpine re-
gions such as the Indian Himalaya, nearly no information |ntroduction

on avalanche release areas exists mainly due to the very

rough and poorly accessible terrain, the vast size of the reAvalanche release zone information such as location, ex-
gion and the lack of avalanche records. However avalancheent and release height are essential for avalanche mitiga-
release information is urgently required for numerical sim- tion measure planning and many further topics in avalanche
ulation of avalanche events to plan mitigation measures, foresearch. Whether an avalanche releases depends on many
hazard mapping and to secure important roads. The Rohtangifferent coupled parameters. We can roughly classify these
tunnel access road near Manali, Himachal Pradesh, India, iparameters into three groups: (a) terrain parameters such as
such an example. By far the most reliable way to identify slope, exposition, curvature, roughness and vegetation cover;
avalanche release areas is using historic avalanche records) meteorological parameters such as wind, temperature,
and field investigations accomplished by avalanche expertamount of fresh snowfall and humidity; and (c) snowpack

in the formation zones. But both methods are not feasibleparameters such as the existence of weak layers, the bond-
for this area due to the rough terrain, its vast extent andng between layers, free water content and grain size and
lack of time. Therefore, we develop an operational, easygrain forms (Schweizer et al., 2003). In addition, there is the
to-use automated potential release area (PRA) detection todtiggering of the avalanche, which can be initiated by addi-

in Python/ArcGIS which uses high spatial resolution digi- tional loading caused by humans or naturally by fresh snow
tal elevation models (DEMs) and forest cover information or by abrupt warming (e.g. McClung and Schaerer, 2006).
derived from airborne remote sensing instruments as inputin this investigation, we focus on terrain parameters because
Such instruments can acquire spatially continuous data evethey can be derived from digital elevation models (DEMs)
over inaccessible terrain and cover large areas. We validatand do not change as fast as meteorological and snowpack
our tool using a database of historic avalanches acquired ovgsarameters. In many regions, these parameters are often the
56 yr in the neighborhood of Davos, Switzerland, and applyonly ones available because no weather stations or up-to-date
this method for the avalanche tracks along the Rohtang tunsnow profiles are available at a reasonable distance to the area
nel access road. This tool, used by avalanche experts, deliwf interest.

ers valuable input to identify focus areas for more-detailed
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The idea to develop a tool to automatically derive potentialterrain (Bihler et al., 2011). DEMs with 10 m spatial resolu-
avalanche release areas (PRASs) from digital terrain models iton derived from CARTOSAT-1 and -2 are also available for
not new. The investigations of Maggioni et al. (2002), Mag- many areas in India but contain errors caused by clouds and
gioni and Gruber (2003) and Maggioni (2005) as well as thecast shadow. For more-detailed terrain investigations in such
work by Ghinoi and Chung (2005) are important steps in thiscomplex regions we need higher spatial resolution DEMs.
direction. But this research was based on DEMs with spatial We can derive high spatial resolutions DEMs (better than
resolutions coarser than 20 m derived by digitizing contour5m) in high-alpine terrain from digital remote sensing im-
lines from topographic maps. Such a coarse spatial resoluagery using digital photogrammetry techniques (e ighlBr
tion of the DEM is not sufficient to capture terrain features et al., 2012; Kab et al., 2005; Toutin 2004; Buchroithner,
such as smaller gullies, ridges, bumps, holes and the terraih995). Using high-resolution satellite sensors instead of air-
roughness, which all are very important for avalanche forma-borne sensors results in slightly worse spatial resolution and
tion, flow and deposition and therefore can only capture veryaccuracy (Hobi and Ginzler, 2012). Such remote sensing in-
large release zones. Two master’s theses analyzed terrain festruments are more common now and are intensively applied
tures and their role for avalanche release areas for small-scala poorly accessible, mountainous regions to quickly gather
avalanches triggered by skiers and snowboarders (Vontobehigh-quality DEM data. We need such high DEM resolu-
2011) and large-scale avalanches (Bertogg, 2001). In thision and quality for the detailed investigation of avalanche
investigation, we refine the previous approaches for DEMrelease areas. If only coarse-resolution DEM data are avail-
datasets with higher spatial resolutions (better than 10 m)able, a simple classification based on slope angle will bring
include additional parameters such as surface roughness amsimilar results because the additional parameters used in the
make it operational as an easy-to-use tool for ArcGIS 10. algorithm (especially roughness and curvature) are not suffi-

For the numerical simulation of snow avalanches with ciently represented in these DEM resolutions.
up-to-date tools such as RAMMS (Christen et al., 2010a; Therefore the main aim of the study is to develop a tool
Bartelt et al., 2012a), SAMOS (Sampl and Zwinger, 2004)to calculate a preliminary estimate of PRA in remote ar-
or ELBA+ (Keiler et al., 2006), accurate information on eas where observations on past avalanche events are miss-
the location of the release area and high-quality digital el-ing but high-resolution elevation models are available. The
evation models are crucial (Bler et al., 2011). They are algorithm allows safety staff to obtain a first overview of
also the base for large-scale snow avalanche hazard mapvhere potential trigger zones are located, which can then
ping. However, the reliable identification of release areas forbe validated with local observations. Increasing knowledge
different scenarios is a very difficult task. Today, avalancheabout the specific avalanche sites allows, in a second step,
experts base their release zone identification on long-ternthe parameters used in the algorithm to be adjusted. This
experience, field visits, and experiences from local inhabi-will enhance the performance of the latter. One example of
tants (Margreth et al., 2003; Rudolf-Miklau and Sauermoser,such a remote, high-alpine area is the Rohtang tunnel ac-
2011) as well as on databases of historic avalanche eventsess road in Manali, Indian Himalaya. This region is of spe-
(e.g. Laternser et al., 1995). The more complete theseific importance because avalanches affect traffic safety of
datasets are, the more reliable the release zone identificaeurists, guides, rescue services and army troops in this area.
tion gets. The most common way to map snow avalanche reuntil now, very little information on avalanche activity in
lease areas and store them in digital databases is still to drathis area has existed. After the completion of the Rohtang
them by hand on topographic maps based on superimposednnel project (opening planned 2015), we expect a signif-
slope angles, field observations, and the experience of th&gant increase in traffic activity during the winter months.
mapping person. However, such observations are not availfhe avalanche mitigation measures to protect this important
able in most avalanche-prone areas around the world. Th&ansport link have to be planned now. To test the developed
DEM analysis tool developed during this study aims to assistool we use a database of recorded avalanche events from the
avalanche experts in building up potential avalanche releasarea of Davos, Switzerland, because there is a large, accurate
area databases. We apply this tool foremost in the remoteeference dataset available.
area of Manali, Indian Himalaya (Fig. 3), where no informa-
tion on past avalanche events is available.

The Survey of India (Sol) provides topographic maps at a2 Test sites and datasets
scale of 1: 25000 from which DEMs with 30 m spatial res-
olution can be derived. The freely available ASTER Global 2.1 Davos, Grisons, Switzerland
Digital Elevation Model (ASTER GDEM) with a spatial res-
olution of 30 m pittp://gdem.ersdac.jspacesystems.qgrgpd Davos is located in the Canton of Grison in the southeastern
the Shuttle Radar Topography Mission (SRTM) with a spa-part of Switzerland (Fig. 1) and is home to the WSL Institute
tial resolution of 90 m (Rabus et al., 2003) cover large partsfor Snow and Avalanche Research SLF. During the past 75 yr
of the earth surface, but beside the coarse spatial resolunany different datasets and observations on snow avalanches
tion, they contain numerous errors especially in high-alpinehave been collected and many test sites in the vicinity have
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Fig. 1. Extent of the test site Davos, Switzerland (left), and images of the ADS80 digital optoelectronic scanner and its acquisition mode
(right, www.leica-geosystems.cqnPPixelmap © 2012 swisstopo (5704 000 000).

been set up. Because of this, Davos has a large humber ofery difficult task and inaccuracies and mistakes occur, espe-
datasets for reference purposes. cially during wintertime when most terrain features are cov-
As the base for the calculation of the PRA, we use a dig-ered by snow. Only a part of all occurring avalanches during
ital surface model (DSM) derived by photogrammetric im- this time period has been mapped — especially in the north-
age correlation techniques based on the multispectral nadiwestern corner of the investigation area, which is poorly ac-
and backward looking sensor data (digital photogramme-cessible. Many, in particular smaller, avalanche events have
try). This technique has proven its ability to generate high-been missed due to inaccessibility of the area caused by bad
quality and high spatial resolution digital elevation mod- weather conditions or high avalanche danger. Furthermore,
els in high-alpine terrain (Bhler et al., 2012). The origi- there is no distinction between the release, transition and de-
nal imagery is acquired by the ADS80 optoelectronic scan-position zone of the mapped avalanche. Despite these limita-
ner and has a spatial resolution of 0.5m. This sensor has ations, the completeness and accuracy of this reference dataset
ready successfully been used for automated avalanche dés unique for snow avalanche records worldwide. In the sec-
posit detection within the same aredifBer et al., 2009) and ond test site, Manali, India, nearly no avalanche records are
demonstrated the value of airborne/spaceborne remote senstapped at all, demonstrating the need for an automated po-
ing data for this purpose (Lato et al., 2012). The resultingtential avalanche release zone identification tool.
DSM has a spatial resolution of 2m, four times the ground For validation purposes we identify the higher elevated
sample distance (GSD) of the input imagery as suggestethird of every avalanche polygon using GIS analysis, assum-
by Xu et al. (2008). We filtered the original DSM using a ing this is the release zone (Fig. 8). This is not true and
3 x 3 low-pass filter to get rid of artificial striping and rough- not exact for most avalanche polygons; the proportion be-
ness caused by image processing. The DSM covers an aréaeen release area and translation/deposition area may be
of 14 by 12 km and reaches from the valley bottom of Davoshigher for small and lower for large avalanches, but we have
(1500 ma.s.l.) to mountain tops with an elevation of moreno exact investigations on that topic. We split the recorded
than 2700 ma.s.l. (Fig. 1). avalanche events into three classes based on the total pro-
To validate our automated snow avalanche release zongcted area: large avalanches (areB00 000 ), medium
identification algorithm, we use a database of 4846 avalanchavalanches (area between 1000G0amd 50000 ) and
events of different sizes, recorded around Davos from 195&mall avalanches (area50000n%). Figure 2 gives an
until 2012 (Fig. 2). Observed avalanches are mapped by handverview on the recorded avalanche events. Please be aware
on 1: 25000 topographic maps and then digitized as ArcGISthat many polygons are overlaid by other avalanche outlines.
shapefiles. SLF and mountain safety staff mapped the recerfthis procedure results in 197 reference release polygons for
avalanche outlines around Davos; some of them had longlarge-size avalanches, 288 for medium-size avalanches and
term experience and very good mapping skills and othergt361 for small-size avalanches.
had nearly no mapping experience. However, the mapping
of avalanche events from 3-D terrain on 2-D map sheets is a
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Fig. 2. Reference avalanche events used for validation of the potential avalanche release zone identification dkjdréige.avalanches,
n = 197;(b) medium avalanches,= 288;(c) small avalanches, = 4361;(d) slope calculated from the summer DSM.

2.2 Manali, Himachal Pradesh, India the valley bottom of Manali (1900 ma.s.l.) to mountain tops
with an elevation of more than 6000 ma.s.l. A large number
of tourists visit the Manali area every year mainly for moun-

The study area Manali, a sub-basin of Beas River, lies in thQaineering and recreation activities.

Pir Panjal range in the northwestern Himalaya (Fig. 3). This  |n this study, we use a DSM derived from the large-format

area has a rapidly growing tourism sector, the ongoing infrasdigita| photogrammetry camera ULTRACAMXx. This sen-

tructure development (roads, hydropower, hotels etc.) is massor was introduced in the market in 2006 (Fig. 3b). In the
sive and itis an important place for national strategic reasonspanchromatic band the image size is 14430 by 9420 pix-

The beginning of the Manali-Leh highway is threatened bye|s, and in the multispectral bands the image size is 4992 by

a large number of avalanche tracks. The identified avalanchgzog pixels; the resulting ground sample distance (GSD) is

tracks start from MSP1 (Manali South Portal) close to Manali gependent on the flight height over ground. The data used in

and continue up to MSP13, right at the entrance of the Ro+hjs study was acquired on 7 December 2009 (Fig. 3c). The

htang tunnel. These avalanche tracks are located in the Kullgpatia| resolution of the orthoimagery is approximately 0.2 m

district. The tracks MNP1 (Manali North Portal) to MNP5 and the radiometric resolution is 12 bit. The spatial resolu-

are located across the Rohtang pass in the Lahaul-Spiti disjon of the derived DSM product is 1 m. The characteristics

trict of Himachal Pradesh. This area receives a large amoungf this DSM are very similar to the DSM used for the test site
of snowfall (11.5m cumulative fresh snowfall; meteorolog- pavos.

ical station Dhundi; elevation: 2870 ma.s.l.; average over

two decades, 1989-2010) every winter from November to

April. The average temperatures are mild (Decembe?@,6 3 Methods

January—1.2°C, February—0.4°C, March 3.1°C, station

Dhundi average over two decades, 1989-2012). As the win3,1 DEM analysis

ter progresses, we observe mainly two types of avalanche

events: (a) avalanches releasing during heavy snowfall andiVe base our approach on terrain parameters which can be
(b) wet snow avalanches during February/March/April. Our calculated from a summer DEM and which are relevant
investigation area has an extent of 126%and reaches from for avalanche formation. All calculation steps are packed
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Fig. 3. (a) Test site Manali, Himachal Pradesh, India) image of the large-format digital photogrammetry camera ULTRACAMX (Gruber
et al., 2008) andc) 7 December 2009 image of the study area.

together in a script written in Python programming language(Burrough and McDonell, 1998). The slope angle parame-
(www.python.org that can be run as a tool in ArcGIS. To teris implemented in the algorithm by a lower and an upper
make the tool applicable in different regions, the relevantthreshold value.
parameter thresholds can be adapted for every calculation. The second terrain parameter included is the curvature, the
Here, we describe the most relevant parameters that affececond derivative value of the input surface on a cell-by-cell
the resulting release zone polygons (Fig. 4). We stress thabasis (Moore et al., 1991). We identify strongly convex areas
the results of the algorithm are only potential release zonessuch as ridges, peaks and edges to exclude them from PRA
The final plausibility checks of whether the result is plausi- using positive plan curvature (perpendicular to the slope di-
ble and avalanches can really release from the identified arrection). This approach excludes avalanche releases formed
eas has to be done by experts based on field visits. Howeveby breaking cornices. The lower the curvature threshold is
this might not be possible for large, poorly accessible areaset, the more convex the terrain is that is included in the PRA,
in remote regions such as Manali MSPs and MNPs. resulting in release polygons reaching closer to ridge tops.
The primary terrain parameter is slope. It is widely ac- The curvature is implemented in the algorithm by an upper
cepted that avalanches release from slopes betweear®@d  threshold value. All regions with curvature values above this
5¢° (e.g. Schweizer et al., 2003; McClung and Schaererthreshold will not be considered as part of potential release
2006). But with varying snow characteristics such as densityzones.
and free water content, the threshold angles might slightly The third terrain parameter used in the algorithm is rough-
change (from 28 up to 60). Slope angles calculated from ness. Roughness is believed to have a significant influence on
coarse-resolution DEMs might be considerably differentavalanche release areas. It has been shown that a very rough
from slope angle in the real terrain. Additionally, the snow and irregular surface (rocky outcrops, logs, etc.) hinders the
cover reshapes the terrain and can change the slope, curvanowpack in the downward motion (McClung, 2001). Fur-
ture and roughness relevant for an avalanche. The deeper thier, rough terrain features can prevent the formation of con-
snowpack, the more significant these changes are. We catinuous weak layers, necessary for the occurrence of large
culate the slope from the summer DEM data as the maxifractures in the snowpack (Schweizer et al., 2003). However,
mum rate of change in value from that cell to its neighborsall mentioned stabilizing effects disappear if the snowpack
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Fig. 4. (a) Hillshade and thgb) governing parameters slopg) plan curvature andd) ruggedness with a neighborhood of 11 pixels
considered calculated from the original DSM with a spatial resolution of 2 m covering the Weissfluhjoch area in Davos, Switzerland.

is deep enough to form a relatively smooth surface. Ter-coniferous forests keeping their needles during winter can
rain roughness may then even have a destabilizing effect bhinder avalanche release with high enough probability. All
adding additional stress to the snowpack and favoring snovother forest types, especially deciduous forests, should not
metamorphism processes near rocks (McClung and Schaerdre used in this algorithm.
2006). Roughness is so far neglected in avalanche release
area definition algorithms (Maggioni and Gruber, 2003). In 3.2 Forest classification
the present algorithm we use the ruggedness definition of
Sappington (2007). It is implemented considering the num-Forest patch identification is a very important input influenc-
ber of neighboring pixels and an upper threshold value. Alling the formation of avalanche release areas and is also re-
regions with ruggedness values above this threshold will nogjuired for the numerical simulation of snow avalanches (e.g.
be considered as part of potential release zones. Roughne€diristen et al., 2010b). In the Davos area we include forest
and ruggedness are used synonymously in this paper. information from GIS layers provided by the Federal Office
We use the flow direction algorithm (Greenlee, 1987; Jen-of Topography, swisstopo. Because such information is not
son and Domingue, 1988) integrated in ArcGIS to delineateavailable for the Manali test site, we derive forest informa-
between different release zones. Based on the size of the rdion directly from aerial imagery. There are different meth-
sulting polygons, we split large areas and merge or delet@ds to identify forest patches from high spatial resolution
very small zones. The user can also adapt the minimum andptical remote sensing data (e.g. Miller et al., 2000, Waser
maximum size of the resulting PRA before starting the cal-et al., 2008). We use the Normalized Difference Vegetation
culation. Index (NDVI; Richardson and Wiegand, 1977) because the
All area declared as forested in the input will be excludedimagery was acquired in December (winter), when decid-
from potential release zones. Furthermore, PRA which areious trees (mainly birch trees) have no leaves and can be
close to forested areas and run into forests shortly after rewell distinguished from coniferous trees (pine trees). While
lease are also excluded. We did not implement any differ-pine trees intercept a considerable amount of the fresh falling
entiation between forest types. Therefore the decision to desnow hindering the formation of a larger weak layer, decidu-
clare an area as forested has to be made carefully. Only densgis trees without leaves do not. For this investigation we re-
sample the Vexcel ULTRACAMx orthoimagery (0.2 m GSD)
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Fig. 5. (a) Results obtained for automated forest classification for the entire investigation area using supervised maximum likelihood clas-
sification with NDVI as input(b) subset of the Dhundi Meteorological Observatory (top) and final pine tree patch classification in green
(bottom).

to a spatial resolution of 2m. Then we calculate the NDVI areas of all size classes in the reference dataset. Thus, for
using the near-infrared band (wavelength 0.68—-0.91 um) an@very size class, we only distinguish between release area
the red band (0.58-0.68 um) and use a supervised maximurfPRA, when the type of avalanche occurred at least once) and
likelihood classification to identify pine tree patches relevantno release area (NoPRA, an avalanche was never observed).
to snow avalanche release zones. The results are shown @oncerning the classification results of the algorithm, we ne-
Fig. 5a. To assess the quality of the automated NDVI classiglect the partitioning into single release areas and treat them
fication we checked the results manually. We find major clas-the same as the reference data (PRA or NOPRA).

sification problems in areas with shadows and gullies; there- The assessment is executed for the ski resort of Jakobshorn
fore we check these areas carefully and correct the results afear the town of Davos. Within this area, most avalanches are
the automated classification manually. For this purpose walocumented on a regular basis by experienced ski patrollers.
use photographs acquired during field visits and from heli-In all other regions, we have to assume that many avalanche
copter flight. The final result of the forest classification is events that occurred have not been mapped.

shown in Fig. 5b. We use the following standard accuracy measures defined
in Congalton and Green (1999). Tlwerall accuracyde-
scribes the general performance of the classification and is
defined as the percentage of correctly classified pixels and

the total number of pixels. For this measure we include the

To assess t-h © acciuracy of the alg?.r fthm we compare the ret?/vo classes PRA and NoPRA. However, as we are mainly
sults to a simple “slope approach”: all pixels betweenfi 28 .

and 50 are considered as potential release area and are us interested in the ability of the algorithm to classify the class

X e A we use additional measures, producer’s and user’s accu-
for the algorithm classification (forested areas are excluded). P

. . racy. Theproducer’s accuracylescribes how well the class

We make the assessment for every single avalanche size cla . . ; .
. . A is correctly classified. It is calculated by dividing all
(small, medium and large) in the reference dataset. As the S ;
. correctly classified pixels of the class PRA by the total of all
release zones of the reference dataset are overlapping, we

simplify the geometry, uniting all avalanches of the respeC_plerS belonging to that class. It refers to the error of omis-

tive size class. To assess the accuracy for the total of alp'on pixels not attributed to one class although belonging to

. . it. The users’s accuracyhowever, describes the reliability
avalanches, comprising all size classes, we merge all releasé

3.3 Algorithm accuracy estimation method

www.nat-hazards-earth-syst-sci.net/13/1321/2013/ Nat. Hazards Earth Syst. Sci., 13, 13235 2013
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of the classification and quantifies the percentage of pixelsTable 1.Calculated parameter settings to find the optimal trade-off
correctly classified as PRA over the total number of pixelsof mapping only as much area as necessary without missing many
classified as PRA. This measure is linked to the error of com-avalanche release zones for the test site Davos. The selected param-
mission, pixels wrongly attributed to one class although be-eter setis marked in italics.
longing to another. To consider both factors in one measure

. . . DEM Curvature Ruggedness % of total No of
we use then'C|a§S accuracyin-class Fa_ccuracy IS def'r.]ed as resolution  threshold threshold area between polygons
the number of pixels correctly classified as PRA divided by 28 and 50
the sum of pixels not classified as PRA but belonging to it

o . . ; 5m 0 0.01 11.25% 1819

and classified as PRA but not belonging to it. A high value 5m 3 0.01 34.02% 2688
of this measure indicates a good compromise between error 5m 7 0.01 34.07% 2678
of commission and omission. 5m 0 0.03 24.93% 3746
5m 3 0.03 69.53 % 4795

5m 7 0.03 69.53% 4798

o . . 5m 0 0.05 29.62% 4436

4 Results, validation and discussion 5m 3 0.05 79.67% 5573
5m 7 0.05 82.10% 5595

4.1 Test site Davos 10m 0 0.01 7.20% 526
10m 3 0.01 20.70% 741

The spatial resolution of DEM data has a great impact on 10m 7 0.01 20.70% 741
nearly every application using such data but especially on the 10m 0 0.03 22-902/0 1492
presented algorithm because it is based solely on information 182 ;’ g'gg gg'gi ;‘; 1232
derived directly from DEM data. &hler et al. (2011) have al- 10m 0 0.05 20.70% 741
ready demonstrated the significant effects of DEM resolution 10m 3 0.05 77.30% 2353
on numerical simulations of snow avalanches. To assess these 10m 7 0.05 77.68% 2362
effects, we resample the original 2 m-resolution DSM to 5m, 20m 0 0.01 213% 55
10m, 20m and 40 m and test the behaving of the different 20m 3 0.01 9.22% 162
parameters (F|g 6) 20m 7 0.01 9.22% 162
Because resampling always smoothes the modeled ter- 20m 0 0.03 14.59% 383

in_ the mini | X d th . | 20m 3 0.03 45.55% 794
rain, the minimum values increase and the maximum val- 20m 7 003 45,55 % 794
ues decrease with growing pixel size (Dixon and Earls, 20m 0 0.05 2296 % 607
2009). While the minimum and maximum values change 20m 3 0.05 68.76 % 1155
only slightly for the DEM values, the maximum slope de- 20m 7 0.05 68.77% 1155

creases from 84°1(2 m) to 58.2 (40 m), and also the mean
slope decreases from 260 23.3 and the standard devia-
tion from 12.6 to 10.4. The maximum curvature decreaseswe find at a DEM resolution of 5 m, a curvature threshold of 3
from 172.2 (2m) to 5.1 (40 m), as well as the mean curva-and a ruggedness threshold of 0.03 by checking the different
ture (from 0.07 to 0.03) and the standard deviation (5.7 toparameter scenarios visually (Fig. 7; Table 1). We use the re-
0.7). The maximum ruggedness decreases from 0.39 (2 m) teults calculated with this parameter settings for the validation
0.19 (40 m), but the mean ruggedness increases from 0.01 twith the 4846 release areas from the reference dataset. Lower
0.04. This is mainly due to the fact that a larger neighbor-DEM resolutions lead to the omission of many smaller- to
hood is taken into account with lower DEM resolution (e.g. medium-size release zones. Higher DEM resolutions lead to
11x 11 pixel by 5m DEM resolutios= 55x55m; 20m DEM  many very small and unrealistic release zones. Higher curva-
resolution=220x 220 m). This influences the results of our ture thresholds lead to too-many and too-large release zones;
algorithm considerably. lower thresholds lead to too-few and too-small zones. Higher
Therefore, we calculate the PRA with different parame- ruggedness thresholds lead to the inclusion of very rough ter-
ter settings for the entire test site Davos (Table 1). The dif-rain such as rock walls or blocky scree, where an avalanche
ferent results are checked qualitatively by avalanche expertselease is very unlikely. A lower ruggedness threshold would
from SLF to identify a feasible parameter set for the releaseexclude too much of the steep terrain exceeding the threshold
area identification within the test site Davos. For all calcula- value; the winter terrain is anyway smoothed out by the snow
tions we use slope angle thresholds of 28d 50 because cover compared to the summer terrain.
these values are backed up by the literature (Schweizer et al., The results in Table 1 demonstrate how the parameters’
2003). We fix the ruggedness threshold to<111 pixels be-  resolution, curvature and ruggedness influence the results of
cause this neighborhood represents the terrain roughness ase algorithm. With increasing spatial resolution, the area
sumed relevant for avalanche release. A suitable compromisilentified as potential release zone decreases. This is caused
between completeness (most release areas are mapped) amgmissing many small-scale release areas and by decreasing
errors of commission (as few areas as necessary are mappeite average slope angle due to terrain smoothing. Increasing
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Fig. 6. Statistical comparison of the used DEM resolutions 2m, 5m, 10 m, 20 m and 40 m for DEM values, slope, curvature and ruggedness
covering the area Weissfluhjoch pictured in Fig. 4.

the curvature threshold (all regions with plan curvature val-
ues bigger than the threshold value will be excluded) from

0 to 3 leads to a strong increase of the mapped release area.
But increasing the value from 3 to 7 has nearly no effect.
This indicates that a value of 3 is a reasonable approximation
for the curvature threshold. The ruggedness threshold (all re-
gions with ruggedness values larger than the threshold value
will be excluded) has a big impact on the mapped area as
well as on the number of output polygons. This indicates that
the ruggedness threshold should be assessed carefully.

4.2 Validation

The best way to validate our algorithm would be to com-
pare it with real avalanche release zones, which are geo-
referenced accurately, for example by differential Global
Navigation Satellite System (dGNSS) measurements. But
only very few avalanche records with accurate geo-
referencing exist. Therefore, we have to make some assump-
. . tions for a meaningful validation of our tool. We take the
Fig. 7. Result of the automated potential avalanche release zone -
P . o i avalanche outlines of our reference dataset (see Sect. 2) and
identification algorithm (red) for the entire investigation area Davos

with a DEM resample size of 5m, a curvature threshold of 3 and acalculate the upper third of the polygon, assuming that this

ruggedness threshold of 0.03. The forest information derived from@r€@ Will most probably contain the avalanche release zone

the topographic map 125 000 is shown in green. completely (Fig. 8). However, this might not be correct for
all 4846 avalanche outline polygons. In some cases, only a
small part of the upper third might have released. In others it
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Large size reference avalanches

1 26 51 76 101 126 151 176

Medium size reference avalanches

1 26 51 76 101 126 151 176 201 226 251 276

Fig. 8. Example for calculated upper thirds (red) of three avalanche Small size reference avalanches
polygons (blue) from the reference dataset within the test site1gg:jn’
Davos. 80%
70%
60%
50%
might be considerably more than that. But precise informa- 302 ]
tion is not available. Considering also the errors introduced 20%
by manual mapping, the reliability of our reference dataset o, |
is reduced considerably. But it is the best data available to '~ %7 1007 1501 2001 2501 3001 3501 4001
verify a potential snow avalanche release zone identificatiorrig. 9. cumulative coverage of the reference release areas from
algorithm. the classes large>(L00 000 n¥) medium (between 100000 and
To assess the performance of our algorithm we inter-50 000 nf) and small £50 000 nf) by the result of the algorithm
sect the reference release areas (upper third of the referengéth 5m DEM resolution, a curvature threshold of 3 and a rugged-
avalanche outline polygons) with the area identified as potenness threshold of 0.03.
tial avalanche release zone by the algorithm. For validation
we use the result with a DEM resolution of 5m, a curvature
threshold of 3 and a ruggedness threshold of 0.03 (Table 1)dentified by the algorithm are located directly above or in-
these are also the parameters we propose as default valubstween forest-covered areas. The class small avalanches
for terrain characteristics comparable to the area of Davos. (n = 4361) is by far the largest but is also most corrupted
For the class large avalanches=£ 197), only 1 reference by mapping errors. In this class, 422 (9.7 %) of the reference
release zone, or 0.51%, does not intersect at all with theavalanche release areas are not detected by the algorithm;
result of the algorithm; 2.4 %, or 4 reference release areas{99 (18.3 %) are covered by less than 25 %; 1222 (28 %) by
are covered by less than 25 %; 17.7 %, or 35, are covered biess than 50 %; 3239 (72 %) are covered by more than 50 %;
less than 50 %; 82.2 % are covered by more than 50 %; an@nd 2546 (58.4 %) by more than 75 % (0). Again a lot of the
47.2 % are covered by more than 75 % (Fig. 9). These resultgndetected release areas are located very close to forested
prove the good performance of the algorithm in detecting theareas. But there are also some undetected release polygons
release areas of large avalanches. The reference release zdndorest-free areas. Some release areas starting very close
not detected by the algorithm lies just above the tree line ando ridges are missed because this area was excluded by the
was mapped in 1968. This area was excluded in the algorithngurvature and/or the ruggedness threshold.
due to forest cover. But it is very likely that the forest has
grown now in this area and an avalanche release is not prob4.3 Accuracy assessment
able anymore. For the class medium avalanches 288),
3 reference release areas, or 1%, are not detected by the alable 3 shows the results of the accuracy assessment. The
gorithm. Twenty-four (8.3 %) are covered by less than 25 %;overall accuracy increases from 39.2% to 72.8 % using the
73 (25.3%) by less than 50%. The algorithm covers morealgorithm, with respect to all size classes of avalanches in
than 50 % of 215 reference avalanche release areas (74.7 %)e reference dataset. Comparing producer’s and user’s accu-
and more than 75% of 122 (42.4%). Again the zones notracy for the class PRA we see that the producer’s accuracy
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Table 2. Calculated parameter settings to find the optimal trade-offthe reference data should be in this slope range (producer’s
between mapping only as much area as necessary without missingccuracy of 100 % for the slope approach). However, we ob-
many avalanche release zones for the test site Manali. The selectegbrye a producer’s accuracy of only 70.6%. The discrep-
parameter set is marked in italics. ancy of around 30 % can be attributed to different influences:
(a) the automated definition of the release areas (upper third
of the outline polygon) in the reference data is a major influ-
ence. Especially release zones of large avalanches are overes-

DEM Curvature Ruggedness % of total area No of
resolution  threshold threshold betweer? 2dd 60  polygons

5m 0.01 5.80% 1733

0 . ; i "

5m 5 001 18.37% 2877 timated, thus expanding to regions flatter than. 2@idition-

5m 7 0.01 64.06 % 7218 ally, there might be release areas where the avalanche crown

gm g 8-82 ig-gg‘;" éggg is located in terrain steeper than°2@/hereas the stauchwall

m . . () . . .

5m 2 0.03 47.13% 5930 might be significantly below 2gBartelt et al., 2012b). _How-_

5m 0 0.05 24.19% 6365 ever, the whole area between crown and stauchwall is defined

sm 5 0.05 62.73% 7879 as release zone in our study, thus also comprising areas be-

0, .

°m ! 0.05 64.42% 7367 low 28°. (b) Slope change caused by snow cover influences.

18 m g 8-81 13-32‘:? ‘;ill The slope of a winter terrain can locally be very different than
m . . () . .

10m 7 0.01 10.06% 244 th_e underlying summer terrain. (c) The reference dataset may
10m 0 0.03 13.38% 1651 still lack PRAs which have not been observed or released yet
18m 5 g-gg 25-44% 3813 but may be so in the future. Such areas have to be considered
10m 7 . 5.44.% 14 ; .
lom 0 0.05 2167% 2510 in a hazard assessment. All these factors reduce the qqallty
10m 5 0.05 54.25% 2731 of the accuracy assessment, and the value of the algorithm
10m 7 0.05 54.28% 2729 might be underestimated.
20m 0 0.01 1.09% 52
20m 5 0.01 4.29% 131 4.4 Test site Manali
20m 7 0.01 4.29% 131
20m 0 0.03 6.97% 324 . , o
20m 5 0.03 22.62% 581 The results for the entire test site Manali with a DEM res-
20m 7 0.03 22.62% 581 olution of 5m, slope inclinations from 3do 60, a curva-
20m 0 0.05 15.28% 688
>0m 5 0.05 12.46% 975 ture threshold _of 5and a rugge_dness threshold of 0.05 are
20m 7 0.05 42.47 % 976 presented in Fig. 10. The selection of the threshold values is

based on expert judgment of the results from different param-
eter scenarios (Table 2). This is the only feasible approach
because information on real avalanche release areas does not
decreases from 70.6 % to 57.4 %; however the user’'s accuexist. Steeper slope thresholds {3hd 60) are used be-
racy increases from 39.2 % to 56.9 %. The algorithm identi-cause fresh snow in the Manali area is usually moister than
fies fewer release zones contained in the reference datasit Davos and the potential incoming radiation is stronger (lat-
compared to the slope approach; but the reliability of theitude ca. 32). This enhances the settlement of the snowpack
classification is much better. The in-class accuracy is in-and leads to more-stable snow covers. Therefore, significant
creased from 50.9 % to 66.7 % using the algorithm. There-snow accumulation can occur on steeper slope angles in the
fore we conclude that the algorithm provides a better com-Manali region than in Europe. Because the terrain in Manali
promise between errors of omission and commission and is & much more rough and edged, the curvature and ruggedness
significant improvement over a simple slope approach. Withthresholds are increased slightly.
regard to the ability of the algorithm to detect a specific size A total area of 45.5krfy or 36 % of the entire area, and
class, we see that the classification of large avalanches 6730 single release polygons are identified. This is signif-
more reliable than for small- and medium-sized avalanchescantly more than within the test site Davos (approx. 18 %
(significantly higher user’s and in-class accuracy). of the entire area). Considering the much steeper terrain and
The main reason for the improvement over a simple slopegewer forest patches these results are reasonable. The algo-
approach is that the algorithm contains a minimum size cri-rithm excludes very rugged rock faces in the upper parts of
terion, removing all pixels which are steep enough to beMSP3 and MSP7 (Fig. 12). This is realistic because, in such
avalanche terrain but which do not form a continuous surfaceough terrain with many small gullies and frequent change
large enough to form an avalanche release zone (e.g. smalf aspect over small distances, the formation of large-scale
clearings in the forest). weak layers is unlikely. However, after very heavy snowfall
Although the improvement of the algorithm is significant, in late winter, when big parts of the gullies are already filled
the classification is still far from perfect. This can partly by snow due to wind or avalanche transportation, such ar-
be explained by errors in the reference dataset. As we aseas might be able to produce an avalanche release. For such
sumed in the slope approach that avalanches can release esituations the curvature and ruggedness parameters have to
clusively between 28and 50, all pixels of the class PRAin  be adapted prior to the automated potential snow avalanche
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Table 3. Accuracy assessment of the algorithm and comparison with potential release areas defined only by slope angles betmden 28
50°.

Size Slope approach  Algorithm
class (%] [%]
small avalanches 19.6 60.7
medium avalanches 16.5 61.7
Overall accuracy (PRA- NoPRA) large avalanches 27.9 68.1
all avalanches 39.2 72.8
small avalanches 78.3 60.0
medium avalanches 78.1 65.9
Producer’s accuracy (PRA) large avalanches 69.3 58.5
all avalanches 70.6 57.4
small avalanches 19.6 26.8
medium avalanches 16.5 24.8
User's accuracy (PRA) large avalanches 27.9 41.9
all avalanches 39.2 56.9
small avalanches 22.8 29.4
medium avalanches 18.7 26.1
In-class accuracy (PRA) large avalanches 33.0 68.9
all avalanches 50.9 66.7

Fig. 10.The identified PRA (red) and the classified forest patches (green). A more detailed view of the results is given for the MSPs 3 and 7
(right).

release zone calculation. We presented the results of the idembservations and numerical avalanche simulations will show
tified PRA to SASE scientists who have already observedhow important these newly identified release areas are for
avalanche events in MSP 3 and 7, and they have confirmethe safety of the people traveling on road. The results will
that all release areas they know are significantly better reprealso help to identify formerly unknown avalanche tracks,
sented by the algorithm than only by slopes betweere®@  which are not yet part of the MSP and MNP tracks. Espe-
60°. The results are interesting for studies in the Himalayacially release areas in the steep flanks of the Manali range
because they enable focusing on a formerly unknown addi{northwestern part of the investigation area) may have the po-
tional release areas identified by the algorithm. Future fieldtential to generate large-scale avalanches reaching the road.
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To confirm this assumption, numerical simulations of differ- spatial resolutions do not enable better results because the
ent scenarios will have to be calculated. snow cover smoothes out the terrain. Lower spatial resolu-
tions, on the other hand, are not able to capture small- to
medium-size avalanche release zones. Only very big, spa-
5 Conclusions tially continuous release areas can be identified. Curvature
values are critical for the exclusion of ridges and the separa-
The identification of potential avalanche release areadion of the different release zones. We find optimal curvature
(PRAS) is a difficult task, but it is the precondition for large- thresholds to be around three. However, if the release areas
scale hazard mapping, numerical avalanche simulations andre located very close to ridges (e.g. breaking cornices) the
hazard mitigation measure planning. The best way to identhreshold value should be increased. Very rough terrain (e.g.
tify avalanche release areas is using snowpack informabig rocks, narrow gullies, rockfaces) hinders the formation
tion, weather data, maps, digital elevation models and phoof large weak layers. However, large amounts of snow dur-
tographs in combination with historic avalanche informa- ing winter can smooth out a big portion of the summer terrain
tion and field investigations accomplished by experiencedroughness. We find suitable ruggedness threshold for the rel-
avalanche experts. But in many alpine areas around the worldtively smooth terrain in Davos to be approximately 0.03 and
such as the Indian Himalaya, nearly no information on pastin the relatively rough terrain of Manali to be approximately
avalanche events is recorded and most of the other required.05.
information is not, or only very limitedly, available. Further-  The validation of the algorithm using 4846 avalanche out-
more, the dimension of the terrain affected by avalanches i¢ines from the area of Davos show that we are able to iden-
vast and most regions are partly or completely inaccessibletify the major part of all occurred avalanche release zones. A
On the other hand, high spatial resolution remote sensingjualitative and quantitative assessment of the results demon-
sensors are able to map large areas even in otherwise inastrates that the identified PRAs are realistic and show the
cessible terrain. Such datasets are rapidly increasing in avaibdvantages compared to a simple slope classification. How-
ability and have proven their ability to generate high-quality ever, the delineation of the different PRAs is very difficult
digital elevation model data and aerial orthoimagergi{gr ~ and depends strongly on snowpack parameters, which are ig-
et al., 2012). For areas such as the Indian Himalaya thesgored in this study. Therefore, the resulting PRAs have to be
datasets are the only available base today for the identificachecked carefully and may have to be adapted prior to using
tion of avalanche release zones. them for numerical avalanche simulations or other purposes.
The algorithm developed in this investigation uses digi- The results obtained for the Manali area demonstrate the
tal elevation models (DEMs) and forest information derived value of the developed algorithm. By using this tool, the
from high spatial resolution optical remote sensing imagerySASE scientists are able to identify specific areas of interest
to identify potential snow avalanche release zones. By onlywithin a short time. Furthermore the algorithm enables first
using terrain and forest information and neglecting weathemumerical simulations of different snow avalanche scenarios
and snowpack information, our approach is clearly limited affecting the road, generating important parameters such as
and will not generate a reliable and accurate prognosis forun-out distance, velocity and pressure which are needed for
avalanche release. Careful interpretation of the results by exthe planning of mitigation measures. By gathering more in-
perts in combination with field visits is crucial. However, the formation on avalanche release zones during the next win-
tool can be used to identify potential avalanche release zonesers, the Indian scientists will be able to better judge the per-
which have to be further investigated, especially if large, formance of the algorithm and test different parameter set-
poorly accessible areas have to be assessed. It is designédgs at the Manali test site. We plan to share this tool with
for large-scale hazard mapping, not for avalanche predicinterested avalanche experts for further testing and enhance-
tion. Critical parameters, which strongly influence the out- ment.
put, are (a) the identified forest area, (b) spatial resolution of

the DEM, (c) the plan curvature and (d) the terrain rugged-
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