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Observations show that considerable amounts of snow can accumulate in steep, rough rock walls. The heteroge-
neously distributed snow cover significantly affects the surface energy balance and hence the thermal regime of
the rock walls.

To assess the small-scale variability of snow depth and rock temperatures in steep north and south facing rock
walls, a spatially distributed multi-method approach is applied at Gemsstock, Switzerland, combining 35 contin-
uous near-surface rock temperature measurements, high resolution snow depth observations using terrestrial
laser scanning, as well as in-situ snow pit investigations.

The thermal regime of the rock surface is highly dependent on short- and longwave radiation, albedo, surface
roughness, snow depth and on snow distribution in time and space. Around 2 m of snow can accumulate on
slopes with angles up to 75°, due to micro-topographic structures like ledges. Hence, contrasts in mean annual
rock surface temperature between the north and the south facing slopes are less than 4 °C. However, significant
small-scale variability of up to 10 °C in mean daily rock surface temperature occurs within a few metres over the
rock walls due to the variable snow distribution, revealing the heterogeneity and complexity of the thermal
regime at a very local scale. In addition, multiple linear regression could explain up to 77% of near-surface rock
temperature variability, which underlines the importance of radiation and snow depth and thus also of the
topography.

In the rock faces the thermal insulation of the ground starts with snow depths exceeding 0.2 m. This is due to the
high thermal resistance of a less densely packed snow cover, especially in the north facing slope. Additionally,
aspect induced differences of snow cover characteristics and consequently thermal conductivities are observed

in the rock walls.

1. Introduction

Pronounced rock fall activity has been observed in Alpine permafrost
regions over the last decades (Deline et al., 2012; Gruber and Haeberli,
2007; Gruber et al., 2004a; Ravanel and Deline, 2010). Rock slopes con-
taining ice are sensitive to ongoing climate change (IPCC, 2013). Rising
air and rock temperatures can reduce the effective thermal stress in ice
filled rock joints (Haeberli et al., 1997), enhancing destabilization and
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possibly leading to rock slope failure (Krautblatter et al., 2013). Rock
temperature data are therefore essential for a detailed understanding
of thermo-mechanical processes in rock walls, and to model and predict
permafrost related hazards (Krautblatter et al., 2011), which may
threaten human lives and infrastructure in the densely populated Alps.

Snow has a thermal influence on the ground due to its low thermal
conductivity (Fierz and Lehning, 2001), high surface albedo and the
consumption of energy during snow melt (Sturm et al., 1997; Zhang,
2005). The snow cover either has a warming or cooling effect on ground
temperatures, depending mainly on the snow depth (Luetschg et al.,
2008; Phillips and Schweizer, 2007), as well as on its initial timing and
duration (Hoelzle et al., 2003; Zhang et al., 2001). A thick snow cover
(>0.6 m) decouples the rock surface from the air temperature due to in-
creasing thermal insulation with increasing snow depth (Keller and
Gubler, 1993), resulting in an increased MAGST (Keller and Gubler,
1993; Luetschg et al., 2003; Matsuoka and Sakai, 1999; Zhang et al.,
2001). In contrast, a thin (<0.15 m) and patchy snow cover leads to
ground cooling due to an increase in longwave emissivity and albedo
at the surface, in combination with a low thermal resistance of the
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thin snow cover (Keller and Gubler, 1993; Luetschg et al., 2008). Snow
depth and its distribution therefore influence the existence of perma-
frost in both gently inclined slopes and in steep rock faces. The occur-
rence of snow in steep rock walls has been confirmed by Wirz et al.
(2011), a possible influence of snow on spatially distributed rock surface
temperatures is discussed by Magnin et al. (2015), as well as Hasler et al.
(2011). Haberkorn et al. (2015) provide a first quantitative (measured
and modelled) investigation of the effects of snow on rock thermal
processes.

To account for the complexity of rock walls and their thermal condi-
tions, spatially distributed rock temperature measurements in various
types of rock walls covering different aspects are necessary. Measure-
ments in compact, near-vertical and also snow free rock (Gruber et al.,
2003), as well as distributed surface energy balance modelling
(Gruber et al., 2004b; Mittaz et al., 2000; Noetzli et al., 2007) to extrap-
olate rock thermal conditions in space and time underline the domi-
nance of topography on permafrost distribution in steep bedrock.
These authors found 7-8 °C warmer MAGST in Alpine rock faces ex-
posed to solar radiation than in shaded ones. The assumption of a lack
of snow in rock walls exceeding 50° due to gravitational processes
such as avalanching and sloughing (Bloschl and Kirnbauer, 1992;
Seligman, 1936; Winstral et al., 2002) is not applicable for rough rock
walls with a complex micro-structure (Haberkorn et al., 2015). This im-
plies that the thermal regimes observed and modelled in the idealized
case of vertical compact rock are different. Hasler et al. (2011) reported
a likely reduction of MAGST of 2-3 °C in moderate to steep (45°-70°),
fractured rock faces exposed to solar radiation. This is assumed to be
due to the accumulation of snow persisting during the months with
most intense solar radiation. The thermo-insulating effect of snow accu-
mulating locally in steep rock is also addressed by Magnin et al. (2015).
For a thick snow cover (>0.6-0.8 m) the latter observed a MAGST in-
crease in shaded areas comparable to that in gentle mountain slopes —
and in contrast, a MAGST decrease in sun-exposed faces due to the
higher surface albedo of snow, thus reversing the thermo-insulating ef-
fect of thick snow.

The snow cover influences the rock surface energy balance, due to
changes in both the radiation budget and the turbulent fluxes of sensi-
ble and latent heat at the rock surface (Armstrong and Brun, 2008). Al-
though Hasler et al. (2011) and Magnin et al. (2015) assume reduced
MAGST differences between north and south facing rock walls due to
the accumulation of snow on micro-reliefs, HS are only estimated in
these studies and are described qualitatively in terms of ‘thin’ or ‘thick’
snow accumulations rather than quantitatively. High quality snow
depth and snow characteristic data in combination with rock tempera-
ture measurements are therefore required to better quantify the impact
of the snow on the rock thermal regime.

High resolution TLS is suitable to measure snow depths accurately
and to determine the spatial distribution of snow, both in gently in-
clined slopes (Deems et al., 2013; Griinewald et al., 2010; Prokop,
2008) and in steep, rough rock walls (Haberkorn et al., 2015; Wirz
et al., 2011). The accumulation of considerable amounts of snow
(2-3 m) in slopes between 70° to even 90° due to local micro-
topographic asperities was observed by Haberkorn et al. (2015). The
heterogeneous spatial distribution of the mountain snow cover (e.g.
Pomeroy and Gray, 1995; Seligman, 1936) is mainly attributed to the
deposition and redistribution of snow due to wind (Lehning et al.,
2008; Schweizer et al., 2008; Trujillo et al., 2007; Wirz et al., 2011), to
micro-topographic properties such as terrain roughness, terrain concav-
ity and distance to underlying ledges (Haberkorn et al., 2015; Magnin
etal, 2015) and to spatially varying ablation processes due to local radi-
ation (Mott et al., 2011) and shading from surrounding terrain.

To assess the impact of the heterogeneously distributed snow cover
on the strong small-scale variability of NSRT, steep north and south fac-
ing rock walls were investigated over a period of 2 years at Gemsstock,
Swiss Alps. The sectors of the rock walls where snow can or cannot ac-
cumulate are characterized and the thermal response of the rock is

analysed. To do this, we applied a spatially distributed multi-method
approach with a high temporal and spatial resolution. This involved
combining 35 continuous NSRT measurements, remote observations
of the snow depth and its distribution using TLS and in-situ snow
cover observations (snow pits) at different stages over two consecutive
winters.

The dependence of the surface offset and consequently of NSRT on
air temperature, snow depth, terrain roughness and PISR is investigated
using multiple linear regression and is discussed in the context of the
heterogeneous and complex processes occurring in steep mountain
rock walls.

2. Study site

The study site is part of the Gemsstock mountain ridge (46° 36’ 7.74”
N; 8°36"41.98"E; 2961 ma.s.l.), located above Andermatt, central Swiss
Alps (Fig. 1). The rocky flanks of the ridge investigated face north-west
and south-east and are subsequently simply referred to as the N and S
slopes. The 40 m high slopes are 40° to 70° steep, with vertical to over-
hanging (>90°) sections and extend from an elevation of 2890 m a.s.l. to
2930 m a.s.l. The ridge has a width of 40 m at its base, and tapers off to-
wards the top. The whole N facing scarp slope and the upper part of the
S facing dip slope consist of bare Gotthard paragneiss and granodiorite,
with quartz veins, whereas the lower half of the southern slope is partly
covered by patches of grass and moss. On the local rock wall scale
micro-topographic contrasts dominate the N face with a series of prac-
tically horizontal ledges intersecting the rock wall, which correspond to
joints striking southwards at 70° and alternating with steep to vertical
parts. In contrast, the S facing dip slope is rather smooth and homoge-
neous (Fig. 2).

Gemsstock is located directly on the main divide of the Western
Alps, and is thus affected both by northerly and southerly airflows.
Meteorological data are obtained from an on-site AWS located at the
northern foot of the rock wall (Fig. 1). Meteorological differences to sur-
rounding AWS at lower elevations (Glitsch, 2287 m a.s.l., 6 km north of
Gemsstock; Urseren, 2170 m a.s.l, 8 km west of Gemsstock; Bedretto,
2450 m a.s.l., 11 km south-west of Gemsstock) are clearly reflected in
the enhanced orographic precipitation from the north and the south at
Gemsstock. Maximum snow depths are 4.5 m at the AWS Gemsstock
compared with 3.5 m at the close by AWS Giitsch (Haberkorn et al.,
2015). Prevailing wind directions are from north-east to north-west,
but also from the south during fohn storms. The MAAT measured at
the AWS Gemsstock was — 2.6 °C during the study period between 1
August 2012 and 31 July 2014. The year 2012-2013 was 1 °C warmer
than 2013-2014 (Table 1), although the mean winter temperature
(December to February) in 2012-2013 was 3.6 °C colder. Nevertheless,
both years were warmer (1.0 to 1.5 °C) than the MAAT in the reference
period 1981-2010 measured at the MeteoSwiss AWS Giitsch. The snow
cover development during the two particularly long and snow rich win-
ters was relatively similar at Gemsstock (Fig. 3), although most snow-
falls in the year 2012-2013 were dominated by northerly airflow, in
contrast to 2013-2014, when snowfalls were dominated by southerly
airflow, as shown by data from neighbouring AWS. However, initial
and maximum snow depths were lower in winter 2013-2014 and
hence the timing of snow disappearance differed between the two
winters.

Borehole temperatures measured continuously since 2005 in a hor-
izontal borehole through the Gemsstock ridge (Figs. 1c, 2) indicate that
there is no permafrost here (PERMOS, 2013). However, ice has been
observed in rock fall scars at nearby locations on the N facing slope.
Near-surface freeze-thaw cycles take place in autumn and late spring
and seasonal frost occurs down to a depth of 8 m on the N side.
Gemsstock is located at the lower fringe of permafrost and is additional-
ly affected by ongoing retreat of the Gurschen glacier on the northern
side, which makes it susceptible to rock slope failure (Kenner et al.,
2011).
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Fig. 1. Overview of the Gemsstock study area: (a) Slope angles obtained from TLS data. The location of the AWS is indicated by a red dot (map data: swissimage©2015 swisstopo 5704 000
000). (b) The location of Gemsstock in the Swiss Alps (map data: DHM25 L2©2015 swisstopo 5704 000 000). (c) Cross-section of the ridge showing the N and S rock faces and the mea-
surement set-up. Orange dots indicate the NSRT sensor locations and selected labels are shown for better orientation. Sensors discussed in further detail are highlighted in pink. The logger
abbreviations are used henceforth in the text and signify: N: loggers in the north slope; S: loggers in the south slope; R: loggers on the ridge.

3. Methods
3.1. Near-surface rock temperature measurements

To study the spatially variable thermal regime of the rock slopes and
measure NSRT, 30 temperature loggers (iButtons) were installed in a
linear layout in shallow 0.1 m horizontal boreholes over the N and S fac-
ing rock walls with approximately 3 m vertical spacing. 5 additional
temperature devices were installed at the top of the ridge in near-
vertical rock, covering various aspects (Fig. 1c).

The coin-sized Maxim iButton® DS1922L operates in a temperature
range from —40 °C to + 85 °C, with a measurement accuracy of £ 0.5 °C
at temperatures between —10 °C and + 65 °C (Maxim Integrated,
2013). After calibration of the temperature loggers in an ice-water
bath in a cold laboratory the instrument accuracy is £0.25 °C around
0 °C. The open access software iAssist (Keller et al., 2010) was used to
deploy and read out the temperature loggers.

To measure continuous NSRT in shallow boreholes at 2-hourly inter-
vals, the temperature loggers were placed in a water resistant plastic
capsule to avoid device failure due to water infiltration (Gubler et al.,
2011; Lewkowicz, 2008). This causes a short but acceptable delay in
the thermal reaction (Haberkorn et al., 2015). In addition, the boreholes
were sealed with a gum plug to protect the devices from water, atmo-
spheric influences and the direct exposure to solar radiation. However,
5 devices on the S face failed during the first year, resulting in only
86% of valid temperature time series, whereas the data was 100% com-
plete in the second period. Data gaps of one day occurred during data
extraction and were filled using linear interpolation between the
nearest data points.

All shallow borehole locations have strongly varying local rock and
topographic properties, such as slope, aspect and elevation, which
were determined by detailed in-situ measurements. Instrument posi-
tions were recorded using differential GPS.

3.2. Snow cover detection on the basis of NSRT

A sufficiently thick snow cover is a good thermal insulator, damping
the influence of air temperature and solar radiation on daily NSRT vari-
ations effectively during the snow covered period. This insulating char-
acteristic makes it possible to estimate the presence/absence of a snow
cover manually on the basis of each NSRT time series and their daily
standard deviation, based on the approach presented in Schmid et al.
(2012). Although no direct validation of the snow cover duration is fea-
sible, the applied method is tested for a far wider range of topographic
situations here than previously by e.g. Danby and Hik (2007) or
Schmidt et al. (2009). Schmid et al. (2012) chose NSRT standard devia-
tion thresholds of 0.1 °C for positive NSRT, 0.3 °C for negative NSRT and
treated “spurious” gaps with a standard deviation of <0.5 °C. The pro-
posed thresholds had to be adapted slightly for steep bedrock, since
higher NSRT standard deviations (especially for positive NSRT) were ob-
served in the S face due to strong incoming solar radiation. A uniform
threshold of NSRT standard deviation <0.5 °C was therefore chosen for
both positive and negative NSRT.

In addition, the zero curtain period, which can indicate the occur-
rence of snowmelt (snowpack isothermal at 0 °C) and phase change in
the ground, was determined for days with NSRT between —0.25 °C
and 0.25 °C (Gubler et al., 2011) at each temperature logger. In the S
face the rock surface temperature generally remains around 0 °C during
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Fig. 2. Photographs of the N (top) and S (bottom) facing study slopes, as well as 2 selected loggers on the ridge (R2, R5) at Gemsstock in summer (a, d), late autumn (b, e) and winter (c, f).
The locations of all NSRT sensors are marked with orange dots. Pink dots highlight the NSRT sensors selected for detailed analysis, as well as both ends of the borehole (BH). Photographs
were taken on 3 August 2013 (a, d), on 9 November 2012 (b, e) and on 28 January 2014 (c, f). Figure adapted from Haberkorn et al. (2015).

the whole snow covered period, thus making it impossible to detect the
start of an isothermal snowpack.

3.3. Terrestrial laser scanning

The acquisition of high resolution DTMs of the rock surface in
summer, but also spatially distributed and non-invasive snow depth
data in winter is fundamental in this study and was carried out using
TLS. Widespread snow depth data for the entire rock wall was obtained
at different stages of the winter on the N and S facing slopes since 2012.
Thus the high spatial and temporal variability of snow depth and snow
distribution in rock walls is not only available for the instrumented area
but also for the wider surroundings.

The Riegl long range laser scanners VZ6000 and LPM321 were used
to acquire high resolution point clouds (<0.2 m) from a single scan po-
sition, on both the N and S side of the snow-free slopes in summer and
of the snow surface in winter. The measurements were georeferenced
using global coordinates of reflecting benchmarks (further details in
Haberkorn et al., 2015).

To obtain HS the shortest distance from each terrain point to the point
cloud at the snow surface was calculated with the resolution of the point

Table 1

Overview of the data obtained during the measurement period.
Date Year Data
1 August 2012 to 31 July 2014 2012-2014 NSRT
1 August 2012 to 31 July 2013 2012-2013 NSRT
1 August 2013 to 31 July 2014 2013-2014 NSRT
19 December 2012 HS using TLS, snow pits
7 June 2013 HS using TLS
11 December 2013 HS using TLS, snow pits
28 January 2014 HS using TLS, snow pits
16 May 2014 HS using TLS (S slope only),

Snow pits

cloud. Parts of the NSRT measurement line were not visible in the laser
scans due to blind areas behind ridges or in locations shadowed by
other rocks. To fill HS gaps the closest HS point within a range of 1 m
was appropriated to the NSRT location (Haberkorn et al., 2015).

Terrain roughness, which is defined as the variability of a topograph-
ical surface at a given scale (Grohmann et al., 2011) is derived by the
vector ruggedness measure developed by Sappington et al. (2007).
The terrain roughness is based on changes in slope and aspect derived
from the DTM for every 0.2 m grid cell of the snow free rock walls and
the corresponding winter surfaces. Roughness can range from 0
(smooth) to 1 (extremely rough). To assess terrain smoothing processes
at the rock wall scale, the degree of attenuation of terrain features pro-
duced by snow and the degree of similarity between winter and sum-
mer surface are estimated with the coefficient of determination R?
separately for each rock wall (Veitinger et al., 2014).

3.4. Snow pits

In-situ snow pit measurements were carried out to obtain detailed
information on snow cover characteristics. To account for varying
snow conditions in between and over the rock walls, 6 snow pits were
distributed over the N and the S facing slopes during each field cam-
paign (Table 1). Position, elevation, slope angle and aspect were mea-
sured at each snow pit site. Snow cover characteristics were classified
according to Fierz et al. (2009). Snow layer thickness, grain type, grain
size, hand hardness index, snow density, snow temperature and the
temperature at the snow-rock interface were recorded.

3.5. Multiple linear regression analysis

The SO is the difference between the mean annual NSRT and the
MAAT (Smith and Riseborough, 2002) and is used to explain the inter-
action between the ground surface temperature regime and the atmo-
sphere and the influence of these on the total energy balance of the
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Fig. 3. Snow depth evolution at the AWS Gemsstock (blue line) and the snow depths at the NSRT sensors obtained by TLS in (a) the N and (b) the S facing rock walls (coloured dots).
Missing TLS points are due to terrain shading. Gaps and erroneous values in the continuous snow depth series were treated as discussed in Haberkorn et al. (2015).

rock walls. Due to the absence of vegetation or loose rock material in the
rock walls, the temperature difference between the air and the ground
surface is mostly influenced by snow cover and radiation.

Multiple linear regression models were used to quantify the influ-
ence of topographic characteristics, as well as snow depth on the spatial
variability of SO at each individual temperature logger for the years
2012-2013 and 2013-2014. The explanatory variables used in the sta-
tistics are the mean annual PISR, calculated for each temperature logger
location using ArcGIS (©ESRI, Redlands, CA, USA), as well as the terrain

Q roughness and the measured mean snow depth per winter season, both

)

-
L

derived from TLS. PISR is an indirect measure of the topographic vari-
ables aspect, slope and elevation, whereas terrain roughness is respon-
sible for trapping snow and strongly affects the redistribution of snow
by wind (Griinewald et al., 2010; Veitinger at al.,, 2014). The significance
of all parameters explaining the regression models were calculated
step-wise and only the most significant ones (p-value < 0.05) were se-
lected. Additionally, all input data was normalized to enable a compar-
ison of the importance of each parameter in the model. To examine the
model validity of linear regression (independence, normal distribution
and constant variance), a Quantile-Quantile plot and Tukey-Ascombe
plot of the model residuals (not shown) were analysed.

4. Results and discussion
4.1. Snow cover and surface roughness

The in-situ snow pit measurements at Gemsstock revealed that the
snow cover distribution and characteristics are complex on steep rock
walls. The snow surface is strongly influenced by wind erosion and de-
position. Sloughing and small avalanches commonly occur during and
subsequent to snowfall events — or as a result of warming. On the N fac-
ing rock wall the snow cover typically consists of depth hoar at the base
of the snowpack, overlain by faceted crystals. The snowpack is loosely
packed with high air contents and is therefore an effective thermal insu-
lator. On the S side there is often a layer of ice at the base of the snow
cover due to infiltration and refreezing of snow melt water. The snow
cover mainly consists of densely packed melt forms alternating with

hard melt crusts and is hence a better thermal conductor. The variations
in thermal resistance of the snow cover between the N and S slopes are
especially important for snow depths <0.2 m (Section 4.5).

Over the N facing scan area, snow depth is uniformly distributed
with HS peaks on slopes between 40° and 75° and snow depths between
1.5 and 2.3 m, as shown in Fig. 4a. Snow depths generally decrease on
slopes exceeding 75°, except for a peak at 87° caused by complex
micro-topography. In the smooth S facing slope (Fig. 4b) the maximum
HS of 1.5 to 2 m is found in the moderately steep 30° to 45°, lower rock
wall parts. Here the snow accumulates and gradually covers the steeper
and more heterogeneous zones lying above, which is confirmed by a
steady decrease of snow depth for slopes > 35°. Snow can accumulate
in rock wall sectors exceeding 80° if the distance to a rock ledge below
is short enough. This confirms the findings of Wirz et al. (2011), who
suggest that snow accumulates in slopes up to 70°. Snow depth differ-
ences between the N and the S facing rock wall (Fig. 4) can probably
be attributed to the aspect induced variations of snow cover characteris-
tics and consequently of snow settlement and densification, as modelled
by Haberkorn et al. (2015). The estimated HS measurement errors when
using TLS in steep terrain are in the order of 0.1 m, with a single cell level
of significance of 0.08 m (Haberkorn et al., 2015). TLS is thus suitable to
analyse HS in steep rock walls.

The accumulation of relatively large amounts of snow in very steep
terrain is only possible due to the fact that the rock walls are considerably
rough with terrain roughness ranging from negligibly small to 0.88. The
roughness index clearly shows the different characteristics of the N and
S slopes: the heterogeneous N scarp slope has a mean roughness of
0.058 with a STD of 0.110, compared to a mean roughness of 0.020 with
a STD of 0.047 in the more homogeneous S dip slope (Fig. 5a). Terrain
roughness is strongly controlled by neighbouring topographic features,
like rock ledges (Veitinger et al., 2014) and directly influences the spatial
snow distribution, in combination with meteorological factors (e.g. wind).
Additionally, it can be presumed that such rough rock surfaces prevent
the occurrence of big avalanches in steep terrain, as already observed by
Veitinger et al. (2014). A distinctly smoothed winter terrain surface de-
velops on both slopes with increasing snow depths (Fig. 5b, c) resulting
in low values of R? between the terrain and snow surface roughness.
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4.2. Snow depth at temperature loggers the two winters using TLS (Table 1) are shown in Fig. 3. The snow

cover duration, snow depth and consequently its melt regime are het-

In parallel to the HS evolution at the AWS, the snow depths mea- erogeneous in time and space. Snow depth at the AWS in flat terrain sig-
sured at the locations of the temperature loggers on five days during nificantly deviates from HS observed in the rock walls. No quantitative
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Fig. 5. Surface roughness in summer (a) and winter (b, ¢) and the corresponding snow depth distribution (d, e) at Gemsstock for two selected TLS dates (19 December 2012 and
11 December 2013) with different snow conditions. The correlation between the snow surface roughness and terrain roughness is shown for both the N (R? N) and the S (R? S) facing
rock walls in (b) and (c). Orange dots indicate the temperature logger locations and those discussed in detail are marked in pink (map data: swissimage©2015 swisstopo 5704 000 000).
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Table 2

Mean annual NSRT (MNSRT), their standard deviation, mean annual amplitude (MAA) and surface offset (all in °C) for the entire N and S facing slope, as well as for the ridge over the whole

investigation period and for the years 2012-2013 and 2013-2014.

1 August 2012-31 July 2014

1 August 2012-31 July 2013

1 August 2013-31 July 2014

Location MNSRT STD MAA SO MNSRT STD MAA SO MNSRT STD MAA SO
North —-0.5 0.8 24 22 —-0.6 1.0 2.7 25 —-03 0.7 23 1.8
South 32 0.4 13 5.8 32 0.5 1.6 6.0 3.0 0.6 2.9 52
Ridge 0.3 1.7 4.1 29 —-0.1 1.7 42 3.1 0.5 1.7 4.1 2.7

information on snow settling, avalanching or sloughing is available,
making the reconstitution of continuous snow depths in the rock
walls on the basis of the HS measured in the flat field impossible. This
agrees with results presented by Griinewald and Lehning (2011) for
catchment-wide snow distribution. Although similar overall patterns
of snow depth and snow distribution are true for the different logger lo-
cations, which confirms the findings of Wirz et al. (2011), the small
scale variability between the loggers is large. Fig. 5d, e indicate that
the loggers close to both sides of the top of the ridge (N1-N2, S1-S3)
are mainly snow free (winter 2013-2014) or only covered by a thin,
patchy snow layer (winter 2012-2013), whereas bigger differences in
snow cover timing and distribution between the N and the S face
occur further downslope. A homogeneous and thick snow cover can ac-
cumulate on the smooth S slope (loggers S6-5S19 with mean HS of 1.3 to
1.8 m), whereas the heterogeneous terrain in the N face leads to stron-
ger variability in snow depths. The locations N8 and N9 accumulate far
less snow (mean HS of 0.4 to 0.8 m), than N10 and N11 (mean HS of 1.3
to 2.2 m), although all locations are over 75° steep. This is due to strong-
ly varying micro-topographic features, like the distances to underlying
flatter rock ledges, on which snow can accumulate (Fig. 2). This
micro-topographic effect most likely has a more important influence
on snow distribution than slope angle alone. Only loggers located in
nearly vertical rock far above ledges are snow free or occasionally cov-
ered with rime after storms, as is the case for N3 and N4 and for all log-
gers on the ridge (R1-R5). Hence, the date of snow disappearance varies
between 1 and 4 weeks within a particular rock face.

Snow cover onset, duration and depth do not only vary between the
N and S slopes, but also between the two winter seasons investigated

Q (Fig. 3). The snow cover onset in the flat rock wall parts was similar

)

e

(November) in both winters 2012-2013 and 2013-2014, but the initial
snow cover was much thicker in winter 2012-2013 (Fig. 5d, e). This re-
sulted in snow free sensors at locations over 3 m above ledges until the
end of December 2013 (e.g. N9, N10). At such exposed locations, as well
as at the upper windswept S side (S1-S6), only a thin and patchy snow
cover persisted in winter 2013-2014, whereas in winter 2012-2013 a
thick snow cover was able to accumulate. This was also reflected in
the timing of snow disappearance, which was 2 to 3 weeks earlier in
the S face and 2 to 10 weeks earlier in the N face in winter 2013-2014
than in the previous winter.

4.3. Local variability of NSRT in the rock wall

At the local rock wall scale the variability of NSRT (Table 2) and SO
(Fig. 6) across the whole N (N1-N11) and S facing (S2-S19) rock
walls and the entire ridge (R1-R5) is strong. Mean annual NSRT varies
between — 0.5 °C and 3.2 °C for both sides of the rock wall. NSRT and
consequently the SO are strongly controlled by solar radiation, especial-
ly in snow free locations like the ridge (high STD of mean annual NSRT).
In contrast snow onset and depth are the major driving factors of SO in
the partly snow covered N and S faces during the years 2012-2013 and
2013-2014. Mean annual NSRT differences of 3.7 °C between the N and
the S facing rock walls are not as pronounced as would be expected in
steep, snow free rock and as were reported by Gruber et al. (2004b) or
Hasler et al. (2011), with up to 8 °C difference. This is due to the accu-
mulation of a thick snow cover in most parts of the rough rock walls
at Gemsstock.

The small-scale variability in SO in between the slopes reveal large
differences within the more heterogeneous N facing slope in contrast
to the smoother S facing slope (Table 2, Fig. 6). Differences in mean an-
nual NSRT within a rock face or on the ridge are up to 4.0 °C and thus
1.5 °C higher than reported by Gubler et al. (2011) for homogeneous
terrain with slope angles below 50°.

To investigate the topographic, spatial and temporal dependence of
NSRT, the evolution of the cumulated sum of NSRT separated for the
years 2012-2013 (solid line) and 2013-2014 (dashed line) for selected
temperature loggers are shown in Fig. 7. Cumulated NSRT were mainly
negative in the N face (Fig. 7a) between January and the end of June,
supporting the observation of ice in the N facing slope. However, cumu-
lated NSRT at temperature logger N11 was close to 0 °C during this pe-
riod, which confirms the absence of permafrost conditions observed at
the nearby borehole (Figs. 1c, 2). The topography at the borehole and
logger N11 favours an early and thick accumulation of snow (Figs. 2, 3,
5d, e) due to the vicinity to a distinct rock ledge (Table 3), thus insulat-
ing the rock beneath. The date of the first significant snowfalls in au-
tumn in combination with micro-topography strongly affects ground
temperature evolution. This is displayed by the differing decrease in cu-
mulated NSRT in autumn. In winter 2013-2014 air temperature and
hence cumulated NSRTs at snow free locations (R5 in Fig. 7a) were
warmer compared to winter 2012-2013. In contrast cumulated NSRTs
at snow covered logger locations (N11 in Figs. 7a, 8e) were colder due
to the absence of a sufficiently thick and insulating snow cover in the be-
ginning of winter 2013-2014. In the N facing rock wall the warming ef-
fect of a thick snow cover (mean HS measured by TLS differing from 0.5
to 2.3 m) on NSRT can clearly be observed. The mean annual NSRT of the
snow free loggers were around 1.3 to 2.3 °C colder than the NSRT of the
snow covered loggers, which are effectively insulated from cold winter
air temperatures.
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Fig. 6. Surface offset for the years 2012-2013 and 2013-2014 in the N face, the S face and
on the ridge. In each box, the median is marked, the box edges are the 25th and 75th per-
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Fig. 7. Cumulative sum of NSRT as a function of time for both years 2012-2013 (solid lines) and 2013-2014 (dashed lines) for (a) the N and (b) the S facing rock slopes and selected loggers
on the ridge. To facilitate visualization only a selection of representative temperature loggers is shown. Loggers R5 and R2 represent snow free, loggers N11 and S15 snow covered and
loggers N9 and S4 ephemeral snow cover conditions. The 0 °C isotherm is illustrated by a grey horizontal line. The snow onset is highlighted by a vertical tag for temperature loggers ac-
cumulating snow throughout the winters. The colours of the tags represent the appropriate logger colours.

In the S facing slope cumulated NSRT (Fig. 7b) exceeding 0 °C con-
firm the absence of permafrost, which is in accordance with borehole
temperatures. At most snow covered loggers (see S15 in Fig. 7b) no tem-
perature decrease is evident in autumn, with constant cumulated NSRT
during the whole snow covered period. The snow free loggers (R2 and
S4 only in winter 2013-2014 in Fig. 7b) only show a slight temperature
decrease in autumn, since steep S facing slopes receive more direct solar
radiation, the lower the angle of the incoming solar radiation. There was
no obvious cooling effect induced by the thick snow cover (mean HS
from 0.5 to 1.8 m) persisting from November to June in the S facing
slope. Beside the lower cumulated NSRT (R2 in Fig. 7b), also the mean
annual NSRT (Table 3) of the snow free logger R2 is up to 1.2 °C colder
compared to the snow covered logger (S15), which differs from the as-
sumptions of Magnin et al. (2015). The latter reported a cooling effect of
thick snow in sunny rock faces, possibly due to the higher surface albedo
caused by the presence of snow during much of the year and melt ener-
gy consumption. However, these authors estimated snow depths quali-
tatively, rather than quantitatively. At Gemsstock a cooling effect is
evident from mid-March onwards for the months with most intense
solar radiation. This is confirmed by a steeper temperature rise of the
logger lacking snow (R2) compared to constant cumulated NSRT of the
loggers with snow, where solar radiation is blocked (Fig. 7b).

Table 3

4.4. Multiple linear regression analysis

The dependence of topographic characteristics, as well as snow
depth on the surface offset and thus on the local NSRT variability was
tested using multiple linear regression. An iterative, step wise model re-
duction computed using the Matlab® Statistics and Machine Learning
Toolbox™ led to the models summarized in Table 4 for the entire rock
wall and for the individual N and S facing slopes. The major explanatory
variable for the surface offset is, as expected, the highly significant var-
iable PISR (p < 1x10~%) due to the varying aspects. Modelling the de-
pendence of SO on the strongly varying HS showed a significant
influence of HS during the snow rich winter 2012-2013, while SO is in-
dependent of snow depth during the winter 2013-2014, when less
snow accumulated. Terrain roughness proves to be non-explanatory.
PISR and snow depth could explain 77% of the surface offset variability
in the year 2012-2013, while 72% of the SO variability could be ex-
plained by PISR in 2013-2014. The results confirm solar radiation and
the associated topography as being the dominating factors on the sur-
face offset.

Considering the single rock slopes results in the sole dependence of
SO on snow depth (p < 0.05) in 2012-2013, since the influence of PISR is
omitted due to the separation between the N and the S facing rock

Aspect, slope, distance to the rock ledge below (DRLB), mean annual near-surface rock temperature (MNSRT), surface offset , the mean annual correlation of NSRT and air temperature
(R?), mean annual snow depth (MHS) and snow cover duration (Duration) for selected temperature loggers with different snow conditions for the years 2012-2013 and 2013-2014.

1 August 2012-31 July 2013

1 August 2013-31 July 2014

Logger Aspect Slope DRLB MNSRT SO R? MHS Duration MNSRT SO R? MHS Duration
) ) (m) (°0) (°0) (%) (m) (month) (°0) (°0) (%) (m) (month)

R5 332 72 20 -18 1.3 0.85 0 0 -1.1 1.1 0.83 0 0

N9 340 80 9 -1.0 2.1 0.77 15 6 —14 0.8 0.79 0 Patchy

N11 349 89 3 0.4 35 0.52 32 8.5 —03 18 0.59 12 6.5

R2 164 58 15 24 55 0.82 0 0 3.0 5.1 0.74 0 0

S4 122 60 0 42 73 0.62 0.3 45 3.8 6.0 0.7 0.1 Patchy

S15 184 53 1.5 35 6.7 0.5 1.6 7 33 55 0.6 0.9 6




}——NSRT —TA ===snow cover duration ===mean NSRT ===mean TA |zero curtain Isnow disappearance ===STD

a)R5 b) R2
20
-30 bt A A c'pr'f WI*J'U\M'**w\v".‘l.l:".~Jﬂ¢LWﬂ't‘|'Ir,fJ‘l‘"M1*f‘lT.“4-Jfﬁf!‘-‘-"t.'xm.‘TﬁhWﬂ'W'W!WL; é
c) N9 d) 4
20
o
P
1 | i"l ﬂ \' .
[ MM T‘ i Al &
_30 Mt IR A it ] w‘*'w»l ”A 1‘-M‘J\HWL_.__ _AJ‘erhm ('}n'J'-"V;'ﬂi"'fmw.‘frww"'mi".\l* Nﬂl"i g
% e) N11 f)S15
@
S
)
| -
8 -\
10
natl el | Miple &
U 30 A S WA )r"ﬂ- 'Hi’l'wmh‘l 'Ll‘llr' ﬁl’ lﬁl\mw' I]M\‘”I‘ ”‘“ﬁ“g E
~ B Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec Mar Jun Sep Dec Mar Jun .
~~ 2012-2014 2012-2014

Q Fig. 8. Daily means of near-surface rock and air temperature between 1 August 2012 and 31 July 2014, as well as the snow cover duration based on daily NSRT standard deviations, the
<==J mean NSRT and the mean TA (horizontal bars) for the snow covered periods of the winters 2012-2013 and 2013-2014, the start of the zero curtain period and the day of snow disappear-

ance for the N (left) and S (right) facing slopes and selected loggers on the ridge.

slopes. Hence, the models for both the N and the S facing slopes in 2013-
2014 are not significant. The model for the S facing slope can explain
68% of the surface offset variability and therefore performs much better
than the model of the complex N facing slope (R? of 46%).

The model assumptions for multiple linear regression were fulfilled.
Although small deviations from the normal distribution of residuals are
obvious, residual analysis confirms the model validity.

4.5. Variability of NSRT at selected loggers

The NSRT evolution and the snow cover duration at 6 selected tem-
perature logger locations are presented in Fig. 8 for the N and the S

Table 4

facing rock walls. The logger locations have different snow conditions
and are thus representative for the majority of conditions observed in
the rock walls.

The NSRT evolution at logger locations with a lack of snow follows
air temperature in shaded rock faces (R5 in Fig. 8a), whereas pro-
nounced daily temperature amplitudes are registered by loggers ex-
posed to the sun (R2 in Fig. 8b). These differences can be expressed in
the surface offset. SO only reaches 1.3 °C in the case of the N facing
loggers and air and rock temperatures are highly correlated with R?
of up to 0.85 (R5 in Table 3). In contrast, the surface offset is up to
5.5 °Cin the S facing rock wall, confirming incoming solar radiation
as a dominant driving factor. The NSRT differences between N and

Multiple regression models for the entire rock wall (N + S + R), as well as for the N and the S facing rock walls separately. The performance of the model R?, the adjusted R? (R%,4;) and the
p-value (p) for the F-test on the model are shown for each valid model. SO; is the surface offset, HS; the snow depth, PISR; the potential incoming solar radiation and E; the residuals at each

temperature logger i.

Area Year Model R? R%,4 p
N+S+R 2012-2013 SO; = 0.0446 + 0.3513 x HS; + 0.6957 x PISR; + E; 0.77 0.74 7.9x107°
N+S+R 2013-2014 SO; = 0.0002 + 0.8150 x PISR; + E; 0.72 0.7 1.8x10~7
N 2012-2013 SO; = 0.5619 + 0.7630 x HS; + E; 0.46 041 0.015

N 2013-2014 Not significant - - 0.4988

S 2012-2013 SO; = —0.2231 — 0.8273 x HS; + E; 0.68 0.62 0.022

S 2013-2014 Not significant - - 0.8851
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S are even more pronounced in steep slopes, due to the fact that
steep N facing slopes receive almost no direct solar radiation in win-
ter, in contrast to S facing slopes. The topography driven difference in
mean annual NSRT of 4.2 °C (R2 and R5 in Table 3) between the N and
S facing rock walls agrees with the results of Gubler et al. (2011) for
slope angles > 40°.

At rock wall locations with a thick snow cover (mean HS > 1 m) the
NSRT evolution is strongly controlled by snow. Daily NSRT variations
cease in November-December after the first large snowfalls. In the N
facing slope NSRT oscillations are damped and lagged in time in com-
parison with air temperature (N11 in Fig. 8e). In the S facing slope
NSRT remain close to 0 °C (S15 in Fig. 8f), indicating the absence of per-
mafrost and the release of latent heat during freezing. The rock surface
is decoupled from atmospheric influences in both the N and the S facing
rock walls, resulting in smaller mean annual NSRT differences (N11 and
S15 in Table 3). The timing of snow disappearance is around 3 weeks
earlier in the S facing rock wall due to stronger insolation. However,
the start of snow melt around mid-May is delayed by approximately
2.5 months in the N face compared to the S face where a 0 °Cisothermal
snowpack is likely to exist since the beginning of March. Inter-annual
atmospheric variations also influence the rock surface. In winter
2013-2014 the snow cover onset was 1.5 months later in the N facing
slope than in winter 2012-2013, causing NSRT to decrease in response
to cold winter air temperatures. The colder NSRT persisted throughout
the winter 2013-2014 under a thick snowpack, although the mean air
temperature was 1.6 °C warmer in winter 2013-2014 than in winter
2012-2013 (blue and red bars in Fig. 8e, N11 in Table 3). This phenom-
enon underlines the importance of the initial timing and depth of the
snow cover and supports results modelled by Luetschg et al. (2008),
who reported a 0.5 °C lower MAGST due to a 1 month delay in snow
cover onset.

The inter-annual variations of the snow cover were even more pro-
nounced in steep rock wall sectors far above rock ledges (>9 m). The
snow depths varied from moderately thick in winter 2012-2013 to
thin and ephemeral in winter 2013-2014 (N9 and S4 in Fig. 8¢, d).
The short snow cover durations in winter 2013-2014 caused the
mean annual NSRT to decrease by up to 0.4 °C in both the shaded and
sun-exposed slopes (N9 and S4 in Table 3) due to the absence of an in-
sulating snow cover. In particular, in the S facing slope the lack of snow
for the months with most intense solar radiation (March to June) result-
ed in an earlier and stronger temperature increase compared to winter
2012-2013 (S4 in Fig. 7b). These observations confirm results shown in
Section 4.3.

The strong small-scale variability in the distributed rock tempera-
ture data due to the strongly variable snow cover accumulation in the
rock walls results in mean daily temperature gradients up to 10 °C
over only a few metre distance (6 m). This reveals the heterogeneity
and complexity of thermal processes occurring in rough terrain.

In order to assess the onset of the insulating effect of snow in steep
rock walls, the daily amplitude of NSRT at each logger and the corre-
sponding snow depth derived by TLS are shown in Fig. 9. Daily ampli-
tudes vary between 0.2 and 11.5 °C for snow depths < 0.2 m. Daily
NSRT amplitudes cease below 0.4 °C for snow depths exceeding 0.2 m.
Thus, it can be assumed that steep rock is effectively insulated from
heat loss in winter for snow depths >0.2 m. Snow pits carried out in
the N facing slope revealed low snow densities of 200 to 250 kg m 2,
which result in low thermal conductivities ranging from 0.1 to
0.15Wm~ 'K~ (Sturm et al., 1997; Williams and Smith, 1989). Conse-
quently, the heat exchange between the snow and ground surface de-
creases strongly. In contrast to our findings, the insulation effect of
snow previously reported for flat and blocky terrain starts at HS
>0.6-0.8 m (Keller and Gubler, 1993; Luetschg et al., 2003; Matsuoka
and Sakai, 1999; Zhang et al.,, 2001). The significant differences in insu-
lation threshold depth of the snow cover between the blocky, heteroge-
neous terrain and a bare, steep rock surface are due to the pronounced
surface roughness of the former.
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Fig. 9. Relationship between the daily amplitude of NSRT and the corresponding snow
depth (HS) measured using TLS at 3 different dates in winter (19 December 2012, 11 De-
cember 2013, 28 January 2014). Snow depths measured in spring and the corresponding
NSRT are not considered due to temperature bias induced by the zero curtain effect. The
onset of an insulating effect of snow depth on NSRT is clearly visible at HS of 0.2 m
(grey horizontal line).

The effects of differences in snow cover characteristics are made ev-
ident on the N and S facing rock slopes, as discussed in Section 4.1. In the
S slope the thermal conductivity is higher due to a denser snowpack
(300-350 kg m~3). Consequently the initial insulation of the ground
is found for slightly higher snow depths here (Fig. 9). The 0.2 m insula-
tion threshold for rock faces is crucial, since it is widely assumed that a
snow cover < 0.6 m has a cooling effect on rock temperatures due to an
increase of surface albedo, as well as an insufficient thermal resistance
of the snow (Keller and Gubler, 1993). Our observations at Gemsstock,
but also in the 60° to vertical and approximately 450 m high north-
east and north-west facing rock walls at Jungfraujoch, Bernese Alps,
Switzerland (unpublished) show that snow depths between 0.2 and
0.6 m can accumulate in steep rock with moderate rock ledges. An insu-
lating effect of rock temperatures due to snow depth exceeding 0.2 m is
likely to exist in such steep and particular high rock walls.

5. Conclusions and outlook

In this study moderately steep to vertical N and S facing rock walls
accumulated considerable amounts of snow (up to 2.3 m). Snow distri-
bution was strongly controlled by micro-topographical factors like sur-
face roughness and the presence of distinct ledges alternating with
steep to vertical terrain sectors. The snow characteristics, its temporal
evolution, spatial distribution and depth influence the rock thermal re-
gime. The main findings of this study are:

Maximum snow depths between 1.5 and 2 m accumulate on 60° to
75° steep, rough slopes with ledges. Snow depth decreases on slopes ex-
ceeding 75°. However, snow can also persist in near-vertical terrain if
there are ledges up to 9 m below.

Preferential snow deposition in the rock walls occurs, with similar
patterns of snow depth and distribution from year to year. The small
scale variability in snow cover onset, melt out and depth is large,
resulting in large differences in daily mean rock temperatures up to
10 °C over short distances (6 m).

The warming effect (1.3 to 2.3 °C) of thick snow on NSRT in the N fac-
ing slope and the persistence of snow during the months with most in-
tense solar radiation in both the N and the S facing rock walls results in a
difference of only 4 °C in mean annual NSRT between the N and S slopes.
This underlines the importance of snow depth and duration for the ex-
istence of permafrost in mountain rock walls.
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Up to 77% of the variability of the surface offset could be explained
using multiple linear regression. Incoming solar radiation and thus to-
pography, as well as snow cover (if the snow depth is sufficiently
thick and homogeneously distributed) are the dominant factors driving
NSRT in the rock walls.

The start of the insulation effect of NSRT induced by snow is ob-
served for snow depths exceeding 0.2 m in steep, bare rock. This is ap-
proximately 0.4 to 0.6 m less snow than previously observed in flat
blocky terrain, due to strongly variable surface roughness. The snow
cover properties and their differences in the N and the S facing rock
slopes have an influence on NSRT when snow depths are below 0.2 m.
When they exceed 0.2 m, snow depth is the major factor controlling
the thermal regime.

Our measurements show strong variability of NSRT over short dis-
tances within a rock face and over varying aspects. Although our results
were only observed on the local rock wall scale, our findings are proba-
bly valid for other steep, fractured rock walls, which are abundant in the
Alps. In addition, the importance of the inter-annual variability of the
snow cover could be shown, although only 2 years of data are presented.
However, meteorological and snow cover conditions can vary much
more strongly than observed during this period.

Knowledge of the interaction between the snow and the rock ther-
mal regime in steep rock is essential for modelling snow cover and
rock temperatures in highly complex and variable terrain. Our results
will be used to test the applicability of distributed, physically based
models and to calibrate these when calculating the thermal effect of
snow cover on steep bedrock at a small scale.
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