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Abstract

A heat flow model was used to simulate both past and future ground temperatures
of mountain permafrost in Southern Norway. A reconstructed air temperature series
back to 1860 was used to evaluate the permafrost evolution since the end of the Little
Ice Age in the region. The impact of a changing climate on discontinuous mountain5

permafrost until 2100 is predicted by using downscaled temperatures from an ensem-
ble of downscaled climate models for the A1B scenario. From 13 borehole locations
two consecutive years of ground temperature, air temperature and snow cover data
are available for model calibration and validation. The boreholes are located at differ-
ent elevations and in substrates having different thermal properties. With an increase10

of air temperature of ∼+1.5 ◦C over 1860–2010 and an additional warming of +2.8 ◦C
towards 2100 in air temperature, we simulate the evolution of ground temperatures
for the borehole locations. According to model results, the active-layer thickness has
increased since 1860 by about 0.5–5 m and >10 m for the sites Juvvass and Tron, re-
spectively. The simulations also suggest that at an elevation of about 1900 m a.s.l.15

permafrost will degrade until the end of this century with a likelihood of 55–75% given
the chosen A1B scenario.

1 Background and objectives

Permafrost is defined as ground that stays at or below 0 ◦C for more than two consecu-
tive years (French, 1996). Permafrost in general and mountain permafrost in particular20

have faced an increasing interest due to its sensitivity to climate variation and impor-
tance for geomorphologic and geotechnical processes (Harris et al., 2009), such as
slope stability and natural hazards (Gude and Barsch, 2005; Huggel et al., 2010; Gru-
ber et al., 2004a; Fischer et al., 2006; Haeberli, 1992). Permafrost is a governing
factor in this respect, and understanding of ground thermal regimes is of importance25

for understanding surface and sub-surface processes in mountain environments. Thus,
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there is a need of addressing the response of ground temperatures (GT) to climate forc-
ing, especially the modulation of the response of GTs to the effect of snow cover and
different types of surficial material and bedrock.

In Scandinavia and especially in northern Norway, Iceland and Svalbard, multiple
shallow boreholes have been drilled to continuously monitor ground thermal regimes5

and the relation between atmosphere and ground in terms of energy exchange since
1999 (Etzelmüller et al., 2007; Farbrot et al., 2007; Christiansen et al., 2010; Isaksen
et al., 2003; Isaksen et al., 2000). In summer 2008 a monitoring network for moun-
tain permafrost in Southern Norway was installed including boreholes to a depth of
30 m, air and ground temperature loggers, a fully equipped weather station and snow10

measurement set ups. The network addresses environmental gradients in southern
Norway related to elevation and continentality (Farbrot et al., 2011), and provides the
basis for calibrating and validating transient heat flow models.

One-dimensional heat flux models have been applied successfully in various stud-
ies related to permafrost occurrence, distribution and to model the response of arctic15

permafrost to a changing climate, such as in Canada (Zhang et al., 2003; Zhang et
al., 2006, 2008; Burn and Zhang, 2009), the Russian arctic (Malevsky-Malevich et al.,
2001; Romanovsky et al., 2007; Sazonova et al., 2004), Svalbard (Etzelmüller et al.,
2011) and Alaska (Biesinger et al., 2007; Osterkamp and Romanovsky, 1999). But also
in more complex mountain regions as the European Alps transient modelling studies20

of permafrost occurrence and distribution on local and regional scales have been un-
dertaken (Gruber et al., 2004b; Hoelzle et al., 2001; Noetzli and Gruber, 2009; Noetzli
et al., 2007; Stocker-Mittaz et al., 2002; Luetschg et al., 2008). Such models can be
driven by air or ground surface temperature (GST) series, either historical or derived
from global climate models. For Scandinavia in general, and southern Norway in partic-25

ular, instrumental data show a warming since the end of the Little Ice Age (LIA) and an
increased warming trend since the 1990s (Serreze et al., 2000). Global climate models
predict an accelerating warming until the end of this century (Benestad, 2005), which
potentially would lead to major changes in the ground thermal regime in Scandinavian
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mountains.
The objective of this study is to analyze the ground thermal response to historical

and future air temperature (TAIR) variation in different environmental settings in terms
of elevation, vegetation, snow and sediment cover. This improved understanding is
a crucial basis for spatially distributed permafrost modelling, and for understanding5

geomorphological process patterns and landscape development (Etzelmüller et al.,
2003).

To reach this aim, we used a simple 1D heat flow model recently applied for Svalbard
and Iceland (Etzelmüller et al., 2011; Farbrot et al., 2007), and applied it for together 13
borehole locations in southern Norway. The model was calibrated and validated using10

measured borehole data and subsequently forced by historical TAIR series reaching
back to 1860, and climate change scenarios (A1B) down-scaled to certain climate
stations (Benestad 2010), projecting the evolution of TAIR until 2100.

2 Setting and climate at the study sites

The borehole measurements used in this study come from over three major sites15

(Fig. 1): Juvvasshøe (61◦40′ N, 08◦22′ E, 1894 m a.s.l.), Jetta (61◦53′ N, 9◦17′ E,
1640 m a.s.l.) and the Tron massif (62◦10′ N 10◦41′ E, 1560 m a.s.l.). In addition to
the PACE boreholes, a total number of 12 boreholes were drilled in August/September
2008 along altitudinal gradients at each site. Ground temperatures were recorded in
2-hour intervals over two consecutive years from August 2008 to August 2010. In ad-20

dition the GST, TAIR and snow depth (SD) is recorded at most boreholes. From the
PACE borehole long time series of GT, GST and TAIR from 1999 until 2010 are avail-
able. Low-cost (±0.5 ◦C accuracy) iButton temperature loggers were installed at fixed
heights along the pole carrying the air temperature sensor. These measurements are
used to roughly determine the snow depth evolution during winter at the sites. At the25

uppermost borehole at Tron (Tro-BH1, 1640 m a.s.l.) a meteorological station was set
up providing hourly data of air temperature, wind speed and direction, relative humidity,
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incoming and outgoing short and long wave radiation. A sonic sensor is continuously
measuring the snow depth. A more detailed description of the sites and the instrumen-
tation is given by Farbrot et al. (2011).

2.1 The borehole sites

Juvvasshøe (1884 m a.s.l.) is a high mountain site situated in the vicinity of the highest5

mountain of Norway, Galdhøpiggen (2469 m a.s.l.) (Fig. 1c). The site has a compar-
atively long history of permafrost research (Isaksen et al., 2003; Isaksen et al., 2001;
Isaksen et al., 2002; Ødegård et al., 1996; Ødegård et al., 1999; Ødegård et al., 1988;
Ødegård et al., 1992) with first ground temperature measurements started by Ødegård
et al. (1992) and the later drilling of the 129 m deep PACE borehole (Harris et al., 2001;10

Isaksen et al., 2001). The surface of the site is characterized by extensive blockfields
at higher elevations and finer till material at lower elevations (Ødegård et al., 1988).
Six boreholes were drilled in addition to the existing PACE boreholes along an alti-
tudinal transect ranging from 1884 m a.s.l. (PACE) down to 1307 m a.s.l. (Juv-BH6)
(Fig. 1c). The boreholes have different stratigraphies: PACE, Juv-BH1 and Juv-BH315

are located in block fields, Juv-BH4 was drilled in bedrock and Juv-BH6 in sand-rich
ground moraine.

At Jetta (Fig. 1b) blockfields are present down to elevations of 1500 m and 1100 m
a.s.l. on the north and south exposition, respectively, with thicknesses ranging from
3 to 10 m (Bø 1998). Three boreholes were drilled 10m into bedrock at 1560 m a.s.l.20

(Jet-BH1), 1450 m a.s.l. (Jet-BH2) and 1218 m a.s.l. (Jet-BH3).
Tron (Fig. 1d) is located further east in a more continental climate setting. The up-

permost of totally three boreholes (Tro-BH1, 1640 m) was drilled 30 m into a block field,
the other two were drilled 10 m into fine-grained morainic material.
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2.2 Climate conditions at the study sites

At each borehole continuous series of TAIR, GST, GT and snow cover are recorded
since 2008 (Fig. 4). At the PACE borehole these parameters are measured since 1999
(Isaksen et al., 2007; Isaksen et al., 2001).

At Juvvass mean annual air temperatures (MAAT) in 2009 range from −3.2 ◦C on5

Juvvasshøe (1861m a.s.l.) to −0.5 ◦C at 1307 m a.s.l. resulting in an average altitu-
dinal lapse rate of 0.5 ◦C 100 m−1 (Farbrot et al., 2011). At higher elevations snow
cover is strongly variable, but generally thin due to strong wind redistribution. A thick
snow cover, however, is found at lower elevations. Thus, Juv-BH1 does not show a
continuous snow cover exceeding 10–20 cm, while the lower boreholes (Juv-BH5 and10

especially Juv-BH6) have a vegetated surface and a pronounced snow cover (Farbrot
et al., 2011). At Tron MAAT in 2009 ranged from −3.5 ◦C to +1.1 ◦C and Tro-BH1 and
Tro-BH2 show thick and long snow cover during both seasons.

The three borehole sites are situated along a continentality gradient from a more
maritime influenced climate at Juvvasshøe to a more continental climate setting at15

Tronfjell (Farbrot et al., 2011). Mean monthly air temperatures (MMAT) of the last
climate normal 1961–1990 for all three sites and the mean deviation of 2008 and 2009
(until August only) to the normal are shown in Fig. 2. Due to the lower elevation, Jetta
shows warmer summer and winter temperatures. However, although the site at Tron is
about 250 m lower than Juvvasshøe, TAIR is similar or even colder than at Juvvasshøe20

(Fig. 2a). Using the altitudinal lapse rate derived from observations (Farbrot et al.,
2011) TAIR at 1640 m a.s.l. is −2.3, −2.2 and −3.8 ◦C at Juvvasshøe, Jetta and Tron,
respectively, demonstrating the increasing continentality towards Tron.

The two seasons devided into 1 September 2008–31 August 2009 (S1) and 1
September 2009–31 August 2010 (S2) were analyzed independently and used in the25

following to derive seasonal means and differences. Two substantial different seasonal
patterns have been recorded (Fig. 2b). The MAAT during S2 was in average +1.4 ◦C
and +1.1 ◦C colder at Juvvass/Jetta and Tron, respectively, than S1. The winter 2008–
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2009 did not show any strong deviation from the period 1961-1990, but positive devia-
tions of up to +5 ◦C were recorded during spring and summer. The winter 2009/2010
was much colder than the normal period, with negative deviations of up to −4.5 ◦C in
relation to the normal period (Fig. 2b). In average, deviations of +0.7 ◦C for S1 and
+1.1 ◦C for S2 to the 1961–1990 climate normal were measured.5

2.3 Permafrost and seasonal frost conditions

2.3.1 Permafrost Conditions

At Juvvass permafrost is present at the uppermost five borehole locations showing
MAGSTs between −2.4 ◦C (PACE, 1894 m a.s.l.) and −0.3 ◦C (Juv-BH3, 1561 m a.s.l.).
The mean annual ground temperature at 10 m depth (MAGT10) increases from −2.4 ◦C10

(PACE) to +0.7 ◦C (Juv-BH6). A strong shift in MAGT10 was measured between Juv-
BH4 and Juv-BH5 at the transition between permafrost and no-permafrost (Table 1),
and attributed to absence of ground ice (Farbrot et al., 2011). Permafrost thickness at
the PACE borehole was estimated to be approximately 380 m (Isaksen et al. 2001).
The active layer thickness (ALT) was ranging from 1.4 m (Juv-BH1) to 8.5 m (Juv-BH3)15

during the season 2008/2009. In the following season 2009/2010 the ALT at Juv-BH3
decreased to 6.8 m, while at Juv-BH1 and PACE an increase of 10 cm was measured
despite the colder air temperatures. Seasonal frost at Juv-BH5 and Juv-BH6 (Fig. 4b)
reached down to approx. 4 m and 0.5 m (2.5 m in 2009/2010), respectively.

At Tron permafrost conditions are found at the uppermost borehole only (Tro-BH1,20

1640 m a.s.l.) showing temperatures close to 0 ◦C and clear signs of permafrost degra-
dation (Fig. 4e). The MAGSTs (2008/2009) are all above freezing ranging from +0.7 ◦C
to +1.3◦C. At all boreholes the MAGST decreased in the following season and de-
creased to −0.3 at Tro-BH1 probably due to a thinner snow cover than the previous
winter. However, while the MAGT10 was slightly below 0 ◦C in 2008/2009 at Tro-BH1,25

it increased to a slightly positive value during 2009/2010. The increase of ALT from
10.7 m to 11.1 m (Fig. 4c) despite colder MAAT and MAGST implies the beginning of a
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talik development at this site (Farbrot et al., 2011). Along the north slope of Tron, com-
paratively low MAGST of −0.4 ◦C and −0.7 ◦C were recorded by miniature temperature
loggers at lower elevations of 1570 m and 1450 m a.s.l., respectively. This indicates
the possible presence of permafrost on the north facing slope of the mountain massif
(Farbrot et al., 2011). Seasonal frost dominates at boreholes Tro-BH2 (Fig. 4f) and Tro-5

BH3 with depths of approx. 1.5 m and 2 m in 2008/2009 and 4 m and 2 m in 2009/2010,
respectively.

Similarly, at Jetta permafrost conditions are present at the uppermost borehole (Jet-
BH1, 1560 m a.s.l.) with a MAGST of −0.4 ◦C and a MAGT10 of −0.8 ◦C (Fig. 4c). The
further distribution of MAGSTs is depends on the snow cover. Due to a thick snow cover10

(> 140 cm) at Jet-BH2 (1450 m a.s.l.) GSTs in both seasons (+0.9 ◦C) are higher than
at Jet-BH3 (+0.5 and −1.1 ◦C) without snow cover at a much lower elevation (1218 m
a.s.l.). Seasonal frost reaches depths of approx. 6.5 m and 6 m in 2008/2009 and 6.5 m
and 7.5 m in 2009/2010 at Jet-BH2 and Jet-BH3 (Fig. 4d), respectively.

2.3.2 Correlation of GST to air temperature15

Coupling between the GST and TAIR at each borehole site is essential for describing an
appropriate upper boundary condition for the heat flow model. At the study sites this
relationship varies strongly from borehole to borehole, depending on snow and surface
cover (Fig. 3). Boreholes without significant snow cover (<60 cm) and block fields as
surface cover (Juv-BH3, Juv-BH4, Jet-BH3) show a good linear correlation with r2 >0.820

(up to 0.95 at bedrock sites). However, the majority of boreholes are strongly affected
by thick and long-lasting snow cover (Tro-BH1, Tro-BH2, Jet-BH1, Jet-BH2 and Juv-
BH6) and therefore show a deviation of the GST from TAIR during the winter season
resulting in r2-values between 0.3 and 0.6 (Fig. 3).
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2.3.3 Interannual Variation

The borehole temperatures show different susceptibilities to inter-annual variability in
climatic conditions due to their correlation of GST to air temperature (Fig. 3). Bore-
holes with a close atmosphere-ground surface coupling show much lower GSTs and
GTs in Season 2. The GST was 0.6 ◦C at Juv-BH3 and even 2.1 ◦C lower at the pure5

bedrock site Juv-BH4 than during Season 1 (Table 1). While Jet-BH2 shows a con-
stant MAGST of +0.9 ◦C during both seasons due to snow cover, strong variations at
Jet-BH3 with +0.5 ◦C during S1 and −1.1 ◦C during S2 (Table 1) demonstrate closer
coupling between atmosphere and ground surface (Fig. 3).

At boreholes that show a similar snow cover during Season 1 and Season 2, the10

GST does not change significantly. However, at sites where the snow cover was much
thicker in S1 compared to S2, a significantly lower GST in comparison to the previous
year was measured.

3 Methods

3.1 1-D numerical heat flux model15

For this study we used a one-dimensional transient heat flow model, which was applied
in similar studies previously (Farbrot et al., 2007; Etzelmüller et al., 2011). Assuming
heat conduction as the only process of energy transfer the model is solving the heat
flux equation (Williams and Smith, 1989)

ρc
δT
δt

=− δ
∆z

(
δT
δz

)
(1)20

describing the evolution of the ground temperature T over time t and depth z, where
heat capacity c, thermal conductivity k and density ρ are the main thermal properties
of the ground. All borehole stratigraphies were implemented in the model with a spatial
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resolution of ∆z = 0.1 m by assigning the ground thermal properties to the according
depth of the discontinuity (Table 1). The heat flux Eq. (1) is then solved using finite
differences along the borehole profile to a depth of 150 m. The water content is imple-
mented in the model as volumetric water content (VWC), however, as a unique value
and does not change over time. The effect of latent heat due to freezing and thawing of5

the ground is accounted for by using the implementation of an apparent heat capacity.
Any effects related to the advection of heat due to flow of ground water or of air in
coarse-grained blockfields are not considered in the model.

3.2 Model initialization and boundary conditions

A geothermal heat flux of Qgeo= 50 mW m−2 (Isaksen et al., 2001) is used as lower10

boundary condition, while the GST is needed as upper boundary condition to run the
model. Historical and future time series of GST were generated from the reconstructed
TAIR and downscaled climate change scenarios respectively using n-factors. N-factors
describe the coupling of atmosphere and ground surface by parameterizing the effect
of snow cover and vegetation, thus we did not treat snow cover explicitly in the model.15

They were derived from measured GST and TAIR time series at each borehole indi-
vidually by calculating the ratio of annual sums of freezing and thawing degree days
of GST to those of TAIR. Since the two monitored seasons show strong differences
in snow cover and air temperature, mean values of nF and nT were used (Table 1),
implying that the range of snow and air temperature conditions during the two seasons20

represents the conditions dominating during at least the last decades.
For calibration and validation, the model was initialised using the first observed GT

profile. For the modelling of permafrost history the model was initialized using the
mean air temperature of the decade 1860–1870 (MAT1860). At a first step the model
was forced with MAT1860 until a steady-state GT profile was achieved. In order to25

create initial condition including a typical seasonal cycle and AL development, the sea-
sonal variation of TAIR was parameterized with a 2nd order Fourier series fitted to the
measured MDAT of 2008/2009 (r2 >0.8) (Fig. 5). Using the first steady-state profile
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as initial condition, the model was run with the parameterized air temperature cycle
until, again, steady-state conditions were achieved. Following this procedure, initial
permafrost conditions including a seasonal cycle and an active layer could be gener-
ated for each instrumental borehole. The last profile created was then used as initial
condition for the modelling of historic permafrost conditions.5

3.3 Model calibration and validation

Measured values for thermal conductivity and density of Juv-BH5 were measured at
the Norwegian Geological Survey (NGU). Further parameter values were taken from
literature (Williams and Smith, 1989) and later on manually adjusted during calibration
to achieve good agreement between observed and modelled GT (Table 2). A time se-10

ries of measured soil moisture in the vicinity of some sites (Juv-BH1, Tro-BH1) served
as an estimate for the water content (O. Humlum, personal communication, 2011).

The model was calibrated on all of the boreholes in this study in order to adjust the
ground properties (Table 2) and therefore reproduce the measured GTs with highest
possible accuracy. The calibration was conducted by running the model with mea-15

sured daily ground surface temperature from season 2008/2009 as upper boundary
condition. The data from 2009/2010 served as validation period to assess the model
accuracy. At the PACE borehole the time series was divided into a calibration period
from 1999 to 2007 and a validation period from 2008 to 2010.

The appropriateness of the n-factor approach for GST depends on the presence20

and duration of snow cover as well as the surface cover characteristics (coarse blocks,
vegetation, bedrock) at the site. To validate the reliability of the GST model, it was
run with the daily air temperature from the period 2008-2010 and compared to the
measured GSTs. For most of the boreholes a good correspondence between modelled
and measured GST could be found with r2-values >0.8 (except Tro-BH1 with r2 = 0.76)25

(Fig. 6). Correlation values of r2 >0.90 were achieved at bedrock sites where hardly
any snow cover is present (Juv-BH4, Jet-BH3). Sites with a pronounced snow cover
(Tro-BH1, Jet-BH1) and/or a coarse block cover (PACE, Juv-BH1) yield lower r2-values
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around 0.77 to 0.89 (Fig. 6). However, the GST model could reproduce the typical
insulating effect of a thick snow successfully, as shown in Fig. 3. The RMSE is ranging
between 1.2 ◦C at bedrock sites to 2.7 ◦C at sites with blockfields and/or snow cover
(Table 3).

After fine-adjusting the ground parameters, the calibrated borehole models repro-5

duce the measured GTs with high accuracies showing r2-values >0.96 (except Juv-
BH6) and a RMSE ranging from 0.13 ◦C to 0.89 ◦C (Table 3, Fig. 7b).

3.4 Historic and future temperature data

Historic air temperature from 1860 to 2008 for all borehole sites were generated by
the following procedure: Mean daily air temperatures (MDAT) are available as 1 km-10

resolution maps (MDATgrid) covering entire Norway, and which are gridded by inter-
polating station observations (Mohr, 2009). Secondly, standardized air temperature
series of monthly values have been generated for regions of Norway showing a fairly
homogenous air temperature variability on longer time-scales (Hanssen-Bauer and
Nordli, 1998). Based on linear regression of MDAT measured at the borehole (MDATBH)15

and the MDATgrid, MDAT time series from 1957 until 2008 were generated for the up-
permost boreholes including PACE, Juv-BH1, Jet-BH1 and Tro-BH1. From these se-
ries, mean monthly air temperature values (MMATBH) and their associated standard
deviations (MSTDEVBH) were calculated for the normal period 1961-1990. For the
uppermost boreholes a long reconstructed time series of MMAT values from 1860–20

1956 could be generated following the method described by (Hanssen-Bauer, 2005)
(Fig. 8a):

MMAT = MMATBH + Standardized regional value ·MSTDEVBH (2)

The altitudinal lapse rate of 0.5 ◦C 100 m−1 and 0.8 ◦C 100 m−1 measured at Juvvass
and Tron, respectively, was used to generate long air temperature time series for all25

other boreholes (Table 4). The historic air temperature series used as input data for the
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modelling therefore consists of MMAT values until 2008 and measured MDAT values
for 2008–2010.

For the climate change model runs, the rather moderate A1B climate change sce-
nario was chosen. The A1B scenario assumes balanced use of all energy sources
with a increase in renewable energy sources, therefore assuming a decrease of CO25

emissions by the mid of the 21st century (IPCC, 2007). The likely range of the global
mean temperature change from 1990 to 2100 of the A1B scenario is between +1.7 ◦C
and +4.4 ◦C, with a best estimate of +2.8 ◦C (IPCC, 2007).

Data from an ensemble of 20 different GCM runs were downscaled to the nearby
weather station Fokstugu (Benestad, 2010; Benestad, 2005) and used to drive the10

ground heat flux model. The measured daily air temperature data at each borehole was
correlated to Fokstugu yielding an r2>0.9. This relationship allowed the construction
of air temperature scenarios for each borehole site individually from 2010 until 2100
(Fig. 8a).

4 Results15

4.1 Historical and future temperature trends

The historical air temperature series shows a warming of 1.6 ◦C and 2 ◦C in TAIR from
1860 until 2009 (resulting in a warming rate of +1.1 ◦C (100a) −1 and +1.3 ◦C (100a)-1)
at Juvvass and Tron respectively (Table 4). At both sites only positive deviations of TAIR
to the climate normal 1961-1990 were observed during the last decade (Fig. 8b,c,),20

while at Tron the warming appears to be stronger (Fig. 8c). In the period 1860s until
2000/2009 the strongest warming occurred during spring with +2.1 ◦C at both sites. At
Juvvasshøe the lowest warming occurred in winter with +0.9 ◦C. The continental site
Tron, however, shows strong warming of air temperature in winter and spring as well
with +1.8 and +1.9 ◦C for winter and fall, respectively.25

The median of the downscaled future temperatures indicates a further warming of
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+2.8 ◦C of the decadal means 2001/2010 until 2091/2100. The 10th percentile shows
the same warming trend, the 90th percentile, however, shows an increase of +3.3 ◦C
(Fig. 8a). The deviation of the median to the climate normal 1961-1990 amounts to
+3.8 ◦C and +4.2 ◦C at Juvvass (Fig. 8b) and Tron (Fig. 8c), respectively.

4.2 Historic permafrost development5

4.2.1 Mountain permafrost after the Little Ice Age

From the initial conditions rough estimates for the lower limit of mountain permafrost
can be taken. The modelling results suggests that permafrost of 20 m thickness was
present at Juvvass even at the lowermost borehole (1314 m a.s.l.) at the beginning of
the model period at 1860. The ALT is ranging from 0.5 m at 1900 m (Juv-BH1) to c. 3 m10

at 1314 m a.s.l (Juv-BH6). The greatest ALT at Juvvass is modelled for the bedrock site
(Juv-BH4) with an ALT of close to 4 m. Less extensive permafrost thicknesses (<90 m)
and higher ALT (1.3–6.1 m) were modelled for the more continental site at Tronfjell.
However, at this site the lower limit of permafrost was modelled to have been lower
than 1290 m a.s.l.15

4.2.2 Ground temperatures

For the period from 1860 to 2009 increasing GTs at all depths were modelled. However,
at all boreholes the most significant increase in GTs is restricted to the last two decades
only. The model results show an increase in GT at 10 m depth since the 1860s from
+0.9 ◦C to +1.5 ◦C at Juvvass. At Tron, however, a much lower increase of +0.1 ◦C to20

+0.7 ◦C was modelled. GTs at 100 m depth increased by +0.4 ◦C to +1 ◦C at Juvvass
and +0.1 ◦C to +0.4 ◦C at Tron. The strongest warming was modelled at the bedrock
borehole (Juv-BH4) with +1.5 ◦C and +0.5 ◦C at 10 m and 100 m depth, respectively.

824

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/811/2011/tcd-5-811-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/811/2011/tcd-5-811-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
5, 811–854, 2011

Temperature
evolution modelling
of permafrost and

seasonal frost

T. Hipp et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4.2.3 Active layer thickness

Depending on location, elevation and stratigraphy, different ALT developments are sug-
gested by the model results. However, a characteristic pattern can be observed at all
boreholes, with a comparatively slow ALT increase from the 5-year mean 1860/1864
until the end of the 20th century (1995/1999) and accelerated thickening rates dur-5

ing the decade 2000-2009. At Juvvass the lowermost borehole (Juv-BH6) shows a
very rapid ALT increase and permafrost degradation prior to the end of the 19th cen-
tury. The 20th century increase in ALT at the other boreholes was only +0.2 m (24%,
+0.1 cm a−1) and +0.7 m (54%, +0.5 cm a−1) at Juv-BH1 and PACE (Fig. 9a), respec-
tively. The lower boreholes Juv-BH3 and Juv-BH4 show a stronger increase of ALT10

in the same period with +2.3 m (68%, +1.6 cm a−1) and +2.4 m (65%, +1.7 cm a−1),
respectively . The model suggests accelerated ALT increase at all boreholes over the
last 10 years with +0.2 m (20%, +2 cm a−1), +0.7 m (35%, +7 cm a−1), +2.6 m (46%,
+26 cm a−1) and +2.4 m (40%, +24 cm a−1) at Juv-BH1, PACE, Juv-BH3 and Juv-BH4,
respectively.15

The PACE borehole shows higher mean inter-annual variation of ALT than Juv-BH1
with +40 cma−1 and +20 cma−1, respectively. Although Juv-BH3 was drilled in coarse
material and Juv-BH4 in bedrock they show a similar ALT development, the latter how-
ever, having continuously larger ALT (average 0.4 m) and a much higher mean inter-
annual variation of 70 cm a−1 compared to 30 cm a−1.20

As on Jetta all boreholes are drilled in bedrock, the ALT is more sensitive to climate
variations, and a more rapid increase during the last 150 years was modelled. From
1870 to the end of the 1980s the ALT increased by +1.1 m (26%, +1 cm a−1) and
almost +2.2 m (40%, +2 cm a−1) at Jet-BH1 and Jet-BH3, respectively. During the
period 1990 until 2010 the strongest increase of ALT of +2.7 m (50%, +14 cm a−1) was25

modelled at Jet-BH1, while permafrost thawed completely at Jet-BH3 (Fig. 9b).
At Tron, accelerated increases of ALT was modelled. The ALT at Tro-BH1 increased

by +1.1 m (110%, +0.8 cm a−1) until the end of the 20th century (Fig. 9c). However,
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within the last decade only, permafrost was warming rapidly at this site reaching an
ALT of 10–11 m as measured today, resulting in an ALT increase of nearly +9 m (430%,
+87 cm a−1). This development agrees with obeservations indicating the beginning of
a talik development (Fig. 4e) (Farbrot et al., 2011)

4.3 Future permafrost development5

According to projected temperatures, the GT warming trend modeled will continue be-
yond that found for 2000–2009. The model suggests that GTs at Juv-BH1 will increase
by +1.9 ◦C and +1.1 ◦C at 30 m and 100 m depth until 2100, respectively. Juv-BH4
shows the same warming at 100 m depth, however, a much more pronounced increase
in GT at 30 m with +2.6 ◦C. The model results indicate that at an elevation of 1900 m10

a.s.l. permafrost shows strong signs of degradation or even talik development by the
end of this century. Permafrost at lower elevations (Juv-BH3 and Juv-BH4) degrades
completely before 2050 (Fig. 9a). At the bedrock site at Jetta the rapid AL thickening
rates at Jet-BH1 will continue and the development of a talik until the end of the 2020s
is predicted by the model (Fig. 9b). While permafrost at Tron disappears at 1590 m15

a.s.l. by the end of the last century, permafrost at the summit reaches the current state
of degradation with an ALT of more than 11m (Fig. 9c).

Running the model with the 90th and 10th percentiles of the downscaled tempera-
ture ensemble gives an estimation of the possible range of developments. The 90th
percentile causes a fast degradation and thawing of permafrost at all boreholes by lat-20

est mid of this century (Fig. 9a). Assuming the very moderate climate models (10th
percentile) permafrost at Juv-BH1 and PACE is warming at a slow rate, however, no
degradation was modelled.

Although the air temperature increase in the climate change scenario shows a linear
development and even a decrease in the warming rate (Fig. 8a), a non-linear response25

of ALT and GTs was modelled at all sites running the model with the median of the
climate change models (Fig. 9). The ALT of Juv-BH1 increases linearly by another
70 cm from 2010 until mid 2070s. Although the climate change scenario includes a
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decrease in the warming rate at this point, thereafter a rapid degradation of permafrost
takes place until the end of this century with a linear increase of ALT by > 40 cm a−1.
A similar development can be observed at the PACE borehole, however, with higher
thickening rates and a permafrost degradation and thawing at the mid 2060s.

5 Discussion5

5.1 Model uncertainties due to snow cover and water content variability

A major source of uncertainties is the coupling between air and ground surface tem-
perature. In this study GSTs are derived from the air temperature using n-factors that
stay constant throughout the modelled period, which of course is an over-simplification,
as snow is not treated explicitly (Engelhardt et al., 2010; Luetschg et al., 2008). How-10

ever, the strong variation of the two monitored season in terms of air temperature and
snow cover (Table 1) made it possible to estimate the error that can be expected from
n-factors that do not accurately represent the snow cover of each year.

The GSTs of Season 1 were modelled using both the “correct” n-factors (S1 nf1)
and the “wrong” n-factors which correspond to Season 2 (S1 nf2). This procedure was15

repeated for the generation of GSTs of Season 2 with the “correct” n-factors (S2 nf2)
and “wrong” n−factors (S2 nf1). Each model run, S1 nf2 and S2 nf1, was then com-
pared to the measured data of the according season and the RMSE was calculated.
The RMSE and MAGST, were compared to the original model runs (S1 nf1, S2 nf2)
and the differences (∆MAGST, ∆RMSE) were calculated (Table 5). In average, the20

RMSE increases by 0.1 ◦C to 0.7 ◦C when running the GST model with the n-factors of
the other season. Further, in average the absolute changes of the GSTs due to ‘wrong’
n-factors are comparatively low with RMSE-values in the range of 0.4 to 0.7.

High values of ∆ MAGST correspond to boreholes that show a shallower and varying
snow cover as well as a complex surface cover (e.g. Juv-BH1, Juv-BH3 and Juv-BH5).25

At these sites small changes in snow depth have a large effect on the GST. However,
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the same small change in snow cover does not have a strong effect on the GST of a site
with an annual maximum snow cover exceeding 140 cm (e.g. Tro-BH2 and Jet-BH1),
since 80 cm of snow are generally sufficient to insulate the ground surface temperature
from the air temperature. These sites therefore are less sensitive to variations in n-
factors. Compared to other sources of error, e.g. due to uncertainties in the climate5

change scenarios, we consider these errors due to constant n-factors as small.
The model reproduced the measured GTs with good accuracy regardless of the

water content at the borehole sites. However, at sites where water content is high, de-
viations occurred during periods of melting and freezing, where measured data exhibit
the presence of a zero-curtain, while the model results do not (Fig. 6). Considering that10

both soil water content and snow conditions on the long-term are afflicted with major
uncertainties, we believe that the described shortcomings are of minor importance.

5.2 Model uncertainties due to climate change scenarios

One major source of uncertainty is related to the spread of projected temperature evo-
lution according to the multi-model ensemble. In order to quantify the effects on mod-15

elled ALT and permafrost warming, the development of ALT until 2100 was simulated
using projected temperatures ranging from from the 10th to the 90th percentile in steps
of five. From these results, we identify the percentiles which are associated with dis-
appearance of an AL in the years 2050 and 2100, respectively. This analysis in turn
is used as an indication of the likelihood that permafrost at Juv-BH1 and PACE will be20

replaced by a talik at 2050 and 2100 (Fig. 10).
At the PACE borehole a talik development by 2100 was modelled already using the

25th percentile resulting in a high probability of 70–75%. Using the classification pro-
posed by the IPCC (IPCC, 2007) it is likely for this scenario to occur. However, at
Juv-BH1 a talik will be developed in 2100 with a probability of 50–55%, which makes it25

about as likely to occur as not. The probability that a talik is present at these two bore-
holes by the year 2050 is unlikely at both sites. The probabilities are at 35–40% and
20–25% for PACE and Juv-BH1, respectively (Fig. 10). This means that above 1800 m
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a.s.l. where stable and continuous mountain permafrost is present today, discontinu-
ous mountain permafrost is to be expected by the end of the 21st century. Then the
pattern of permafrost would be governed by ground ice content and snow conditions.

5.3 Influence of ground properties on thermal regime

The thermal regime reacted differently to a changing climate due to differences in sur-5

face material, ground properties and thus soil water content. The absolute change of
ALT from one year to the next was calculated and averaged for the period 1860–2009
for all boreholes at Juvvasshøe. Borehole Juv-BH4, which does not have significant
snow cover and is located in bedrock shows the highest mean variation of 0.68 m a−1

and a strong correlation to the mean inter-annual variation of summer TAIR (r2 = 0.7).10

Much lower interannual ALT variation of 0.2 m a−1–0.3 m a−1 and r2-values of 0.25–
0.40 were calculated for boreholes covered by block fields. This suggests that the
block field acts as a buffer layer retarding and dampening the effect of the air temper-
ature on the GTs. At Juv-BH4, however, no such buffer layer exists causing a direct
response of the ALT to changes in TAIR. In eastern Norway, Juliussen and Humlum15

(2008) clearly demonstrated these effects in block fields, while recently Gubler et al.
((2011) showed large variability of ground surface temperatures due to surface mate-
rial cover in the Alps. Gruber and Hoelzle (2008) found that ground temperatures in
block fields could be modelled by attributing low thermal conductivities for these layers.

Despite their vicinity, the boreholes PACE and Juv-BH1 show a different thermal20

regime and ALT development in past and future due to differences in water content.
According to the calibrated model, Juv-BH1 has a VWC ≤15%, the PACE borehole
has a VWC≤5%. Therefore, a large part of the energy transferred into the ground
at Juv-BH1 is consumed for melting processes. This explains the much lower inter
annual variability in ALT and the less pronounced increase in AL in past and future.25

Furthermore, the non-linear response in ALT with the sudden degradation is related
to the melting of ice within the ground. After melting of ground ice, more energy is
available to effectively warm the ground. Similar results are known from North-America
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(Smith et al., 2010) and Russia (Romanovsky et al., 2010), where the response of GT
and ALT to climate warming the last 50 years are clearly attributable to water content,
soil type and deviations to the 0◦ isotherm in the ground.

Similar results have been found comparing the impact of the extreme summer of
2003 on the ALT of bedrock and blockfield sites in the Swiss Alps (Vonder Mühll et al.,5

2007). The ALT of the bedrock borehole on Schilthorn directly increased from around
4.9 to 9 m. The subsequent years, however, the ALT decreased again to a depth of
4.8 m, thus close the value of the previous years. The ALT of the ice-rich rock glacier
of Murtèl-Corvatsch, however, was not severely affected by the warm summer showing
increase of only 11 cm compared to the previous year (Vonder Mühll et al., 2007).10

Several studies have tried to quantify the impact of climate change on permafrost
conditions, distribution and ALT. Stendel and Christensen (2002) predicted a general
increase of ALT of up to 30–40% until the end of the 21st century in the Northern
Hemisphere. Comparably, Zhang et al. (2008) estimated the ALT increase in Canada to
14–30% by 2050 compared to a permafrost baseline in the 1990s. For Svalbard, similar15

changes for the ALT evolution during the 21st century were modelled (Etzelmüller et
al., 2011). In our study the ALT increased by 65 to 180% at the boreholes where
permafrost still is expected by 2050. Even the results using the 10th percentile of the
climate change models indicate an ALT increase of 44% at the PACE borehole. This
implies a high sensitivity of warm mountain permafrost to climate change, comparable20

to coastal areas on e.g. Svalbard (Etzelmüller et al., 2011). Furthermore, many of
the above mentioned assessements were made for Arctic lowlands, where large areas
with organic components are present. Organic components in the near-surface layer
are known to effectively damp the GT response to climate perturbations (Williams and
Smith, 1989). In mountain areas, significant accumulation of organic material is seldom25

and restricted to special topographic and geomorphic settings. However, block fields
might have an effect similar to that of organic material in Arctic lowlands, i.e. retarding
the GT-response to climate signals and cooling the ground, as discussed above.
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5.4 Implications of the model results to geomorphological and geotechnical
processes

The modelled past and possible future changes in GT and ALT have certain geomor-
phological and geotechnical implications and in principle open for a discussion of a
wide range of topics, as the ground thermal regime is a major controlling factor for5

geomorphological processes and landscape development (Berthling and Etzelmüller,
2011). This study clearly demonstrates a major change in ground thermal regime
since the end of the LIA. At that time, sporadic to discontinuous permafrost conditions
seem to have been more widespread at elevations of around 1300 m a.s.l., where we
presently only find permafrost at isolated patches (Sollid et al., 2003). This translates10

to the permafrost limit being approximately 200 m lower during the LIA than toady. At
Juvass, this zone between 1300 m a.s.l. up to 1500 m a.s.l. is dominated by block
lobes, which may be inactive today, but witness of an earlier high-active periglacial en-
vironment. In contrast, climate warming would move this zone further up-slope, and
this study indicates that the lower limit of discontinuous permafrost could rise up to15

above 1800 m a.s.l., which means c. 250 m. With such an scenario, major changes in
periglacial processes can be anticipated.

One of the processes possible leading to major impacts are the geotechnical proper-
ties of rock walls. It is well-documented that permafrost and thus possible ice in joints
and crevasses stabilises rock walls (Gruber et al., 2004a). The relation between rock20

wall stability and ice temperature in clefts was clearly demonstrated using centrifuge
modelling techniques (Davies et al., 2001). It is obvious, that rock walls de-stabilises
with increasing temperatures, and are especially vulnerable at rock wall temperatures
between −1.5 ◦C and 0 ◦C. In our study, at all of the borehole sites a non-linear re-
sponse to a comparatively linear climate warming trend was modelled. This suggests,25

that after the melt of ground ice permafrost degradation can occur rapidly and within a
short time span. The degradation at the highest boreholes in flat terrain is predicted to
occur by the end of this century (Fig. 9). However, due to low water content, exposure
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and bedrock conditions, rock walls are even more sensitive to climate warming. This
implies that e.g. on a south facing rock wall at a similar elevation, the starting point of
degradation might occur much earlier.

The model results using the 10th and 90th percentile of the air temperature scenar-
ios, indicate a possible range of permafrost developments (Fig. 9a). The ALT develop-5

ment indicated by the 10th percentile could represent the warmer conditions in a steep
south facing slope or rock wall, while a north facing rock wall could show the ALT devel-
opment predicted by the 90th percentile. This would cause strong gradients between
these two expositions and an early and quick permafrost degradation on south facing
rock walls.10

The strong warming dynamic of mountain permafrost in steep terrain has direct im-
plications for slope stability, possibly causing increasing the frequencies of rock fall
events and larger landslides. In addition, the long period of stable permafrost and a
sudden and quick degradation results in challenges for geo-engineering, natural haz-
ard prediction and mitigation.15

6 Conclusions

From this study the following main conclusions are drawn:

– During the Little Ice Age the lower limit of permafrost was probably about 200 m
lower than today, and climate warming towards the end of the 21st century would
further increase this limit by about 250 m.20

– Since roughly the end of the Little Ice Age (late 19th century) until today, ground
temperatures at 10 m depth increased by around +0.9 ◦C to +1.5 ◦C. Furthermore,
the largest part of this warming occurred since around 1990.

– During the time period 1860 to 1990 a comparatively small increase in active
layer thickness was modelled in the areas where permafrost exists today. Since25
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c. 1990 the increase of active layer thickness was substantial with rates ranging
from +2 cm a−1 to +26 cm a−1 (20–430%).

– The assessement of future ground temperatures suggests a shift of the lower
permafrost limit to higher elevations and the degradation of permafrost at most
of the sites. Forcing the model with the median of the projected temperature5

ensemble, by the end of this century also the highest boreholes (Juv-BH1, PACE)
would be subjected to permafrost degradation with deep active layers or even the
development of a talik. This implies an upward shift of the lower permafrost limit
to around 1900 m a.s.l. or even higher.

– Simulated ground temperatures at bedrock sites are generally more sensitive to10

climate change than those at sites within blockfields or finer-grained sediment
cover. Especially block fields represent a thermal buffer, in agreement with results
of other studies.

– Permafrost partly exhibits large thermal inertia with only slowly increasing active
layer thickness until the melt of ground ice. Thereafter, degradation occurs within15

a short time period.

– The warming trend of permafrost at high elevations in combination with the high
sensitivity of bedrock sites can have a significant effect on the stability of steep
slopes and rock walls, which are common at Juvvasshøe in the zone between
1900–2400 m a.s.l.20
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Elgåhogna and Sølen, central-eastern Norway, Permafrost and Periglacial Processes, 19,
1–18, 2008.

Luetschg, M., Lehning, M., and Haeberli, W.: A sensitivity study of factors influencing warm/thin
permafrost in the Swiss Alps, J. Glaciol., 54, 696–704, doi:10.3189/002214308786570881,15

2008.
Malevsky-Malevich, S. P., Molkentin, E. K., Nadyozhina, E. D., and Shklyarevich, O. B.: Numer-

ical simulation of permafrost parameters distribution in Russia, Cold Region. Sci. Technol.,
32, 1–11, 2001.

Mohr, M.: Comparison of Versions 1.1 and 1.0 of Gridded Temperature and Precipitation Data20

for Norway, Norwegian Meteorological Institute, 2009.
Noetzli, J., Gruber, S., Kohl, T., Salzmann, N., and Haeberli, W.: Three-dimensional distribution

and evolution of permafrost temperatures in idealized high-mountain topography, J. Geophys.
Res.-Earth Surf., 112, F02S13, doi:10.1029/2006JF000545, 2007.

Noetzli, J. and Gruber, S.: Transient thermal effects in Alpine permafrost, The Cryosphere, 3,25

85–99, doi:10.5194/tc-3-85-2009, 2009.
Osterkamp, T. E., and Romanovsky, V. E.: Evidence for warming and thawing of discontinuous

permafrost in Alaska, Permafrost and Periglacial Processes, 10, 17–37, 1999.
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Table 1. Thermal conditions, snow cover and thawing and freezing factors implemented in the
model for the two seasons 2008/2009 (S1) and 2009/2010 (S2). The maximum snow depth
(SD max) and the number of days where the snow depth exceeds 5 cm (SD>5 cm) give an
indication of the local snow cover.

Borehole Elevation
[m a.s.l.]

MAAT MAGST MGT(10m) SD max/Days with SD>5 cm nF nT

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2
JUVVASS
PACE 1894 −3.4 −4.6 −2.8 −2.9 −2.5 no data no data 0.90 0.90 1.10 1.10
BH1 1861 −3.3 −4.7 −2.4 −2.6 −1.6 −1.7 5/0 20/150 0.85 0.64 1.15 1.10
BH3 1561 −1.7 −3.1 −0.6 −1.2 −0.3 −0.5 no data no data 0.95 0.85 1.25 1.30
BH4 1559 −1.7 −3.1 −1.1 −2.6 − −0.7 0/0 0/0 – 1.03 – 1.30
BH5 1468 −1.1 −2.4 −0.6 −1.5 1.3 1.2 40/124 1.04 0.90 1.25 1.25
BH6 1307 −0.6 −2.2 1.9 0.8 1.7 − >140/224 77/186 0.23 0.35 1.05 1.05
TRON
BH1 1640 −3.6 −4.5 0.8 −0.2 0.0 0.0 >90/247 >90/257 0.11 0.18 0.84 0.82
BH2 1589 −3.0 −3.9 1.1 0.3 0.9 0.8 120/263 140/257 0.16 0.20 1.19 1.07
BH3 1290 -0.9 -2.3 1.2 1.2 1.4 1.4 47/213 60/194 0.38 0.27 1.02 1.02
JETTA
BH1 1560 −2.2 −-3.7 −-0.4 −-0.2 −0.8 −0.8 140/255 >140/236 0.45 0.38 1.08 1.12
BH2 1450 −1.7 − 0.9 1.0 0.61 0.71 >140/264 >140/266 0.28 0.28 1.20 1.20
BH3 1218 −0.2 −1.6 0.5 −1.0 1.71 1.61 5/0 5/0 0.96 0.99 1.22 1.21

1 9.5 m depth.
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Table 2. Ground properties for different substrates, surface cover and bedrock used in this
study. Here, k is thermal conductivity, c is specific heat capacity, VWC is the volumetric water
content and ρ is the density.

k [W K−1 m−1] c [J kg−1 K−1] VWC [%] ρ [kg m−3]

Block field 0.8–1.4 800 5–20 1200–1600
Vegetated surface layer 0.8 800 14–15 1000–1300
Coarse grained material 1.8–2.3 800 4 1400–2000
Fine moraine material 1.0–1.8 800 4–8 1500–1800
Bedrock 2.3–3.0 800–900 0.5–2 2000–2800
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Table 3. Modeled and measured ground surface temperature (GST), ground temperature (GT)
and active layer thickness (ALT). The root mean square error (RMSE) was chosen to estimate
the error of the modeled results.

GST GT Measured ALT [m] Modeled ALT [m]

r2 RMSE
(◦C)

r2 RMSE
(◦C)

2008/2009 2009/2010 2008/2009 2009/2010

JUVVASS
PACE 0.85 2.7 0.98 0.5 2.2 2.3 2.1 2.1
BH1 0.84 2.3 0.97 0.5 1.4 1.5 1.4 1.3
BH3 0.87 2.7 0.98 0.6 8.5 6.8 8.2 6.4
BH4 0.93 2.1 0.99 0.4 – 8.6 – 8.3
BH5 0.88 2.7 0.99 0.5 – – – –
BH6 0.91 0.85 0.7 – – – –
TRON
BH1 0.77 1.3 0.99 0.1 10.7 11.1 11.7 10.7
BH2 0.91 0.96 0.4 – – – –
BH3 0.93 1.2 0.97 0.4 – – – –
JETTA
BH1 0.84 1.9 0.99 0.3 8.0 7.32 8.1 7.9
BH2 0.81 2.1 0.99 0.3 – – – –
BH3 0.96 1.6 0.99 0.9 – – – –
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Table 4. Surface air temperature change at each borehole from the 1860s until the 2090 s.
MAT = mean air temperature, ALRT = altitudinal lapse rate.

Elevation
[m a.s.l.]

MAT(1865/1875)
[◦C]

MAT(2008/2009)
[◦C]

∆T
[◦C]

ALRT
[◦C/100 m]

JUVVASS
PACE 1894 −4.8 −3.4 1.4

0.5

BH1 1861 −4.8 −3.3 1.5
BH2 1771 −4.3 − −
BH3 1561 −3.3 −1.7 1.6
BH4 1559 −3.3 −1.7 1.6
BH5 1468 −2.8 −1.1 1.7
BH6 1314 −2.0 −0.6 1.4
TRON
BH1 1640 −5.5 −3.6 1.9

0.7BH2 1589 −5.1 −3.0 2.2
BH3 1290 −2.7 −0.9 1.8
JETTA
BH1 1560 −4.1 −2.2

1.9 0.8BH2 1450 −3.6 −1.7
BH3 1218 −2.1 −0.2
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Table 5. Changes in MAGST and increase in RMSE introduced by the use of n-factors.

JUVVASS TRON JETTA

BH1 BH3 BH5 BH6 BH1 BH2 BH3 BH1
∆MAGST 1.1 0.53 0.58 0.51 0.42 0.38 0.45 0.66
∆RMSE 0.72 0.15 0.13 0.13 0.09 0.10 0.23 0.23
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Fig. 1. Location of the study sites and boreholes in Norway (a). As a rough estimate of possible
permafrost distribution all areas with MAAT <−3 ◦C are shown. Local site overview of (b) Jetta,
(c) Juvvass and (d) Tron.
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Fig. 2. (a) Mean monthly air temperature for PACE borehole, Tro-BH1 and Jet-BH1 during the
last normal period 1961–1990. (b) Mean deviation of monthly means for 2009 (black) and 2010
(grey, only until July).
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Fig. 3. Correlation of measured (black) and modelled (red) GST to TAIR at all borehole sites.
High linear correlations can be found at sites having only thin and not persistent snow cover,
being PACE (r2 = 0.82), Juv-BH1 (r2 = 0.80), Juv-BH3 (r2 = 0.84), Juv-BH4 (r2 = 0.92), Juv-
BH5 (r2 = 0.87), and Jet-BH3 (r2 = 0.95). The model reproduced the GST with good accuracy
even at sites that show the effect of a long and thick snow cover (e.g. Tron, Jet-BH1, Jet-BH2).
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Fig. 4. Thermal regime of permafrost (a, b, c) and non-permafrost (d, e, f) boreholes including
GT, GST, TAIR and snow cover.
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Fig. 5. Measured daily air temperature (points) from September 2008–August 2009 at Juv-BH1
are fitted with a 2nd degree Fourier series (solid line) used to simulate a typical seasonal cycle.
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Fig. 6. Correlation between modelled and measured GST at all borehole sites. GST was
simply modelled using n-factors. Good correlations are found at all sites with r2 >0.80. Very
good model results are achieved at bedrock sites without or very restricted snow cover (Juv-
BH4, Jet-BH3) with r2 >0.90.
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Fig. 7. (Left panels) Measured (solid lines) and modelled (dashed lines) ground temperatures
(GT) at 1 m (red), 5 m (black) and 10 m (blue) depth during the calibration (2008/2009) and the
validation period (2009/2010). Only one season was available for calibration and validation for
Juv-BH4. (Right panels) Scatter plots of measured against modelled GT with linear correlation
coefficient.
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Fig. 8. (a) Historic air temperature series at the uppermost borehole at Juvvass (black) and
Tronfjell (blue). The bold line represents the 7-year Gaussian-filtered series with a three K
standard deviation. From 2010 the median (bold black), 90 percentile (red) and 10 percentile
(blue) of the downscaled A1B climate change scenario at Juv-BH1 is shown. The lower panels
show the deviation of MAAT to the 1961–1990 climate normal at Juvvass (b) and Tron (c).
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Fig. 9. Past and future active layer thickness (ALT) from 1860 to 2100 at Juvvasshøe (a),
Jetta (b) and Tron (c). Future ALT was modelled with the median of the downscaled scenario
temperatures (bold dashed lines) and in the case of Juv-BH1 and PACE additionally using the
the 90 and 10 percentile (shading) (a). The bold lines represents a 7-year Gaussian-filtered
series, measured ALT are marked by crosses.
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Fig. 10. Probability of complete permafrost thaw at the years 2050 (black) and 2100 (white) at
Juv-BH1 (squares) and PACE (circles). The model was driven with all percentiles (every 5th
percentile) analyzing the percentile where permafrost at the according year disappeared in the
model results.
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