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Abstract. In high mountain areas, permafrost is important pographic setting of the Matterhorn (Switzerland). Results
because it influences the occurrence of natural hazards, bérom idealized geometries are compared to this first example
cause it has to be considered in construction practices, andf real topography, and possibilities as well as limitations of
because it is sensitive to climate change. The assessment tife model application are discussed.

its distribution and evolution is challenging because of highly
variable conditions at and below the surface, steep topog-
raphy and varying climatic conditions. This paper presents;
a systematic investigation of effects of topography and cli-
mate variability that are important for subsurface temper-|n Alpine environments, permafrost is a widespread thermal
atures in Alpine bedrock permafrost. We studied the ef-sypsurface phenomenon. Permafrost is defined as material
fects of both, past and projected future ground surface tempf the lithosphere that remains at or beloCdfor at least
perature variations on the basis of numerical experimentatwo consecutive years (e.g., Brown anev@ 1973, Wash-

tion with simplified mountain topography in order to demon- phyrn 1979). Its possible warming and degradation in con-
strate the principal effects. The modeling approach appliechection with climate change is regarded as a decisive factor
combines a distributed surface energy balance model and @fluencing the stability of steep rock faces (e.g., Haeberli
three-dimensional subsurface heat conduction scheme. Ret a1., 1997: Davies et al., 2001; Noetzli et al., 2003; Gru-
sults show that the paSt climate variations that essentia”y in‘ber and Haeber”, 2007) It is therefore important to assess
fluence present-day permafrost temperatures at depth of thye impact of climate change on mountain permafrost for the
idealized mountains are the last glacial period and the maynderstanding of natural hazards and for construction prac-
jor fluctuations in the past millennium. Transient effects tices (Haeberli, 1992; Harris et al., 2001; Romanovsky et
from projected future warming, however, are likely larger aj., 2007), especially in densely populated areas such as the
than those from past climate conditions because larger temeyropean Alps. Further, permafrost influences Alpine land-
perature changes at the surface occur in shorter time periscape evolution, hydrology, and it is monitored in the scope
ods. We further demonstrate the accelerating influence obf climate observing systems (e.g., Global Terrestrial Net-
multi-lateral warming in steep and complex topography for work for Permafrost, GTN-P, within the Global Climate Ob-

a temperature signal entering the subsurface as compared &rying System, GCOS). The quantification of temperature
the situation in flat areas. The effects of varying and un-changes and the discernment of zones that are sensitive to
certain material properties (i.e., thermal properties, porositypermafrost degradation require knowledge of the spatial dis-
and freezing characteristics) on the subsurface temperaturgihytion of subsurface temperatures as well as of their evo-
field were examined in sensitivity studies. A considerable|ytion. Even though measured temperature profiles in bore-
influence of latent heat due to water in low-porosity bedrockholes enable an initial assessment of temperature changes
was only shown for simulations over time periods of decadege g., Isaksen et al., 2007; PERMOS, 2007), they cannot
to centuries. At the end, the model was applied to the to-he ysed for an extrapolation in space or time in a simple
and straightforward way in high mountains (cf. Gruber et
al., 2004c). The extreme topography in these areas leads to
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The understanding of three-dimensional and transient submodel is applied to the topographic setting of the Matterhorn
surface temperature fields below steep topography can béwitzerland). Results from idealized geometries are com-
improved by numerical modeling that accounts for two- andpared to this first example of real topography, and possibili-
three-dimensional effects (e.g., Safanda, 1999; Kohl et al.ties as well as important limitations of the model applications
2001; Wegmann et al., 1998). are discussed.

Noetzli et al. (2007b) have shown that in complex topog-
raphy ground surface temperatures (GST) alone do not suffi-
ciently indicate the thermal conditions at depth (when speak? Background and approach
ing of “at depth” in this paper, we refer to depths deeper than
the zero annual amplitude — ZAA): Because of existing Iat-z'1 Background

eral heat fluxes, permafrost can occur at locations with POSMany studies point to significant temperature depressions in

itive GST even if conditions are stationary. Stationary con- o deeper subsurface, which are caused by past cold climate
ditions, however, do not describe the situation found in na-.4gitions (e.g., Haeberli et al., 1984; Safanda and Rajver

ture since transient effects of past climate periods additionQOOl)_ That is, actual subsurface temperatures are colder

ally modify the subsurface temperature field. In the SwisSy,a for a stationary temperature field that corresponds to
Alps, permafrost thickness ranges from a few meters up tQ,,rrent climate conditions. The depth to which a ground sur-
several hundreds of meters below the highest peaks (such ggce temperature variation is perceivable is determined by its
the Monte Rosa massif; tithi and Funk, 2001), and time  5yjitude and duration, as well as by the thermal proper-
scales mvc_)Ived in deep permafrost chapges can be in thgas of the subsurface. In modeling studies, such temperature
range of millennia even without the retarding effect of latent .,y 1 alies are usually computed as deviations of actual ther-

heat (e.g., Lunardini, 1996; Kukkonen and Safanda, 20015 conditions from equilibrium conditions (e.g., Pollak and

Mottaghy and Rath, 2006). Consequently, the influence Ofyy,ang 2000; Beltrami et al., 2005). In a first approach, they
past cold periods such as the last Ice Age are likely to persisty pe calculated by superposition of stepwise temperature
in permafrost temperatures in the interior of high mountains ., qes using analytical heat transfer solutions (e.g., Birch,
(Haeberli et al., 1984, Kohl, 1999; Kohl and Gruber, 2003). 1948. Carslaw and Jaeger, 1959). Based on this technique,
The more recent but smaller 20th century warming (Haeberliy, assumed 2C cooler surface temperature during the last
and Beniston, 1998; Beniston, 2005) currently affects groundpgistocene Ice Age (ca. 70-100ky BP) still causes a tem-
temperatures in the upper decameters. That is, a reaIiStiBerature depression of more thatC4at a depth of 1000m
simulation of today’s thermal state of mountain permafrost(Kth 1999). Haeberli et al. (1984) have estimated a ground

cannot be based on current GST alone, but it is necessary t@mperature depression from the last cold period°6f &t a
initialize the model far enough in the past. A correspondingdepth of about 1000 to 1500 m for the Swiss Plateau.

initialization procedure has to include the past climate varia- 5 large number of studies exist that use measured temper-
tions that influence current subsurface temperatures. Furtheg; .os in deep boreholes to reconstruct past climatic condi-
the modeling of transient temperature fields is essential to as;g g (e.g., Lachenbruch and Marshall, 1986; Pollak et al.,
sess possible permafrost temperatures in the coming decadg§98; Huang et al., 2000; Beltrami, 2001; Kukkonen and
and centuries. _ Safanda, 2001). Relating to such studies, past climate vari-
The combined effects of steep topography and transienLyinns that have a significant influence on current subsur-
paleoclimatic signals on the subsurface temperature fieldg,ce temperatures can be identified. Climate reconstruction
in the interior of Alpine peaks have not been systematicallygygies are, however, typically based on data measured in
studied so far. In.thls paper, we f|r_st analyze how big the in-poreholes that were drilled in flat areas and that are princi-
fluence of past climate conditions is on the present-day thery, 5y sybject to one-dimensional vertical heat transfer. Only

mal state of mountain permafrost. And secondly, we CON-5 fe\y recent studies deal with the effect of past tempera-
sider a simplified scenario of future climate change in ordery | og together with two- or three-dimensional topography.
to estimate their effect. Our study is based on numerical exy | (1999) demonstrated that the transient temperature sig-
perimentation with simplified topography and typical values 5| can be modified by topography even at depths of more
of surface and subsurface conditions because the situation i an 1000 m. Case studies in permafrost areas in the Swiss
nature is highly variable and complex. The results of sucthS (Wegmann et al., 1998lthi and Funk, 2001: Kohl and
idealized simulations can be used to identify the principal gryper, 2003) indicate that the long term climate history has
effects and will contribute to our understanding of the three-y, pe taken into account to realistically reproduce measured
dimensional distribution of mountain permafrost, its thermal temperature fields and warming rates at depth. GST histories
state today, and its possible evolution |n_the future.  Theyqonsidered in these studies reach back in time for 1200 years
should be seen as a step towards assessing natural and M@ge |oc4) case studies (Wegmann et al., 1998) and more than

complicated situations. Results will also be useful to decide; g oo years for entire mountain massifs (Kohl et al., 2001;
on the initialization procedure required for the modeling of | ytni and Funk, 2001). ' ’

permafrost temperatures in high-mountains. At the end, the
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2.2 Approach RCM output L

N
The modeling of subsurface temperatures in hi h-mountain's‘1 DEM $ 4 )
. 9 per gn-r Ly climate time series  x__energybalance gy yycor! W
is complex because temperature fields are significantly in- | ¢ e characteristics > "t

fluenced by (i) spatially variable GST, (ii) spatially vari- subsurface information

able properties of the subsurface, (iii) three-dimensional ef- ; . DEM

fects caused by steep terrain geometry, and (iv) the evolu-  3p thermal field ~4—— heat conduction I8 rFacetam peranures
tion of GST in the past. In this study, we used and further \ \k AR GIRI R }
developed the modeling procedure described by Noetzli et \ +AT(t)

al. (2007a, b), which has been designed and validated (Noet-

21i 2008, Noetzli et al., 2008) for use in steep mountain t0-gig 1. Mean ground surface temperatures (MGST) are calculated
pography: A distributed surface energy balance model to calpased on a surface energy balance model (TEBAL). They are used
culate ground surface temperatures and a three-dimensionat upper boundary condition in a three-dimensional finite element
heat-conduction model are combined for forward simulationheat conduction scheme (within COMSOL) to compute the subsur-
of a subsurface temperature field (Fig. 1). face temperature field. For transient simulations the evolution of the
Heat transfer is mainly conductive in bedrock permafrostsurface temperatures is prescribed.
and is driven by the spatial and temporal temperature vari-
ations at the surface and the heat flow from the interior of . ) e
the earth. The distributed surface energy balance model used W€ Performed the basic simulations for a simplified ridge,
enables a sound calculation of spatially variable surface temtN€ MOSt common feature comprising Alpine topography
peratures in steep terrain (Gruber et al., 2004b). Further pro(Cf' Noetzli et "?‘l" 2007). A ridge of 1000m helght was
cesses such as advection by fluid flow can, as a first approxset to an elevation of 3500 m a.s:l. and east-west orlentat'lon.
imation, be neglected (e.g., Kukkonen and Safanda, 2001)1€nce, it has a warm south-facing and a cold north-facing
Accordingly, we considered a purely conductive transientSI°P€: Which induces a subsurface temperature field with
thermal field with the modeled surface temperatures as upSt€ePly inclining isotherms in the uppermost part (cf. Fig. 3).

per, and the geothermal heat flux as lower boundary CondiAthreshoId for the slope of steep bedrock is often set at about

tion. More details on the models, their validation, and their 3/ (€-9., Gruber and Haeberli, 2007). Couloirs with this
settings are given in Sect. 3. steepness, however, can often contain a significant amount of

To account for the evolution of GST in the past, we ini- S"OW OF debris, and because we do not consider any surface

tialize the subsurface temperature field based on a prescribe%over in the idealized settings, we set the slope value 1o 50

GST history using a steady state solution for the GST con-m order to study the influence of terrain geometry, we varied

ditions at the start time. We applied different GST histories,the topographic factors (i.e., elevation and slope angle) of the

which we compiled based on published changes in air tem_two-dlmensmnal ridge. Finally, we compared the results for

peratures and the simplifying assumption that GST follow ridge topography to those for a flat and one-dimensional

these changes closely. That is, effects from changes in othé?la'n and a three-dimensional mountain peak represented by

components of the surface energy balance, snow cover, & pyramid. The use of a distributed energy balance approach

surface characteristics are not considered. Temporal varis not essential for the experimentation presented here, and

ations of surface temperatures penetrate downward with g reasonaple parametenzatlon for GST would suffice. For
considerable time lag and with amplitudes diminishing ex—mOdEI application to more complex topography, however, the

ponentially with depth. In this study, we ignore Seasonalspatial distribution of GST cannot be easily parameterized
temperature variations, which may pénetrate down to aboui’md its sound calculation is crucial, because it drives the di-
10-15m in solid and ’dry bedrock (Gruber et al., 2004a) rection and magnitude of subsurface heat fluxes (Gruber et

and only consider long-term variations with time scales ofal" 2004c; Noetzli et al., 2007). For consistency and in or-

decades to millennia, which influence temperatures atgreateqer to demonsrate the entire modeling procedure, GST are

depth. Such long-term variations still occur on much shorte calcula’Fed baged on th_e dis_tributed energy balance model for
time scales than the geological processes that determine ths'émlJIatlonS with both, idealized and real topography.
geothermal heat flow. The past climatologic variations are

f[herefore treated as transient effects of the upper boundarieg Temperature modeling

in our model, and the lower basal heat flow boundary con-

dition is kept constant (cf. Pollak and Huang, 2000). The3.1 Energy balance and rock surface temperatures

lack of information concerning the most important subsur-

face characteristics that influence conductive heat transporfhe TEBAL model (Topography and Energy BALance) sim-
(thermal properties, porosity, freezing characteristics, etc.) isulates distributed surface energy fluxes in complex terrain
approached by using model assumptions based on sensitivityased on observed climate time series, topography, and sur-
studies. face and subsurface information. The model is designed
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Table 1. Surface and subsurface properties assumed in the experimentation runs.

Surface

Emissivity 0.96 Gruber et al., 2004c

Rougness 0.0001m Gruber et al., 2004c

Albedo 0.2 Gruber et al., 2004c

Subsurface

Volum. heat capacity 2010°Jm3K~1 Cermak and Rybach, 1982; Wegmann et al., 1998
Thermal conductivity 2.5WKIm~1 Cermak and Rybach, 1982; Wegmann et al., 1998
Porosity (saturated) 3% Wegmann et al., 1998

(Gruber, 2005; Stocker-Mittaz, 2002) and validated (Gru-range, where phase transition takes place and unfrozen wa-
ber, 2005; Gruber et al., 2004b; Noetzli et al., 2007b) for theter is present, and which relates to the steepness of the un-
calculation of near-surface temperatures in steep rock slopesozen water content curve. The parameatemakes it pos-
in the Alps and was successfully applied in previous studiessible to account for a variety of ground conditions (Mot-
on bedrock permafrost (e.g., Gruber et al., 2004a, b; Noettaghy and Rath, 2006): Values af typically range from
zli et al., 2007b; Salzmann et al., 2007). Mean ground sur0.5 K for material such as sand to 2 K for material such as
face temperatures (MGST) are computed using gridded digbentonite (Anderson and Tice, 1972; Williams and Smith,
ital elevation models (DEMSs) of the topography considered1989), but information on bedrock material is sparse. Weg-
and with hourly climate time series from a high elevation mann (1998) found that most of the interstitial ice in the rock
meteo station. In this paper, we used the data from Cor-of the Jungfrau East Ridge, Switzerland, freezes at°@).3
vatsch at 3315ma.s.l. in the Upper Engadine (Data sourcewhich indicates a small freezing interval with a steep curve
MeteoSwiss) for the period 1990-1999 AD. We further ref- and a low value ofv. A further important factor is the poros-
erence this period as “today” or “present”. Surface and sub-ty of the material, for which we assumed 3% (volume frac-
surface properties for bedrock were set to typical values otion, saturated conditions) to be a reasonable value to inves-
Alpine rock according to Noetzli et al. (2007a; Table 1). The tigate the principal effects (cf. Wegmann et al., 1998).
influence of their possible variation was additionally assessed The commercial finite-element (FE) modeling package
in sensitivity studies (cf. Sects. 4.1.2 and 4.2.2.) For simpli-cOMSOL Multiphysics was used for forward modeling of
fication purposes and because most steep rock slopes do neibsurface rock temperatures (Noetzli et al., 2007a). The
accumulate a thick snow cover during winter, we neglect theheat conduction module included in this software has been
simulation of the snow cover for the numerical experiments. successfully used for the simulation of borehole temperature
profiles in the Schilthorn ridge, Switzerland (Noetzli et al.,
3.2 Heat conduction and subsurface temperatures 2008) and the Zugspitze, Germany (Noetzli, 2008). The FE
mesh for the topographies was created with increasing verti-
As described above (Sect. 2.2), we considered a condugazal refinement from 250 m at depth to 10 m for elements clos-
tive three-dimensional transient thermal field (Carslaw andest to the surface. In order to avoid effects from the model
Jaeger, 1959) in an isotropic and homogeneous medium urboundaries, a rectangle box of 2000 m height and thermal in-
der complex topography. The thermal properties of the subsulation at its sides was added below the geometry. The FE
surface were set based on published values (@kand Ry-  mesh consisted of ca. 1500 elements for a ridge, and of about
bach, 1982; Wegmann et al., 1998; Safanda, 1999) (cf. Ta25 000 elements for a pyramid. The lower boundary condi-
ble 1). tion was set to a uniform heat flux of 80 mWh (Medici
Ice contained in the pore space and crevices delays the ré@nd Rybach, 1995), and for the upper boundary conditions
sponse to surface warming by the consumption of latent heathe modeled MGSTs were given. The model was run with
which may influence the time and depth scales of permafrostime-steps of 1 year for simulations over a period of more
degradation by orders of magnitude even in low porosity rockthan 1000 years, and with time steps of 10 days for shorter
(Wegmann et al., 1998; Romanovsky and Osterkamp, 2000periods. Sensitivity runs with higher refinement of the FE
Kukkonen and Safanda, 2001). This effect can be handlednesh, a lower boundary condition set at greater depth, and
in heat transfer models by introducing an apparent heat casmaller time steps did not considerably change any of the re-
pacity. We used the approach described by Mottaghy an@ults (i.e., the maximum absolute difference in modeled tem-
Rath (2006): The apparent heat capacity substitutes the heg@gratures was below G.C).
capacity in the heat transfer equation within the freezing in- The modeling procedure bases on the coupling of the dis-
tervalw. The freezing intervalv describes the temperature tributed energy balance model TEBAL with subsurface heat
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Fig. 2. For the initialization runs, surface temperature histories of Fio. 3. Diff in th bsurf ¢ ture field f ¢
diverse lengths and temporal resolutions were used. Based on the'd- °- Dierence in the subsurtace temperature neid for a sta-

results obtained, an initialization curve for further simulations was tonary simulation compared to model runs initialized with differ-

N o
compiled (thick dashed orange line). Scenarios were calculated astefhnt ny;facettemzejature hlstoretts.(;l'ﬁéxatnhd—s; tC |sothern|1$tf0r d
suming a uniform linear warming 6£3°C/100y. MW=Medieval € ditrerent modet runs are plotied over the stationary solution de-

Warmth, HCO=Holocene Climate Optimum, LIA=Little Ice Age. picted in color.

conduction simulated in COMSOL. Because measurement§300AD)' the Little Ice Age (LIA, ca. ,1300_1850, AD),

of entire three-dimensional temperature fields in mountain"d the subsequent 20th Century warming are typically re-
are hardly feasible, three different validation steps have beef©!ved in temperature reconstructions (cf. Dahl-Jensen etal.,
taken in order to gain confidence in the modeling results:998). With increasing spatial and temporal refinement, cli-

(Noetzli, 2008). They include: (1) comparison with field data Mate variations become more complex and reconstructions
measured at or near the surface, (2) comparison with temmore detailed, partlcularly towardg thg present time. This

perature profiles from boreholes, and (3) sensitivity studiesMEets our needs since due to the diffusive nature of heat flow
For (1) and (2) we refer to the detailed descriptions and re-2 temperature signal entering into the subsurface is damp-
sults presented in Gruber et al. (2004b), Noetzli et al. (2007)€ned with depth. That is, the temporal resolution of the

Noetzli (2008), and Noetzli et al. (2008). Sensitivity studies SU'face temperature variations affecting subsurface temper-
to assess the uncertainties related to the lack of informatiofftures decreases with depth. , _

on subsurface properties and the surface temperature historaéwe analyze the influence of the above-mentioned periods

are part of this paper (cf. Sect. 4 for results). .ig. 2) on the pregent—day subsurface temperature figlq in-
side steep mountains. The effects of temperature variations

3.3 Evolution of surface temperature further back in time or of smaller amplitude are considered
negligible. For a detailed description of the most recent tem-
A wealth of literature exists on temperature reconstructionsperature fluctuations we used measured variations in mean
from proxy data for global (Pollak et al., 1998; Huang et annual air temperatures (MAAT) from a high Alpine station
al., 2000; Jones and Mann, 2004), hemispheric (Jones et al(ungfraujoch, Switzerland, 3576 m a.s.l.), where air temper-
1998; Petit et al., 1999), and regional scale (Patzelt, 1987ature data is available back to 1933 AD (Data Source: Me-
Isaksen et al., 2000; Casty et al., 2005) over the past centurigeoSwiss). The difference in mean temperatures between
and millennia. For the European Alps, temperature variationghe periods 1990-1999 AD and 1933-1950 AD amounts to
are generally more pronounced with larger amplitudes com-+1°C for this station. Additionally, we assumed a difference
pared to those averaged globally or for the Northern Hemi-in air temperature 04-0.5°C between the end of the LIA and
sphere (Beniston et al., 1997; Pfister, 1999; Luterbacher ethe start of the data recordings, resulting in a total increase of
al., 2004). In the uppermost kilometers of the Earth’s crust,+1.5°C since 1850 AD (cf. Boehm et al., 2001).
mainly the thermal effects of two events are prominenttoday Based on the above described considerations, we explore
(Haeberli et al., 1984): the temperature depression duringhe effect of the following scenarios of temperature history
the Pleistocene Ice Age and the sharp rise in temperatureis order to decide on the initialization procedure (Fig. 2):
between the time of maximum glaciation (around 18 ky BP)
and the beginning of the thermally more stable Holocene — The Pleistocene Ice Agél)/(2); numbers in brack-
(around 10 ky BP). For the Holocene, the Climatic Optimum ets correspond to Fig. 2): Temperature depressions
(HCO, ca. 5-6 ky BP), the Medieval Warmth (MW, ca. 800— are assumed-10°C colder compared to present-day
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temperatures (Patzelt, 1987), followed by a linear in-which does not fundamentally differ for temperatures re-
crease from the time of maximum glaciation (18 ky BP) sulting from initialized model runs. The latter, however,
to the beginning of the Holocene (10 ky BP). For the are lower for the entire thermal field and all GST histories
Holocene no temperature variations were consideredused. OC and —3°C-isotherms of temperature fields ini-
To assess the effect of colder estimates, we additionallftialized with different GST histories are compared to sta-
used a value of15°C (Haeberli et al., 1984). tionary conditions with current GST in Fig. 3: According
. ) , to the definition of permafrost, the’Q isotherm stands for

— HCO(3): During the Holocene Climate Optimum SUM- o schematic permafrost boundary in the idealized mountain
mer temperatures were approx. 1.5€3warmer than jque \whereas the-3°C isotherm relates to the temperature
today (Burga, 1991_)' Mean annual ter_nperatures pro_b'distribution inside the schematic permafrost body. The re-
ab'Y were not as high, but to test the influence of this sulting temperature depressions from the last Ice Age (1) is
period we assume¢2°C. in the range of-0.5°C for the upper half of the geometry,

— Past millennium (4): In contrast to e.g., von andintherange of2.5°C for the lower part. When assum-
Rudloff (1980), newer studies conclude that air tem- Ing colder GST in the last Ice Age (2) these values amount
peratures in Europe during the MW were probably not {0 —1°C and—4°C, respectively. Simulating the GST vari-
warmer than or comparable to today (Hughes and Diazations during the Holocene (4) results in addl'qonally I_ower
1994 Crowley and Lowery, 2000; Goosse et al., 2006)_temperatures: On the one hand, the LIA (5) is perceivable
Yet, to estimate the possible influence of the MW we down to about 250 m depth. On the other hand, deeper parts
used 0.5C higher surface temperatures than at present@re modeled colder because (1) and (2) do not consider that
For the LIA, we assumed temperatures°CSlower ~ Present-day GST are somewhat higher than Holocene aver-
(Boehm et al., 2001). age. The effect of the HCO (3) is below OC_lfor the e_nt|r_e

geometry, and results are therefore not displayed in Fig. 3.

— Recent warmingWe used a linear temperature increase Results for GST history (6) do not notably differ from (5) and
following the LIA (5) and, in addition, annual MAAT  are not shown, either. Based on the results from (1) to (6), we
variations taken from Jungfraujoch meteodata (6). compiled GST history (7), which accounts for the variations

) for which a significant influence was shown above. Although

Further, to asses the transient response of the subsurfagg, se highly idealized conditions in the experiments, it can
temperature field to future warming, we used a warming sceqg assumed that these are the most important variations that

nario of the rock surface of-3°C/100y. This value has jnf,ence the subsurface thermal field in high mountains, be-

been calculated as a mean warming of Alpine rock surfaceg se thermal properties and size of the major part of Alpine

from 1982-2002 to 20712091, based on output from differ-,hography does not essentially differ from the geometries

ent Regional Climate Models, different emission scenarios,;seq: Wwe considered the cold temperatures during the last
downscaling methods, and varying topographic settings byce age (1) and the major fluctuations in the past millennium

Salzmann et al. (2007). Since no information on the form of(4)_ GST history (7) is used for all subsequent calculations in

the increase (e.g., exponential) was deducted and uncertaifjs stydy and corresponding temperature fields are referred
ties are high, we chose a linear increase. Based on this SiMy as “initialized” or “transient”.

ple scenario, the principal effects of the transient response of Figure 4 depicts the isotherms of the initialized tempera-

bedrock temperatures can be investigated. ture pattern together with the stationary field for current GST.
The initialized temperature field is colder and in the upper-

4 Transient temperature fields below idealized _most 100 m the recent warming since the LIAis clgarly Vis-
topography ible. In the middle part of the warmer side of the ridge, the
inclination of the isotherms is reversed. In this part of the ge-
4.1 Effects of past climatic conditions ometry, we identify the biggest differences compared to sta-

tionary conditions. The absolute temperature difference of

If not indicated otherwise, results are discussed and visuala transient to a stationary thermal field for present-day GST
ized for a ridge cross section of 1000 m height with a maxi-is plotted in Fig. 5. Maximum calculated temperature de-
mum elevation of 3500 ma.s.l., and a slope angle 6f 8t pressions in the innermost parts of the geometry-a3eC,
subsurface material is assumed homogenous and isotropigyhereas the temperature depression does not exc€ethl
and no latent heat is considered. Variations from these basithe upper half of the geometry. The MW and the fact that the
settings are mentioned in the text and indicated in the fig-LIA has not yet penetrated to great depth cause the warmer
ures with checkboxes and corresponding abbreviations (i.earea visible in the top center of the ridge (Fig. 5).
ini for initialized, Ih for latent heat considered, afgb for
isotropic subsurface conditions).

The stationary temperature field describes the general
character of the subsurface temperature pattern of the ridge,
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Fig. 4. The isotherms of a stationary temperature field (thin grey Fig- 5. The differen_ce of the statio_nary s_olution to an initialized

lines and background colors) compared to an initialized one (tem-On€ (temperature history 7 from Fig. 2) is shown in gray colors.
perature history (7) from Fig. 2). The transient temperature field The lines indicate the permafrost boundary for the stationary (dot-
is shown for simulations both with (solid line) and without (dotted ted line) and the transient (solid line) simulation, respectively, for

line) considering the effects of latent heat. The porosity was set toour different maximum elevations of a ridge ranging from 3000 to
3%. 4500 ma.s.l. Colors indicate different elevations.

to the surface (i.e., the distance, the signal has to penetrate,
cf. schematic plots in Fig. 6). In this way, multi-lateral warm-

. . . _ ing causes the effect shown, and not the fact that the distance
For simulations based on conduction only, the elevation o to the surface is shorter than the depth of the profile. For the

the geometry changes the absolute temperature field but NQ%0 mountain geometries the modeled temperature depres-

its pattern. The temperature depressions given above Aon is roughly half of that for a flat plane in the 200 m clos-

est to the surface. For the deeper parts (i.e., 300 m and more),
the difference increases and ca3°C for flat terrain con-

4.1.1 Topography

thus valid for ridge-topographies of any elevation, but the
position of the OC isotherm varies (Fig. 5). The corre-

sponding difference in thickness (which we consider Verti-y .ot \yith ca—1°C for two- and three-dimensional mountain

?a:jtthhe ;urtf)aceli of t:e “permafr%st zone"lin lt(hz simpli- topography. The effect of the three-dimensional compared
led ridge (in brackets ecause we have not looked at a re% the two-dimensional geometry is small for the long time
situation in nature but at idealized geometries) between St5cale of the initialization and the depth range shown. This is

tionary and transient results increases for higher mountaing, o 5 the fact that the major part of the temperature signal

With. thicker “permafrost”. qu the highest example Shown ¢ veached the depths shown in both mountain geometries
in Fig. 5 (4500 m a.s.l.), the difference amounts to more tha cf. also Sect. 4.2 and Fig. 9)

100 m. For the lowest example (3000 ma.s.l.) it is in the
dimension of decameters. 4.1.2 Subsurface properties

Convex topography accelerates the reaction of the subsur-
face temperature to changing surface conditions. Firstly andnformation about subsurface properties of bedrock (such as
more obviously, the distance a signal has to penetrate to readhermal properties, porosity, and freezing characteristics) is
the interior of the mountain is shorter than in flat terrain. The sparse for natural conditions in high mountains. In order to
steeper the topography, the shorter is this distance. In addigain confidence in the modeling results, we tested their pos-
tion to this effect, the warming signal reaches a point in thesible influence in sensitivity studies.
interior from more than one side, that is, from two sides in  Energy consumption due to latent heat is of minor impor-
the case of a ridge, and from four sides in a pyramid-liketance for low porosity material and for the time (i.e., mil-
situation. To demonstrate this effect of multi-lateral warm- lennia) and depth (i.e., ca. 500 m from the surface) scales
ing, we compare the temperature depressions in T(z)-profilesonsidered in the idealized simulations (Fig. 5): subsur-
in a flat one-dimensional plane, a two-dimensional ridge,face temperatures are slightly colder compared to simula-
and a three-dimensional pyramid (Fig. 6). For the two- andtions without latent heat, but differences do not exceet®.2
three-dimensional geometries, the profiles are extracted vert depth. This is in accordance with calculations by Hae-
tically from the top of the geometry. The resulting temper- berli et al. (1984) and model experiments published by Mot-
ature depression, however, was not plotted versus the lengttaghy and Rath (2006). The effect of latent heat becomes
of the profile, but versus the shortest distance of the profilemuch more important for transient simulations over shorter
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order to investigate the anisotropy effect on the temperature
field we performed model runs with thermal conductivity in-
; ‘ creased both, horizontally and vertically: In a first run, the
300 L+ : Ji thermal conductivity was set to 2 WK m~1 in x-direction
and to 3WK 1 m~1 in the perpendicular z-direction direc-
Fig. 6. Temperature depression in the subsurface thermal field otion. For the second run, the vertical and horizontal ther-
today caused by colder past surface temperatures for one- (flat temal conductivities were swapped (i.e., the anisotropy factor
rain), two- (ridge), and three-dimensional (pyramid) situations. Inwas set to 0.66 in the first and to 1.5 in the second run).
the two- and three-dimensional situations, profiles are extracted veran increased horizontal thermal conductivity supports lat-
tically from the top of the gegmetry. Temperature Q|fference§ aregral heat fluxes and the effect of steep topography, whereas
plotted versus the_ shortest distance to the surface, i.e., the dlstan%ﬁq increased vertical component reduces it. The latter has
the temperature signal penetrated. . . . .
a bigger effect on the modeled temperatures in the interior
of the geometry and increases the effect from past climate
time periods (i.e., centuries, see Sect. 4.2.2) or for considerconditions: Differences to isotropic conditions amount up to
ably higher porosities. In mountain permafrost areas, high-2°C for increased vertical thermal conductivity, and°@5
ice contents may be present in the near surface layer, wher@r increased horizontal conductivity (Fig. 7).
porosity is often increased due to weathering and fracturing. The heat capacity of bedrock typically ranges from about
For example, the ice content of the Schilthorn crest, Switzer1.8 to 3x10° Jkg™ K~ (Cerrék and Rybach, 1982). Test
land, is estimated to be roughly 10—20% in the upper me-funs with varying values result in a maximum difference
ters and around 5% in the deeper parts (e.g., Scherler, 2008 less than 1C for the inner part of the ridge geometry.
Hauck et al., 2008). For this reason, we examined the conThe geothermal heat flux has only a small influence on the
cept of the influence of conduction through an upper layerstationary subsurface temperature field inside steep moun-
with a higher ice-content on the transient temperature fieldt@in peaks (Noetzli et al., 2007b). This is also true for the
below. We added a 15 m thick layer with 20% porosity as atransient calculations presented here: Resulting temperature
surface layer to the ridge geometry. Yet, no considerable difdepressions from simulations with a zero heat flux lower
ference to the simulations with homogenous porosity for thePoundary condition were assessed to differ less that0.2
entire ridge resulted. However, it must be emphasized at thi§urther, we tested the influence of radiogenetic heat produc-
place that other processes than conduction and phase chantien. Values for rock are given between 0.5 and\ m—3
are not considered and are likely to play an important role in(Kohl, 1999). We used a medium value of:8m~2 for
such a weathered layer (e.g., Scherler, 2006). a test run. Maximum differences to results without heat
Thermal conductivities of bedrock often show large vari- Production were assessed to be below .%or the entire
ations due to anisotropy (e.g., in gneiss). Values for thefidge geometry, and below O.C for the upper half.
anisotropy factor of crystalline rocks are typically between
1.2 and 2 (Schoen, 1983; Kukkonen and Safanda, 2001). In
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Fig. 8. The temperature difference between the current transient

temperature field and a 200-year scenario simulation is displayegtig. 9. Percent of a temperature signal at the surface that has
in gray shadings. The warming has penetrated to ca. 250 m deptthenetrated to depth: This effect is shown for a one- (flat terrain),
The evolution of the BC isotherms for a 200-year scenario is plot- two- (ridge), and three-dimensional (pyramid) situation after 100
ted for different elevations of the ridge. Colors indicate different (solid lines) and 200 years (dotted lines). In the two- and three-

elevations, whereas the dotted patterns represent the situation tod@jfmensional situations values are plotted versus the shortest dis-
(solid lines), in 100 years (dashed lines), and in 200 years (dottedgnce to the surface.

lines).

4.2 Effects of future warming The above-described (Sect. 4.1.1) effect of multi-lateral
warming is also significant for shorter time periods. Figure 9
The effect of a linear temperature rise at the surface ofdisplays the percentage of a surface temperature signal that
+3°C/100y during 200 years on the subsurface thermal fielchas reached a certain depth after 100 and 200 years. For ex-
in steep topography has been shown in numerical experiample, 50% of the temperature signal has reached a depth
ments by Noetzli et al. (2007b). The results showed thatof about 60 m after 200 years in a one-dimensional vertical
the warming has penetrated to a depth of approximatelysimulation. In the two-dimensional situation, 50% of the sig-
250 m after 200 years, but only about 50% of the temperaturenal has already penetrated to about 90 m, and in the three-
change has reached a depth of more than 100 m. Temperaimensional situation to ca. 115m. In the same way as in
tures at greater depth than ca. 250 m still remain unchange#ig. 6, values for the two- and three-dimensional geometries
after 200 years. Further, a retarding influence of latent heaare plotted versus the shortest distance to the surface, rather
was demonstrated. In this study, we look at the idealized rethan versus the length of the profile.
sponse of thermal fields in high mountains to possible future
temperature changes that are caused by elevation, geomet#,2.2 Subsurface conditions

and subsurface conditions.
The effect of latent heat on the temperature fields subject to

4.2.1 Topography the idealized future scenario is illustrated in Fig. 10. It leads
to a considerably slower decrease of the zone with below zero
In Fig. 8, the state of the schematic permafrost body insidegemperatures. With varying freezing range (paramedehe
the ridge geometry is displayed for the situation after follow- size of this zone does not change significantly, but the tem-
ing the linear temperature scenario for 200 years and differperature distribution in it does. A smaller value 0f(i.e.,
ent elevations. The position of thé® isotherm at 250 m or a smaller freezing range and a steeper unfrozen water con-
closer to the surface changes drastically and is bent towardient curve) keeps the thermal field for a longer time period in
the top. On the warmer side of the geometry, the isothermdhe temperature ranges little below the melting point. This
first change to run more or less parallel to the surface andeads to more homogeneous temperature fields than when
then move rather uniformly towards the colder side. For allmodeled with a larger value af. When looking at T(z)-
elevations, no below zero temperatures, or “permafrost”, reprofiles from synthetic boreholes of the geometry, this results
main at the surface on the southern slope of the idealizedn steeper profiles and smaller temperature gradients with
geometry. Nevertheless, a significant “permafrost body” re-depth (Fig. 11). For example, this effect can be observed in
mains below the surface for a long time, especially for higherthe temperature profiles of the two 100 m deep boreholes on
elevations. For lower elevations a “permafrost body” remainsthe Schilthorn crest (2970 ma.s.l., Switzerland), which are
only on the colder side. entirely in the range of-2 to °C (cf. Noetzli et al., 2008).
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content curve, have been considered. Black lines represent the mod 200 ¢
eled OC isotherm, i.e., the remaining permafrost body; blue, red,
and yellow lines the-1, —2, and—3°C isotherms.
250 r
This points to subsurface material with a small freezing in-
terval and a low value ab. The observed higher ice-content

in the near-surface layer (cf. Sect. 4.1.2) can act as a buffer 300
to temperature changes at the surface and further delay the
short-term reaction of the subsurface temperature field, wheifrig. 11. T(z)-profiles of two synthetic boreholes vertical to the

looking at time scales of the next 1-2 centuries (Fig. 11).  slope in the middle and the lower part of the North side of a ridge
(cf. Fig. 10) illustrate the effect of latent heat and the freezing range

w. In addition, thick bright lines display the profile of a simulation

5 Application to the topographic setting of the with a 20 m ice-rich layer at the surface.

Matterhorn

The Matterhorn (4478 ma.s.l.) in Switzerland is probably data from the Matterhorn. Several measurement sites have

the most prominent mountain peak in the European Alps. |tgecently been instrumented and corresponding datasets will
distinctive topography resembles a pyramid of about 1500 e available soon. Temperature data are measured on the

height with faces exposed to the four main orientations.Hornli Ridge (NE ridge: two 60 m boreholes close to the
Slope angles are-45°C for most parts and only isolated Hornlihttte that are monitored within the PERMOS project

or thin patches of snow persist on the rock. With its ex- (PERMOS, 2007), and extensive thermal and geotechnical
treme three-dimensional geometry, the Matterhorn constimeasurements at the 2003 rock fall scar within the project
tutes a prime example for an application of the presented®ermaSense; Hasler et al., 2008) and the Lion Ridge (SW
modeling approach to real topography. The application of thefidge, Carell Hut, near surface temperature measurements in
modeling procedure to the Matterhorn topography is seen athe scope of the project PermaDataRock (Pogliotti, 2006).

a step towards more natural conditions. Further, it is helpful Surface temperatures were modeled using climate time se-
to intuitively understand the dimensions of changes showrries from the Corvatsch station in the Upper Engadine (data
in the results from idealized geometries. Based on the exsource: MeteoSwiss), which is located on a summit in a cen-
perience gained with the previous experiments and the valtral Alpine climate similar to the Matterhorn area (cf. Gru-
idations conducted (see Sect. 3.2), the modeling procedurber et al., 2004b) at 3330ma.s.l. This station was cho-
allows to describe the principal pattern of the subsurface temsen because it was shown in previous studies (e.g., Suter,
perature and permafrost distribution inside the mountain an®002) that horizontal extrapolation of climate variables in
how they may evolve in the future. However, results needmountain areas leads to smaller deviations than vertical ex-
to be interpreted with great care, especially where a considtrapolation. Surface properties were used according to the
erable snow or glacier cover influences the ground temperprevious simulations (Table 1). The topography was taken
atures (cf. Sect. 6). For a detailed description and the refrom the 25 m DEM Level 2 by Swisstopo and the FE mesh
quirement to accurately model subsurface temperatures, theontained approximately 55000 elements. The lithology of
modeling has to be calibrated and tested against measurdtie Matterhorn mainly consists of gneiss and granite of the
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and modeled subsurface temperature field for today (i.e., the meafll +3°€/100y. DHM 25 reproduced by permission of swisstopo

of the period 1990-1999 AD). The temperature field was computeo(BA091262)'

transient, three-dimensional, isotropic, and with 3% subsurface ice

in the frozen parts. The black lines represent theé Botherms for

today (solid line), in 100 years (dashed line), and in 200 years (dot6 Discussion

ted line). We assumed a linear warming scenarie-8fC/100y.

DHM 25 reproduced by permission of swisstopo (BA091262).  With the numerical experiments based on simplified moun-
tain topographies having idealized surface and subsurface

east Alpine Dent-Blanche nappe. We set a thermal conconditions we analyzed the influence of combined transient

ductivity of 2.5WnT1K~1, a volumetric heat capacity of and three-dimensional topography effects on the subsurface

2.2x10° I3 m 3 K1, a porosity of 3%, andb=2 (cf. Table 1).  temperature field in mountain topographies. For the interpre-

Boundary conditions and time steps were the same as in thtation of the results, a number of uncertainties and limitations

simulations presented above, and anisotropy was not consid the modeling approach used are important and the simpli-

ered. fications made have to be kept in mind.

A north-south cross section through the resulting subsur- Instrumental records of climate parameters are typically
face temperature field for current conditions and the warm-available for the past ca. 100 years. Reconstructions of pre-
ing scenario for 200 years is given in Fig. 12. The ex- industrial climate rely on proxy data and are subject to a great
treme pyramid-like geometry of the Matterhorn leads to number of uncertainties, which may be even larger than the
a strongly three-dimensional subsurface temperature fieldinfluence a certain time period has on the subsurface tem-
which is characterized by steeply inclined isotherms, a strongperatures. In general, climate reconstruction studies agree
heat flux from the south to the north, and a smaller heat fluxwell on the shape of the climate fluctuations, whereas the
from the east to the west face. For present-day conditionsibsolute amplitude of the temperature variations ranges sig-
and all the simplifications assumed for the simulation, thenificantly (Esper et al., 2005). Further, we assumed that
entire mountain is within permafrost, except for the lower changes in GST closely follow air temperatures. Salzmann
parts of the South side. Additionally considering the ideal- et al. (2007) demonstrated a considerable influence of topog-
ized scenario, surface temperatures on nearly the entire Soutlaphy on the reaction of surface temperatures in steep rock
side would be positive after 200 years. On the North side,to changing atmospheric conditions. The dimensions of the
the @C isotherm at the surface would have risen to an el-GST changes, however, are not influenced, and in view of
evation of about 3500 ma.s.|. The calculated scenario indithe above-mentioned uncertainties of the reconstructed am-
cates further that possibly substantial permafrost can remaiplitudes of temperature variations, we consider this effect to
a few decameters below the surface both, on the south anble less important for this study.
the north side. Temperatures of the remaining sketched per- Much more important are changes in surface cover or
mafrost body are warming and the extent of so-called warmsurface characteristics, which have been neglected in our
permafrost (i.e., about-2 to O°C) would significantly in- idealized simulations. This mainly concerns glacier cover-
crease in volume as well as in vertical extent (Fig. 13). age and the influence of the snow cover. Haeberli (1983)

points to higher temperatures at a glacier base than for rock
exposed directly to the atmosphere during the past cold
periods and, hence, paleoclimatic effects below previously
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glacier-covered areas are likely smaller than in rock directlychanges in heat fluxes in the upper ca. 100-200 meters is not
exposed to the atmosphere during the entire simulation peaffected by these uncertainties.
riod. This s likely important, for example, for the lower parts  Because of its temperature range, the acceleration of sub-
of the Matterhorn. In these parts, the temperature field showgurface temperature changes through multi-lateral warming,
in Figs. 12 and 13 has to be interpreted with great care an@énd the virtual decoupling from the geothermal heat flux,
may considerably deviate in nature. The negligence of thebedrock permafrost in steep high mountain areas is partic-
snow cover is a further significant limitation of the model- ylarly sensitive to climate change. The simulations of pos-
ing approach: Snow cover affects the energy balance at thgible future subsurface temperatures with idealized moun-
ground surface by increasing albedo, consuming melt energytain topographies point to long lasting and deep-reaching
and insulating the ground surface from atmospheric condichanges in the subsurface thermal field. For all settings in
tions. Snow that remains in steep bedrock can have both, ghe experiments, only very little “permafrost” remains at the
cooling and a warming effect. For steep rock slopes, how-surface on south-facing Alpine rock slopes in 200 years.
ever, these effects have not yet been investigated or quarsimulated 0C-isotherms are about to change to a surface-
tified in detail and results from more gentle terrain cannotparallel course in the top parts of the mountain geometries
be directly transferred to steeper areas (Gruber and Haeberland then move rather uniformly towards the interior. In terms
2007). In view of applying the model to less inclined slopes, of temperature-related instabilities such a thawing and hori-
the influence of a snow cover will have to be included in the zontally migrating permafrost table may be delicate: rock
model. volumes with temperatures close to the melting point, possi-
In terms of subsurface characteristics, errors induced byly containing critical ice-water-rock mixtures, increase and
uncertain assumptions of thermal conductivity, heat capacmay extend over large vertical distances up to entire moun-
ity, and heat production increase with depth and length of thaain flanks.
simulation, whereas errors caused by uncertainties in sub- Although our experiments were conducted for strongly
surface ice decrease. Information on the amount and freezyealized conditions, the general pattern and the principal ef-
ing characteristics of subsurface ice in bedrock is required tGects shown in this paper can be transferred to real topogra-
improve realistic modeling, but is still scarce. The jointin- phies, but keeping in mind the above mentioned uncertainties
terpretation of numerical model results with data from geo-an( the fact that the situation in nature is more complicated
physical monitoring (e.g., electrical resistivity tomography, anq additional processes may be important. For the idealized
ERT) has been successfully realized for a first case study ofnq simplified present-day temperature field of the Matter-
the Schilthorn crest in the Swiss Alps (Noetzli et al., 2008), horn, for example, warm permafrost is indicated in the mid-
and information gained in this way may help to improve the gle part of the South side. In these areas, rock fall events
representation of the subsurface in the model. actually have been observed in recent years (2003 and 2006).
Neglecting water circulation along the joint systems of | ooking at the scenario sketched, the zone having temper-
bedrock is another limitation of the approach used. Advec-ayre Jittle below the freezing point extends over the entire
tive heat transfer along clefts can contribute, for examplesoyth face and, in addition, over large parts of the north face.
to subsurface heat transfer and lead to thaw corridors in Peralthough the modeled temperature field can only be inter-
mafrost, which substantially modify a purely conductive sys- preted as a very first approximation to the actual pattern in
tem (Gruber et al., 2004a; Gruber and Haeberli, 2007). FirSthe Matterhorn, this scenario describes how the surface tem-

applications of geophysical monitoring in solid rock walls re- perature field may develop in view of future changes in at-
cently identified thawed cleft systems influenced by moving mospheric conditions.

water (Krautblatter and Hauck, 2007). Process understand-
ing of advective heat transfer processes in steep bedrock per-
mafrost, however, is limited. But such processes are expected
to be important especially in the upper decameters. 7
We assumed a linear temperature rise-8fC in 100y for ) . o )
the calculations of the idealized response of the temperaturd e results of the simulations performed with idealized test
fields to future changes. An exponential temperature rise a§2S€s of steep mountain topography lead to the following
generally proposed for climate change scenarios may slovfonclusions:
down the temperature changes calculated. Yet, the temper- The main variations in surface temperatures that influence
ature increase assumed represents a calculated mean charjjésent-day subsurface temperatures in Alpine permafrost
in GST of Alpine bedrock (Salzmann et al., 2007) and is atare the last glacial period and the major temperature varia-
the lower range of the scenarios presented for air temperaturéons in the past millennium.
change by IPCC (2007), where a double temperature raise Transient paleothermal effects caused by past climate vari-
is not considered unrealistic or extreme for the Alps. Theations likely exist in the interior of high-mountain peaks.
general pattern of a future temperature field that increasinglyModeled temperature depressions compared to stationary
deviates from steady state conditions and experiences majaronditions of present-day GST are in the range-@fC at

Conclusions and perspectives
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