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Warming and degradation of permafrost during the ongoing climate change is of
growing concern. Recently, permafrost thawing has been recognized as a new factor
triggering landslides in Iceland. Therefore, there is an increased need for a more thorough
understanding of permafrost distribution and the temporal evolution of the ground
thermal regime in this region. This study focuses on regional modelling of ground
temperature evolution in Iceland for the last six decades (1960-2016) by employing the
transient permafrost model CryoGrid 2 at 1-km spatial resolution. To account for the
strong wind redistribution of snow in Iceland, we ran three realizations of the model, by
forcing the embodied snow water equivalent model with 50, 100, and 150% of gridded
precipitation. The modelled permafrost extent strongly depends on snow depth, with
around 3-15 times more cells indicating permafrost in the halved-precipitation run in
comparison to the other two precipitation runs. A three- to four-decade-long warming
trend has led to warming or degradation of permafrost in some areas of Iceland. We
roughly estimate that ~11 and 7% of the land area of Iceland was underlain by permafrost
during the periods 1980-1989 and 2010-2016, respectively. Model validation with
ground temperature measurements and the distribution of permafrost-related landforms,
such as active rock glaciers and stable ice-cored moraines, together with palsas and
peat plateaus, shows good agreement. The simulation results may be further used as a
baseline for modelling of future permafrost evolution at a regional scale or for identification
of landslide-susceptible areas in Iceland.

Keywords: permafrost, Iceland, transient permafrost modelling, maritime permafrost, permafrost dynamics

INTRODUCTION

Permafrost temperature is a sensitive climate indicator, providing a filtered signal of
surface temperature variations, from annual-scale surface temperature variations at depths of a
few meters to century-scale climate change at depths of several 100 m (Lachenbruch and Marshall,
1986). Substantial permafrost warming trends have been observed in most permafrost regions of
the Earth during the last decades (e.g., Romanovsky et al., 2010). Because of likely continuation
of climate warming and seasonal snow cover changes, future projections indicate shrinkage of the
near-surface permafrost extent (e.g., Collins et al., 2013). Enhanced thaw of ice-rich permafrost
has the potential to alter the landscape, tundra ecosystems, and associated hydrological processes
(e.g., Smith et al, 2005; Jorgenson et al., 2006; White et al,, 2007). Furthermore, permafrost
thaw affects infrastructure in the Arctic (Hjort et al., 2018; Yumashev et al., 2019) and in high
mountains. There, permafrost degradation is considered to be an important factor for geotechnical
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slope stability, contributing to triggering rockfalls, rock
avalanches, or landslides (Gruber and Haeberli, 2007; Ravanel
et al., 2010; Krautblatter et al., 2012). In addition, permafrost
is one of the largest vulnerable carbon pools, storing two times
more organic carbon than the entire atmosphere (Schuur et al.,
2008), which may contribute to enhanced greenhouse gas
emissions if permafrost thaws. According to recent studies (e.g.,
Schuster et al., 2018) permafrost contains also a large amount
of buried mercury, a release of which may potentially threaten
human health. During the ongoing warming, the knowledge of
the spatial and temporal evolution of permafrost is thus essential
for the assessment of permafrost vulnerability, and plausible
impacts of permafrost degradation on the environment.

In the North-Atlantic region, permafrost is widespread
and highly diverse, ranging from mountain discontinuous
permafrost in Scandinavia (Gisnas et al., 2017), via warm
continuous permafrost on Svalbard (e.g., Humlum et al., 2003)
to cold continuous permafrost at the east coast in Greenland
(Christiansen et al., 2008; Westermann et al., 2015a). Iceland
is situated in the transition between mountain permafrost
in Norway and continuous permafrost in Greenland and is
dominated by both mountain permafrost above c. 800 m a.s.L
in deep regolith-dominated slopes and mountain plateaus, along
with sporadic permafrost in palsas and peat plateaus (e.g.,
Etzelmiiller et al.,, 2007; Farbrot et al., 2007b; Saemundsson
et al., 2012). Ground temperatures have been monitored in four
shallow boreholes since 2004 (Farbrot et al., 2007b), and show
near-surface permafrost temperatures between —1°C to close to
0°C between 800 and 900 m a.s.l. in eastern and central Iceland.

Snow cover and redistribution of snow by strong wind is
one of the major factors governing permafrost distribution
locally due to maritime climate conditions (Etzelmiiller et al.,
2007), with frequent low-pressure systems developing around
Iceland during all seasons. Moreover, the volcanic activity in
Iceland leads to high geothermal heat flux (Hjartarson, 2015),
which restricts permafrost thickness and causes the ground
temperatures to be very sensitive to the changes in surface
temperature (Farbrot et al., 2007b). Thus, permafrost existence
is assumed very dynamic in Iceland. This has become obvious
recently through three events where ice-cemented debris was
observed within landslide deposits (Seemundsson et al., 2018;
Figure 1). The importance of permafrost thaw for slope processes
in Iceland has therefore became a focal point of interest over
the past few years, where e.g., Seemundsson et al. (2018) urge
that the mentioned landslides “have highlighted the need for a
more detailed understanding of the distribution and condition
of mountain permafrost within perched talus deposits.” These
previous events occurred in unsettled areas; however, a similar
type of landslides may occur in the future in other regions
of the country, thus increasing hazard risk for infrastructure
and inhabitants.

To address these issues, knowledge about permafrost
distribution, dynamics, and sensitivity to climate change is
needed. Earlier, the potential permafrost extent in Iceland was
simply delineated based on the mean annual air temperature
for the normal period of 1961-1990 (Etzelmiiller et al., 2007;
Figure 1), where threshold values for permafrost presence

were derived using ground surface temperature data. Later,
equilibrium approaches were presented for the entire North
Atlantic region, where the semi-empirical TTOP-model (Smith
and Riseborough, 2002; Riseborough et al., 2008) was forced
by land surface temperate obtained by satellites (Westermann
et al., 2015b). In these approaches, the effects of the snow cover
on the ground thermal regime (nival offsets) and the thermal
offsets within the active layer were neither addressed nor handled
through simplified empirical relationships. Transient behaviour
of ground temperatures was not considered.

The overall objective of this study was to model regional
permafrost distribution in Iceland transiently for the period
1960-2016. To achieve this task, we implemented a temperature-
index snow model for Iceland (Saloranta, 2012) and established
a permafrost model using the transient permafrost model
CryoGrid 2 (Westermann et al., 2013), with a ground resolution
of 1km. To address sub-grid variability due to snow depth
heterogeneity, the permafrost model was run with three
precipitation scenarios. The snow and permafrost models were
forced by gridded data sets of air temperature and precipitation
provided by the Icelandic Meteorological Office (IMO). This
paper presents the main results of this study, together with
model sensitivity, and discusses the ability to distinguish regions
of high interest for probable future landslide hazards due to
permafrost thaw.

GEOLOGY AND CLIMATE

Iceland is a geologically young island that is located in the
northern part of the North Atlantic ridge, stretching between
63 and 66°N. Currently, the volcanic activity and faulting take
place almost exclusively within the neo-volcanic zones, which
are 15-50 km-wide belts (Thordarson and Hoskuldsson, 2008).
Iceland is dominated by basaltic rock, partly highly fractured, and
easily weathered.

Iceland has a maritime climate, with mild winters and cool
summers. Mean annual air temperature (MAAT) in the normal
period 1981-2010 varied from below —5°C at the uppermost
parts of the ice caps to above 4-5°C along the southern coast
(Crochet and Johannesson, 2011). Mean annual precipitation
(MAP) during the same normal period is estimated to be above
4,000 mm in the windward mountainous regions in the south,
above 1,000 mm in most of the other regions in the south and
500-1,000 mm in the large parts of the northern Iceland (Crochet
et al., 2007). The climate has substantially varied since the start
of instrumental observations in the nineteenth century. A warm
period during the 1930s was followed by a cold period until
the early 1990s (Hanna et al., 2004; Figure 2). Since then, air
temperature has increased.

Regional distribution and thicknesses of the surficial
sediments are generally unclear in Iceland. Soil development
throughout the Holocene has been shaped by volcanic eruptions,
active aeolian processes and cryoturbation (Arnalds, 2008).
Sandy surfaces in the neo-volcanic zones and glacio-fluvial
floodplains supply sand-dust material, which is deposited with
rates of <0.0lmm yr~! and >1mm yr~! in the areas away
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FIGURE 1 | Sporadic permafrost from Brown et al. (1997): Ihr, Isolated patches of permafrost extent with high ground ice content and thin overburden and exposed
bedrock; Shr, Sporadic permafrost extent with high ground ice content and thin overburden and exposed bedrock. MAAT < —3°C indicates areas of widespread
permafrost as modelled in Etzelmdller et al. (2007). Boreholes: G, Gagnheidi; H, Hagdngur; S, Saudafell; V, Vopnafiordur. Landslides with ice-cemented deposits: M,
Moafellshyrna Mountain; T, Torfufell Mountain; A, Arnesfiall Mountain. Map data from the National Land Survey of Iceland (NLSI; License: http://www.Imi.is/wp-
content/uploads/2013/10/licenceNLSI.pdf).
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FIGURE 2 | Mean annual air temperature with a 10-year running mean in Akureyri in the period 1882-2016. Initialization period of the transient permafrost model is
also shown. Data from the Icelandic Meteorological Office.
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from and close to the dust sources, respectively (Arnalds,
2015). In addition, the soil thickening rates increased after the
settlement (“Landnam,” around 874 AD), when an extensive land
degradation started (Arnalds, 2008). The resulting barren land
together with the other poorly vegetated land areas, which occur
in the mountains and in areas subjected to volcanic disturbance
and catastrophic flooding, currently cover ~42% of Iceland
(Arnalds, 2015).

FORCING DATA AND
MODELLING APPROACH

The CryoGrid 2 Model

CryoGrid 2 is a numerical permafrost model, where the evolution
of the temperature profile is computed both in the soil and
snowpack (when present), by forcing the model with sets of
air/surface temperature and snow depth. The model physics is
similar to the other transient permafrost models, e.g., GIPL2
(Jatarov et al., 2012; Nicolsky et al, 2017). The detailed
description of the equations implemented in the CryoGrid 2
model, together with the numerical solvers, can be found in
Westermann et al. (2013). The mathematical basis of the model
is one-dimensional transient heat conduction equation that
additionally accounts for the latent heat effects due to ice-water
phase changes:

aT 9 aT
ceff (2, T) Ty <k (zT) 5) =0, (1)

where ceﬁr(z, T)Jm 3K 1], k(z, T) [Wm~'K~!], 2, T, t denote
the effective volumetric heat capacity, thermal conductivity,
depth, temperature and time, respectively. Equation (1) can
be applied for spatially distributed permafrost modelling by
calculating it for each grid cell, i.e., there is no interaction between
the neighbouring cells and the lateral heat flux is thus overlooked
in the model. Thermal properties of the subsurface layers are
estimated as functions of the thermal properties of the individual
soil constituents, such as water, ice, organic matter, mineral
content, air, and their respective volumetric fractions. The liquid
water and ice contents are obtained in CryoGrid 2 from the
functions by Dall’Amico et al. (2011), which link liquid water
content, temperature and soil saturation degree. Variations in
soil water content depend exclusively on freezing and thawing
processes, i.e., water or water vapour movement in the soil, along
with additional external water inputs (meltwater, rain), and their
impact on the ground temperature are neglected in the model.

A snowpack layer has constant thermal properties in space
and time, which are estimated as functions of a uniform snow
density. In this study, the thermal conductivity of snow kgoy [W
m~! K~!] was estimated from an equation derived by Yen (1981):

0 1.885
snow
ksnow = kice < ) > (2)

Pwater

where kice, Psnows Pwater denote the thermal conductivity of ice
and the densities of snow and water, respectively. The same snow

density is used to convert snow water equivalent (SWE), provided
as the forcing data, to snow depth. Influence of processes in the
snow cover, such as water infiltration, snow melting or refreezing
of melt- or rainwater, on the ground temperature is excluded.

Surface Forcing and Boundary Conditions
Gridded Air Temperature Data Set

Gridded air temperature data set was provided by the Icelandic
Meteorological Office (IMO). The IMO data set of gridded
daily temperature has a 1 km? resolution and is described
in detail in Crochet and J6hannesson (2011). The data set is
in principle based on lapse rate adjustment and interpolation
based on meteorological stations on Iceland. The model
verification of the mean monthly temperatures for the 1961-
1990 period indicated that the modelled temperatures are
unbiased in average within £1°C. The evaluation of the gridded
daily temperatures in 1995-2010 estimated 60-80% and 90-
95% of the errors to be within +1 and £2°C, respectively
(Crochet and Johannesson, 2011).

Gridded Precipitation Data Sets

Two gridded precipitation data sets from IMO were derived
from the large-scale atmospheric conditions based on reanalysis
data from the European Centre for Medium-Range Weather
Forecasts (ECMWF). The first precipitation data set for the
period 1958-2002 has a 1-km resolution (Crochet et al., 2007),
and was calculated from a physically-based linear theory model
of orographic precipitation (henceforth LT model) developed
by Smith and Barstad (2004), where airflow over the orography
is estimated using linear mountain-wave theory and a linear
cloud physics representation is used to estimate the resulting
precipitation field. The second precipitation data set at a 2.5-
km resolution for the period between 1980 and 2016 was created
using the non-hydrostatic convection-permitting numerical
weather prediction (NWP) model HARMONIE (Bengtsson et al.,
2017). The gridded precipitation data for Iceland derived with
the HARMONIE model were created based on ERA-Interim
reanalysis (T255 resolution, ~79km) data and from ECMWEF
operational reanalysis in the recent period.

Snow Water Equivalent (SWE) Model

A degree-day based algorithm from Saloranta (2012) was
employed to obtain snow water equivalent (SWE). This
approach, so-called “seNorge,” is operationally used in Norway
to produce daily maps of snow distribution and depth. The
SWE model is run for each grid cell separately and is forced by
daily mean air temperature and daily sum of precipitation. The
model includes the accumulation of snowfall and liquid water
content (snowmelt or rainfall) in the snowpack. Precipitation
is categorized as liquid or solid based on an air temperature
threshold. Snow always accumulates in the snowpack, whereas
addition of liquid water cannot exceed a given liquid water-
retention capacity parameter that depends on ice content in the
snowpack. When air temperature is above a chosen temperature
threshold for melting/refreezing, the available ice content melts,
otherwise, the available liquid content refreezes to ice. Potential
melting and refreezing are quantified based on seasonally varying
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degree-day factors for melting and refreezing. The detailed
description of the equations used in the seNorge model for
snowpack water balance can be found in Saloranta (2012).

The SWE model was forced by the gridded daily air
temperature and precipitation data sets. The HARMONIE data
set was linearly interpolated to 1-km? cells for exactly the same
central grid coordinates as used in the permafrost model. The
data set from the HARMONIE was given the higher priority
than the results of the LT model since it should be more
reliable, according to the validation studies conducted at IMO
(Nawri et al., 2017). Therefore, between 1.9.1959 and 31.12.1979
precipitation data set derived from the LT model was used, and in
the remaining period, the data set from the HARMONIE model
was employed.

Most of the SWE-model parameters for Iceland were assumed
or based on the values found in the literature. Correction
factors for input precipitation as snow or rain were set to
unity. Threshold air temperature for rain/snow was set to 1°C,
following different studies from Icelandic glaciers (Johannesson
et al, 1995; Joéhannesson, 1997; Adalgeirsdéttir et al., 2006),
while we used the base temperature of 0°C as a threshold for
melting/refreezing (e.g., DeWalle and Rango, 2008). The degree-
day factor for refreezing followed Saloranta (2012), yielding
values between 0.32 and 0.6mm d~! °C™! for Iceland, which
are within the ranges of the minimum and maximum degree-
day refreezing factors found in the literature (Kokkonen et al.,
2006; Saloranta, 2012). The snowpack could retain liquid water
of maximum 10% of its ice content.

Minimum and maximum degree-day melt factors were
derived from snow depth measurements recorded at Icelandic
weather stations, located above 150m a.s.l. with snow cover
remaining for at least a few months during winter were analysed.
The analysis encompassed only chosen years, where relatively
deep snow cover was present during melting season. SWE was
calculated from the observed snow depth, assuming snow density
of 350kg m~2 that is an approximate mean value of snow
densities in Sigurdsson and Johannesson (2014). The same snow
density was assumed in the CryoGrid 2 permafrost model to
convert SWE to snow depth and to calculate thermal conductivity
of snow. The accumulated melt depth M,..[mm] was derived
for every chosen melt season between the date of maximum
snow depth and modelled snow-free day, i.e., when M, equals
maximum SWE. M, is given by:

n
My = At Zi:l Cwum (Tair — Tm) for Tyr > T, (3)

where T, is air temperature, Ty is threshold air temperature for
melting (0°C) and ¢ is time interval (1 day). Various combinations
of the minimum and maximum degree-day melting factors were
tested in order to determine the best possible snow-free date. The
initial guess values of the melt factors for snow were assumed
to be similar to the melt factors used in the degree-day glacier
mass-balance models applied to the Icelandic glaciers: 4.45-
5.6mm d~! °C~! (Jéhannesson et al., 1995; Jéhannesson, 1997;
Adalgeirsdottir et al., 2006). These parameters are higher than the
melt factors used in the SWE model for Norway, where minimum
degree-day melting factor of 2mm d=! °C~! and maximum

degree-day factor of 3-4 mm d~! °C~! is used (Saloranta, 2012).
In Iceland, snow may have a sand layer on top due to aeolian
accumulation, leading to higher melt factors for snow than in
Norway. Additionally, maximum degree-day melting factors vary
in the SWE model for Norway depending on the latitude and
forest cover; however, it was assumed that this approach was
unnecessary for Iceland, considering that the forest cover is
sparse and its latitudinal extent is much less than Norway’s.

The modelled snow extent in periods of 2000 to 2016 was
visually compared with the snow extent visible on satellite
imagery. An archive of low-resolution optical satellite imagery
from Aqua/Terra MODIS is available for Iceland from 2000 until
present on NASA Worldview application (https://worldview.
earthdata.nasa.gov/) operated by the NASA/Goddard Space
Flight Center Earth Science Data and Information System
(ESDIS) project. The False Colour Composites (FCCs) 721 were
utilized, where shortwave infrared (SWIR; Band 7), near-infrared
(NIR; band 2), and visible band (VIS; band 1) are used as red,
green and blue components, respectively, of the RGB composite.
Snow and ice are in most cases easily distinguishable from clouds
in FCC 721 (NASA, 2018).

Surface Forcing and Lower Boundary Conditions
CryoGrid 2 was forced by weekly averaged surface air
temperature data and snow depth data derived from the SWE
algorithm. As the lower model boundary at 1,000 m depth, we
used the published heat flow map by Hjartarson (2015), assuming
constant heat flux in time. The heat flux is generally high in
Iceland, between 40 to over 300 mW m~2, with the largest
values occurring in or near the active volcanic zones. The applied
thermal conductivity values varied regionally between 1.6 W
m~! K~! for the young volcanic rocks, 1.7-1.8 W m~! K~! for
the intermediate-aged rocks and 1.9W m~! K~ for the oldest
volcanic rocks. The influence of paleoclimatic changes, such as
glaciations, was assumed to be erased by the high geothermal
heat flux and was not accounted for in the heat flow map
(Hjartarson, 2015).

Ground Properties
Sediment Cover
Thermal conductivity of the rock matrix or mineral fraction was
set to 2W m~! K~ (Flvenz and Saemundsson, 1993). For
each subsurface layer volumetric contents of water (6,,), mineral
component (,,), organic matter (6,), and air (6,) were defined as
means for the whole modelling period. The seasonal variations in
the water content or depth to the saturated zone are neglected.
As there is no nationwide map of surficial sediments,
subsurface stratigraphy was assigned according to the soil map of
Iceland (Arnalds, 2008, 2015). The main soil types in Iceland are
Histosols, Histic Andosols, Gleyic Andosols, Brown Andosols,
Vitrisols, Leptosols, and Cryosols (Arnalds, 2015). Some grids
on the soil map are soil complexes, composed of two or more
soil types, because of the small scale of this map. To get an
idea of parameter ranges, the model was calibrated against
the ground temperature measurements at depths of 1 and
2m acquired in four shallow boreholes in central and eastern
Iceland (Farbrot et al., 2007b). The boreholes are located in
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the same soil class (Cambic Vitrisol), thus their subsurface
parameters (subsurface layers, volumetric contents, and type of
the freeze curve) were assumed to be equal. To account for
the snow depth heterogeneity within a grid cell, we additionally
adjusted snow depth at each borehole site by forcing the
seNorge SWE model with precipitation reduced by the most
suitable fraction parameter (percentage of precipitation). For the
borehole locations, we varied precipitation fraction for each site
and conducted multiple tests in order to find the most optimal
subsurface parameters. Stratigraphy of the remaining soil classes
was chosen based on estimates and values that were found in the
literature. Table 1 contains the subsurface parameters for each
main soil classes. Subsurface stratigraphy of the soil complexes
was calculated as a mean of the single soil classes assuming the
equal contribution of these classes to a cell, and in case when the
freezing curve was between silt and sand, the latter was applied.

Vitrisols and Leptosols

Vitrisols (“vitr” is Latin for “glass”) are soils of the poorly
vegetated and barren land areas, i.e., “deserts” (e.g., Arnalds,
2000, 2015). In these areas, very dry conditions prevail owing to:
(1) sand-dominated sediments with low water holding capacity
and rapid hydraulic conductivity, (2) rapid evaporation during
sunny spells in summer, when the dark surfaces heat up, and (3)
limited infiltration during winter as a result of impermeable ice
formation (Arnalds, 2015). Moreover, snow is removed by wind
in the poorly vegetated areas. Hence, only one third to one half
of the precipitation infiltrates into the ground (Arnalds, 2015).
In absence of measurements for near-surface water contents, a
value of 4% vol. water was chosen for Vitrisols, which yielded
a satisfactory fit for the borehole locations. However, higher
water contents are likely at least periodically, and the effect of
near-surface water contents in Vitrisols should be investigated
further. Sand fraction dominates in Vitrisols and organic content
islow (<1% C) (Arnalds and Kimble, 2001; Arnalds, 2008, 2015).
Therefore, the upper layer in Vitrisols was parametrized as sand
with 40% porosity and no organic matter. On the soil map there
are three subclasses of Vitrisols: (1) Cambic Vitrisols, shallow
soils with cambic horizon, often underlain by glacial till, (2)
Sandy (Arenic) Vitrisols, which are underlain by lava or till, (3)
Pumice Vitrisols, with pumice layer in the top of the soil (Arnalds,
2015). Pumice has very high porosity, hence it was assumed that
it could retain water in the pores (20% vol. water). This material
can presumably lead to permafrost aggradation, because of its low
thermal conductivity (<0.5W m~!) (Farbrot, 2007). Leptosols
encompass lava surfaces and scree slopes, where we assumed dry
conditions in the near-surface layer (10% vol. water).

Histosols, Andosols, and Cryosols

Icelandic soils under vegetation have andic (volcanic) and/or
histic (organic) properties (Arnalds, 2008). Depending on the
rates of eolian and tephra deposition and drainage class, these
soils are divided into: Histosols (>20% C average in the top
30 cm; wet), Histic Andosols (12-20% C average in the top 30 cm;
poorly drained), Gleyic Andosols (<12% C average in the top
30 cm; poorly drained) and Brown Andosols (<12% C average
in the top 30 cm; freely drained). In general, the further away

TABLE 1 | Assumed depths of subsurface layers, along with volumetric fractions
of the soil constituents and type of freeze curve (FC) for each layer: 1, sand and
2, silt.

z [m] 0w [-] Om [-] 0o [-] 64 [-] FC
Cambic Vitrisol

0.0-4.0 0.04 0.60 0.00 0.36 1
4.0-10.0 0.20 0.80 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Arenic Vitrisol

0.0-4.0 0.04 0.60 0.00 0.36 1
4.0-10.0 0.40 0.60 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Pumice Vitrisol

0.0-0.1 0.20 0.20 0.00 0.60 1
0.1-4.0 0.04 0.60 0.00 0.36 1
4.0-10.0 0.20 0.80 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Leptosol

0.0-1.0 0.10 0.60 0.00 0.30 1
1.0-10.0 0.40 0.60 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Brown Andosol

0.0-1.0 0.25 0.22 0.03 0.50 2
1.0-1.5 0.75 0.22 0.03 0.00 2
1.5-10.0 0.40 0.60 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Gleyic Andosol

0.0-0.5 0.30 0.14 0.06 0.50 2
0.5-1.5 0.80 0.14 0.06 0.00 2
1.5-10.0 0.40 0.60 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Histic Andosol

0.0-0.5 0.40 0.08 0.12 0.40 2
0.5-2.0 0.80 0.11 0.09 0.00 2
2.0-10.0 0.40 0.60 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Histosol

0.0-0.5 0.60 0.06 0.14 0.20 2
0.5-2.0 0.80 0.08 0.12 0.00 2
2.0-10.0 0.40 0.60 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1
Cryosol

0.0-0.5 0.30 0.12 0.08 0.50 2
0.5-2.0 0.80 0.16 0.04 0.00 2
2.0-10.0 0.40 0.60 0.00 0.00 1
>10.0 0.08 0.92 0.00 0.00 1

6y, volumetric content of water; 6, volumetric mineral content; 6,, volumetric content of
organic matter; 6a, volumetric air content; z, depth.

from the active volcanic zones and sources of eolian materials, the
wetter and more organic soil exists in the area (Arnalds, 2008).
Soils of the wetlands are aquic soils with low organic carbon
content (Gleyic Andosols and Histic Andosols) and true peat soils
with higher carbon content (Histosols). Vegetated drylands are
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underlain by Brown Andosols. Histosols and Andosols have low
bulk densities (<0.9g cm™3) and contain large water amounts
with a wilting point often >60% water per dry weight of soil
(Arnalds, 2015). Cryosols are permafrost soils, related to Gleyic
Andosols, and occurring mostly in palsa areas (Arnalds, 2004).

The two uppermost layers for Andosol, Histosol, and Cryosol
classes in Table 1 represent the true soils (so-called solum; A
and B soil horizons). Total depths of Andosols were rounded
values from Oskarsson et al. (2004). Soil textures of Andosols are
mostly silt loams (Arnalds, 2015), thus the freeze curve for these
soils was parametrized as silt. We estimated the total porosity ¢
of Andosols and Histosols from the average bulk density p, [g
cm ™3] and density of the soil particles pyo; [g cm™]:

Pb
Psoil

p=1- (4)

(e.g., Hillel, 2004). Values of p, for Andosols were also from
Oskarsson et al. (2004), whereas pg; for Andosols were
determined based on the empirical relationship between py,;; and
the organic carbon content C [-]:

Psoil = —4 C + 2.678, (5)

as obtained by Poulenard et al. (2003). For Histosols, we assumed
pp of 0.3g cm™2 (e.g., Arnalds, 2004) and py; of 1.55g cm™3,
which is an average value for Histosols in Redding and Devito
(2006). The calculated values of the porosity for Histosols and
Andosols are in general high (>70%).

Volumetric water contents 6,, of Histosols and Andosols were
computed from mass wetness w [-] in Arnalds (2015) and pp,
using the following equation:

6, = wlt (6)
Pw

(e.g., Hillel, 2004). The lower range of the field capacity (0.3 bar)
was assumed the most likely representation of the yearly means
of water content.

Volumetric organic content 6, was determined based on
values of average organic carbon content, mentioned in Arnalds
(2004, 2015) and Oskarsson et al. (2004), and value for Cryosols
was from Ottosson et al. (2016). These gravimetric values were
converted to the gravimetric soil organic matter (SOM, [-]),
assuming the conversion factor of 2, ie., the organic matter
contains 50% of organic carbon, following Pribyl (2010). 6, was
finally calculated from the gravimetric organic matter content,
using the equation:

0, = SOM 22, (7)

Po
where p, is the density of the organic matter, assumed 1.3 g cm >

(Farouki, 1981).

Bedrock

To estimate the overall depth of unconsolidated sediments in
each soil class, we used zonal statistics over the global depth
to bedrock data set (Shangguan et al., 2016), and based on
the results we assumed a uniform regolith depth of 10m to
be an adequate approximation for all the soil classes. The
global depth to bedrock data set of Shangguan et al. (2016) has
large uncertainties, and therefore it was not applied spatially.
Porosity of Icelandic basalt decreases in general horizontally
with the distance from the spreading zone and vertically
with depth (Flovenz and Saemundsson, 1993). However,
owing to the unavailability of such measurements spatially
for Iceland, constant bedrock porosity of 8% was assumed,
which represents average porosity of basaltic lavas in Iceland
(Stefénsson et al., 1997).

Model Initialization, Implementation,

and Sensitivity

The model was initialized using the same procedure as described
in Westermann et al. (2013). The first five hydrological years
(1960-1964) were used to derive the initial temperature profile.
Some uncertainties are connected with the initial temperature
profile since, i.e., the derivation of the initial profile is based
on the equilibrium permafrost model and TTOP is set as
surface temperature. Nevertheless, the initial temperature profile
impacts primarily the beginning period of the main run
(Westermann et al., 2013).

The CryoGrid 2 was implemented for Iceland for the period
01.09.1959-31.12.2016 at a spatial grid resolution of 1km. In
the windy climate of Iceland, snow drift tends to preferentially
accumulate snow in gullies, depressions and other small-scale
irregularities in the landscape. The effect of this redistribution
is clearly seen in satellite images and MODIS images from the
spring where the open landscape becomes snow-free long before
areas where drift snow tends to accumulate. To account for sub-
grid snow variation we ran the model for three snow depth
scenarios (50, 100, and 150% of modelled precipitation). The low-
snow-depth scenario, which is intended to represent the open,
unconfined terrain, was run by reducing the snow depth with an
average percentage of precipitation calibrated for the boreholes,
which are located at windy sites, i.e., 50% of precipitation.
The second run, which represents areas where erosion and
accumulation of snow roughly balance, was processed for an
average precipitation for a grid cell (100% precipitation), whereas
the third run with 150% precipitation is intended to represent
areas with substantial accumulation of drift snow, such as
relatively gentle leeside slopes, as well as creeks and depressions
near the paths of rivers and brooks. Value of 150% precipitation
was chosen in order to satisfy conservation of mass within each
grid cell, i.e., snow removed from the areas represented by the
50% precipitation scenario is deposited in the areas represented
by the 150% precipitation run.

Model sensitivity was conducted by changing the site-specific
parameters for the borehole sites. In the model parameters, snow
thermal conductivity is a function of snow density. In order
to separate its contribution to the model uncertainty, it was
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tested independently of snow density and vice versa. The range
of thermal conductivity for snow density of 300-450kg m~>
mentioned in Sturm et al. (1997) was applied in the tests.

Validation Data Sets

Ground Temperature Measurements

The simulated ground temperatures were evaluated
quantitatively for the borehole sites, located at the previously
presumed lower limit of mountain permafrost in Iceland at
~900m a.sl. (Etzelmiller et al, 2007). The measurement
accuracies vary between 0.01°C and 0.2°C. Boreholes are
located on flat and open sites with almost no vegetation.
More detailed information about the boreholes can be found
in Farbrot et al. (2007Db).

Inventories of Permafrost Landforms
Research about landforms indicative of permafrost in Iceland,
can be grouped into two quite distinct branches, focusing on
different geographical areas: (1) studies about landforms in the
widespread mountain permafrost area, represented by active rock
glaciers and stable ice-cored moraines, and (2) investigations
about isolated and sporadic permafrost landforms, i.e., palsas.

Active rock glaciers are “the visible expression of steady-
state creep of ice-supersaturated mountain permafrost bodies
in unconsolidated materials” (Barsch, 1996). The distribution
of rock glaciers in central north Iceland (Trollaskagi) was
inventoried by Lillegren et al. (2013) and Gudmundsson (2000).
The intact (active and inactive) rock-glaciers are dominated
by moraine-derived landforms, caused by the extensive local
glaciation in this region (Lillegren et al., 2013). Stable ice-cored
moraines have been defined as permafrost landform, based on
discussions in e.g., Etzelmiiller and Hagen (2005). The permafrost
landform inventory (Lillegren et al., 2013) indicated that 87 ice-
cored moraines exist in the Trollaskagi area. These landforms are
situated at the same elevations as talus and moraine-derived rock
glaciers, and therefore they can be used as reliable permafrost
indicators in central north Iceland (Lilleoren et al., 2013).

Palsas are peaty mounds with a permafrost nucleus, composed
of frozen peat and mineral soil, and dimensions of up to >100 m
in width and >10m in height (Seppidld and Kujala, 2009). In
Iceland, palsas are mainly found in the central parts of the
Highlands southeast and north of the Hofsjokull glacier, between
Langjokull and Hofsjokull glaciers, and in the highlands of
Eastern Iceland (Ottdsson et al., 2016). The modelled permafrost
extent was validated visually based on the extent of palsas as
delineated on the map of habitat types in Iceland (scale 1:25
000) from the Icelandic Institute of Natural History (Ottésson
et al., 2016). The map was prepared based on data collected after
1999. According to the map, palsas in Iceland cover an area
of c. 93 km?.

RESULTS

Model Validation

Validation of Snow Distribution and Depth

For most years and stations, the timing, and measured snow
depth is similar to the simulated values in one of the precipitation

scenarios. Four examples out of analysed 126 combinations
of stations and years are shown in Figure3. Over- and
underestimation errors are apparent in some cases, where the
deviations between measurements and simulations can be as
large as 1 m.

The temporal pattern of the modelled snow extent
agrees well with the observed snow extent (Figure4;
Supplementary Video 1). Nevertheless, the SWE (seNorge)
model has sometimes demonstrated a tendency to: (1)
overestimate SWE in west Iceland in April-May, (2)
underestimate SWE in eastern Iceland in April-June, and
(3) underestimate SWE in the Trollaskagi peninsula and its
vicinity, along with north-western Iceland in June-July.

Permafrost Temperatures

Comparison of the modelled mean annual ground temperature at
depths of 1 and 2 m with the ground temperature measurements
is shown in Figure5. We use the results from the 50%
precipitation run, which is the closest precipitation fraction to the
site-specific precipitation fractions used in the model calibration.
The results indicate an RMSE of maximum 0.54°C and a mean
error of maximum 0.52°C at both 1 and 2m depths for all
the boreholes.

Permafrost Landforms

Figure 6 illustrates visual validation of the modelled permafrost
extent and palsa distribution in Iceland. In general, there is a
good agreement between the reproduced permafrost and palsa
occurrence both in west-central and eastern Iceland. However,
some palsa areas south and west of Hofsjokull are not modelled
as permafrost. In these regions, however, palsas and peat plateaus
are often smaller than a 1-km? grid cell.

Most of the active glacier- and talus-derived rock glaciers,
together with the ice-cored moraines are reproduced as
permafrost areas (Figure 7); however, some of the landforms
in the northern Trollaskagi, especially ice-cored moraines, are
not within the modelled permafrost cells. The comparison
indicates that many of the active permafrost landforms
are related to areas where permafrost may form even
when 150% precipitation is applied in the CryoGrid 2
model, which results from the relatively cold climate in the
Trollaskagi area.

Permafrost Distribution and Temperatures
According to the 50% precipitation run, permafrost occurs
in large parts of northern and central Iceland, such as
Nordur-Mulasysla in the Eastern Region, together with
the Northwestern and Northeastern Regions of Iceland
(Figure 8; Supplementary Videos 2-4). In the run with
the average precipitation, permafrost extent is substantially
reduced. Permafrost areas are modelled in the Trollaskagi
peninsula and the adjacent southern areas, the western part
of Nordur-Mulasysla, and regions north of Langjokull and
Vatnajokull. The last run with 150% precipitation shows the
most limited permafrost occurrence in Iceland, primarily
in the Trollaskagi peninsula and other high-mountain areas
on the island. According to the runs, the coldest permafrost
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FIGURE 3 | Examples of measured and modelled daily SD (snow depth) for the three precipitation scenarios: 0.5P-50% precipitation, 1.0P-100% precipitation,
1.5P-150% precipitation. SD was obtained using the seNorge SWE sub-model (Saloranta, 2012) and snow density of 350 kg m~3. RMSE-root mean square error,

in Iceland can be found in the Trollaskagi peninsula and
its vicinity. The modelled ground temperatures increased
in this region between the decades of the 1980s and 2000s

(Figure 8).
Mean temperature at the top of permafrost
(TTOP) was calculated for every snow depth case

(Supplementary Videos 5-7) and based on the areas with TTOP
at or below 0°C we present modelled permafrost extent for the
three snow depth cases in Figure 9 and Supplementary Video 8.
The model outcome shows the largest permafrost extent in the
period 1980-1989 in the 50 and 100% precipitation runs and
in the 1970-1979 in the 150% precipitation run (Figure9),
presumably as a result of the climate deterioration in Iceland
until 1980s (e.g., Hanna et al., 2004). In these periods permafrost
aggraded up to depths of 1-5 m. These findings are in accordance
with the observations by Priesnitz and Schunke (1978) between
1970 and 1976 who expected permafrost aggradation in palsa
areas in Iceland.

The 50% precipitation run indicates ~3-5 and 8-15 times
more cells with permafrost in comparison to the 100 and
150% precipitation runs, respectively, within the same decades
(Table 2). The difference in the number of cells with modelled
permafrost is less pronounced for 100 and 150% precipitation
cases, with ~2-3 times more cells in the 100% precipitation
run. The number of modelled permafrost cells decreases in the
subsequent time periods, with the lowest number of cells with
permafrost in the period 2010-2016, when it is reduced by

34, 56, and 49% for the 50, 100, and 150% precipitation runs,
respectively, in comparison to the period 1980-1989 (Table 2).

Assuming equal contribution of each precipitation scenario to
a grid cell, the estimated permafrost area for the period 1980-
1989 is c. 11 495 km? (~11% of Iceland’s land area), and c. 6 936
km? for the period 2010-2016 (~7% of Iceland’s land area). This
implies a reduction of the permafrost area of c. 40% in Iceland
between these two periods. We note, however, that the snow
distributions within grid cells are unknown, and these numbers
are only very rough estimates of the permafrost area in Iceland.

Table 2 presents the statistics for the bare, vegetated and all
soil types, with the total number of cells modelled as permafrost,
as well as average and standard deviation of TTOP and average
elevation for the same cells. The reproduced permafrost underlies
predominantly Vitrisols and Leptosols, with ~1,000-3,500 more
cells indicating permafrost than for Histosols, Andosols, and
Cryosols for all the runs and periods. This is probably related to
the fact that the bare soil classes tend to occur at higher elevation
(mean c. 580m a.s.l.) than the vegetated classes (mean c. 300 m
a.s.l.). Mean elevation of the permafrost area for the two classes
also varies accordingly, where permafrost cells with Vitrisols and
Leptosols have ~250-350m higher mean elevation than cells
with the vegetated soil types. The modelled average temperatures
at the top of permafrost are relatively high, with all the values
above ~—0.9°C after the first 10 years of simulations.

Figure 10 shows the modelled permafrost distribution at
10 m depth, where the number of cells that show permafrost
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FIGURE 4 | Validation of snow extent in the year 2000: (A) 12.04.2000; (B). Red line: 19.05.2000, Black line with a white border: 26.05.2000; (C) 23.06.2000; (D)
10.07.2000. Backgrounds: MODIS Aqua/Terra FCCs 721 from the same dates as the red lines. Image courtesy of NASA Worldview. For days when there was large
disagreement between observed and modelled snow extent (red lines), a black line with a white border was added for a week before or after if the correspondence
between modelled and observed snow extent improved.

is substantially reduced in comparison to the permafrost  Volumetric mineral and water content in the middle layer,
reproduced at 2m depth (Figure 8) or TTOP (Figure 9). Thus,  depth to bedrock, and bedrock porosity have minor importance
the CryoGrid 2 model indicates mostly shallow permafrost in ~ (<0.1°C) for the near-surface ground temperatures. Increase in
Iceland, which is likely a consequence of the high geothermal  mineral content in the upper layer or thermal conductivity of the
heat flux and generally warm permafrost, along with probablytoo  mineral fraction allows for greater heat penetration in summer,
little water content for the soil/bedrock. Only minor variations  resulting in higher mean ground temperatures, even up to 0.3°C
in reproduced permafrost can be observed through time at 10m  higher than the default parameters. Higher water contents lead
depth (Figure 10). We note, however, that the long-term climate  to longer zero curtain effect, leading to ground temperature
signals, e.g., the cooling during the Little Ice Age, are not captured  being modelled up to 1.3°C warmer for 30% vol. water in
in our simulations; hence, the model likely overestimates deep  comparison to 1% vol. water. Snow density influences both snow
ground temperatures. depth and specific effective volumetric heat capacity of snow,

Lower limits of permafrost (LLP) in the northern part of  and its increase yields up to 0.8°C colder ground temperatures.
Iceland along a chosen transect are illustrated in Figure 11. The  Larger snow thermal conductivity causes more effective heat loss
model produces an increase of the LLP from north to south,  during winter, which results in much lower ground temperatures.
where absolute values depend on the precipitation assumptions  The differences in the modelled average ground temperatures
(Figure 11). They increase from around 600-900 m in the north  between the runs with the lowest and highest values of the

to around 800-1,000 m a.s.l. in the south. thermal conductivity of snow are ~2°C. The impact of the
precipitation fraction on the modelled ground temperatures is
Sensitivity Tests for Borehole Locations somehow more complicated, because apart from snow depth,

Sensitivity of the model to uncertainties in the thermal properties  also snow timing is involved. Ground temperatures often increase
of snow and subsurface for the borehole sites is shown in Table 3. for larger precipitation fraction, e.g., at Saudafell and Hagongur;
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FIGURE 5 | Yearly validation of the modelled ground temperature (GT) at 1 and 2 m depth for the borehole locations. In these simulations, precipitation fraction of
50% was used. RMSE-root mean square error, ME-mean error.

however, prolonged snow cover leads sometimes to colder
ground temperature, e.g., at Gagnheidi and Vopnafjordur when
comparing 100 and 150% precipitation cases. The deviations
in the simulated ground temperature between the lowest and
highest precipitation runs are up to ~1.6°C. The sensitivity tests
indicate thus the following tested parameters to be the major
factors (sorted by their importance) influencing the modelled
ground temperature: (1) thermal conductivity of the snow, (2)
precipitation fraction, (3) water content in the upper layer, (4)
snow density, mineral content in the upper layer and thermal
conductivity of the mineral fraction.

DISCUSSION
Uncertainties and Limitations

Spatial modelling over larger areas and over longer periods
always will lead to uncertainties related to the chosen spatial
and temporal resolution, affecting forcing data and thus the
results. The chosen 1 km? resolution is fine in relation to most
climate models; however, it is too coarse to address processes
related to: (1) topography (e.g., detailed assessment of permafrost
in slopes, e.g., Noetzli et al., 2007; Magnin et al., 2017); (2)
convective heat transfer in volcanic rift zones (Flovenz and
Saemundsson, 1993), (3) convective heat transfer in block ground
material (Juliussen and Humlum, 2008; Wicky and Hauck, 2017)
or (4) temporal and spatial variations in soil water content
(Marmy et al., 2013; Scherler et al., 2013). Some uncertainties
of this study are, however, related to site-specific conditions,

problems with input data sets or model limitations, and are
therefore discussed in a closer context. In general, probability
of permafrost occurrence is relatively high in grid cells where
permafrost is modelled in the scenario with the deepest snow
cover (150% precipitation fraction), especially because less than
average snow depths (<100% precipitation fraction in our study)
likely dominate in mountain areas (e.g., Gisnas et al., 2014).

Boundary Conditions

The CryoGrid 2 model was forced with a weekly-averaged data set
of gridded daily temperature in Iceland derived by interpolating
data from sparse stations, which are mainly located along the
coast (Crochet and Joéhannesson, 2011). The quality of the data
set is thus best at lower elevations where the stations are denser;
however, the establishment of the automatic stations in the early
1990s and deployment of stations to higher elevations in the
2000s improved the data set. The gridded data set captures
spatial air temperature variations exclusively due to elevation
and neglects other factors such as e.g., distance to the coast or
temperature inversions (Crochet and Jéhannesson, 2011). Apart
from the effect of elevation, the mean summer temperature
increases towards the interior of Iceland, whereas the mean
winter temperature decreases with increasing distance to the
shore (Einarsson, 1984).

Precipitation and Snow Depth
Snow depth was derived from a degree—-day SWE model using
two precipitation data sets and constant snow density. Between
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FIGURE 6 | Validation of the permafrost model simulations for the period 2000-2009 based on the palsa distribution in (A) west-central Iceland, (B) eastern Iceland.
(C) Inset map showing the location of the west-central (A) and eastern (B) palsa areas. Modelled permafrost based on TTOP is shown (see Figure 9 for details). Palsa

65°N

16°W 15°30'W

25°W  20°W  15°W

25°W

20°W 15°W

[JPalsas [ |Lakes & Rivers | | Glaciers

9/1959 and 12/1979, we used precipitation data set derived from
the linear theory model (LT-model) of orographic precipitation
described in Crochet and Johannesson (2011). Evaluation
of daily precipitation simulated by LT-model indicated that
this model has flaws related to a misidentification of the
wet and dry regions, errors in the model parameters, and
large-scale wind field, yielding over- or underestimated daily
precipitation, especially severe on the windward side of the
mountains (Crochet et al, 2007). In 1980-2016, the SWE
model was forced with precipitation data set created using
the HARMONIE-AROME model. Validation showed that the
model produced more accurate precipitation estimates than the
LT-model (Nawri et al., 2017). However, the HARMONIE-
AROME model tended to underestimate daily precipitation
during winter (DJF) due to underestimation of extreme
precipitation events and showed a frequent overestimation
of daily precipitation (Nawri et al., 2017). Furthermore, the
HARMONIE-AROME model has a resolution of 2.5 km, hence it
may fail to predict weather extremes smaller than that scale, and
precipitation was linearly interpolated to a 1 km grid, introducing
possible errors. The inconsistencies between the two data sets

(Supplementary Figure 1) could have affected the modelled
ground temperatures during the 1980s and possibly 1990s.

Snow depth data was obtained from a degree-day model using
spatially and temporally constant parameters, except for degree—
day melt and refreezing factors, which varied seasonally. The
employed single-layer snow scheme is simple, and thus its ability
to account for internal snow processes and the energy balance
components is limited. The more physically-based approaches
to snow modelling with multiple snow layers would likely yield
more accurate snow-depth estimates (e.g., the detailed snowpack
scheme Crocus; Vionnet et al., 2012); however, they are often
impractical. The merits of the applied algorithm are therefore
its simplicity, fast runtime and low data requirements, with
the disadvantages of errors due to the simple formulation (e.g.,
Hock, 2003; Kokkonen et al., 2006). One major factor is that
we applied a constant snow density of 350 kg m~3, even though
snow densities of up to 400-450kg m~3 were measured in
north Iceland for a stable mid-winter snow cover (Haraldsdottir
et al,, 2001), and varies elsewhere (Sigurdsson and Johannesson,
2014). The seNorge model includes also a second submodule
that yields snow depth and snowpack density (Saloranta, 2012).
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FIGURE 7 | (A) Outcome of the permafrost model simulations for the period 2000-2009 in comparison to the distribution of the active permafrost landforms, such as
active moraine- and talus-derived rock glaciers, along with ice-cored moraines, as inventoried by Lilleoren et al. (2013). (B) Inset map. Modelled permafrost based on

TTOP is shown (see Figure 9 for details). Map data from NLSI.
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However, this submodule was not applied in this study since
it considers snow compaction only as a result of the snow
weight, overlooking snow compaction resulting from wind
drift, which is probably the main cause for snow compaction
in environments like Iceland. The snow depth measurements
conducted at permafrost monitoring sites in southern Norway
(Westermann et al.,, 2013) showed that snow density did not
increase significantly from the snowpack surface to the snowpack
base, likely because the wind compaction dominates. Similarly,
in case of Iceland, the existing measurements of snow density
do not necessarily indicate an increase towards the snowpack
bottom (Sigurdsson and Jéhannesson, 2014). Other processes,
such as e.g., sublimation were neglected in the snow model. It is
emphasised earlier that the employment of a more sophisticated
snow model does not guarantee better results in Iceland, since the
main limitation is the lack of accurate snow observations in this
region (Haraldsdottir et al., 2001).

Furthermore, snow redistribution by wind is difficult to
account for in a regional model, since there is a substantial
sub-grid variability in snow depths within a 1-km spatial
grid. This issue has been addressed earlier in a more simple
modelling approach using statistical distributions of snow depths
within grid cells, so the ensemble approach with many model
realizations could be implemented (Westermann et al., 2015b;

Gisnas et al, 2017). Such procedures could potentially be
implemented in a transient permafrost model. The validation
data would, however, require the measurements of the snow
depths within grid cells, and such data is unavailable for Iceland.
The representativity of the chosen precipitation factors for a
grid cell is thus challenging to quantify without the mentioned
data. Therefore, only a simple weighting using factors of 1/3 for
each scenario was applied to calculate the total permafrost area
in Iceland.

Model Parameters

Thermal properties of subsurface materials were calculated
according to volumetric fractions of soil constituents assigned
based on the soil map of Iceland (Arnalds, 2008, 2015). It is
obvious that the map is a representation of major soil types in
Iceland, and soil or sediment heterogeneity on a sub-pixel scale is
neglected, along with the lack of detailed knowledge of sediment
thicknesses. Surficial geologic maps are often used in transient
permafrost models (e.g., Jafarov et al., 2012; Westermann et al.,
2013) to specify the subsurface layers, which is a more suitable
representation of the variation in stratigraphy of the deeper
ground layers. Unfortunately, no geomorphological map of
Iceland has been published, hence only the soil map could be
employed. The sensitivity test also showed that variations in

Frontiers in Earth Science | www.frontiersin.org

13

June 2019 | Volume 7 | Article 130


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Czekirda et al.

Modelling of Permafrost in Iceland

P-4 4
o o
© ©
© ©
4 4
5 &
© ©
-4 -4
o o
<t <t
© ©
P-4 -4
o o
© ©
© ©
-4 -4
) o
0 0
© ©
-4 4
< S
© ©
198 89 1.5P
= e Mz, z
& o
8 8
=z z
o o
0 0
© ©
z z
3 3
20°W 15°W 20°wW 15°W
T [°C] 50
<2 @W-2-1[ 11-0 10-1[1-2 Ml>2 | Lakes &Rivers Glaciers m— km
FIGURE 8 | Distribution of the simulated average ground temperature (T) at 2 m depth in the periods 1980-1989 and 2000-2009 for the three precipitation cases:
0.5P-50% precipitation, 1.0P-100% precipitation, 1.5P-150% precipitation. Permafrost cells are displayed in blue hues. Map data from NLSI.

ground properties are less important than other factors, e.g., in
relation to snow. There are also some uncertainties connected
with the bedrock porosity, depth to bedrock, and bedrock
conductivity. We used constant values for thermal conductivity
and porosity of the basaltic rock (Pdlmason et al., 1979; Flovenz

and Saemundsson, 1993; Hjartarson, 2015), knowing that the
influence of bedrock porosity and depth to bedrock has only
marginal impact on the 1 and 2m ground temperatures for the
borehole locations. Nevertheless, these variables have presumably
more pronounced effect on the deeper ground temperatures
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FIGURE 9 | Spatio-temporal evolution of the modelled permafrost extent based on TTOP at or below 0°C in 10 consecutive years for the three snow depth
scenarios: “Low snow” represents permafrost reproduced in 50% precipitation scenario, “Average snow” represents permafrost reproduced in 50 and 100%
precipitation scenarios, and “High snow” represents permafrost reproduced in all precipitation scenarios. Map data from NLSI.

or within areas of exposed bedrock. There is no typical Small topographic features and vegetation both influence
bedrock class in the classes of the ground stratigraphy used in  snow redistribution, acting as snow traps (Pomeroy et al., 2006;
this study. Jafarov et al., 2018). The role of vegetation is, however, limited
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TABLE 2 | Total number of cells with temperature at the top of permafrost (TTOP) <0°C for every precipitation case, average TTOP and its standard deviation (STD),
together with average elevation () and its standard deviation of cells with TTOP < 0°C.

Soil classes Period Number of grid cells Mean + STD TTOP [°C] Mean + STD Z [m a.s.l.]

0.5P 1.0P 1.5P 0.5P 1.0P 1.5P 0.5P 1.0P 1.5P
Vitrisols and 1960-1969 7,633 2,770 1,483 —1.33+0.85 —1.07 £ 0.61 —0.80 £ 0.48 905 + 132 1027 + 104 1067 + 86
Leptosols

1970-1979 12,179 4,546 2,296 —0.83 £ 0.72 —0.63 £ 0.49 —0.561 £0.35 848 + 140 970 + 122 1033 + 97
1980-1989 14,013 4,914 1,944 —0.87 £0.72 —0.66 + 0.49 —0.57 £ 0.40 817 + 1565 945 + 139 1038 + 102
1990-1999 11,900 4,026 1,709 —0.77 £ 0.65 —0.54 £0.39 —0.40 £0.24 846 + 145 970 £ 133 1043 £ 99
2000-2009 9,918 2,963 1,136 —0.58 £+ 0.58 —0.38 £0.35 -0.32 +£0.28 874 + 136 1007 £ 120 1079 + 87

2010-2016 8,695 2489 961 —050+£054 —030+032 —026+029 8904135  1028+110 1092 + 82
Histosols, 1960-1969 6,084 771 139 —065+045 0484037 —034+024 592+123 688+£139 825+ 86
Andosals, 1970-1979 9,866 1,636 204 —037+035 —018+021 —017+013 564+129 663+£126 799+ 106
and Cryosols 1980 1989 10,672 2,724 217 —0524+045 —021+£025 -026+020 5484135 602 +126 758 + 113
1990-1999 9,406 2,037 226 0404035 —017+020 —017+013 566+128 631+£124 772+ 111
2000-2009 8,372 1,140 172 0284027 -017+020 —0.16+0.13 580+121 673+£125 767 + 108
20102016 7,694 834 136 ~0204+0.23 —0.12+015 -009+0.05 588+118 694+123 773+ 102
Al 1960-1969 13,717 3541 1,622 —1.03+£078 -094+062 —076+048 766+£202 953+180 1047 + 109
1970-1979 22,045 6,182 2,500 —0.62+0.63 -051+047 —049+035 721+196 889+183 1014+ 117
1980-1989 24,685 7,638 2,161 —072+£064 —050+047 —054+040 7014+198 8224213 1010+ 133

1990-1999 21,306 6,063 1,935 —0.61 £ 0.57 —0.41 £0.38 —0.37 £0.24 722 +196 856 + 206 1011 4+ 1383
2000-2009 18,290 4,108 1,308 —0.44 £ 0.48 —0.33 £0.33 —0.30 £0.27 739 4+ 196 914 + 193 1038 + 139
2010-2016 16,389 3,323 1,007 —0.36 &+ 0.45 —0.25 £0.30 —0.24 £0.28 748 +£197 944 + 184 1053 4+ 135

We note that in the period 1960-1969 the results seem to be strongly influenced by the model behaviour in its initialization period.
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FIGURE 10 | Permafrost extent over the periods 1980-1989 and 2000-2009 based on cells that indicated ground temperature at 10 m depth at or below 0°C in 10
consecutive years for the three snow depth scenarios: “Low snow” represents permafrost reproduced in 50% precipitation scenario, “Average snow” represents
permafrost reproduced in 50 and 100% precipitation scenarios, and “High snow” represents permafrost reproduced in all precipitation scenarios. Results for the other
periods reveal similar permafrost extent at this depth. Map data from NLSI.

in Iceland, since areas at higher elevations are commonly barren ~ be further improved by running multiple model realizations
or half vegetated (Ottdsson et al., 2016). The heterogeneous  taking into consideration sub-grid variability in the surface
snow cover affect furthermore the soil moisture and thus  topography and the subsurface stratigraphy, as proposed by
the ground thermal regime. The model simulations could = Westermann etal. (2017).
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FIGURE 11 | (A) Transect from the northern part of Trollaskagi to the north of Vatnajokull, similar to the transect in Etzelmller et al. (2007). Numbers indicate distance
along the transect in km. Map data from NLSI. (B) Lower limits of permafrost along the transect shown in A for the three precipitation scenarios: 0.5P-50%
precipitation, 1.0P-100% precipitation, 1.5P-150% precipitation, in the periods 1980-1989 and 2010-2016.

Model Performance

Validation

The validation indicated quite good results with maximum
RMSE of 0.54°C and a mean error of maximum 0.52°C for
all the borehole locations. The model performance is similar to
the performance reported in other studies employing spatially
distributed transient permafrost models (Jafarov et al., 2012;
Westermann et al., 2013, 2017). Most palsas are modelled as
permafrost areas according to the CryoGrid 2 runs (Figure 6);
however, the consistency between the modelled permafrost
distribution and palsas does not necessarily indicate that the
palsa areas are reproduced as permafrost related specifically
to these landforms. The uncertainties are mainly connected
with the chosen ground stratigraphy and the precipitation
fractions, with the latter having presumably the largest influence.
Previous investigations of palsas in Iceland indicate that their
organic content is relatively low due to the accumulation of

wind-transported sediments (Saemundsson et al., 2012) and
peat cover is generally thin (Friedman et al., 1971). Thermal
offsets might, therefore, not be the most crucial factor for
palsa formation in Iceland. Snow removal by wind from the
tops of palsas has been previously recognized as an important
factor for growth and maintenance of palsas (e.g., Seppild,
1982). It is uncertain whether the 50% precipitation run is
sufficient to account for the limited snow cover in these
areas. The precipitation fraction should be probably further
reduced to properly reproduce palsa areas. However, short and
relatively cold summers might also contribute to the existence
of palsas in Iceland (Friedman et al., 1971; Saemundsson et al.,
2012). Furthermore, we note that there is a scale mismatch
between 1-km? model cells and the landforms that are local
features, usually covering an area of <1 km?. Nevertheless,
we emphasize that it is feasible to reproduce palsa permafrost
even in a simple one-dimensional model at 1 km? scale,
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TABLE 3 | Sensitivity of the modelled mean ground temperature at depths of 1 and 2m to uncertainties in the chosen subsurface and snow parameters in the

period 1.09.2004-31.08.2006.

Measured/modelled parameters

Average ground temperature [°C]

Gagnheidi Saudafell Hagongur Vopnafjoréur

1im 2m 1im 2m 1m 2m 1m 2m
Measured -0.58 —-0.33 -0.78 -0.68 0.14 0.12 0.89 0.96
VOLUMETRIC MINERAL CONTENT IN THE UPPER LAYER
0.50 —-0.25 -0.19 —0.46 -0.28 -0.43 —0.26 0.69 0.67
0.60 (D) -0.15 —0.12 —0.40 -0.26 -0.37 —0.24 0.86 0.84
0.70 -0.05 —0.07 -0.35 —-0.24 -0.32 —0.22 1.00 0.98
VOLUMETRIC WATER CONTENT IN THE UPPER LAYER
0.01 -0.50 —0.45 —-0.62 —-0.49 —0.60 —0.45 0.23 0.13
0.04 (D) -0.15 -0.12 —0.40 —0.26 -0.37 —0.24 0.86 0.84
0.30 0.71 0.74 0.06 0.19 0.01 —0.05 1.39 1.40
VOLUMETRIC MINERAL () AND WATER CONTENTS (d) IN THE MIDDLE LAYER
6m=0.50 & 6y = 0.50 -0.15 —-0.12 —0.40 -0.25 -0.37 —0.24 0.87 0.84
6m=0.60 & Oy = 0.40 -0.15 —0.12 —0.40 —-0.25 -0.37 —0.24 0.87 0.84
6m=0.80 & 6y = 0.20 (D) -0.15 —0.12 —0.40 -0.26 -0.37 —0.24 0.86 0.84
DEPTH TO BEDROCK
5m -0.15 -0.13 —0.40 —-0.27 -0.38 —0.25 0.86 0.83
10m (D) -0.15 -0.12 —-0.40 -0.26 -0.37 —0.24 0.86 0.84
15m -0.15 -0.12 —-0.40 -0.26 -0.38 —0.25 0.86 0.84
BEDROCK POROSITY
0.08 (D) -0.15 ~0.12 —0.40 —0.26 -0.37 ~0.24 0.86 0.84
0.15 -0.15 -0.12 —0.40 —0.26 -0.38 -0.25 0.87 0.84
0.30 -0.15 ~-0.12 —0.40 -0.26 -0.37 —-0.25 0.86 0.84
BEDROCK THERMAL CONDUCTIVITY
2Wm~TK=1 (D) -0.15 —0.12 —0.40 —0.26 -0.37 —0.24 0.86 0.84
3wm! K1 —-0.02 —0.04 -0.33 -0.23 -0.29 -0.20 1.01 0.99
4Wm~1 K1 0.07 0.02 -0.28 -0.20 —-0.23 —0.17 1.1 1.08
SNOW DENSITY
300kg m—3 —-0.04 —0.05 -0.33 —-0.21 -0.29 -0.19 1.01 0.99
350kg m=3 (D) -0.15 —-0.12 —0.40 —0.26 -0.37 —0.24 0.86 0.84
450kg m—3 —0.36 -0.32 -0.53 -0.37 -0.50 -0.34 0.38 0.20
SNOW THERMAL CONDUCTIVITY
0.05Wm~1 K1 1.25 1.33 0.88 1.02 1.11 1.34 2.03 2.03
031Wm~' K= (D) -0.15 —0.12 —0.40 —0.26 —-0.37 —0.24 0.86 0.84
0.50Wm~1 KT -0.55 —0.49 —-0.63 —-0.47 -0.59 —0.41 0.21 0.08
PRECIPITATION FRACTION
0.30 —0.81 —0.68 —-0.79 —-0.62 —-0.67 —0.48 017 0.06
0.50 (D) -0.15 -0.12 —-0.40 -0.26 -0.37 —0.24 0.86 0.84
0.70 0.32 0.28 —-0.09 -0.08 -0.22 —0.08 1.12 1.10
1.00 0.72 0.73 0.42 0.46 0.12 0.34 1.04 1.07
1.50 0.63 0.65 0.84 0.87 0.52 0.73 0.90 0.94

Measured mean ground temperature is also listed. D, default.

provided that the ground stratigraphy and snow forcing are
tuned specifically for these landforms. Such approach has
limitations, particularly it cannot yield a total area of permafrost
in palsas or capture the true processes and factors for thermal
stability of palsas that are more complex (Aas et al, 2019;
Martin et al., 2019).

Active rock glaciers are reliable permafrost indicators (Barsch,
1996; Farbrot et al, 2007a; Berthling, 2011; Lilleoren et al,

2013). Comparison of the modelled permafrost extent with the
distribution of the active permafrost landforms in the Trollaskagi
peninsula showed good agreement (Figure 7); nevertheless, some
landforms in the north were outside of the modelled permafrost
area. The disagreement may be explained by the location of these
landforms at the northern-facing slopes receiving less direct solar
radiation and having lower surface temperature than the gridded
temperature used in the permafrost model. Lilleoren et al. (2013)
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FIGURE 12 | Evolution of ground temperature for the source areas of the landslides with ice-cemented debris in the period 1970-2016. Lapse rate of 0.0065°C m~1
was used to correct for elevation differences between the elevation of the source areas and elevation of the gridded air temperature [following recommendations in
Crochet and Johannesson (2011)]. To account for that the source areas are steep (45-60°) and do not accumulate much snow, precipitation fraction of 0.1 was
applied in the modelling. Ground stratigraphy of Leptosols (see Table 1) was assumed. The dashed lines indicate dates of the landslides. Torfufell Mountain in north
Iceland (14.10.2011) with a source area at an elevation of ~800m a.s.l., (2) Mdafellshyrna Mountain in the Tréllaskagi area (20.09.2012) with a source area at an
elevation of ~880m a.s.l., and (3) Arnesfiall Mountain in Westfjords (10.07.2014).

mentions also that the active permafrost-related landforms in  permafrost zone, such as continuous, discontinuous and sporadic
the northern part of Trollaskagi (~400m a.s.l.) occur at lower  permafrost. This required, however, e.g., 100 model realizations
elevation than the landforms in the south (above 800-900m  per grid cell and additional assumptions about the statistical snow
a.s.l.), where aspect is recognized as one of the possible factors  distribution within grid cells. In our study, the number of runs
for the permafrost occurrence in the northern area. It is, however,  per grid cell had to be reduced because of the large computational
also possible that the modelling period is too short to reproduce  requirements in a transient permafrost model. The interpretation
permafrost at lower elevations close to the coast and should be  of our results with respect to the classic permafrost zonations
extended to e.g., the Little Ice Age, when the climate was colder. is thus more difficult. Study on small-scale snow variability

Therefore, in general we find that the model results of Gisnas et al. (2014) was conducted in similar permafrost
satisfactorily describe the distribution and thermal regime of  environments of southern Norway, and demonstrated that most
permafrost in Iceland, given the shortcomings related to the 1 ~ of the snow heights within 1km x 1km area were less than
km? resolution. Permafrost extent was larger than permafrost  average snow depth. The 100% precipitation run in our study
reproduced in Etzelmiiller et al. (2007). The model reproduced  corresponds to the average snow depth, hence the halved-
also the general characteristics of permafrost in Iceland, i.e.,  precipitation run could be considered as the most frequent
it indicated warm and mostly shallow permafrost, which is in  within a 1-km? grid cell. Furthermore, based on the right-skewed
accordance with previous conclusions by Farbrot et al. (2007b)  distributions of snow depth in wind-exposed mountains (See e.g.,
on the dynamics of permafrost in Iceland. The Trollaskagi areais ~ Gisnas et al., 2014, 2016), the frequency is lower for the average
the area with the highest likelihood of widespread permafrostin ~ snow depth (100% precipitation run) and lowest for the 150%
Iceland according to the runs, where permafrost was reproduced ~ precipitation run. Therefore, most of the reproduced permafrost
even in the snow-rich scenario. Permafrost was almost absentin  cells in Iceland is likely sporadic to maybe even discontinuous.
south Iceland, with exception of e.g., high mountain ridges near =~ Permafrost cells modelled in the 150% precipitation run can
Hekla and Torfajokull. Permafrost occurrence at Hekla has been  possibly represent the continuous permafrost zone.
previously reported by Farbrot (2007) and Kellerer-Pirklbauer
etal. (2007), and CryoGrid 2 indicates permafrost in this area.

The multiple model realizations for the various snow Model Application
depths within grid cells in the equilibrium permafrost models  Regional permafrost models can have wide application and help
(e.g., Gisnas et al, 2017) allowed for the calculation of  discussions of topics within basic and applied science. Three
permafrost percentage and classification of each grid cell into a  examples are given below:
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(1) Ground temperature is an important factor for
understanding geomorphological processes, as emphasized
in e.g, Berthling and Etzelmiiller (2011) for periglacial
geomorphology, or Etzelmiiller and Hagen (2005), and Haeberli
(2005) for the interaction of permafrost and glaciers.

(2) In steep mountain areas, permafrost influences slope
stability (e.g., Gruber and Haeberli, 2007; Krautblatter et al.,
2012). Even if the model is not designed to model high
topographic heterogeneity, the transient changes in mountain
areas can be resolved. In three landslides that occurred at in
Iceland, ice-cemented blocks were observed within the deposits
(Seemundsson et al., 2014, 2018). Permafrost was still present at
the time of the landslides, since the landslide deposits that were
observed contained ice at the time of the slides. For instance,
at Moafellshyrna site, blocks with pore-filling ice of size up
to 12m wide and 10 m high were found (Seemundsson et al.,
2018). To test the evolution of the ground thermal regime at the
landslide sites we run our model using site-specific parameters
(Figure 12). All the locations have or had permafrost according
to the CryoGrid 2 runs; nevertheless, the Arnesfjall site had
only very shallow permafrost of ~1m until 2000. Since the
slopes of the source areas face north, the amount of direct solar
radiation they receive is likely small, and it should have probably

Hagongur site (at that time 5-6m thick) would be very
sensitive to any changes in temperature or snow depth,
and between 2012 and 2015 permafrost degraded completely
at that site, exemplifying permafrost sensitivity in Iceland.
Projected climate warming will likely lead to further permafrost
degradation in Iceland, especially in case of shallower permafrost.
Deeper permafrost will probably need more time to disappear
completely. To assess future climate impacts on permafrost in
Iceland, the modelled permafrost profiles at the end of the
simulations could be used as initial conditions for modelling
future permafrost evolution by forcing the CryoGrid 2 model
with projected climate scenarios. Such approach would combine
and improve the previous modelling methods [e.g., sub-grid
snow depth and equilibrium model in Gisnas et al. (2017), or
no sub-grid snow depth and transient model in Westermann
etal. (2013)] by both considering the sub-grid variability in snow
depths and additionally being able to capture the ground thermal
response to changing atmospheric forcing and precipitation.

CONCLUSIONS

From this study, the following conclusions can be drawn:

been accounted for. Furthermore, the modelling period might be e Snow is the most crucial factor for permafrost simulation.
too short to reproduce permafrost at Arnesfjall. The modelled Snow depth, distribution, and duration were satisfactorily
ground temperatures illustrated in Figure 12 show substantial simulated during our study, with some deviations. The
overall ground temperature warming for the source locations permafrost model was most sensitive to (1) thermal
of the landslides, especially since 2000-2005. At Torfufell and conductivity of the snow, (2) precipitation fractions, (3)
Moafellshyrna, the CryoGrid 2 model indicates a slight decrease water content in the upper layer, and (4) snow density,
in the depth of permafrost base around the dates of these volumetric mineral content in the upper layer, and thermal
landslides, whereas maximum thaw depths are relatively stable conductivity of the mineral fraction.
throughout the entire modelling period. Considering the model e CryoGrid2 modelled ground temperatures well, with an
uncertainties, the decrease in the depth of permafrost base could accuracy of ~0.5°C for mean annual near-surface ground
be even more severe. Seemundsson et al. (2018) argue that the temperatures. Spatially, the model runs indicated permafrost
most likely triggering factor of the slide at Moafellshyrna was in most of the palsa areas with an exception of small palsas near
thawing of the deeper permafrost, implying that the longer-term Hofsjokull. In addition, most stable-ice cored moraines and
(decade-scale) ground temperature warming was responsible active rock-glaciers were within the modelled permafrost cells.
for this event. The authors additionally discussed the base- e Permafrost occurs mainly in central and north Iceland,
up permafrost thawing as a probable reason for this slide, particularly in the Trollaskagi peninsula, where the simulated
contributing among other things to lubrication of the base of permafrost temperatures are generally lowest and permafrost
the colluvium and lowering cohesion. Three-dimensional effects is deepest. For the period of 2010-2016, lower permafrost
could also play a role, e.g., warming of bedrock at the southern limits in the Trollaskagi area are modelled at 600-900 m a.s.1.
side and propagation of the thermal wave to the northern at windy sites and at 1,000-1,150 m a.s.l. in snow-rich areas.
side, together with warmer water input from the southern side e Substantial differences in permafrost extent were observed
(Seemundsson et al., 2018). The CryoGrid 2 simulations confirm when forcing the model with the different precipitation
the previous interpretations of the landslide at Moafellshyrna, fractions. The 50% precipitation run indicated ~3-5 and 8-
both the long-term warming of permafrost and the permafrost 15 times more cells with permafrost in comparison with the
degradation at the bottom. 100 and 150% precipitation runs, whilst 100% precipitation
(3) The CryoGrid 2 runs indicated that the permafrost run reproduced ~2-3 times more permafrost cells than 150%
temperatures are relatively high in Iceland, with most of the precipitation run.
average ground temperatures above —2°C. As a consequence, e Icelandic permafrost is predominantly warm and probably
permafrost in Iceland is certainly highly vulnerable to current quite shallow. Such conditions make it especially vulnerable to
and future atmospheric warming. Our modelling indicates that climate warming.
the number of modelled permafrost cells already has decreased e The three- to four-decade-long warming trend in Iceland
considerably in 2010-2016 in comparison to earlier decades. has led to the recent permafrost warming or degradation,
Moreover, as noted by Farbrot et al. (2007b) permafrost at according to the model output. This was especially evident
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for the period between 2010 and 2016, when the number of
the modelled permafrost cells was reduced by 34, 56, and 49%
for the 50, 100, and 150% precipitation runs, respectively, in
comparison to the period 1980-1989.

Projected climate warming will likely lead to further warming
or degradation of permafrost in Iceland, thus the frequency
of the permafrost-induced landslides might potentially increase
in Iceland. The model results yield a realistic picture of
permafrost distribution at a regional scale, hence future
permafrost evolution in Iceland could be modelled transiently
at such scale using the ground temperature profiles reproduced
in this study. Nevertheless, the simulation results should
be carefully used to identification of areas susceptible to
permafrost-related hazards. The simulated ground temperatures
presented in this study might be overestimated in steep and
north-facing slopes; hence, it should be considered that the
modelled ground temperatures are representative mostly at a
regional scale.
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