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ABSTRACT. Alpine permafrost distribution is controlled by a great number of climatic, topographic and
soil-specific factors, including snow cover, which plays a major role. In this study, a one-dimensional
finite-element numerical model was developed to analyze the influence of individual snow-specific and
climatic factors on the ground thermal regime. The results indicate that the most important factor is
snow depth. Snow depths below the threshold value of 0.6 m lack sufficient insulation to prevent low
atmospheric temperatures from cooling the soil. The date of first winter snow insulation and variations
in mean annual air temperature (MAAT) are also shown to be important. Delays in early-winter snow
insulation and in summer snow disappearance are shown to be of approximately equal significance to
the ground thermal conditions. Numerical modelling also indicates that the duration of effective
thermal resistance of snow cover governs the slope of the linear dependency between MAAT and mean
annual ground surface temperatures (MAGST). Consequently, the most direct effect of a long-term
rise in air temperatures on ground temperatures is predicted under a thin snow cover with early
snowmelt in spring and/or where a large change in the date of total snowmelt occurs, in response to

atmospheric warming.

INTRODUCTION

Permafrost in the European Alps is expected to occur on
north-facing slopes at altitudes above 2600 m, on south-
facing slopes above 3000m, and in footslope zones with
long-lasting avalanche snow at altitudes several hundred
metres lower than these (Haeberli, 1975). In contrast to high-
latitude lowlands, mid-latitude mountain permafrost regions
are characterized by thick and variable snow cover, sparse
vegetation, coarse well-drained ground surface materials and
complex topography. The ground is generally snow-covered
for three-quarters of the year, which strongly affects ground
temperatures and permafrost distribution. The snow cover
shows marked year-to-year variations in depth, date of first
snow and date of total snowmelt (e.g. Beniston, 1997; Zhang
and others, 1997; Etzelmiiller and others, 2001; Laternser
and Schneebeli, 2003).

In addition to locally variable weather, spatial variation in
snow depth and density also results from topographic effects,
snow avalanches and wind drift. The main thermal influ-
ences of a winter snow cover can be attributed to: (1) low
thermal conductivity, depending on snow density and snow
microstructure (Fierz and Lehning, 2001); (2) high surface
albedo; and (3) the energy sink provided by latent heat of
fusion during snowmelt (Mellor, 1977; Sturm and others,
1997; Zhang, 2005). The thermal resistance of the snow
cover increases with increasing snow depth. From field
investigations, a snow depth more than 0.6-0.8 m was found
to be effective in thermally insulating the ground from the
atmosphere (Haeberli, 1973; Keller and Gubler, 1993;
Hanson and Hoelzle, 2004). Modification of ground tem-
peratures by snow due to higher albedo, thermo-insulation
and latent-heat effects occurs during different periods of
the winter, and the duration of these periods can have a
considerable influence on mean annual ground temperatures
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(Goodrich, 1982; Harris and Corte, 1992; Keller, 1994;
Seppdld, 1994; Zhang and others, 1996; Zhang, 2005).

For an improved understanding of permafrost distribution
and development under the influence of snow-cover vari-
ations and/or changing climatic conditions, the effect of
different snow parameters on ground temperatures needs to
be quantified. As the ground thermal effect of one single
changing parameter is difficult to quantify in the field, a
number of numerical approaches have been developed to
simulate the mass and energy exchange between atmos-
phere, snow cover and soil. Most of these models have been
validated for investigations under high-latitude arctic soil
and snow conditions which, compared to the mid-latitude
mountain regions, generally show thinner snow cover, finer
ground material and fewer topographical variations.

Numerical models of snow—permafrost interactions in
high-latitude arctic regions have therefore placed less
emphasis on temporal and spatial variation in snow
conditions. For example, the one-dimensional (1-D) finite-
difference heat-flow with phase-change model, developed
by Goodrich (1982), incorporates the thermal effect of a
simple snow cover, and includes a single-layer soil with
distinct frozen and unfrozen thermal properties. Using the
same model, Zhang and Stamnes (1998) concluded that in
high-latitude permafrost, ground temperatures were most
strongly affected by air temperatures, though soil moisture
and snow cover were significant variables. Depth-hoar
formation and, hence, changes in effective thermal conduct-
ivity and diffusivity in a thin arctic seasonal snow cover and
the effect on the ground thermal regime were investigated in
detail in a sensitivity study based on the same model (Zhang
and others, 1996).

Smith and Riseborough (1996) presented a functional
model of the permafrost-climate relationship, including
geographical variations of climatic, surface and soil factors,
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and considered the seasonal thermal influence of snow and
vegetation cover. The onset date of the snow cover and the
snow thickness were shown to be critical factors for the
persistence of marginal permafrost occurrence in high-
latitude lowlands (Zhang and others, 2001). An energy-
balance approach, based on a one-dimensional heat-transfer
model, was used by Ling and Zhang (2003, 2004, 2006) to
demonstrate the sensitivity of near-surface ground tempera-
tures in the Alaskan Arctic to the timing and duration of a
seasonal snow cover, the presence of unfrozen water and
variations in snow density.

Romanovsky and others (1997) compared three numer-
ical thermal models, which employ different numerical
methods and use different implementations of freezing and
thawing processes to generate analytical solutions to predict
the effects of air-temperature changes. Best agreement
between the models was shown for the Neumann solution,
and most significant differences occurred for simulations
with large time and depth steps and with field data such as
surface boundary conditions. The accuracy of heat-flux
models therefore appears to depend on the choice of the
time and depth steps, the analytical treatment and appropri-
ate model calibration.

Generally, existing arctic 1-D snow—permafrost model-
ling approaches include complex hydrothermal processes of
the freezing and thawing of the fine-grained water-rich
active layer, while accounting for the thermal influences of a
seasonal snow cover in a simplified way. However, the high-
alpine permafrost environment is dominated by a spatially
and temporally highly variable and thicker snow cover, more
complex topography and coarser, poorly vegetated soil
material. Consequently, and in contrast to the existing arctic
snow—permafrost interaction models, modelling approaches
to the alpine environment need to emphasize the simulation
of strong seasonal variation of the snow cover, and include
simplified hydrothermal processes appropriate to coarser-
grained, well-drained and drier soil materials. For this
reason, an alpine permafrost-snow interaction model was
developed by extending an existing and validated snow
model to incorporate its thermal effect on the underlying
soil. The model is based on a Lagrangian finite-element
scheme simulating the local snow cover from measured
meteorological data input (Lehning and others, 1999; Bartelt
and Lehning, 2002).

In the present study, which is based on this model, the
effects of changing snow depth, date of first snow, date of
total snowmelt and changing air temperature on the ground
thermal regime were investigated separately for the first time
under the snow and soil conditions of the high-alpine
permafrost environment. Finally, the evolution of the
seasonal snow cover and the resulting changes in mean
annual ground temperatures anticipated under a warming
climate are discussed with respect to different topographical
situations in the Alps.

NUMERICAL MODEL

The 1-D numerical model, SNOWPACK, allows simulation
of local snow cover using data from high-alpine automatic
weather and snow stations (Lehning and others, 1999; Bartelt
and Lehning, 2002). This model is based on a Lagrangian
finite-element scheme, and the snow cover is regarded as a
three-component material consisting of air, water and ice.
The processes of snow settlement, transport of heat, water
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vapour and liquid water in the snow cover, metamorphism of
the snow crystals, phase-change processes and the exchange
of mass and energy between the snow and the atmosphere
are taken into account (Fierz and Lehning, 2001; Lehning
and others, 2002a, b).

For the purpose of this sensitivity study, the SNOWPACK
numerical grid was extended to include soil layers. The soil
is simulated as a four-component material consisting of air,
water, ice and soil mineral components. Soil-specific
characteristics, such as water retention depending on grain
size and thermal conductivity depending on water and ice
content, were implemented (Liitschg, 2005). In the soil part
of the model, mass and energy transport and phase-change
processes were taken into account in the same way as in the
snow layers, and the same simple bucket water-transport
algorithm was applied. This represents an approximation of
the hydrological processes within the soil layers. However,
since the model allows for the definition of an arbitrary
number of layers in the soil, a realistic simulation of water
transport, including meltwater infiltration from above, can
be obtained. In general, the infiltration is more realistic if a
higher number of thinner layers is chosen. For our simulation
we used a total of 42 soil layers with thicknesses increasing
from 0.17m at the surface to 0.5m at the bottom of the
domain. The soil component of the model was validated
with laboratory measurements of temperature evolution in
different soil textures and has proved to be a valuable
instrument for simulations of the ground thermal regime
(Lutschg, 2005).

Simulations with the extended SNOWPACK model
require the following data input: (1) a meteorological input
derived from measurements of a network of high-alpine snow
and weather stations (Lehning and others, 1999) and (2) soil
initial conditions such as temperature and volumetric con-
tents of the four soil components (soil, water, ice and voids),
grain size of the soil layers, thermal properties (thermal
conductivity and specific heat) and density of the soil
fraction. Different soil types are characterized in the model
by the mean grain-size values, which control water-retention
capability and effective conductivity (Lutschg, 2005).

Two different meteorological data records from the same
site were applied in the simulations presented here, both
representing permafrost conditions but showing different
snow-depth scenarios. The data records are based on the
measurements from the years 1992/93 and 1993/94 at the
automatic snow and weather station at Weissfluhjoch
(2540 ma.s.l.), eastern Swiss Alps, which is located in a
flat non-permafrost area. Both data records were modified in
the same way to generate data equivalent to a high-
elevation/north-facing location. The measured air tempera-
tures were extrapolated to an altitude of 3000 m, using
the standard adiabatic lapse rate of 0.6°C (100 m)~', and
the shortwave incoming radiation was transformed to the
equivalent radiation on a 30° north-facing slope. Snow
depth can show strong variation with topography. At
exposed locations, such as close to a mountain ridge,
strong winds accompanying snowfall events can cause
snow deposition only on the lee side, or windward-side
snow erosion and leeward-side snow accumulation (Lehn-
ing and others, 2008). In a snowdrift experimental site on a
mountain ridge in the eastern Swiss Alps, new-snow depths
were observed to be only half of the new-snow depths
measured at the flat reference site. Due to wind erosion,
parts of the windward side of the mountain ridge showed no
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Fig. 1. Comparison of the snow-cover scenarios applied for the
simulations with the long-term average snow-depth evolution
from Weissfluhjoch (2540 ma.s.l.): Snow 1 scenario, based on the
modified data record of Weissfluhjoch during 1992/93, corres-
ponds well to the average snow-depth evolution (average HS),
whereas Snow 2 scenario, based on the modified data record of
Weissfluhjoch during 1993/94, represents an extremely thin but
long-lasting snow cover.

new snow accumulation or even erosion of the older snow
layers (Gauer, 1999; Lehning and others, 2008).

In the input data of the present study, the effects of such
topographically influenced snow erosion on total snow
depth were approximated. During periods of heavy snowfall
in November to February, the new snow accumulation in the
input data for 1992/93 was reduced by a factor of 0.7 and for
1993/94 by a factor of 0.3, to account for two different
topographical positions subject to low and high wind
erosion respectively (e.g. Gauer, 1999). With this modifi-
cation, two meteorological data records were created, both
of which allow for permafrost simulations but which show
different snow-depth evolution (Snow 1 and Snow 2), shown
in Figure 1. The snow depth based on the 1992/93 data
record corresponds well to the long-term mean snow depth
for the location of Weissfluhjoch (scenario: Snow 1), and the
second snow-depth scenario, based on the 1993/94 me-
teorological data record, represents an extremely thin and
long-lasting snow cover (scenario: Snow 2). In general,
individual meteorological parameters cannot be changed
independently for the purpose of climate scenario simula-
tions. However, consistent sets of forcing parameters need to
be assumed, and it appears justifiable to adjust precipitation
to take account of snow erosion by wind, and to adjust air
temperature to account for higher altitude. These changes
appear to be sufficiently independent of other changes such
as humidity or longwave radiation.

The initial soil conditions were defined as 16 m frozen
soil, consisting of a coarse gravelly surface layer (retaining up
to 2% water) with layers of sandy to gravelly soil underneath
(water retention up to 13%). All simulations were performed
with measured incoming shortwave and longwave radiation
at the surface. Permafrost conditions were chosen to be close
to the melting point by defining the lower temperature
boundary condition (i.e. temperatures at 16 m depth) to be
-0.5°C throughout the simulations. A constant thermal
lower boundary is a first approximation and was chosen, as
the present sensitivity study focuses on short-term inter-
annual variations only, in order to provide first insights into
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Fig. 2. (a, b) Simulated snow scenarios of (a) different snow depths
(HS) and (b) the resulting ground snow temperatures (GST). With
increasing total snow depths of (A) 0.2m, (B) 0.4m, (C) 0.6m,
(D) 0.8m, (E) Tm and (F) 1.2m, GST show decreasing short-term
fluctuations. (c) Air temperature (T;,) remained unchanged.

corresponding sensitivities and governing factors. Snow-
depth evolution is simulated by providing either total snow
depth (for the simulation of different snow depths, dates of
first snow and total snowmelt) or new-snow equivalents (for
the simulations of the temperature effect). The choice of the
initial conditions strongly affects the first year of a simulation
run. A model spin-run time of 4 years was applied after which
the transient effects were observed to have decayed in the
uppermost 10 m of soil and the temperatures in these layers
were considered to be close to equilibrium. Most simulations
presented in this study were based on the modified
meteorological input of 1992/93 (Snow 1). Additional simu-
lations using the modified meteorological data input of
1993/94 (Snow 2) from a significantly thinner snow cover
were run for comparison within the study on the ground
thermal effect of changing air temperatures.

RESULTS

In the present sensitivity study, model simulations were
carried out to develop a better understanding of the ground
thermal influence of one changing factor at a time. Increasing
snow depths involve an increase in thermal resistance, and
when snow depths exceeded a certain depth the underlying
ground was fully thermally decoupled from the cold winter
atmosphere. Figure 2a and b show the simulation results of
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Fig. 3. Correlation results of the effect of different changing permafrost-relevant factors on the change in mean annual ground surface
temperatures (AMAGST), showing (a) the non-linear influence of changes in snow depth (AHS); (b) the linear impact of the delay in first
snow insulation in early winter (Ats,ow); (C) the non-linear influence of the delay in total snowmelt in summer (Atyep); and (d) the linear
influence of changes in mean annual air temperatures (AMAAT). Regression equations are listed in Table 1.

the effect of changes in total snow depth on ground surface
temperatures (GST), demonstrating that with increasing total
snow depth (a), the GST (b) increase. The GST curves
directly reflect the diurnal air-temperature fluctuations
(Fig. 2¢) under a thin snow cover. These ground temperature
fluctuations decline with increasing snow depths, due to
increasing thermal resistance of the snowpack. A snow
depth of 0.6-0.8 m (scenarios C and D in Fig. 2) appears to
be a critical threshold, confirming the earlier-mentioned
field observations. Figure 3a shows the correlation between
the decrease in total snow depth (starting from a well-

insulating 1.2 m thick snow cover) and the resulting changes
in mean annual ground surface temperatures (MAGST). The
rate of temperature decrease in the non-linear relationship
(exponential decay; R*>0.999) reflects the thermal resist-
ance effect of a snow cover of varying thickness. Changes in
snow depth in a thick snow cover show smaller effects on
MAGST than equivalent changes within a thin snow cover.
The parameters of the correlation curve are listed in Table 1.
Altogether, Figure 3a indicates that with constant air
temperature a snow-depth increase of 1m, starting with a
0.2m thin non-insulating snow cover, raises MAGST by

Table 1. Correlation equations and parameters of the effect of changes in snow depth (AHS), delay in total snowmelt (Atel), delay in first
insulation of the snow cover (Atgow), and changes in MAAT on changes in MAGST shown in Figure 3

Non-linear correlations y = a; exp(x/t;) + yo

X ap t; Yo R2
AHS -0.08124+0.0118 -0.2827+0.01108 0.0877 £0.0324 0.99945
Atmelt -0.19995 £ 0.04995 26.44844+3.36573 0.205144+0.05815 0.99944

Linear correlations y = A+ Bx
x A B R?
Atsnow 0.133 £0.0982 -0.01994+0.00133 0.9933
AMAAT -0.06 £0.027 0.49+£0.0195 0.9977
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Fig. 4. (a,b) Simulated snow-depth scenarios (HS) for (a) different
dates of first important snowfalls in winter and (b) the resulting GST.
The extension of the thin-snow cover stage in early winter (first
insulation on (A) 18 October, (B) 3 November, (C) 17 November,
(D) 3 December, (E) 18 December, (F) 19 January and (G) 18 Febru-
ary) has a cooling effect on ground temperatures. (c) Air tempera-
ture (T,;;) remained unchanged (c).

~2.7°C. This result compares well with earlier measure-
ments (Haeberli, 1985).

At most high-alpine permafrost sites, the date of first
important snowfalls in winter and the onset date of a thick
persistent winter snow cover show strong year-to-year
variations and complex spatial variations related to
topography.

In order to study the effect of a delay in effective thermal
resistance of an early-winter snow cover on ground
temperatures, five snow-cover scenarios were generated. In
these scenarios, snow depths initially exceed 0.6-8 m
(implying a thermal decoupling of the ground from the
atmosphere) in (1) mid-October, (2) mid-November, (3) mid-
December, (4) mid-January and (5) mid-February. Prior to
these dates, early-winter snow cover is ~0.2 m. Simulation
results are illustrated in Figure 4a—c, showing the simulation
inputs of the five snow-depth scenarios, the resulting GST
and air temperature, respectively. Delayed arrival of the first
significant snowfalls in winter causes GST to decrease in
response to the low early-winter air temperatures. These
lower early-winter GST persist throughout the following
snow-insulation stage until the end of winter (Fig. 4). The
duration of a thin snow cover in early winter and the MAGST
are linearly correlated (R> = 0.993) (Fig. 3a), so that later
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Fig. 5. (a,b) Simulated snow-depth (HS) scenarios for (a) different
dates of total snowmelt in spring and (b) the resulting GST. With a
total snow meltout delay in summer (total snowmelt on (A) 22 July,
(B) 4 August, (C) 18 August and (D) 9 September), the GST show a
longer zero-curtain. (c) Air temperature (T,;,) remained unchanged
for all simulation runs.

arrival of significant snowfall is associated with a decrease in
MAGST values. A 1 month delay in establishing snow depths
sufficient to provide effective thermal resistance resulted in a
MAGST decrease of ~0.5°C.

Snow disappearance in spring can show strong temporal
and spatial variations due to the year-to-year variations in the
climate variables and due to variations related to topography.
This is particularly so at the base of steep slopes, where
avalanche snow accumulates during the winter. Here, total
snow disappearance can be delayed by several weeks, if not
months, compared to the slope above (e.g. Haeberli, 1975;
Luetschg and others, 2004). The effect of the date of total
snowmelt on ground temperatures was studied on the basis
of four snow-cover scenarios showing total snow disappear-
ance on 22 July, 4 August, 18 August and 9 September,
respectively. In Figure 5, the simulation inputs of total snow
depths (Fig. 5a) and the resulting GST (Fig. 5b) are shown
together with air temperatures (Fig. 5¢). Apart from snow-
depth modifications, the other parameters were left un-
changed. Delaying snow disappearance results in a longer
duration of the snowmelt season, during which GST are close
to 0°C. The correlation between the extension of the snow-
melt stage and the MAGST shows an exponential decrease in
MAGST as the snowmelt season lengthens (Fig. 3¢). In these
simulations, a delay in snow disappearance by 1 month was
observed to cause a 0.5°C lower MAGST.
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Fig. 6. (a) Simulated air temperature (T,;) scenarios with MAAT
offsets of (A) 0°C, (B) =2°C and (C) 2°C. (b, c) The effect on (b) snow-
depth evolution (HS) and (c) GST.

The effect of changing mean annual air temperatures
(MAAT) on the snow-depth evolution and the underlying
GST was investigated. As with the simulations presented
above, those in this section were based on the meteoro-
logical data record from Weissfluhjoch, 1992/93 but using
the water equivalent of the snow cover (from Snow 1, Fig. 1)
rather than total snow depth. The input MAAT in the present
simulations was varied by an offset of 0, +1, +2, -1 and
—2°C. Figure 6a—c show the input air-temperature curves
with the offset of 0, =2 and +2°C, the resulting individual
snow-depth evolutions and GST, respectively, revealing the
main influence to be during the snowmelt stage. In contrast
to its weak effect on early-winter snow depth, air-tempera-
ture change strongly influences the date of complete
snowmelt in summer. Snowmelt under the 2°C warmer
MAAT occurs 11 days earlier but, under a 2°C colder MAAT,
is delayed by 35 days. Accordingly, under the influence of
lower air temperatures and a longer-lasting snow season,
GST are lower and show a longer snowmelt infiltration stage
with constant zero temperatures compared to the effect of
higher air temperatures and hence shorter periods of snow
cover. Figure 3d shows the strong linear correlation
(R* = 0.997) between MAAT and MAGST within these
simulation runs, which indicate a ground surface tempera-
ture increase of 0.5°C resulting from an air-temperature
increase of 1°C. All parameters specifying the correlation
curves shown in Figure 3 are listed in Table 1.

The slope of the linear dependency between changes in
MAAT and MAGST differs for simulations with different
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Fig. 7. The linear correlation between AMAAT and AMAGST shows
a steeper regression line for the snow scenario of a thin and late
insulating snow cover (Snow 2) compared with the snow scenario
of an early insulating and thick snow cover (Snow 1).

meteorological input data. Figure 7 shows the comparison of
the linear MAAT-MAGST correlation for the present study,
which is based on the meteorological data record ‘Weiss-
fluhjoch 1992/93" and the snow-cover input ‘Snow 1/, and
that of an earlier study presented by Luetschg and others
(2003), which was based on the data record ‘Weissfluhjoch
1993/94’ and the snow-cover input ‘Snow 2’ (Fig. 1). The
slope of the earlier Snow 2 study was determined as 1.2,
compared to the value of 0.5 observed in the present study
(Snow 1). These slopes imply that changes in mean perma-
frost temperatures are expected to exceed mean air-
temperature changes in areas under a thin snow cover,
whereas for areas covered by a thick snowpack, air tem-
perature changes exceed changes in ground temperature.
This can have a crucial influence on spatial distribution
patterns of impacts of changing air temperatures on perma-
frost temperatures, enhancing changes on steep rock walls
and wind-eroded summits/crests, and in arid or subpolar
lowlands that generally have a thin snow cover.

Figure 8a and b show the significant difference between
the snow depth (HS) evolution for the simulation of the
present study (Snow 1) and the simulations presented by
Luetschg and others (2003) (Snow 2). The Snow 1 simulations
are based on a thicker snow cover, which reaches an effective
thermal resistance (i.e. snow depths ~0.6-0.8m) in early
December and which shows total snow meltout at the end of
July. The Snow 2 simulations are based on a very thin snow
cover with snow depths almost constantly below 0.6 m and
thus of lower thermal resistance and with an extraordinarily
late snow meltout date in mid-September. The resulting GST
of the Snow 2 simulations show diurnal fluctuations over a
longer period, indicating the influence of air temperature,
and under the impact of increasing air temperatures the total
snow meltout shows different time shifts for the Snow 1
simulations compared to those of Snow 2.

The snow-cover scenarios in Figure 8 can be divided into
different snow stages associated with different ground
thermal influences: (A) a thin-snow cover interval in early
winter, coupling the air temperatures with ground tempera-
tures, (B) an above-threshold snow-depth interval during
which the ground is thermally uncoupled from the cold
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Fig. 8. Snow depth (HS) under the impact of higher MAAT for the two snow-cover scenarios Snow 1 (a) and Snow 2 (b) and the effect on GST.
The GST behaviour is characterized by the durations of different stages: (A;) the early winter thin-snow stage, (A;) the snow-free stage, (B) the
fully insulating snow stage and (C) the range of time shift of total snowmelt due to the increasing MAAT. The durations of each stage are listed

in Table 2. Dates are dd/mm/yyyy.

winter atmosphere and (C) a transition interval, which is
characterized by the time shift of the snow meltout in spring
as a consequence of increasing MAAT. In Figure 8 these
periods are shown for both the Snow 1 and the Snow 2
simulations. A; indicates the duration of the period with thin
early-winter snow cover of low thermal resistance (in this
case 0.6 m (e.g. Hanson and Hoelzle, 2004)). If snow depths
never exceed the threshold value during winter, A; ends with
the start of the snowmelt season indicated by constant zero
temperatures in the GST of the warmest temperature scenario
(MAAT +3). A; indicates the duration of the snow-free period
in summer, B marks the duration of the above-threshold
depth of the snow cover including the snowmelt duration of
the warmest scenario and C indicates the total change in
duration of the snow-free period due to the time shift of the
date of snow meltout caused by increasing air temperatures
within the range of all climate-change scenarios.

The durations of the individual stages are listed in Table 2
for both simulation runs. If, under the impact of higher air
temperatures, snow depth never exceeds 0.6 m, as shown in
the Snow 2 scenario (Fig. 8b), the durations Ay and B for that
scenario are confined by the centre of their overlap interval.
The duration of the early-winter thin snow covering of the
Snow 1 simulations is ~5 weeks shorter compared to the
Snow 2 simulations, and, in turn, the insulating snow cover
in mid-winter of the Snow 1 simulations exceeds that of the
Snow 2 simulations by 5 weeks.

DISCUSSION

From the above simulations, the slope of the MAAT-MAGST
correlation appears to be controlled by the duration of the

https://doi.org/10.3189/002214308786570881 Published online by Cambridge University Press

snow stages during which the atmosphere and the ground
are thermally coupled (Fig. 8). The duration of the thermal
coupling of air temperatures and ground temperatures is
determined by a combination of snow depth and time of
total snowmelt (snow stages A; and A;). Higher air tem-
peratures result in earlier snow disappearance in summer.
The time shift of the snow meltout date under the impact of
higher air temperatures (snow stage C) is controlled by a
combination of total snow depth, air temperatures and date
of snow disappearance in the initial meteorological data
record. It is especially large for cases with thin snow. With
a much earlier meltout date in summer, the duration of
direct exposure of the ground to summer air temperatures is
strongly increased. This can result in a MAAT-MAGST
regression curve increasing from below to above unity
(Fig. 7).

Consequently, the most direct reaction of ground tem-
peratures to increasing air temperatures is expected to be
found at steep or windswept locations with a thin snow
cover showing relatively early snowmelt in spring and/or
large changes in the date of total snowmelt in response to
atmospheric warming. However, earlier studies based on
SNOWPACK simulations (Luetschg and others, 2003) have
shown that the water content of the soil also influences the
slope of the MAAT-MAGST correlation. At locations with a
thick, long-lasting snow cover, such as the base of steep
avalanche slopes, ground temperatures are expected to
show a slower reaction to air-temperature change (see
Luetschg and others, 2003).

The present sensitivity study shows that the snow cover
(i.e. snow depth and duration) plays a major role in MAGST
and permafrost distribution. The duration of thin snow cover
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in early winter was shown to be significant as it affects
ground temperature evolution during the entire winter. The
significance of autumn snow cover affecting ground thermal
regime had been observed in previous studies, mostly on the
basis of field investigations (e.g. Keller, 1994; Zhang, 2005).
In this numerically based study, the effect on ground
temperatures of changes in the duration of a thin snow
cover in early winter (i.e. snow depth not providing effective
thermal resistance) was shown to be of the same order of
magnitude as the effect of changes in the date of snow
disappearance in spring when keeping all other parameters
unchanged. Development of a thermally insulating snow
cover 1 month earlier in autumn, and a snow meltout in
spring taking place 1 month later, both raised MAGST by
~0.5°C. The snow-depth influence on ground temperatures
in the present sensitivity study (Fig. 3a) confirms earlier
estimates derived from field observations (Haeberli, 1985),
predicting an increase of ~2°C in mean annual permafrost
temperature resulting from a snow-depth increase of 1m
between November and February.

A sensitivity study of the effect of the timing and duration
of a seasonal snow cover in arctic permafrost regions by Ling
and Zhang (2003) emphasized the important contribution of
earlier disappearances of spring snow cover to Arctic
warming and permafrost thawing. Evidently, in the arctic
permafrost environment, where snow depths are generally
much thinner than in the alpine environment, thermal
decoupling of the ground thermal regime from the winter
atmosphere by a seasonal snow cover plays a minor role,
and thus an earlier onset date of the seasonal snow cover
shows a smaller influence on MAGST.

In the simulations presented here, a series of artificial
snow input datasets was created in terms of timing, duration
and total snow depths. These snow-depth scenarios do not
represent seasonal snow conditions measured in reality, but
nevertheless form the basis for a systematic analysis of
individual processes. In the context of the current study, the
snow-cover scenarios can be regarded as representing local
differences in snow accumulation due, for instance, to
snowdrift. This is not to be confused with true climate
scenarios, in which a full set of new forcing variables must
be used. Rugged alpine terrain leads to a small-scale
variability of the snow cover, while meteorological forcing
at some height, especially air temperature, radiation and
wind, may be similar. Since our sensitivity studies are based
on a model, which physically represents the effect of
meteorological forcing on snow and soil, they appear to
be suitable to identify the influence of snow-cover depth and
duration on permafrost for a typical alpine climate. They
cannot be interpreted as a climate-change scenario but
provide first insights into corresponding sensitivities and
governing factors. Simulations of long-term evolutions with
various scenarios of climate change require changing the
depth and thermal boundary condition at the base of the
model and introducing latent heat involved with deep
freezing and thawing processes.

CONCLUSIONS

For the first time, a snow-cover—permafrost interaction
model has been developed and adapted for 1-D process
studies under high-alpine snow and permafrost conditions,
by combining a sophisticated numerical description of a
seasonal alpine snow cover with a model of the underlying
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Table 2. Individual duration (days) of the early-winter thin-snow
stages (A1), the snow-free stages (A,), the fully-insulating snow
stages (B) and the time shifts of total snowmelt due to the increasing
MAAT (C) for the two snow-cover scenarios shown in Figure 8

Snow 1 duration Snow 2 duration

days days
Aq 49 172-214
A, 68 5
B 213 95-53
C 35 93

ground. From the model-based sensitivity study of the snow-
cover—permafrost interactions in a high-alpine environment,
the following conclusions may be drawn:

1. The thermal resistance of the snow cover was confirmed
to increase with increasing snow depth. Within the
simulations, effective thermal resistance was observed
with snow depths more than 0.6-0.8 m, which is in
agreement with the value of 0.8 m determined from field
measurements on a coarse blocky ground surface by
Keller and Gubler (1993) and commonly used with the
‘bottom temperature of the snow cover’ (BTS) method for
rapid permafrost mapping in wintertime (Haeberli 1973).

2. The date of first significant snowfalls in autumn strong-
ly affects ground temperatures. The longer the non-
insulating snow period during which the cold winter
atmospheric temperatures affect ground temperatures,
the colder are the GST during the entire year.

3. Comparing the effect of all parameters considered in this
sensitivity study, snow-depth variations in a generally
thin snow cover (i.e. snow depths less than 0.6 m) had
the strongest thermal influence on permafrost, followed
by the effect of the date of first snow insulation and the
MAAT. The snow-depth impact on ground temperatures
can be described by fitting a curve of exponential decay,
whereas the air temperatures have a linear influence on
ground temperatures.

4. The linear dependency of the MAAT-MAGST correlation
established different slopes for different meteorological
input data, which are supposed to be related to different
durations of the non-insulating snow periods in early
winter and summer and different time shifts of the date of
total snow disappearance under the impact of increasing
air temperatures: with increasing durations of these
periods the slope of the MAAT-MAGST correlation
increases from below to above unity.

5. The effect of changes in the non-insulating snow period
in early winter on ground temperatures is of the same
order of magnitude as the effect of changes in the date of
total snowmelt in spring.

6. This sensitivity study provides the first model-based
insights into the relative importance of governing factors
within the atmosphere—snow-cover—ground system under
high-alpine soil and snow conditions. For future investi-
gations of long-term ground thermal evolution, including
various scenarios of climate change, further model
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adaptations will be required in simulation depth and
thermal boundary conditions at the base of the model.
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