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Abstract. Snow in rock faces plays a key role in the alpine 1 Introduction
environment for permafrost distribution, snow water storage
or runoff in spring. However, a detailed assessment of snowknowledge on spatial and temporal variability of snow
depths in steep rock walls has never been attempted. To urflepths in alpine terrain is of high importance because snow
derstand snow distribution in rock faces a high-resolution ter-Plays an important role in many alpine environmental as-
restrial laser scanner (TLS), including a digital camera, wasPects, e.g. water management, snow avalanche formation
used to obtain interpolated snow depth (HS) data with a gridor permafrost occurrence. The snow distribution in rock
resolution of one metre. The mean HS, the snow coveredaces influences the existence of permafrost (Haeberli, 1996;
area and their evolution in the rock face were compared td<eller and Gubler, 1993; iitschg et al., 2008; Hasler et al.,
a neighbouring smoother catchment and a flat field statior?011) and contributes to the runoff in spring. As rock faces
at similar elevation. Further we analyzed the patterns of HSare widespread in alpine environments (e.g. Gruber and Hae-
distribution in the rock face after different weather periods berli, 2007), knowledge about the distribution of snow depth
and investigated the main factors contributing to those distri-n them is important. However, such studies are rare due to
butions. the limitations of traditional measurement methods in com-
In a first step we could show that with TLS reliable infor- bination with the inaccessibility and the existence of alpine
mation on surface data of a steep rocky surface can be of1azards. By contrast, snow depth distribution in less steep
tained. In comparison to the flatter sites in the vicinity, meanalpine terrain has been studied for many years (edinF
HS in the rock face was lower during the entire winter, but and Meister, 1983; Cline et al., 1998; Liston and Sturm,
trends of snow depth changes were similar. We observed rel998; Gauer, 2001; Deems et al., 2006; Doorschot et al.,
peating accumulation and ablation patterns in the rock face2001; Mott and Lehning, 2010) and recent ground temper-
while maximum snow depth loss always occurred at thosedture trend analyses underline the importance of spatial and
places with maximum snow depth gain. Further analysis oftemporal snow depth distribution (Zenklusen et al., 2010).
the main factors contributing to the snow depth distribution ~ The distribution of snow depth in mountain regions is
in the rock face revealed terrain-wind-interaction processegnainly influenced by the amount of precipitation, solar radia-
to be dominant. Processes related to slope angle seem #9n, air temperature, wind conditions, topography and other
play a role, but no simple relationship between slope angleprocesses related to their interactions. On a smaller scale,
and snow depth was found. for example within alpine watersheds, the spatial variability
Further analyses should involve measurements in rockof snow depth is mainly determined by terrain-wind interac-
faces with other characteristics and higher temporal resotions (e.g. Bhn and Meister, 1983; Elder et al., 1991; Luce
lutions to be able to distinguish individual processes betterét al., 1998; Gauer, 2001; Winstral et al., 2002; Raderschall
Additionally, the relation of spatial and temporal distribution €t al., 2008; Lehning et al., 2008) and therefore a lot of ef-
of snow depth to terrain — wind interactions should be tested. fort has been carried out to link snow depths to meteorolog-
ical (especially wind) and topographic factors (e.gogihl
and Kirnbauer, 1992; Anderton et al., 2002; Winstral et al.,
2002; Trujillo et al., 2007; Gmewald et al., 2010; Mott et
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In steep terrain, such as rock walls, it is to be expected
that the spatio-temporal variability of snow depth is not only
caused by wind transport but also influenced by processes re|
lated to slope angle and slope aspect such as solar radiatio
and avalanching (including avalanches, sloughs and spin
drifts). As knowledge about the snow depth distribution in
rock faces is scarce, many hypotheses have been formulate
but could so far not be verified properly. Due to the high in-
fluence of gravity in steep terrain, different authors assumed
that snow cannot accumulate permanently (Winstral et al.,
2002; Bbschl and Kirnbauer, 1992; Schmid and Sardemann,
2003). The latter presume that small sloughs starting from
slopes steeper than S&re frequent while larger avalanches
are rare. Another frequent assumption is that with increasing ” o

slope angle the snow depth and snow covered area decrea = Tiepoi.nt
(e.g. Anderton et al., 2002; Machguth, 2006). This assump- & "] Container
tion has been confirmed by observations in alpine basins at 4 mm Chupfenflue |

- . 0 250 500 1,000 s > 5
resolution of 25 m (Bdschl and Kirnbauer, 1992). — e— \oters. , -A'be“'baCh
LIDAR altimetry makes it possible to measure area-wide

the snow depths with high accuracy, even in inaccessible alig. 1. Overview of the study site Wannengrat (region of Davos,
eas. Airborne laser scanning (ALS) was successfully usedyitzerland). Snow depths were measured with a terrestrial laser
in preV|ous studies to determine snow depth distribution inscanner (TLS) in the south-west face of thet@fenflue and in
alpine terrain (e.g. Deems et al., 2006; Hopkinson et al.the catchment of Albertibach. The used equipment was stored in
2004). In the last few years the technique of terrestrial laser container. To convert the TLS point-cloud into a Swiss coordi-
scanning (TLS) has increased the possibilities to measureate system several fixed-installed reflectors (tie points) were used.
snow surfaces with higher spatial and temporal resolutionSeven automatic weather stations (WAN1 to WAN?7) deliver impor-
(Bauer and Paar, 20059 et al., 2006; Prokop, 2008; tant additional information (e.g. temperature, Winq-Qirection). For
Schaffhauser et al., 2008; Grewald et al., 2010). TLS mea- measurements |.n the @pfenflue the TLS was positioned next to
surements have already been used to obtain precise digital e he weather station WAN2.
evation models of rock faces (Bauer et al., 2005; Alba et al.,
2005). Until present, TLS has never been applied to investis  pata and methods
gate the variability of snow depths on rock faces.
In this study we examine TLS measurements to receive2.1 Study site
snow depth data with a resolution of one metre in a rock
face in the eastern Swiss Alps. The aim is to obtain informa-The main study site Gipfenflue is a southwest oriented
tion on (a) the amount of snow depth in the rock face and itsslope in the region of Davos, Eastern Swiss Alps (Fig. 1).
temporal evolution compared to flatter sites at similar eleva-The rock face elevation ranges from 2200 to 2658 ma.s.l.
tion and in the vicinity, (b) the spatial-temporal variability of The mean slope angle is 4%arying from horizontal to
snow depths and (c) possible inferences for processes causearly vertical (max. 8§ calculated on a grid of 1 m resolu-
ing this distribution. A strong focus will be on studying prob- tion, Fig. 2). The base area (horizontal projected area) of the
able key factors influencing the snow depth distribution androck face is about 0.16 kfnof which approximately 60 %
to investigate how far snow depth distribution is linked to fre- were covered by the TLS measurements. Surrounding the
guently used terrain parameters such as slope, curvature ar¢hiipfenflue, seven automatic weather stations measure wind
roughness. Regarding the terrain parameters we assume thditection and velocity, air temperature, relative humidity and
in a rock face more snow can accumulate in the steep, rougkolar radiation, and several fixed reference points with re-
areas than in the steep, smooth ones and that curvature iflectors are available for referencing the TLS measurements
fluences both avalanching and wind drift. Finally, frequently (Fig. 1).
made hypotheses, such as the one that with increasing steep-Two sites at similar elevations were used to compare the
ness snow depth decreases and that on slopes steeper thasrew depth in the rock face to more gentle terrain: the nearby
specific threshold snow cannot accumulate, were tested foAlbertibach catchment and the Versuchsfeld Weissfluhjoch.
the rock face on a small scale. The neighbouring Albertibach is generally smoother, less
steep (mean slope of 30Fig. 2) and includes diverse
slope aspects (data published ini@ewald et al., 2010 and
Schirmer et al., 2011). It has a horizontal area of 1.3 ki
which 46 % were covered by TLS. The flat field Versuchsfeld
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70 T T T Table 1. Technical features of the used long range laser measuring
; : ; : | —® Chuepfenfiue systems (LPM-321; Riegl, 2005).
eob i Y s L | Albertibach
Parameter Value
50-‘- R S N TR
_ Principle Time-of-flight
2 : : N : : : : Wavelength 905 nm
z 4o R N O S o S S Pulsrate 20000 Hz
§ : : : : : : : : Beam spread angle 0.8 mrad
g 30 A H AR A G A SR A G Max. range, with reflectance80 % and 1000Hz 1500 m
o : : : g : : : : Used resolution for finescans 0936
ook e L Accuracy 25 mmt 20 ppm
rob NG

. v v v . , combination with strong northwest winds in the Albertibach
¢ 1 430|ope [5? T8 e catchment and at WFJ. At the end of January, the stations
measured snowfall in combination with weak winds, after the
Fig. 2. Histogram with the relative frequency (calculated for classes COllapse of a Bhn event (strong, dry southerly winds). An-
with a step width of 2 slope) of the slope. other Bhn event was responsible for the reduction of snow
depth in the region of Davos in the beginning of February.
The accumulation season ended at the end of March (26

'—-WFJ . ' March, Fig. 3) and was followed by a period of strong ab-
| —e—Chuepfenfluef - - - oo lation. Towards the end of April, the ablation process was
“|L——Albertibach | - : S interrupted by a period with little snowfall and colder tem-

peratures. In May, ablation was high due to warm temper-

= 2 atures. On 25 May (last measurement), the rock face was
= : : : : : : : : : : nearly snow free, while the Albertibach catchment still had
Sashi it PN A N s over 30 % snow cover. The Albertibach catchment became
z snow free at the end of June (Egli et al., 2011), the Versuchs-
& b feld WFJ at the beginning of July (Fig. 3, SLF, 2009).

05 2.3 Measurement methods

A ) : : S : : : : The TLS used in this study (Riegl, LPM-321, Table 1) mea-
o Oct 1 Nov1 Dec 1Jan 1 Feb1 Mar 1 Apr1 May 1 Jun 1 Jul sures distances with a near-infrared signal with a wavelength
of 905 nm, ensuring favourable reflectance of the snow
Fig. 3. Course of the snow depth measured daily at the Versuchs{Painter and Dozier, 2004) and little penetration of the laser
feld Weissfluhjoch (WFJ) and the mean snow depthigH®8alcu-  signal (Prokop et al., 2008). The density of the resulting
lated for the entire base area) of the rock facé@anflue and the  point cloud depends on the distance to the object, the inclina-
Albertibach catchment from winter 2008/2009. tion angle and the resolution used. The distance, inclination
angle and point divergence determine the size of each laser
footprint. With distances to the surface ranging from 350 to

Weissfluhjoch (WFJ, 2540 m a.s.l) has one of the longes . . .
records of snow depth observations worldwide and has bee 00 m and a resolution of 0.36the average point density

subject to numerous investigations (e.g. Stoessel et al., 2010"%/&13 6.12 points per square meter. Circular footprints had di-

For our purpose, snow depth was measured daily at one poi meter_s o_f 0.14-0.28 m, but were usually enlarged to elllpses
(SLF, 2009, Fig. 3). where incidence angles were small. The actual error estima-

tion is discussed in the Sect. 2.5.
2.2 \Weather conditions The TLS was positioned next to the weather station WAN2
(Fig. 1), installed on a stable tripod. To minimize errors
The seasonal development of snow depth measured at WRehused by a slight settling or tilting of the tripod, the dura-
during winter 2008/2009 was similar to the long-term meantion of one scan was restricted to one hour and before each
(1934 to 2008) although snow depth was generally higherscan the position of the TLS was re-determined. Especially
than average (SLF, 2009). The accumulation season at WKt the foot of the face and behind large ridges, gaps in the
started at the end of October 2008. Throughout the accumeasured surface resulted from measuring shadows (blind
mulation season, snowfalls were predominantly observed irareas, Fig. 1). Additionally, a digital camera (Canon EOS
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350D) installed on the TLS, was used to take high-resolutionmanually using a threshold for one of the colour orthophoto
photos during measurements that were ortho-rectified durin@*8 bit RGB channels. During the accumulation season, a
processing. blue value higher than 140 and during the ablation season
The dataset for the main site consists of 14 TLS measurered values between 160 and 230 were used as thresholds for
ments with snow during the winter 2008/2009 (January—Maysnow.
2009), one measurement after the first snowfall of the winter To estimate the HS changes only those cells were included
2009/2010 (21 October) and one scan without snow, servingvhich were snow covered at the beginning and at the end of
as the digital elevation model (DEM, Table 3). Additionally, the period analyzed. This restriction allows excluding cells,
two helicopter-based ALS (Vallet et al., 2005; Skaloud et al.,which get snow free during the observation period and there-
2006) data sets covering the entire area in 2009 were usedore facilitates the determination of reliable ablation rates
one from 9 April close to peak snow depth in the area and(the term ablation is used here to summarize all processes
one from 19 September in snow free conditions. The timecausing negative HS changes). The rare case is excluded in
lag between the TLS measurements ofigtenflue and Al-  which many pixels may show a small ablation rate for a given
bertibach was less than two days. In April, no measurementsime period between TLS measurements, caused by the fact
were made in the Albertibach catchment. An overview of that the pixel was already close to complete melt at the start
the periods used for comparing @fenflue, Albertibach and of the period. Mean HS is therefore also given with respect

WFJ is given in Table 2. to the snow-covered base area. The only exception to this is
the comparison with Albertibach and WFJ where mean HS
2.4 Processing is calculated for the entire base area {¢gSthe aim was to

get an idea about the total amount of HS with respect to the

TLS data were processed with the software RiProfile (Riegl.area within a study site.
version, 1.4.3). Measurements were corrected for atmo- Based on the summer DEM, s|ope a_ng|e, curvature and
spheric and geometric influences and filtered to achieve &urface roughness (VRM; Sappington et al., 2007) were cal-
more balanced point density (octree-filter; Riegl, 2005). Theculated within ArcGIS. As this strongly depends on cell size,
measured point cloud was transformed into the Swiss coorwe derived terrain parameters at diverse resolutions (1 m,
dinate system CH1903 using seven permanently installed re5 m, 10 m and 25 m) in order to analyze the effects of small
flectors with known coordinates. Based on the point-cloudys. bigger terrain features.
obtained with the TLS, we used the standard Delaunay trian-
gulation (Delaunay, 1934) within ArcGIS to obtain a digital 2.5 Data quality analysis
surface model (DSM). The maximal edge length of the tri-
angles was limited to 5 m to prevent interpolation in obvious Prokop et al. (2008) and @newald et al. (2010) quantified
measuring shadows but to ensure that areas of low point derthe error of snow depth measurements achieved with terres-
sity are still triangulated. The resulting triangulated irregu- trial laser scanning systems in alpine terrain and compared
lar networks (TINS) were converted by a linear interpolation it to other established methods such as tachymeter or man-
into DSMs with a grid resolution of one meter. The optimal ual snow probing. Prokop et al. (2008) showed that at dis-
cell size for the DSM grids was estimated, by comparing thetances up to 300 m the mean difference (1) between the meth-
volume of snow depth change of three accumulation period®ds was 4.5 cm with a standard deviatian) ©f approxi-
calculated with different cell sizes (between 0.5 m and 10 m)mately 2 cm. The measurements carried out byirmewald
to the reference volume (calculated based on the TIN). Theet al. (2010) and by Kenner et al. (2011), using the same
results were similar for all cell sizes and errors were alwaysTLS as in this study yielded similar results (up to 250 m:
smaller than 2 % of the TIN volume. The resolution of one p =4 cm and =5 cm). These results cannot be transferred
meter offered a good compromise between resolution, datairectly to the rough and steep surface examined here and
storage requirements and the retention of original data pointsachymeter-based reference measurements without a reflec-
Snow depth changes over time are calculated by subtractingpr were impossible due to the large distance between TLS
DSM grid values of differing measurement dates; snow depthand rock face. We tested our measurements for repeatabil-
by subtracting DSM grid values from the DEM. In this study ity (same setup, unchanged object) on four days and for re-
we use snow depth (HS) referring to the vertical height (per-producibility (changed setup, unchanged object) once for the
pendicular to the earth centre) as it is used to estimate thenow-covered surface and on four days for the snow-free sur-
snow water equivalent (Fierz et al., 2009). face. Additionally, TLS and ALS measurements of the snow

Snow covered area (SCA) is important to understand theree rock face were compared to analyze errors in blind areas
distribution of HS, however, using TLS only, it cannot be of the TLS and to compare both methods.
examined precisely as the snow cover in the rock face is often All repeatability tests showed similar results and we
thin and lies within the uncertainty of the HS data generatedpresent the results of 17 March only. A mean error of 8.7 cm
by subtraction (see next Section). To overcome this, a binarfmean of the absolute differencesaf)together with a stan-
raster mask of SCA for each measurement day was generatetard deviation of 20.3 cm was observed. The offset (W)
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Table 2. Observation periods (given by two following TLS measurements), snow depth change (dHS) at the Versuchsfeld Weissfluhjoch
(WFJ), the Cilipfenflue (Clipfen.) and the Albertibach catchment (Albertib.) and their variability (CV). The periods refer to the periods
used in Table 3.

WFJ Chupfen. Albertib.
Date Period dHS[m] dHS[m] CV  dHS[m] Ccv

16 Jan—28 Jan 2009 1 0.32 0.28 0.62 0.25 0.78

28 Jan-3 Feb 2009 2 —0.08 —-0.13 -0.93 —-0.10 -1.02

3 Feb—4 Mar 2009 3 0.46 0.32 1.22 0.41 1.32
4 Mar—17 Mar 2009 4 0.22 0.16 1.45 0.24 1.08
17 Mar-27 Mar 2009 5 0.31 0.13 1.78 0.41 0.74
27 Mar-31 Mar 2009 6 —0.13 —-0.05 -3.43 -0.10 -1.62

31 Mar-1 May 2009 7/8/9  —0.37 -0.72 -0.75 —-0.81 -0.50

1 May-15 May 2009  10/11  —0.38 -0.32 -1.44 —-0.52 -0.31
16 May—20 May 2009 12 -0.21 —-0.35 -0.61 —-0.33 -0.33
21 May-25 May 2009 13 -0.31 —-0.63 -0.30 —0.45 -0.29

Table 3. Observation periods in the southwest face of thé@@anflue: name of the period, date, mean snow depth change of the snow
covered cells (dHS, in m), snow depth at the end of the perio@d (481 m), coefficient of variation of the snow depth change (CV dHS)
and coefficient of variation of H$,q (CV HSgng) and the main weather situation.

Periods Date dHS[m] H$dmM] CVdHS CVHSg Weather situation

DGM 23 Aug 2008 Snow free

Period 1 16 Feb—28 Feb 2009 0.28 0.80 0.62 0.68 Snowfall with weak wind
Period 2 28 Jan-3 Feb 2009  —-0.13 0.67 —0.93 0.79 Bhn event

Period 3 3 Feb-4 Mar 2009 0.32 0.96 1.22 0.81  Snowfall with NW-wind
Period 4 4 Mar-17 Mar 2009 0.16 1.14 1.45 0.80  Snowfall with NW-wind
Period 5 17 Mar-27 Mar 2009 0.13 1.28 1.78 0.84  Snowfall with NW-wind
Period 6 27 Mar-31 Mar 2009  —0.05 1.30 —-3.43 0.90 HS reduction

Period 7 31 Mar-15 Apr2009  —0.89 0.94 -0.34 1.01 HS reduction

Period 8 15 Apr—24 Apr2009  —0.19 0.84 -0.81 1.51 HS reduction

Period 9 24 Apr-1 May 2009 0.06 0.53 2.42 1.11  Snowfall & HS reduction
Period 10 1 May-7 May 2009 -0.13 0.80 -1.26 1.36 HS reduction

Period 11 7 May-15 May 2009 —0.56 0.59 —0.56 HS reduction

Period 12 15 May-20 May 2009 —0.35 0.77 —0.61 1.08 HS reduction

Period 13 20 May-25 May 2009 —0.63 0.84 -0.3 0.88 HS reduction

Period 0 Oct 2009 0.18 0.18 1.77 0.77  Snowfall with NW-wind

was negligible (u =2.9 cm). The results of the repro- did not calculate snow depths derived from different LIDAR-
ducibility were similar but with slightly larger deviations methods.

(MAE = 13 cm, g =—18.5 cm andos = 38 cm). In most

cases, the main differences occurred in the rough parts of thé.6  Explorative data analysis

rock face. In those rough and steep areas the main deviations

between DEMs derived from TLS and ALS occurred. The In an attempt to describe the amount of snow and its tem-
comparison with ALS data confirmed that within blind areas Poral evolution in the rock face comparatively, we compare
of the TLS it was not possible to interpolate appropriately. the mean Hg;, the mean HS changes as well as SCA be-
The absolute differences between the two DEMs excludingween the rock face and more gentle terrain. The dataset was
blind areas were on averagegi= 48.2 cm, p = 38.5 cm analyzed visually and with descriptive statistics (histogram,
ando = 81 cm with elevations based on TLS generally beingmean p and standard deviatien To describe the variability
higher. The offset between both data sets probably resulte@f HS, the coefficient of variation (CV &/u) was used. The

from wrong calibration of the reference points. We thereforesimple linear regression coefficienkX of Pearson for two
univariate variables was applied to quantify the similarity
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between different spatial distributions of HS. The Kruskal- 100 o
Wallis-Test is used to study which factors are relevant for
HS patterns. We tested if variability of HS can be explained
by a simple terrain parameter again using Pearson’s coeffi-
cient of determinationK) for two univariate variables. We
further analyzed if a linear relation exists between simple ter- se 60f /7o o AL\
rain parameters to HS patterns of different periods. The mostg
common parameters used in previous studies include eleva® 4o} ... NG N
tion, slope aspect, slope and curvature (e.g. Golding, 1974;
Elder, 1998). As only small ranges of slope aspect (SSE to
W) and elevation (2100 to 2700 ma.s.l.) were measured in
the rock face, it was not possible to study the influence of the —*— Albertibach
frequently used parameters slope aspect and elevationonth 0 T Fob T Mar T Apr T May
snow distribution. We therefore analyzed the correlations be-
tween slope, curvature and surface roughness and snow depiyy 4. Snow covered area (SCA) in the rock facei@fenflue
distribution. The parameter surface roughness was includechnd in the Albertibach catchment from 16 January to 25 May 2009.
because in a rock face more snow may accumulate in steegCA was calculated for the entire base area.
rough parts than in steep smooth terrain. The used terrain pa-
rameters were all calculated within ArcGIS. To describe the
surface roughness we used the vector-based parameter VRM the rock face, except during the first observation period
(Vector Roughness Measurement) described by Sappingtowhen snowfall was accompanied by weak wind (Table 2).
(2007). The highest difference occurred in the last period of the ac-
cumulation season: while at Albertibach an increase igiHHS
of 41 cm and at WFJ of 31 cm was measured,;jHat

20}

—e— Chuepfenflue

3 Results Chipfenflue increased only by 13 cm. During théhiR pe-
riod in February, the reduction of kspin the rock face was
3.1 Comparison with more gentle terrain comparably higher. During the the first part of the ablation

season the reduction of kgwas mostly higher at the flat-
The evolution of mean H§ at Chipfenflue, Albertibach and ter sites, but towards the end of the accumulation season the
Versuchsfeld Weissfluhjoch (WFJ) were similar (Fig. 3): At reduction was greater in the rock face.
all three sites the peak of winter accumulation was reached at Throughout the observation period, SCA in the rock face
the end of March and from January to the end of the accumuwas at least 10 % lower than at Albertibach (Fig. 4). During
lation season, the mean HSncreased by about 50 %. Fur- the accumulation period in the rock face, at least 20 % of the
thermore, at all three locations a reduction ofigd8ccurred  area remained snow free, at Albertibach maximal 3%. The
at the beginning of February due to ath event. A period highest relative difference in SCA (33 %) between the two
with strong ablation at the beginning of April followed the sites occurred in the middle of May, when already most of
peak of winter accumulation. From the end of March to thethe area in the rock face was snow free (SCA = 11 %).
end of May the H&; decreased. In May, when air temper-  The spatial variability of Hg; at CHipfenflue
atures measured in the study area stayed above zero degre@s9g<CV<4.5) was at least 30% higher than at Al-
nearly daily, the reduction was particularly strong. bertibach (0.5&CV<2.5) throughout the entire observation
Mean H% at CHipfenflue was constantly smaller, with a period. During the accumulation season the difference
maximum difference of 1.5 mto WFJ on 1 May and 1.1 m to was smaller (max C¥s = 0.5) than during the ablation
the Albertibach catchment on 27 March (Fig. 3). Atthe end period (max C\§i = 2.9). In addition, the changes in BS
of the accumulation season, meangdd&t CHipfenflue was  were more variable in the rock face than in the Albertibach
1.1 m, 2.2 m at Albertibach and 2.4 m at the Versuchsfeldcatchment, except during the first two periods with snowfall
WFJ. Note again that WFJ is a point measurement and thén combination with practically no wind, or with adkn
other two are averages over areas. The difference in measvent (Table 2).
HS;ot between the rock face and the other two sites increased
with higher HSot during the accumulation period. Duringthe 3.2 Snow depth distribution in the rock face
ablation period, no clear trend was found: the difference to
Albertibach decreased, while the difference to the WFJ firstThe spatial patterns of HS in the rock face remained sim-
increased until the end of April, but finally also decreasedilar during the entire winter (Fig. 5). The main snow ac-
towards the end of May. cumulations occurred in the lee of ridges orientated normal
Regarding changes of kkpduring periods with snowfall, to the prevailing wind direction (northwest), in small gul-
more snow accumulated in the more gently sloping sites thaties, or at the foot of steep rocks. Fig. 6 points out that
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Fig. 6. Frequency of cells with highest HS per observation day over
the winter 2008/2009. The frequency shows how often a cell had a
Fig. 5. Snow depth (HS) in the rock face Gpfenflue in winter ~ HS within the range of HS of 5% of the cells with the highest HS
2009. The red circles show areas with high HS during the entireof this observation day (calculated based on a cumulative histogram
winter. of HS per observation day). A value of one means that a cell had on

. . all observation days a HS within the range of HS of the 5 % of cells
cells with the highest 5 % of HS were always found to be yith the highest HS of this observation day.

at the same locations for the different measurement times.

Cells with only a thin snow cover mostly occurred on ridges

or around the peak. Those repeating patterns were also €y e T 5 2 1S changetml
pressed in high correlations between the HS distributions o LIRS - ' 2 — i

j = 20-10
different measurement dates (Table 4) and especially with 5/ — g
the patterns of H®ax the HS at the end of the accumu- [ P
lation season K > 0.79) between the two winters studied. — ey
The correlations between HS after the first snowfall in win- 2 —h

20

ter 2009/2010 to Hgax of the winter 2008/2009 were weaker
(0.37< R <0.47).

Even if the spatial patterns of HS were similar during
the entire observation period, the distribution of HS changesik /-
during one single observation period varied, depending or :
weather conditions (e.g. snowfall in combination with strong £
north westerly winds vs. snowfall with weak winds). Dur-
ing the accumulation season, periods with snowfall accom-
panied by strong winds were most frequent (Table 3). Thef;
patterns of HS changes during those periods were simila
(Fig. 7 and Table 5) and correlated well with the spatial dis-
tribution of HSyax (Table 5). During a period with snow-
fall and weak winds (16 to 28 January) the distribution of
HS changes showed a more homogeneous pattern and low
variability (CV = 0.62, Table 3). In comparison with peri-
ods with strong winds (C¥in = 1.22), snow accumulated
more regularly, no particular accumulation zones were es-
tablished and areas, which normally stayed snow free during During the ablation season the patterns of changes in HS
snowfalls, became snow covered (highest SCA on 28 Janwere mainly influenced by the distribution of the persist-
uary, Fig. 4). The distribution of HS after the snowfall event ing snow depth. Where H%x was high, its reduction was
with no wind did not correlate well with Hgax (R = 0.18) stronger (Figs. 5 and 7). These observations were confirmed
or HS change|R|max = 0.17); but it correlated negatively to by strong negative correlations of HS changes withyHS
the HS changes (ablation) in February due todarFevent  (—0.55< R < —0.31, Table 5) as well as by a Kruskal-
(R=-0.55). Wallis-test (Fig. 10).

Fig. 7. Snow depth changes (dHS) during different observation pe-
'Pds in the rock face dlipfenflue during the winter 2009 and of the
irst snowfall events of the winter 2009/2010 in October 2009.
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Table 4. Persons Correlation coefficients between snow depth (HS) distributions in the rock fgfedftue on different days in 2009.

Date 16Jan 28Jan 2Mar 4Mar 17Mar 27Mar 31Mar ALS 15Apr 24Apr 1May 7May 15May 20May 25May 21.Oct
16 Jan 1 0.95 0.94 0.89 0.86 0.83 0.84 0.78 0.78 0.8 0.82 0.8 0.73 0.68 0.54 0.69
28 Jan 0.95 1 0.95 0.9 0.87 0.82 0.83 0.67 0.75 0.76 0.77 0.75 0.68 0.61 0.47 0.58
2 Mar 0.94 0.95 1 0.88 0.84 0.79 0.79 0.59 0.72 0.74 0.75 0.73 0.7 0.62 0.5 0.55
4 Mar 0.89 0.9 0.88 1 0.97 0.95 0.95 0.65 0.9 0.88 0.86 0.88 0.82 0.78 0.77 0.53
17 Mar 0.86 0.87 0.84 0.97 1 0.98 0.98 0.85 0.95 0.95 0.92 0.95 0.89 0.89 0.87 0.55
27 Mar HSnax  0.83 0.82 0.79 0.95 0.98 1 0.99 0.72 0.93 0.92 0.89 0.91 0.83 0.81 0.8 0.47
31 Mar 0.84 0.83 0.79 0.95 0.98 0.99 1 0.74 0.95 0.94 0.91 0.93 0.86 0.85 0.83 0.47
ALS 9 Apr 0.78 0.67 0.59 0.65 0.85 0.72 0.74 1 0.81 0.88 0.77 0.81 0.75 0.8 0.91 0.37
15 Apr 0.78 0.75 0.72 0.9 0.95 0.93 0.95 081 1 0.98 0.97 0.97 0.9 0.88 0.87 0.52
24 Apr 0.8 0.76 0.74 0.88 0.95 0.92 0.94 0.88 0.98 1 0.98 0.98 0.95 0.94 0.93 0.54
1 May 0.82 0.77 0.75 0.86 0.92 0.89 0.91 0.77 0.97 0.98 1 0.98 0.93 0.9 0.92 0.53
7 May 0.8 0.75 0.73 0.88 0.95 0.91 0.93 0.81 0.97 0.98 0.98 1 0.94 0.92 0.93 0.52
15 May 0.73 0.68 0.7 0.82 0.89 0.83 0.86 0.75 0.9 0.95 0.93 0.94 1 0.97 0.97 0.52
20 May 0.68 0.61 0.62 0.78 0.89 0.81 0.85 0.8 0.88 0.94 0.9 0.92 0.97 1 0.97 0.53
25 May 0.54 0.47 0.5 0.77 0.87 0.8 0.83 091 0.87 0.93 0.92 0.93 0.97 0.97 1 0.33
21 Oct 69 0.58 0.55 0.53 0.55 0.47 0.47 0.37 052 0.54 0.53 0.52 0.52 0.53 0.33 1

Table 5. Persons Correlation coefficients between distributions of snow depth change (dHS) and snow depth at the end of the accumulation
season (HR.x) in the rock face Cpfenflue on different days in 2009. Periods are described in Table 3.

Period 1 2 3 4 5 6 7 8 9 10 11 12 13 0 W&
1 1 -055 01 008 0.01 -0.17 -0.08 -0.13 -0.01 -0.06 —0.2 0.04 0.1 —0.06 0.18
2 —0.55 1 -028 -0.2 -0.14 003 0.17 0.05 0.05 0.06 031 0.09 0.04-0.03 -0.22
3 01 -0.28 1 056 048 —-044 -051 -033 -002 -0.06 -042 -033 -0.25 0.3 0.82
4 0.08 -02 056 1 045 —047 -048 -0.33 0 004 -033 -031 -024 0.28 0.74
5 0.01 -0.14 048 045 1 -0.62 -045 -027 -001 006 -034 -021 -03 0.19 0.63
6 —0.17 0.03 —044 -047 -0.62 1 038 033 004 006 04 018 0.17-0.07 -0.43
7 —-0.08 0.17 —-051 -048 -0.45 0.38 1 026 003 014 051 022 024012 -055
8 -0.13 005 —-033 -033 -027 033 0.26 1 -028 -0.01 034 012 0.2 —001 -0.31
9 —0.01 0.05 —0.02 0 -001 004 003 -0.28 1 -031 -014 -0.02 01 0.04 0.04
10 -0.06 0.06 —0.06 004 006 006 014 -0.01 -0.31 1 -017 0.09 0.08 0 —0.06
11 —02 031 -042 -0.33 -034 04 051 034 -0.14 -0.17 1 021 007 -0.12 -051
12 0.04 0.09 -033 -031 -021 018 0.22 0.12 —-0.02 0.09 0.21 1 017 —0.23 -0.47
13 01 004 —-025 -024 -03 017 024 0.2 01 0.08 007 017 1-0.24 -0.45
0 —0.06 -0.03 03 028 019 —-0.07 -0.12 -0.01 0.04 0 -0.12 -0.23 -0.24 1 0.47
Hsmax  0.18 —-0.22 082 074 0.63 —043 —-055 -0.31 004 —-0.06 -051 -047 -045 0.47 1
3.3 Correlation with terrain features DEM as described above. On the other hand, at the end of

the accumulation period nearly 40% of the snow covered

The correlation analysis between snow distributions and tereells had slope angles between® 3hd 40, but less than
rain parameters showed similar results for all cell sizes (Ta5 % of the snow covered cells had slope angles lower than
ble 6). Only weak correlations between changes in HS3(® (Fig. 8). The highest Hgax in the rock face occurred in
or absolute HS and slope anglgR(max= 0.13), curvature areas around 40and not in flat parts of the rock face as may
(IR|max=0.21) and surface roughnes®(max=0.21) were  have been expected. Cells with slope angles betweén 35
found. Correlations were particularly smalR(max= 0.09) and 40 had an average H@x of 1.5 m. The mean Hgyx of
during the ablation season. The results of a Kruskall-Wallis-cells with a slope angle lower than®3@&as only around 1 m,
Test support that slope has nearly no influence on the amourgimilar to the mean Hgax of cells with a steepness between
of negative HS changes (Fig. 10, topleft). 60° and 70. Smallest variability of HS occurred around°®35

Even though correlations between terrain parameters and@here mean HS was highest (Fig. 8). In areas with steep
HS were weak, snow-covered cells at the end of the accumuslopes the coefficient of variation of HS is much higher than
lation period differed significantly from the snow-free cells in gently-sloping terrain. The distribution of slope angles in
with regard to slope angle and surface roughness (Fig. 10}the rock face is not uniform and only few cells have slope
The snow-covered cells at the end of the accumulation seasaangles below 30or higher than 79(Fig. 9, right axis).
were significantly less steep and less rough. Note that steep- The influence of slope angles on SCA was examined in-
ness and roughness have been determined from the summeéependently of their distribution (Fig. 9). The highest SCA
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Table 6. Persons Correlation coefficients between snow depth (HS) —— mean HS ;
and HS change distributions of different periods (see Table 3), re- % CVHS %
spectively on different days, and terrain parameters with different SCA : ; ; : i3
cellsizes. _ S A T
E : : : : : : TR &
Slope Im 2m 5m 10m 25m % ‘qé?
© =]
Period 5 —-0.06 -0.04 -0.03 -0.08 -0.01 H g
Period 1 008 004 007 013 0.06 ® ©
Period 2 -0.08 -0.03 -0.07 -0.1 -0.03 § %
Period 11 0 0.06 0 0.01 0.03 = o«
Period 9 —0.06 -0.01 -0.04 -0.09 0
HS 27 Mar 2009 -0.08 -0.1 -0.06 -0.09 -0.06
HS 25 May 2009 0.05 —0.06 0 -0.08 -01
HS 21 0ct2009 —-0.09 -0.05 -0.06 -0.12 -0.02 0— T
0 10 20 30 40 50 60 70 80
CURVATURE 1m 2m 5m 10m 25m Mean slope [°]
ﬁg:ggi :8:22 :8:22 _0.02 :85 :8:(1)2 Fig. 8. Left axis: Histogram (calculated for classes with a step
Period 2 0.03 0.12 0.02 0.14 0.1 width of 5° slope) of the mean snow depth (mean HS, left axis) and
Period 11 0.2 0.09 0 0.14 0.08 its coefficient of variation (CV HS). Right axis: Relative frequency
Period 9 _0.06 0.01 0 0.05 0.03 of the snow covered cells (SCA) in the rock facetpfenflue on
HS 27 Mar2009 —0.17 —0.11 0 -02 -008 27 March 2009.
HS 25 May 2009 -0.06 0.11 -0.02 -0.07 -0.03
HS 21 Oct -0.32 -0.04 -0.01 -0.02 0.01
ROUGHNESS 1m 2m 5m 10m 25m 100 .
Period 5 -0.13 -0.12 -0.05 -0.02  0.01 27 Vior
Period 1 01 013 017 014-011 oor —+—284an 1130
Period 2 -0.06 —0.08 -0.1 -0.08 0.1 8o} o Summer |-
Period 11 0.07 0.04 -0.02 -0.01 -0.01 9 25 %
Period 9 ~0.04 -0.05 -0.05 0 -0.02 5 0 1 =
HS 27 Mar 2009 -0.13 -0.11 -0.03 0.01 0 § 60} 420 §
HS 25 May 2009 -0.03 -0.11 -0.1 -0.12 0.21 g T
HS210ct2009 -0.11 -0.11 -011 -0.07 -0.02 w Sop 15 %=
£ 4o} %
[0}
x 3ol 10 x
occurred around 40 where HS was largest (Fig. 8). Nev- 20 /S . T W 5
ertheless, 70 % of the cells with slope angles between 50 4 S, .
and 55 and 50 % of those with slope angles betweef 60 10;) TR 2'0 ——— % Jo
and 65 were snow covered. However, in classes with slope Slope [*]

angles lower than 30up to 50 % of the cells remained snow
free. Most of the near-horizontal areas in the rock face occulrig. 9. The left axis shows the histogram with the relative frequen-
on wind-exposed ridges or close to the summit, where aircies of the snow covered cells per class (classes of cells with a step
flow often accelerates. This may explain the high proportionwidth of 5° slope) after a period with snowfall in combination with
of gently-sloping snow free cells. However, this might not be weak winds (28 January), respectively in combination with strong
the case in rock faces were flat areas are less wind exposediorthwest winds (27 March). The right axis shows the histogram of
To confirm the hypothesis that snowfall events with weak the slope angle distribution in summer (based on DEM 1 m).
wind lead to higher SCA than those with a strong northwest-
wind, snowfalls with differing wind conditions were inves-
tigated. SCA was higher after snowfalls in calm conditions
than after those with strong wind, at least in areas with slope4
angles between 2tand 80 (Fig. 9). The two curves differ
mostly between 45and 70 and show that snowfalls in calm

conditions resulted in accumulation in steeper and roughefy jnyvestigate the temporal and spatial variability of HS dis-
areas. tributions in a rock face high temporal and spatial resolu-

tion is needed. The presented data include 14 measurement
campaigns before or after an important snowfall or ablation

4 Discussion

1 Applicability of TLS for HS measurements in steep
and rough terrain
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data, repeatability and reproducibility tests were preformed

o Ej (Sect. 2.5). Absolute errors of those tests were in the order
£ - - £ - of one decimetre (8—-13 cm). Compared to the results of pre-
Bl = == z, E f vious studies in more gentle terrain (e.g. Prokop et al., 2008;

» 4 = " E Grunewald et al., 2010) and product information from the

10 . i manufacturer of the TLS Riegl (Riegl, 2005), results of this

¢ <inean >ean >Tean Shrean study had higher errors. The mean differences between ALS-

and TLS- DEMs, obtained in the rock face, were nearly 0.5 m
and mainly occurred in the steep and rough areas, where dis-

012 T & 1 tinct look angles most come into effect.

‘ = o ‘ — Findings of this study show that in a rock face — due to

2" : £ E E the rough_ topography — fche performance of '_I'LS to obtain
004 Q _ HS data is poorer than in more gentle terrain. Neverthe-
: E % i - less with a mean error of approximately one decimetre (re-
0 — — 0 - e producibility tests), data were suitable to study the spatial

variability of HS and HS changes in a rock face even on a
Fig. 10. Top: Box plots to compare slope angle (left plot) and snow small scale (1 m). The high differences between the TLS-
depth at the end of the accumulation season,{{#S right plot)  and ALS-DEMs demonstrate the importance of a favourable
of cells with a snow depth change (dHS) highenfean) or lower  |pok-angle.
(<mean) than the mean. dHS is given for period 7, ranging from
31 March to 15 April 2009. Bottom: Box plots to compare surface 4.2 Factors influencing the distribution of HS
roughness (VRM, left plot) and slope angle (right plot) of snow free
or snow covered cells in the rock faceiffienflue. The snow cover
is estimated based on the orthophoto from 27 March 2009 (end o
the accumulation season).

uring the entire observation season, the spatial patterns of

S remained similar although HS changes between periods
differed depending on weather conditions. Strong wind dom-
inated snowfall events and led to accumulation patterns in
] those periods, which correlated strongly with HS distribution
event from January to May of the winter 2008/2009 and oney; the end of the accumulation season. The distribution of HS
additional scan after the first snowfall event of the winter js therefore strongly controlled by snowfall in combination
2009/2010. This temporal resolution allowed investigating yith strong winds. Schirmer et al. (2011) made similar obser-
the temporal evolution of HS and their changes in the rockyations during the accumulation period in winter 2008/2009
face during one winter season. However, fast changes in HSy, the Albertibach catchment. The timing of melt out was
e.g. negative HS changes during the first clear days after &,ostly dominated by the characteristics of those accumula-
snowfall event or avalanching during storms, could not bejons (cf. Giinewald et al., 2010; Anderton et al., 2002 and
investigated. Higher temporal resolution of measurement§ |,ce et al., 1998). Correlations between HS and its changes
would strongly increase the possibilities to further improve ity terrain parameters were generally weak and the correla-
knowledge about influencing processes. tion coefficients between HS at the end of the accumulation

As HS changes off all the observation periods were in theseason and terrain parameters were similar to those of previ-
order of a few decimetres (Table 2), the accuracy of obtainedus studies in smoother terrain (e.g. Anderton et al., 2002 and
HS data should be in the order of cm—dm. The analysis ofWinstral et al., 2002). Correlations were weaker during ab-
the spatial variability of HS in a rock face requires a spatial lation than during accumulation (cf. &chel and Kirnbauer,
grid resolution of a few metres, depending on the roughnes4992). The hypothesis that rough terrain tends to accumulate
of the investigated surface. In order to investigate processesnore snow is not supported (Fig. 10) in agreement with the
HS data should cover most areas of the rock face (lack ofecent study of Lehning et al. (2011), who show that rougher
measurement shadows). The TLS point clouds, which haderrain holds less snow and that a fractal roughness parameter
a small noise component and a mean density of more thaoffers a high explanatory power for snow depth distribution.
6 points per square metre, allowed to obtain interpolated HSThe difference to earlier and also this study in their approach
data with a grid resolution of 1 m. DSM from TLS data cov- has been that terrain characteristics are looked at for small
ered 60 % of the base area of the rock face. Main measuresub-areas and not on a pixel basis (Lehning et al., 2011). The
ment shadows occurred at the bottom of the rock face. Analsecond hypothesis that snow cannot permanently accumulate
ysis showed that within the measurement shadows of the TL%t slope angles greater than a threshold (e-0°) due to
interpolation does not lead to satisfactory results. Unfortu-avalanching is not supported (Fig. 8). We indeed found half
nately, in this study, no direct accuracy estimations, similarof the cells were snow-covered in steep pas#t6(°) of the
to Prokop et al. (2008), were possible due to the inaccessibilrock face. This may be a result of the particular surface ge-
ity of the rock face. To estimate the errors of obtained TLS ometry of this rock face. A general decrease of HS with
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increasing slope angle is not confirmed by our data, eithetherefore not be shown in our analysis. For an improved un-
(Fig. 8). However, SCA at the end of the accumulation sea-derstanding of processes related to solar radiation additional
son was markedly less steep (median £)3Ban the snow measurements with higher temporal resolution in rock faces
free area (median = 44 The comparison with previous with a larger range of slope aspects would be necessary.
studies that found a decrease in SCA with increasing slope Mean HS; in the rock face including the foot of slope
(e.g. Bbschl and Kirnbauer, 1992) is difficult because they where avalanches deposits would accumulate, was compared
used coarser DEMs in terrain that was generally smootheto the mean Hg; in the Albertibach catchment. Hgwere
than that in this study. calculated based on the ALS measurements of 9 April 2009.
It appears that terrain-wind interactions played a majorExcluding the slope foot the mean HSn the rock face was
role in the rock face because the main accumulation zone6.6 m = 1.48 m). Including the slope foot the mean snow
were in the lee behind ridges (Figs. 5 and 6), highest HS ocdepth was 0.8 mo( = 1.38 m). In comparison to the kg
curred in areas with a steepness betweéradd 55 (Fig. 8), in the Albertibach catchment (u = 138 cm, = 108 cm)
comparably little snow was accumulated during periods withthis was still almost 50 % less. But a higher density of the
strong winds and flat areas were mostly snow free due taleposited snow due to avalanching (e.g. Elder et al., 1998)

wind-drift. could not have been considered because of the inaccessibil-
ity. It seems that avalanching contributed to causing a smaller
4.3 Reasons for reduced HS in the rock face HS:t in the rock face but was not the main reason. Due to

the fact that during periods with strong winds, e.g. from 18

Compared to the more gently sloping sites, the rock face igo 27 March, comparably less snow was accumulated in the
characterized by smaller mean fSand SCA as well as a rock face than in the other two sites (70 % less), while dur-
higher variability of H% (Fig. 3, Table 2 and Fig. 4). A ing a period with nearly no wind more snow accumulated
possible reason for smaller id8s higher snow density. The in the rock face (+10 %, period from 16 to 28 January, Ta-
transport of snow by avalanching (which was not observedple 2), we assume that wind transport may play a signifi-
or wind usually increases its density. Other possible reasongant role. The observations suggest that total precipitation of
for the reduced Hg; could include higher solar radiation in-  snow per square meter horizontal surface is significantly re-
put due to the topography or lower albedo (snow free areasjuced in the rock face compared to the neighbouring Albert-
or evacuation of mass by avalanching and wind drift, and arébach. This supports the hypothesis that larger scale trans-
discussed below. port, which has been defined and described as preferential

As in previous studies (e.g. Lapen and Martz, 1996; Es-deposition by Lehning et al. (2008) and further described by
sery and Pomeroy, 2004 anditBewald et al., 2010) we ob- Dadic et al. (2010) and Mott et al. (2010) accounted to a ma-
served that borders of snow patches became snow free egpr part for the smaller Hg; inside the rock face observed.
lier than their centre parts and that areas with patchy snow
cover became snow-free earlier than those with continuous, Conclusions
snow cover. The faster meltout could be caused by the thin-
ner snow cover at the borders or by the smaller albedo of thét was found that TLS is a suitable method for measuring
snow free areas with an associated transport of sensible heahow-covered surfaces in steep and rough terrain. Based on
to the borders of the snow patches. Neumann and Marskhe spatial resolution DSM with a grid size of 1 m could
(1998) found that the transport of sensible heat (advectiorbe obtained. The estimated errors were in the order of
processes) increases with decreasing patch size and increa@ne decimetre and therefore suitable to analyze HS and HS
ing wind speed. The southwest exposure of the measureg@hanges of the observation periods.
rock face may additionally promote these effects. The quan- Mean HS and SCA in the rock face were lower during
tification of the effective difference in the reduction of HS at the entire winter compared to point measurements in a flat
the borders compared to the central parts of the patches waarea and to TLS measurements in a smoother neighbouring
not possible due to the limitations of the temporal resolu-catchment. The temporal evolution of meangdd®as simi-
tion of our measurements but has been addressed by Motar at all three sites. Decreases in HS, especially during ab-
et al. (2011). If mean H& in the rock face was com- lation periods, were generally stronger; increases generally
pared to an area inside the Albertibach catchment with simsmaller.
ilar slope aspect and slope angles, but generally much gen- The distribution of HS in the rock face showed similar pat-
tler and smoother terrain, the mean i%nd SCA in the terns during the entire observation period. Minima and max-
rock face were still smaller; and the difference was simi-ima of HS always occurred in the same spots, even if distri-
lar to that in the entire Albertibach catchment. In addition butions of HS change differed, depending on weather condi-
we observed that within the rock face cells with comparablytions. The main accumulation zones were in the lee behind
higher decrease in HS did only slightly differ from those with ridges, orientated normal to the main wind direction. The
low changes regarding slope angle (Fig. 9). The influence oflistribution of H$,5x was mainly determined by snowfall in
varying topography and lower albedo on smalletdd&ould combination with strong northwest winds. Decreases of HS
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were stronger at places where HS was higher, yet these zon@&auer, A., Paar, G., and Kaltenboeck, A.: Mass movement mon-
remained snow-covered the longest in spring. itoring using terrestrial laser scanner for rock fall management,

Linear correlations between HS distributions and simple in: Geo-information for Disaster Management, edited by: van
terrain parameters of the underlying topography were weak. %’;t%)é“*zgd Zlatanova, S., and Fendel, E., Springer, Berlin,
Snow covered cells were generally smoother and less stee%, i S .

. . 16schl, G. and Kirnbauer, R.: An analysis of snow cover patterns
but highest SCA and HS occurred at slopes with angles of ap-; .

. . in a small alpine catchment, Hydrol. Process., 6, 99-109, 1992.
proxmately 40 and not in the flattest parts of the rock face. Cline, D., Bales, R., and Dozier, J.: Estimating the spatial distribu-
On this small-scale we could not observe a decrease of HS jon of snow in mountain basins using remote sensing and energy
or SCA with Increasing slope angle and show accumulated palance modeling, Water Resour. Res., 34, 1275-1285, 1998.
permanently even in very steep b(°) terrain. More than  Dadic, R., Mott, R., Lehning, M., and Burlando, P.: Wind Influence
25 % of the area, which was snow covered during the ob- on Snow Depth Distribution and Accumulation over Glaciers, J.
served period in the accumulation season, was steeper than Geophys. Res., 115, F0101i:10.1029/2009JF001262010.
50°. Terrain-wind interactions were likely the main factors Deems, J., Fassnacht, S., and Elder, K.: Fractal distribution of snow
influencing the variability of HS inside the rock face ob- _ depthfrom LIDAR data, J. Hydrometeorol., 7, 285-297, 2006.
served. In particular the total mass balance of the entire fac&€launay, th- S”;g‘;;”“?eg‘gdgbg‘-lgﬂet'“ of Academy of Sci-
compared to the Albertibach area suggests larger scale trans- ences of the U  [597CU0, 1994,

. . . . " oorschot, J., Raderschall, N., and Lehning, M.: Measurements
port compatible with the idea of preferential deposition (Mott and one-dimensional model calculations of snow transport over
et al., 2010). Avalanching and slope-angle-dependent solar a mountain ridge, Ann. Glac., 32, 153-158, 2001
rad'a_t'on playeq a minor role. _ _ Egli, L., Jonas, T., and Gnewald, T., Schirmer, M., and Bur-

This study gives a first overview of HS in a rock face jando, P.: Dynamics of snow ablation in a small Alpine catch-
but it is a small rock face with a narrow range of slope as-  ment observed by repeated terrestrial laser scans, Hydrol. Pro-
pects and altitude and only the HS development of one sea- cess., doi:10.1002/hyp.8244, accepted, 2011.
son was measured. We therefore expect that results may difziger, K., Dozier, J., and Michaelsen, J.: Snow accumulation and
fer for other rock faces with different characteristics. To in-  gistribution in an alpine watershed, Water Resour. Res., 27,
crease knowledge on processes contributing to the HS dis- 154152, 1991.
tribution in a rock face further measurements in rock facesg|der, K., Rosenthal, W., and Davis, R. E.: Estimating the spatial
with other characteristics as well as higher temporal reso- jstribution of snow water equivalence in a montane watershed,
lution would help, as well as information about snow den-  Hygrol. Process., 12, 1793-1808, 1998.
sity. To describe the spatial HS distribution in a rock face gssery, R. and Pomeroy, J.: Implications of spatial distributions of
the influence of wind-terrain-interactions should be inves-  snow mass and melt rate for snow-cover depletion: theoretical
tigated. Possibilities would be physically-based energy- considerations, Ann. Glaciol., 38, 261-265, 2004.
wind-models (e.g. Mott et al., 2010) or parameterizationsrierz, C., Armstrong, R. L., Durand, Y., Etchevers, P., Greene, E.,
of wind-exposure such as the one formulated by Winstral et pcclung, D. M., Nishimura, K., Satyawali, P. K., and Sokra-
al. (2002). tov, S. A.: The International Classification for Seasonal Snow on
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