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Abstract

Compared to lowland (polar) regions, permafrost in high mountain areas occurs in a
large variety of surface and subsurface material and texture. This work presents an
eight-year (2002—2010) data set of borehole temperatures for five different (sub-) sur-
face materials from a high alpine permafrost area, Murtel-Corvatsch, Switzerland. The
influence of the material on the thermal regime was investigated by borehole temper-
ature data, the TTOP-concept and the apparent thermal diffusivity (ATD). The results
show that during the last eight years material specific temperature changes were more
significant than for all boreholes consistent, climate-induced temperature trends. At
coarse blocky, ice-rich sites no changes in active layer depth were observed, whereas
the bedrock and the fine-grained sites appear to be highly sensitive to changes in the
microclimate. The results confirm that the presence and growth of ice as well as a ther-
mally driven air-circulation within the subsurface are the key factors for the occurence
and preservation of alpine permafrost.

1 Introduction

In high moutain permafrost the thermal regime of the active layer strongly depends
on site-specific factors like the albedo, the emissivity, the surface roughness, the grain
size, the pore volume, the composition and type of material as well as climatic factors
such as air temperature, incoming radiation and precipitation. As long as the surface
of the bedrock is not covered by coarse or fine material and no snow is present, the
thermal regime of the ground is directly coupled with the atmosphere (Williams and
Smith, 1989) and the heat will mainly be transferred by conduction and advection of
melt water (Wegmann et al., 1998, Gruber and Haeberli, 2007, Krautblatter and Hauck,
2007).

Permafrost degradation in bedrock is caused by frost weathering leading to a re-
duction of rock strength (Harris et al., 2009) as well as by advective processes by

2630

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

TCD
5, 26292663, 2011

Influence of surface
heterogeneity on
observed borehole
temperatures

S. Schneider et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2629/2011/tcd-5-2629-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2629/2011/tcd-5-2629-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

percolating meltwater. The degradation by advection can destabilize much greater
volumes of rock than conduction within the same time (Gruber and Haeberli, 2007).
Whereas air-ventilation within clefts can cause a lowering of the temperature of about
1.5°C within strongly fractured near-vertical bedrock (Hasler et al., 2011). If the
bedrock is covered by vegetation and soil the thermal responds of the active layer
to surface temperatures will be damped. Moss and organic matter affect the hydrolog-
ical properties, as they increase the water holding capacity of the soil (Walker et al.,
2003).

If a buffer layer of coarse blocky material is present, density differences and pro-
cesses like wind pumping lead to an exchange of air masses within the ground and
enhance convective and advective air flows (Hanson and Hoelzle, 2004; Panz, 2006).
Gruber and Hoelzle (2008) assume that a porosity of 40 % can reduce the thermal con-
ductivity by about an order of magnitude compared to bedrock. One of the best known
phenomenon within coarse blocky material is the cooling effect of reversible air circu-
lation (the so called chimney-effect, described e.g. in Wakonigg, 1996; Sawada et al.,
2003; Lambiel and Pieracci, 2008; Phillips et al., 2009 and Morard et al., 2010). In gen-
eral, it is assumed that the chimney-effect can only develop under thin, non-insulating
snow cover conditions. In contrast Delaloye and Lambiel (2005) showed that even in
the presence of a thick snow cover, the ascent of relatively warm air within a blocky
slope can force the aspiration of cold air through the snow cover into the blocks which
reduces the temperature of the lower part of the slope. This thermally driven ventilation
can lead to a cooling of the subsurface by several degrees.

A fine-grained buffer layer, with a high permeable texture supports the advective heat
transport by infiltrating (snowmelt)-water. Hinkel and Outcalt (1994) suppose that the
warming of fine-grained permafrost material in arctic lowlands by advective processes
exceeds those by conduction by one or two orders of magnitude. The gravity infiltration
of melt water may be enhanced by the transport of water and vapour in response to
osmotic pressure gradients induced by relatively higher solute concentration at depth
(Hinkel and Outcalt, 1994; Outcalt et al., 1990). Modelling the advective processes
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Scherler et al. (2010) pointed out that the advective heat transport by percolating wa-
ter is not negligible and seems to be a key factor to increase the temperature of the
permafrost.

The snow cover as an additional seasonal buffer layer influences the thermal regime
of the subsurface mainly as the thermal resistance of the snow cover increases with
increasing snow depth. Haeberli (1973), Keller and Gubler (1993) and Hanson and
Hoelzle (2004) observed in field studies and Luetschg et al. (2008) in modelled stud-
ies that effective thermal resistance exists at a snow depth of more than 0.6—0.8m.
By constant air temperature an increase of snow depth of 1 m (starting with a 0.2m,
non-insulating snow cover) can lead to an increase of the mean annual ground sur-
face temperature (MAGST) by app. 2.7 °C (Luetschg et al., 2008). Gruber and Hoelzle
(2008) pointed out that coarse blocky material can reduce the warming effect of the
snow cover up to several degrees celcius due to the lower thermal conductivity at the
near-surface of the blocky layer. Furthermore, the duration and date of the first signifi-
cant snowfall in autumn, and the date of the disappearance of snow in spring, are im-
portant factors in terms of the thermal regime of the entire year. In model experiments
Luetschg et al. (2008), showed that the longer the time span of a non-insultating snow
cover, the colder the thermal regime of the entire year. Hereby, the cooling caused
by delayed snowfall in autumn is within the same order of magnitude as the affect by
delayed snow melt in spring (Ling and Zhang, 2003; Luetschg et al., 2008).

Since work on high altitude permafrost distribution started in the 1970’s one of the
challenging problems is the heterogeneity of mountain permafrost in terms of its mi-
croclimate, snow cover and subsurface material, which makes a direct comparison of
different permafrost sites almost impossible. If this heterogeneity and its influence on
the thermal regime of the permafrost is known, the accuracy of spatially distributed
permafrost models based on topoclimatic factors could be verified. In this contribution,
eight year time series of seasonal and inter-annual borehole temperature variability
within a small (1 km2) high mountain permafrost region with different surface and sub-
surface materials is presented. Local climatic factors (such as air temperature, wind
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speed and direction, relative humidity and incoming solar radiation) as well as the to-
pographic situation (exposition, slope angle) are assumed to be the same for all bore-
holes. Hence observed differences in subsurface temperatures are mostly due to the
different subsurface materials and their corresponding, material dependent, dominant
processes. Since the aim of this work is to understand the different processes occuring
in high mountain permafrost and to estimate the different sensitivities to changes in the
microclimate, this work is focused on (1) the characterisation of the thermal regimes
for different materials based on borehole temperature data from 2002-2010, (2) an
analysis of the relationship between air temperature and subsurface temperature by
using the extended TTOP concept and (3) an evaluation of the thermal response of
the different subsurface materials by calculating the temperature transfer rate and the
apparent thermal diffusivity.

2 Investigation site and data sets

The study area is situated in the Upper Engadin (Eastern Swiss Alps) at around
2700ma.s.l. and is surrounded by a steep northwest facing rock wall (Fig. 1). Tak-
ing into account that the investigation of this area started in the 1970s (Barsch, 1977),
it is now one of the best investigated permafrost areas in the Alps and part of the PER-
MOS network (Permafrost Monitoring Switzerland) (e.g. Haeberli et al., 1988; Von-
der Muehll et al., 2001; Hoelzle et al., 2002; Hanson and Hoelzle, 2005 and Noetzli
and Vonder Muehll, 2010). Within the area the Murtel rock glacier is one of the dom-
inant periglacial features, but further rock glaciers and talus slopes are present to the
west (Fig. 2). The borehole network consists of a 58 m deep borehole drilled on the
rock glacier Murtel in 1987 (Haeberli et al., 1988), two boreholes drilled in 2002 on the
nearby Chastelets rock glacier and three boreholes located in between (Hanson and
Hoelzle, 2005). Though the climatic parameters can be assumed to be similar for all
borehole sites, there is a strong variation of the subsurface material and ice content, in
which the boreholes are drilled.
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2.1 Air temperature measurements and snow height

A micrometeorological station located at the Murtel rock glacier measures air temper-
ature, wind speed and direction, humidity, in- and outgoing longwave radiation, in- and
outgoing shortwave radiation and the height of the snow cover since January 1997 (Mit-
taz et al., 2000). Data are recorded every 10 minutes and logged as means over 30
minute intervals. Since 2010 the data are recorded with an hourly interval. From 1988
until 2006, the mean annual air temperature (MAAT) was —1.8 °C and the avarage snow
cover amount was 0.41 m (Hoelzle and Gruber, 2008). During the snow covered pe-
riod, the ground surface temperature (GST) is estimated by an IR-thermometer which
was added to the micrometeorological station in 2001 (Hoelzle and Gruber, 2008). The
micrometeorological measurements at Murtel rock glacier are considered to be repre-
sentative for the whole study area. However, to estimate the exact duration of the snow
cover at each borehole site, GST measurements are used, as the treshold of the daily
temperature amplitude of 0.4°C indicates whether snow is present (<0.4°C) or not
(>0.4°C).

2.2 Ground surface and subsurface temperature measurements

A temperature sensor which is placed at the surface next to each single borehole (Han-
son and Hoelzle, 2005) will be used to obtain the GST for each borehole separately.
Subsurface temperatures are measured by temperature sensors which are placed
within the six boreholes (Fig. 2). The borehole at the Murtel rock glacier (RMc) was
drilled in coarse blocky material. Thermistors were placed down to 58 m depth, starting
at 0.5m and seperated by 1 m. The five boreholes which were drilled by Hanson and
Hoelzle (2005) are each 6 m deep and equipped with 18 thermistors, which were placed
every 10cm within the uppermost meter, every 0.5m from 1 to 5m and at 6 m depth.
Two of these boreholes were drilled in bedrock (one on bare bedrock, Bb, the other
one is covered by 19 cm of soil and vegetation, Bv), one is situated on a coarse blocky
talus slope (TSc), one was drilled in the fine-grained material of the Chastelets rock
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glacier close to its front (RCf) and the last one is located in the coarse blocky part of
the Chastelets rock glacier (RCc) (Fig. 2).

3 Data processing

As a means to analyse the relative influence of different subsurface materials on the
thermal regime, the relationship between air temperature and subsurface permafrost
temperature can be estimated by using the extended TTOP-concept (Smith and Rise-
borough, 1996; Herz et al., 2003; Hoelzle and Gruber, 2008). The TTOP-concept was
developed to explain the climate-permafrost relationship and describes the offset be-
tween the mean annual air temperature (MAAT) and the temperature at the top of the
permafrost (TTOP) (Smith and Riseborough, 1996). To take into account the surface
heterogeneity in mountain areas, the MAGST was added. The total offset between
the air temperature and the temperature of the permafrost is expressed by an offset
between MAAT and MAGST and an offset between MAGST and TTOP. Hoelzle and
Gruber (2008) recommend to include a third temperature value, the mean annual sur-
face temperature (MAST), which is the thermal infrared radiating temperature of the
ground surface, measured by an IR thermometer. Therefore, the surface offset has to
be partitioned into the offset between MAAT and MAST, and another between MAST
and MAGST. This concept is particularly important for mountain permafrost environ-
ments, because the duration and the height of snow cover as well as its influence on
the surface temperature can be taken into account.

Data processing is done individually for the four season: spring, summer, autumn
and winter. As the seasonally varying micro-climatic parameters such as snow cover
and infiltrating melt water can be site specific, it is important to adapt the seasons sep-
arately for each site, according to the dominant processes and not solely with respect
to a fixed date. Spring is defined by the impact of the melt water leading to the zero
curtain (i.e. maintaining temperatures near 0°C for a considerable length of time due to
the release of latent heat). Summer time is defined as the time between the end of the
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spring zero curtain and the first time in autumn when the surface temperature drops
below 0°C. The autumn is characterized by temperatures below 0°C but without the
existence of an insulating snow cover. Whereas the winter season is characterized by
a snow cover, which is thick enough to decouple the air temperature from the ground
surface temperature. The thresholds used to determine the seasons in this study are
shown in Table 1.

To estimate the thermal response of the different subsurface materials, the apparent
thermal diffusivity and the temperature transfer rate was calculated for all sites for the
period between 2003-2010. The thermal diffusivity describes the degree of how fast a
material can change its temperature. It is expressed by the ratio of thermal conductiv-
ity to heat capacity. Its variations can be interpreted in terms of phase changes in the
subsurface. In unfrozen material, increasing water content leads to an increase of the
thermal diffusivity, which is due to a more rapid increase of conductivity than of heat ca-
pacity (Williams and Smith, 1989). Pogliotti et al. (2008) pointed out that the key factor
of the ATD is the water content. In frozen materials, especially within the temperature
range from 0 to —3°C, the diffusivity is highly temperature dependent and is dominated
by the heat capacity term (Williams and Smith, 1989). Note that estimating the ther-
mal diffusivity by borehole temperature data include the effect of non-conductive heat
transfer including water vapour transport and release of latent heat (apparent thermal
diffussivity). Assuming that the temperature pattern can be described by an elemen-
tary sinusoidal function, the ATD was calculated by the yearly temperature amplitude
according to Williams and Smith (1989):

K = ® (24 - 2,)°
2 [m (%))

where k is the thermal diffusivity [m2 s‘1], ® the signal frequency [s'1 yr'1], z = depth
[m], and A, and A, are the temperature amplitudes [K] at the depths z; and z, [m].

(1)
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The temperature transfer rate (7Tg) describes the temperature change within the ac-
tive layer with time.

AT
= B @
(21 = 25)
with:
AT = 7-Max1 - 7-Max2 (3)
At = tTMax1 - Z(‘7-Ma)(2 (4)

The temperature change with depth (AT [K]) is expressed as the temperature differ-
ence between the annual maximum temperature at depth 1 (Ty.4¢) @nd depth 2 (Tyay0)
whereas z; =0.5m and z, =depth of TTOP [m], At is the time interval [d] between

Z(‘7-Max1 and Z‘TMaxZ'

4 Results
4.1 Eight years of active layer observation at the Murtel Corvatsch Area

The development of the subsurface temperature is shown for all six boreholes from
2002 until 2010 (Fig. 3). At all sites minimum winter temperatures were observed in
2004/2005 and 2005/2006 due to a low, non insulating snow cover. In summer the
bedrock sites (Fig. 3a and b) are unfrozen down to 6 m depth. During the last two
years, the Bb site (Fig. 3a) did not freeze at all below 5 m depth. Seasonal temperature
fluctuations at the surface are within a range of —13 to 25°C. In Fig. 3b an anomaly of
strongly increasing temperatures at approximately 5 m depth is visible. Concerning the
ground cooling in autumn, both sites seem to have a threshold (Bb at 0.5 and 1.5m
depth, respectively Bv at 1 m) at which the freezing process is decelerated.
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Figure 3c shows the observed temperature evolution of the borehole drilled in the
talus slope (TSc). The borehole is only 25 m away from the bedrock sites but it shows
a completely different temperature regime: (1) permanently frozen conditions below
5m, (2) a smaller seasonal temperature variation (3) a variable active layer. The depth
of the active layer of the rock glacier sites never exceeds 3m (RCc, Fig. 3e) or 3.5m
(RMc, Fig. 3f). During winter these sites experience the lowest temperatures within
the permafrost body compared to the other sites. Seasonal temperature fluctuations at
the surface are within a range of —15 until 28 °C and therefore similar to those of the
bedrock sites.

In summer 2009 the thermistor chain of the RCc borehole was cut at about 4m
depth due to the movement of the rock glacier. Hence it can be assumed that its shear
horizon is at 4 m depth, 1.5m below the top of permafrost. Finally, Fig. 3d presents the
temperature of the borehole, which is located at the front of the Chastelets rock glacier
(RCf) and which is drilled in fine-grained material. Since 2009, no more permafrost
was observed within 6 m of the borehole. The thermal regime shows a similar pattern
as that at the TSc site (Fig. 3c), but summer temperatures at the surface are lower and
the active layer is much deeper than at the TSc.

Regarding the annual change of active layer depth (Fig. 4) during the last eight years,
a range of 3.5-5.5m for TSc and 4-6 m for RCf is remarkable. The year 2005 shows
the shallowest active layer depth whereas during the years 2003 and 2009 the depth
was up to 6m at the fine-grained and 5.5m at the talus slope site. In general, two
patterns can be distinguished: (a) the RCf and the TSc site, which show a high inter-
annual variability and (b) the coarse blocky rock glacier sites (RCc and RMc), at which
the active layer depth remains constant each year.

4.2 Influence of the subsurface material on the ground thermal regime
Though all sites are influenced by the same meteorological input values, the temper-

atures at the surface und the subsurface vary according to the site-specific material.
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Mean winter air temperature (defined according to Table 1) is —6.5°C and mean sum-
mer air temperature is 5.2 °C, whereas mean ground surface temperatures differ from
—-4.9 (RMc) to —2.2°C (TSc) in winter and from 5.7 (TSc) to 9.2°C (Bv) in summer.
Comparing all sites, it becomes apparent that the bedrock sites (Fig. 5a and b) ex-
perience an almost linear temperature decrease with depth in summer (respectively
increase in winter). As already noticed in Fig. 3b, the anomaly at 5-6 m depth at the Bv
site leads to increasing summer and decreasing winter temperatures at the bottom of
this borehole. The TSc site (Fig. 5¢) shows a large temperature gradient within the first
meter and a smaller gradient from 1—6 m depth. Below 3.5 m, the eight year mean tem-
peratures are around 0°C throughout the year. All rock glacier sites (Fig. 5d—f) show
a splitted temperature profile, including an upper part (active layer) with a high tem-
perature gradient and the permanently frozen part below with almost homogeneous
temperatures. At the RCc and RMc sites (Fig. 5e and f) the temperature within the
permafrost body varies between —2.3 (winter mean) and —0.5°C (summer mean). The
temperature of the rock glacier front (RCf Fig. 5d) remains always around 0 °C, indicat-
ing that phase change processes take place.

To analyse the seasonal influence of the surface and subsurface material, cumulative
temperatures were calculated and are shown in Fig. 6. Starting at the first of October of
each year the daily mean temperatures were summed up for one year and presented
as a four-year mean. Cumulative temperatures give evidence about the yearly bal-
ance of a thermal regime. In permafrost, the cumulative mean temperatures should be
negative over the course of one year, and for positive cumulative mean temperatures,
seasonal frost can be assumed. Figure 6a presents cumulative mean temperatures of
the surface of different materials and of the air temperature at 2m height. The highest
cumulative temperatures after one year are found for the bedrock sites (Bb and Bv).
Even though the cumulative mean air temperature is clearly negative, all sites apart
from RMc, show positive cumulated temperatures at the surface (0m). The largest
difference (1626 K) is between the air temperature and the temperature of Bv. At all
sites the cumulative temperatures within the thaw layer increase much faster during
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summer than the temperatures are decreasing in winter (Fig. 6b). Hence, the thermal
permafrost regime remains stable, if the higher amount of freezing degree days com-
pensates the faster increase of summer temperatures. This is only observed at the
rock glacier sites, which show a clear negative temperature trend at a depth of 2.5m.
The TSc and the RCf sites are close to 0K, which is mainly due to a much smaller
temperature decrease in winter. Comparing the two boreholes of the Chastelets rock
glacier (RCc and RCf), cumulative temperatures for RCf are 792 K higher than for RCc.
Although the temperature increase during summer is the same, RCf experiences less
cooling during winter.

Presenting cumulative temperatures at 5 m depth in Fig. 6¢, permafrost and seasonal
frost regimes can be differentiated. The only sites with a stable permafrost regime are
the coarse blocky rock glaciers (RMc and RCc). The TSc and the RCf site have an
intermediate regime close to 0 K.

By comparing the bare and the vegetated bedrock sites (Fig. 7a and b), the Bv site
shows 50K higher cumulated mean temperatures, but a smaller amount of freezing
degree days (126 K) and a smaller amount of thawing degree days (77 K) than Bb.
Although the borehole is only covered by 19 cm of soil and vegetation, this effect has
an impact on the thermal regime until >1 m depth (Fig. 7¢)

The differences of the yearly freezing and thawing periods are listed in detail for the
uppermost sensors at each borehole in Table 2. The rock glacier sites (RCc and RMc)
have a mean of 250 freezing degree days each year and therefore much more than the
seasonal frost sites (Bb and Bv). In the years 2005 and 2006 all sites experienced the
strongest cooling (i.e. the highest cumulative freezing temperature gradient (CFTG)).
During the warm summer in 2003 the cumulative thawing temperature gradient (CTTG)
was only slightly increased, whereas the CFTG was at all sites one of the lowest during
the last eight years. In general the cumulative freezing temperature gradient (CFTG)
is lower at all sites and in all years than the cumulative thawing temperature gradient
(CTTG), except in the year 2006 where at the rock glacier and the talus slope places
the CFTG exceeds the CTTG. At each site the annual change of the CFTG is higher
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(standard deviation between 0.91 and 2.72) than the annual change of the CTTG with
a standard deviation between 0.38 and 1.27.

4.3 Apparent thermal diffusivity (ATD)

Figure 8 presents the calculated ATD for different sites and depths. Only values below
1m depth will be discussed, because the temperature amplitude close to the surface
is influenced by energy balance parameters rather than by thermal properties of the
subsurface. ATD values found within the active layer of the Chastelets rock glacier
(1—-3m) are about 1.8 x 107°m?s™" and therefore higher than within the ice-filled per-
mafrost layer underneath (0.7 x 10°=1.2 x 10" m?s™"). These values agree well with
the ones published by Williams and Smith (1989) where pure ice is given by a value of
1.16 x 10°°m?s™" at 0°C. The permafrost layer of RMc (3—5 m) shows values between
0.48 x 107°-0.52 x 10°°m?s ™", which are therefore slightly lower and have a smaller
range (Fig. 8). According to Hooke (1998) at a temperature of —0.5 °C variations of the
ATD are mainly caused by changes in thermal conductivity, which is slightly decreas-
ing with increasing temperatures. On the other hand, the heat capacity is increasing
because of a continuously rising unfrozen water content within the ice. However, real
conditions influencing the ATD of rock glaciers are even more complicated because
heat capacity is also depending on the concentration of impurities in the ice, and the
thermal conductivity is influenced by the ratio of ice/rock. The ATD of the bedrock sites
increases with depth to values up to 0.7 x 10°m?s™', which is slightly lower than
the ones of Robert (1998), who found 1.7 x 10%m?s™" as value for granitic rock at a
MAST of around 7.2 °C. The talus slope and the fine grained site at the Chastelets rock
glacier show values of 1.0 x 10%m?s™" within 1-3m and 0.65 x 10™°m?s™" (TSc) or
1.2x 10"°m?s™" (RCf) within 3-5m depth.

Figure 9 presents the calculated temperature transfer rate for different sites. As
expected the rock glacier sites (RCc and RMc) have the fastest temperature transfer,
followed by the talus slope and by the bedrock and fine-grained sites. Consequently
the ice within the rock glaciers enhances the temperature gradient and therefore the
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temperature transfer rate of a factor of four (up to 5.6 K m-’ d‘1) compared to the ice-
free sites.

5 Discussion

The investigated sites in the Murtel-Corvatsch area show no consistent subsurface
temperature trends since 2002 within the observed range of depth. Rather, the thermal
regime is mainly influenced by the composition of the subsurface material. The two
bedrock sites (Bb and Bv) showed only seasonal frost within the investigated range of
depth and increased temperatures were observed in 2003, 2008 and 2009. At the Bb
site (below 5m depth) no freezing was observed during the last two years (Fig. 3a).
This might be caused by additional heating through the SW-exposition of the bedrock
outcrop nearby (Fig. 1). The coarse blocky, ice-rich rock glacier sites (RCc and RMc)
showed no significant changes in the thermal regime during the entire observation
period (Figs. 3 and 4). Their temperature profile is split into a high temperature gradient
(from 0.5m depth to TTOP) and almost isothermal temperature conditions of the ice
within the permafrost. The fine-grained site at the frontal part of the Chastelets rock
glacier (RCf) became ice free in 2008 or 2009 (see Fig. 3d). All sites apart from RMc,
showed positive cumulated temperatures at the surface, even though the cumulative
mean air temperature is clearly negative. This is caused by the isolating effect of the
snow cover in winter. At all sites the cooling during autumn/winter and the duration of
the zero curtain in spring had a stronger influence on the interannual variability of the
thermal regime than temperature increase during summer (Table 2 and Fig. 6). In the
following the dominant processes and material characteristics are discussed for each
site:

— Bedrock: At the bedrock sites, thermal conduction was the dominant process as
could be seen from the almost linear temperature decrease with depth (Fig. 5),
the high cumulative thawing temperature gradient (CTTG) (9.4°C day_1) and the
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calculated ATD of about 0.7 x 10°°m?s™". In Bv (Fig. 3b) an anomaly of strongly
increasing temperatures at approximately 5 m depth were visible. This might have
been caused by a heterogeneity (e.g. a crack in the bedrock), allowing convec-
tive heat transfer. Comparing the vegetated with the bare bedrock site revealed
that the Bv site shows 50 K higher cumulated mean temperatures, but a smaller
amount of freezing degree days (126 K) and a smaller amount of thawing degree
days (77 K) than Bb. Consequenly, the bare bedrock site experiences a higher
incoming shortwave radiation during the day and a higher outgoing longwave ra-
diation during the night. These two radiation fluxes seem to counter act in a quite
homogenous way, whereas the Bv site dampens the daily temperature fluctuation
due to a higher heat storage capacity of the soil (Walker et al., 2003), leading to a
more balanced but slightly warmer regime. Consequently, the impact of the heat
storage capacity on the annual thermal regime is more important than a slightly
higher incoming solar radiation. This effect had an impact on the thermal regime
until more than 1 m depth (Fig. 7c).

Rock glacier (coarse blocky): The active layer depth of the two rock glaciers did
not change during the last eight years (Fig. 4) and the temperature gradient within
the active layer is the largest in comparison with the other sites (Fig. 5). The ther-
mal regime seems to be strongly influenced by the comparatively high ice content
causing only little variation of the active layer depth in spite of changing climate
parameters. ATD values found within the active layer of the Chastelets rock glacier
(1-3m) are about 1.8 x 107°m?s™" and therefore higher than at the ice-filled per-
mafrost layer underneath (0.9 x 1075 m? 3_1), caused by a higher amount of air
filled pore spaces. The ATD values of the active layer and the high temperature
transport rate of 5.6 K m'd™ (Fig. 9) confirm a high thermal response of the ac-
tive layer. However, the thermal regime of the ice-rich rockglacier sites has been
stable over the course of the last eight years.
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— Rock glacier (fine-grained): The variable active layer depth within the observed

period of time and the temperature of the ice close to 0°C illustrate the high sen-
sitivity of this site. In the year 2008/2009 the remaining ice in the front of the
rock glacier melted out completely (Fig. 3d), probably due to 3-D influenced to-
pography of the rockglacier front (Fig. 1). The high temperature gradient within
the active layer (Fig. 5d) was probably caused by the cold temperatures of the
adjacent ice of the rock glacier. The duration of the zero curtain seems to be
very important for this site, as shortening the thawing period of time. Still, some
questions regarding the different processes at this site remain open and more
field measurements would be necessary. Especially, detailed measurements of
infiltration processes caused by (melt-) water, the impact of snow, and the amount
and size of pore spaces have to be taken into account.

Talus slope: A longer lasting snow cover and a reduced amount of incoming
shortwave radiation, due to the slightly more shaded position between the blocks,
caused a much longer frozen season (Figs. 3c and 5c) and lower cumulated tem-
peratures at the surface (4.9 K) (Table 2) than at the bedrock sites beneath. Rela-
tive low MAAT during the year 2005 and 2006 (Fig. 3, Vonder Muehll et al., 2007)
caused a shallow active layer depth whereas during the year 2003 and 2009 the
active layer depth increased about 2m due to a relative high MAAT (Fig. 3, Noetzli
and Vonder Muehll, 2010). The varying zero curtain in spring (Table 2) indicated
highly variable from year to year production of ice during autumn/winter. How-
ever, the high interannual variability of active layer depth (Fig. 4) and the variable
ATD values, lead to the assumption that this site had a yearly changing amount of
ice/water as well as air-filled pore spaces but contained only very little ice during
summer. Convective cooling by air flow between the blocks seemed to be effi-
cient below 1m depth and caused low temperatures throughout the year. It can
assumed that this site is mainly influenced by non-conductive processes as dis-
cussed in Delaloye and Lambiel (2005) and Lambiel and Pieracci (2008). Within
the first meter a temperature transfer rate of about 2.1 Km™'d~' was observed
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(Fig. 9). As explained by Hanson and Hoelzle (2005), the first meter, of this bore-
hole was drilled in a block of approximately 1m depth, leading to the assumption
that the uppermost part of the borehole is dominated by conductive processes.
Hence, the occurence of permafrost at this site, is due to the very efficient cooling
by convective processes and the seasonal creation of ice.

6 Conclusions

Eight year borehole temperature data from a high alpine permafrost environment
including different subsurface materials were presented. Assuming that the micro-
climate, the exposition and slope angle are almost the same for all sites, no uniform
subsurface temperature changes were observed. The ground temperatures and the
thermal regimes depend strongly on the subsurface material and its site specific pro-
cesses as follows:

— At all sites the interannual variability of the cooling during autumn/winter and the
duration of the zero curtain in spring have a stronger influence on the annual
thermal regime than temperatures during summer, which showed less variability.

— At the investigated Murtel-Corvatsch area, temperature anomalies like the year
2003 (Vonder Muehll et al., 2007), are not due to a stronger temperature increase
during summer rather than to the low cooling during the winter before.

— Within fine-grained material with a thermal regime close to 0°C, the duration of
the zero curtain seems to be a key factor for the thermal regime. During winter,
fine-grained material experiences much less cooling than coarse blocky material.

— The height of the snowpack has an influence on all sites. A thin, snow pack
without thermal resistance (i.e. during winter 2004/2005 and 2005/2006) forces a
cooling of the ground irrespective of the subsurface material. Modelled results of
Luetschg et al. (2008) could therefore be confirmed.
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— Ice-rich material enhances the temperature transport rate significantly due to a
high temperature gradient. However, as long as the temperature of the ice is
< -1°C, the energy is used for phase change processes at the TTOP and no
changes in active layer depth will occur.

— Within coarse blocky material, the air ventilation and the seasonal production of
ice are the main factors for permafrost occurence in high alpine regions. While
temperatures within the talus slope are close to 0°C and a stable permafrost
regime is observed, the thermal regime of the fine-grained site (where convective
and advective airflow can be neglected) thawed in 2008/2009.

— A vegetation and soil layer dampens the annual temperature amplitude deeper
than 1 m. However, in total, the annual mean ground temperatures are higher as
a result of the higher heat storage capacity of the soil.

Especially fine-grained material and material with small amounts of ice at a temper-
ature of 0°C are highly sensitive to changes in the microclimate but these are not yet
sufficiently investigated at these sites. The understanding of the processes during the
phase change and its effect on different physical parameters is still challenging. Within
fine-grained material numerous complex processes like the infiltration of melt (-water),
refreezing water during summer and air-circulation depending on the pore spaces are
involved, which should be further investigated by combined modelling and field studies.
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Table 1. Thresholds to differentiate the four seasons individually at each borehole.

Threshold Spring Summer  Autumn Winter
Daily mean air temperature >0°C  >0°C <0°C <0°C
Daily amplitude of GST =0°C >04°C >0.4°C <0.4°C

Snow height (d)

- 0<d<30cm >30cm
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Table 2. Comparison of freezing and thawing indicators for the last eight years and for differ-
ent sites for 1.5m depth. Freezing indicators are the cumulated freezing temperature gradient
(CFTG), the annual amount of freezing days and the duration of the spring zero curtain. Thaw-
ing indicators are expressed by the cumulated thawing temperature gradient (CTTG) and the
annual amount of thawing days. Values are calculated for hydrological years (i.e. 2003 starts
at the 1 October 2002).

freezing indicators thawing indicators
site year duration cumulative freezing  amount of cumulative thawing amount of
of spring zero  temperature gradient  freezing temperature gradient thawing days
curtain [d] (CFTG) [’C d™" days (CTTG) ['C d™" days
Bb 2003 2 -0.13 84 11.3 279
2004 - - - - -
2005 5 -5.37 163 8.41 197
2006 1 -4.59 186 8.84 178
2007 - - - - -
2008 - - - - -
2009 0 0 0 9.56 365
2010 0 0 0 9.16 365
mean (stdev) 2 (£2) -2.02 (£2.72) 61 (+88) 9.45 (£1.11) 277 (+89)
Bv 2003 4 -0.13 51 10.8 310
2004 - - - - -
2005 1 -3.09 187 8.4 177
2006 1 -2.92 200 8.92 164
2007 - - - - -
2008 - - - - -
2009 0 -0.03 79 9.87 286
2010 1 -0.05 100 8.77 264
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Table 2. Continued.

freezing indicators

thawing indicators

site year duration cumulative freezing  amount of cumulative thawing amount of
of spring zero  temperature gradient  freezing temperature gradient thawing days
curtain [d] (CFTG)['Cd™"] days (CTTG)['Cd™"] days
mean (stdev) 1(x2) -1.24 (+1.61) 128 (+£53) 9.35 (+0.97) 240 (+66)
TSc 2003 10 -0.07 121 5.9 234
2004 - - - - -
2005 6 -3.02 206 3.29 153
2006 5 -3.78 225 2.91 135
2007 - - - - -
2008 - - - - -
2009 4 -0.07 142 4.92 219
2010 8 -0.84 177 3.38 180
mean (stdev) 7 (£2) -1.56 (+£1.73) 187 (£42) 4.08 (£1.27) 184 (+42)
RMc 2003 - - - - -
2004 21 -3.31 237 5.48 108
2005 19 -4.79 209 4.86 137
2006 26 -5.64 218 5.27 121
2007 - - - - -
2008 25 -4.33 226 5.65 115
2009 - - - - -
2010 17 -3.78 236 5.84 112
mean (stdev) 22 (+4) -4.36 (+£0.91) 254 (+10) 5.42 (+0.38) 119 (x11)
RCc 2003 44 -1.39 224 6.82 97
2004 41 -2.55 229 4.44 96
2005 21 -5.23 225 4.33 119
2006 24 -6.11 217 4.15 124
2007 29 -3.86 174 5.56 162
2008 - - - - -
2009 - - - - -
2010 43 -3.4 236 3.95 86
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Table 2. Continued.

freezing indicators

thawing indicators

site  year duration cumulative freezing  amount of cumulative thawing amount of
of spring zero  temperature gradient  freezing temperature gradient thawing days
curtain [d] (CFTG)[’Cd™"] days (CTTG) [’Cd™"] days
mean (stdev) 34 (+10) -3.76 (+1.73) 251 (+28) 4.88 (£1.11) 114 (+£28)
RCf 2003 40 -0.98 181 6.25 144
2004 38 -1.77 152 5.94 176
2005 33 —-4.43 142 5.23 190
2006 14 -3.49 157 6.36 194
2007 39 -2.58 116 5.36 210
2008 - - - - -
2009 - - - - -
2010 43 -0.32 32 6.78 290
mean (stdev) 35 (x11) —2.26 (+1.55) 165 (+49) 5.99 (+£0.60) 201 (£49)
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Fig. 1. Investigation area Murtel-Corvatsch, Eastern Swiss Alps. The 5 shallow boreholes
are indicated by its material: Bb =bare bedrock, Bv = vegetated bedrock, TSc =talus slope
(coarse blocky), RCf=rock glacier Chastelets (fine-grained), RCc =rock glacier Chastelets
(coarse blocky) and RMc rock glacier Murtel (coarse blocky).
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rock glacier “Chastelets”
(coarse blocky) (RCc)

rock glacier “Chastelets”
(fine grained) (RCf)

rock glacier “Murtél” bedrock (vegetated) (Bv) bedrock (bare) (Bb) talus slope
(coarse blocky) (RMc) (coarse blocky) (TSc)

Fig. 2. Photographs of the different surfaces at the borehole locations in the investigation area,
(August 2009).
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Fig. 3. Borehole temperature data from 2002—2010.
2657

| J1edeq uoissnosiq | Jededq uoissnosiqg | Jeded uoissnasiqg

Jaded uoissnasiq

TCD
5, 2629-2663, 2011

Influence of surface
heterogeneity on
observed borehole
temperatures

S. Schneider et al.

(&)
()



http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2629/2011/tcd-5-2629-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2629/2011/tcd-5-2629-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

[m]

=7

2003

2004

2005

2006

2007 2008 2009 2010

B TSc
B RCc
B RCf

B RMc

Fig. 4. Active layer depth of the last eight years for the boreholes with permafrost.

2658

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

TCD
5, 2629-2663, 2011

Influence of surface
heterogeneity on
observed borehole
temperatures

S. Schneider et al.

(&)
()



http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2629/2011/tcd-5-2629-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2629/2011/tcd-5-2629-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

a) Bb b) Bv ) TSc
2 2 : 2 . = C
of- o} ng ad 0 \’ r]
\ ‘ & g
—_ - = o _ s =0
E 2 E 2 " = o E 2 s o
= a =m0 a0
‘m =m0 [1:]
:ma m o
-4 4 ‘s 4 =
cam -
o -
6 = 6 o= 6 d
10 5 0 5 10 10 5 0 5 10 10 5 0 5 10
[°Cl [°C] [cl
d) RCf e) RCe
2 - = = 2 L & =
R N e L I B
s 8 0O _ a = o
E 2 e s o E 2 [RCRE: 5
- L] ama -
[ TT:] ssg
[ mmo s
-4 m 4 [ LR
L] a0
o L
6 -6 e R
10 5 0 5 10 -10 -5 0 5 10 10 5 0 5 10
rel rCl el

Fig. 5. Eight year mean annual (grey), mean summer (white) and mean winter temperatures
(black) for each borehole and each depth. In addition, air temperature (taken from the microm-
eteorological station at rock glacier Murtel) and the individual mean GST at each borehole site
are included.
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cumulative temperatures [K]

Fig. 6. Mean cumulative temperatures (averaged over four years — 2003, 2005, 2006, 2010)
at three different depths — O0m (a), 2.5m (b) and 5m (c¢) — for the six boreholes. The air
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Fig. 7. Cumulative temperatures (averaged over four years — 2003, 2005, 2006, 2010) at the
surface (0 m depth) for bare bedrock (Bb) and vegetated bedrock (Bv). Freezing degree days
are all days <0°C, whereas the days with temperatures >0°C were set to 0. Likewise the
thawing degree days are the days with temperatures > 0 °C and temperatures <0°C were set
to 0. For (c) the mean cumulated temperature difference between the vegetated and the bare
bedrock site for 0m, 1 m and 2m depth was calculated.
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Fig. 9. Temperature transfer rate, calculated as 6 year mean from maximum summer borehole
temperatures from 0.5m depth to TTOP inKm™'d™".
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