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Abstract. In this proof-of-concept study we focus on link- stable foundation. However, population and tourism pres-
ing large scale climate and permafrost simulations to smallure and the increasing need for infrastructure forces con-
scale engineering projects by bridging the gap between clistruction onto more challenging ground with deeper uncon-
mate and permafrost sciences on the one hand and on theolidated sediments and ice rich permafrost. In such areas
other technical recommendation for adaptation of plannedisk assessment of permafrost dynamics are required during
infrastructures to climate change in a region generally underthe planning of constructions, especially in conjunction with
lain by permafrost. We present the current and future state opredicted climate warming (IPCC, 2001; ACIA, 2004; IPCC,
permafrost in Greenland as modelled numerically with the2007). Currently there is no guidance for engineers operat-
GIPL model driven by HIRHAM climate projections up to ingin Greenland to account for the effects of climate change;
2080. We develop a concept called Permafrost Thaw Potenin this paper we introduce a concept and demonstrate how
tial (PTP), defined as the potential active layer increase dughe risk of climate warming can be evaluated for engineering
to climate warming and surface alterations. PTP is then usegrojects.

in a simple risk assessment procedure useful for engineer- In most of the inhabited parts of West Greenland, bedrock
ing applications. The modelling shows that climate warm-is generally observed in outcrop or very near to the ground
ing will result in continuing wide-spread permafrost warm- surface. Sediments are mainly found in local bedrock de-
ing and degradation in Greenland, in agreement with presenpressions. All of Greenland was ice covered during the last
observations. We provide examples of application of the riskglaciation (Weichsel-Wisconsin), and the ice retreated from
zone assessment approach for the two towns of Sisimiut anthe west coast around 10 000 years ago (Bennike anitB|
llulissat, both classified with high PTP. 2002; Roberts et al., 2009). At that time, the local sea level
is expected to have been 70 to 150 m above the present level
(Rasch, 2000), and a series of marine silt and clay rich sed-
iments were deposited on the sea bottom. Isostatic rebound
(Weidick, 1976) has resulted in the exposure of the marine
sediments to the cold climate a.s.l. The sedimentary deposits

In West Greenland most villages and cities from the 18thare often poorly drained. but over thousands of vears pre-
and 19th century are located in natural bays with gentle”. poorly ' y P

relief that provide a good harbour and the opportunity to cipitation has depleted the salts in the upper layers (Foged,

construct houses making use of bedrock exposure for 979), and organic honz_ons have deve_:loped at the s_urface.
he extent of the depletion process differs from region to

region, due to differences in the timing of uplift and the for-
Correspondence taR. P. Daanen mation of ice rich permafrost in the upper depleted portion
BY (rdaanen@alaska.edu) of the sediment filled basins.
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Previous estimation of permafrost distribution was basedsame statistical properties as the observed climate. The GCM
mainly on air temperature observations and simulationswe apply (ECHAMS/MPI-OM1, see later for details) has in
(Christiansen and Humlum, 2000). The spatial distributionthis respect been compared to many other models for the Arc-
of the observations is very limited and, in addition, the land-tic (Walsh et al., 2008) and turned out to be one of the most
scape is not conducive to interpolation of climate data overrealistic models. Further to this, we note that this discon-
larger distances, due to complex and steep topography andection from the real world events is also evident in the per-
coastal effects. Detailed information on spatial distribution mafrost simulations as the involved chain of models are only
of soil temperatures remains unavailable in the ice free terusing model generated information as input to the simula-
restrial portion of Greenland. In this work we have createdtions.

a dataset that provides modelled soil temperature and active

layer depth data at a 25 km resolution over the ice free partoR.1 Regional permafrost modelling

Greenland, which we will use with additional local informa-

tion in a risk assessment methodology. The 25 km resolutior2.1.1  Modelling framework and climatic forcing

data provides a rough estimate of the thermal conditions of

the permafrost and we will use this data as a proof of con-Modelling permafrost on a regional scale is not a straightfor-
cept. The data set includes both bedrock and sediment calcward task. Since thawing of permafrost, in particular if it is
lated temperature and active layer depth, providing a rangéce-rich, is subject to a time lag due to the release of latent
of ground conditions using the same climate projection as dheat of fusion of ice, it can persist in deep layers for centuries
driver. or even millennia (e.g. Stendel and Christensen, 2002). With

Current risk assessment strategies, see e.g. (Nelson et a$tate-of-the-art global climate models, it is not possible to
2001), are complex in their decision schemes. To simplifymodel these processes, since even advanced surface schemes
and downscale this procedure we propose to apply the reonly in a few cases (Nicolsky et al., 2007) treat soil proper-
sults from our spatially distributed permafrost model to esti- ties below a depth of a few meters explicitly. In other words,
mate the regional risk of permafrost degradation over terrestealistic permafrost properties cannot be obtained directly
trial Greenland, with a concept we call the Permafrost Thawfrom the model. Furthermore, soil thawing and freezing pro-
Potential (PTP). cesses are not considered directly because present models are

In this paper we first present the results of regional per-to0 coarse to resolve the heterogeneous soil properties in the
mafrost simulations for Greenland based on state-of-the-arf\rctic (and elsewhere).
modelling. We then propose a new simplified risk zonation Avoiding the traditional and simple approach via “degree-
procedure for permafrost degradation based on substrate, i®2ys” based on near-surface temperatures (Anisimov and
content and the regional permafrost thaw potential. As anNelson, 1997; Stendel and Christensen, 2002), we have de-
example of the impact at community level, we will discuss cided to run a sophisticated permafrost model with bound-
the application of our risk assessment strategy for the town&ry conditions taken from a regional climate model provid-

of llulissat and Sisimiut, both located in West Greenland.  ing higher resolution than what can be offered by a GCM.
This approach, discussed in detail in Stendel et al. (2007),

offers the advantage that the permafrost model can be run on
2 Methods the grid of the regional climate model, i.e. in much higher

spatial resolution than previous approaches. As mentioned
The estimated PTP will be based upon data from a particabove, we use the state-of-the-art global climate model
ular permafrost model (the GIPL model, see Sect. 2.1.1) ECHAM5/MPI-OM1 (Marsland et al., 2003; Roeckner et
which receives its input from a chain of models. A “driv- al., 2006; Jungclaus et al., 2006). The model is run with
ing” global climate model (GCM) is set up only bound with observed values for greenhouses gas and CFC concentra-
observed conditions representing the past (e.g., 1850), otHions for the period 1950-2000 and follows IPCC scenario
erwise the model system is run freely. Because of spin-upA1B (Nakicenovic et al., 2000) thereafter up to 2100 (May,
usually several years in the beginning of the simulation are2008). The horizontal resolution is T63, which is approxi-
discarded (in this case 100, so only data from 1950 on ignately 1.878 in latitude and longitude (or~200 km). Out-
used). The atmosphere, ocean, cryosphere etc. model corput from this model is used to create boundary conditions for
ponents exchange fields periodically (for example, precipitathe regional climate model HIRHAM4 (Christensen et al.,
tion is a flux from the atmosphere to the ocean, while evap-1996), which can be considered a high-resolution, limited-
oration is a flux from the ocean to the atmosphere), but ncarea version of ECHAMS (see detailed discussion in Stendel
further observations whatsoever are used. This implies thagt al., 2008a). Finally, output fields from the RCM are used
the simulated situation on a particular day, month, year orto create boundary conditions for the permafrost model.
even decade cannot directly be compared to the observed As indicated above, many permafrost models with a va-
weather or climatic state actually observed the same dateaiety of applications have been proposed during the last 20
However, a “good” climate model is constructed to have theyears (Nelson and Outcalt, 1987; Christensen and Kuhry,
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2000; An|S|mov etal.,, 2002; Romanovsky etal., 2002; Sten'TabIe 1. Description of sediment clasification, percentages are a

deland Christensen, 2002; Sazonova and Romanovsky 2003 resentative area.

Riseborough et al., 2008). In our study, we use a numerical

simulation model called GIPL 2.1, a parallelized version of Group 1 | Gelisol 60% Turbel 25 %, Orthel 35 %

GIPL 2.0 (Tipenko, 2001; Sergeev et al., 2003) for simu- Inceptisol 30 %, Water 10 %

lating spatially distributed ground temperatures over the ice  Group2 | Gelisol 70 % Turbel 60 %, Rockland 30 %

free part of Greenland. GIPL 2.1 is a state-of-the-art numer-  Group 3 | Gelisol 70 % Turbel 10 %, Orthel 60 %

ical model which takes a temperature-dependent latent heat Rockland 30 %

effect into account (Marchenko et al., 2008). Group 4 | Gelisol 100 % Turbel 40 %, Orthel 60 %
Complex topography and coast line are key characteristics ~ Group 5 | Gelisol 100 % Turbel 65 %, Orthel 35 %

of Greenland. To fully resolve these features requires very ~ Group 6 | Gelisol 100 % Turbel 80 %, Orthel 20 %

high spatial resolution of climate as well as permafrost dis- ~ GrouP 7 | Inceptisol 70 %, Rockland 30 %

tribution. While a 25 km resolution reveals useful features Group 8 | Spodosol 5%, Incept's.°| 85%, Water 10%

. Group 9 | Spodosol 60 %, Inceptisol 40 %

(Stendel et al., 2008a), a resolution on the order of 5km Group 10| Entisol 30 %, Inceptisol 60 %, Water 10 %

would be needed to give a fair representation of the coastal ’ ’

topography which strongly influences the temperature distri-

bution at the site level. The next generation climate mod-

els will approach this scale by embarking the 5km grid scale L
e.g. (Lucas-Picher et al., 2011). Efforts to utilize this SCa|ethermal conductivity differences between frozen and thawed

also for distributed permafrost modelling in Greenland arePOrous media. The other difference between the permafrost
under way but too premature to be included in the presenfhdel runs is the reduced porosity of the ground which re-
analysis. A representative estimate for air temperature i$UItS in @ reduced production/consumption of latent heat for
acquired through the application of a medium-high resoly-the bedrock simulation in equally saturatgd condltlons. The
tion regional climate model (RCM). As mentioned above, we lack of liquid yvatgr an(_ll ice, results effectively in faster and
base our analysis on a well-tested RCM HIRHAM4 with a d€eper warming in spring and summer, as well as faster and
grid cell size of 25 by 25km (Dethloff et al., 2002; Rinke deeper coqllng in fall and V\{mter. More ice or.water in the
et al., 2006; Stendel et al., 2008a). Further downscaling of€diment simulation results in slower changes in temperature
the results to site level would seem necessary in order to pro@round the melting point, but it results also in a greater dif-
vide a more complete basis for ground truth comparison. Buf€rénce in winter and summer energy transfer rates, which
this would introduce using another (statistical) model, which C2Uses the thermal offset.

is not our target. The mapping effort we are pursuing here Soil class descriptions for our sediment run are given in
would not necessarily benefit from adding such details as infable 1 and associated thermal properties are given in Ta-
most areas there is no data for verification available in theble 2. Both heat capacity and thermal conductivity are cal-
first place. Our main goal is to demonstrate how to build aculated using a geometric mean between frozen and thawed
risk strategy based on comprehensive modelling. As suchstates based on the unfrozen water content. The total mois-
the present paper should be considered a proof-of-conceptire content is constant in time for GIPL 2.1 used in this

study. study. We do not account for changes in porosity due to loss
of permafrost with massive ice structures. On a landscape
2.1.2 The modelled ground conditions scale (25 km) these changes likely balance out due to drying

on slopes and wetting in poorly drained areas. The unfrozen
The RCM provides data for all of Greenland and surroundingwater content is calculated according to the following equa-
seas and data from the simulation is available for the periodion based on Lovell (1957} < D => | = Ot x A x (D-
1950 to 2080 (Stendel et al., 2008a). The modelling domainT)®, where®; [m®m~3] is the volumetric unfrozen water
layout used in the GIPL permafrost model is identical to thatcontent at temperaturg [°C], is the total volumetric water
of the driving RCM, but covers only the ice-free land areas.content of the soil, D is the freezing point of the liquid (avail-
These areas are dominated by exposed bedrock with sed@ble to allow adjustment of the freezing point to account for
ment filled depressions that are often covered with a layer ofolutes in the domain), and A and B are parameters that vary
organic material. Since our 25km grid is much too coarsebased on the material in question. The unfrozen water con-
to resolve the distribution of sediments and bedrock, and dugent is truncated to the total water conten®if> Oror.
to the vastly different thermal properties of these materials, The first run of our model relates to the sedimentary con-
we chose to split the simulation in two categories: a bedrockditions. For this run we use 10 different ground thermal
simulation and a sediment simulation. The difference be-classes illustrated in Fig. 1. These classes are not based on
tween these runs is a lower ground temperature in the sedigrain size but rather soil order and distribution. Each cli-
ment run caused by the presence of a greater thermal offsehate model node is evaluated for its soil order described in
(Romanovsky and Osterkamp, 1995), which is the result ofthe global soils map published by the Food and Agriculture
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Table 2. Parameters in the sediments classification. For the bedrock simulation, all models are assigned the parameters of the deepest laye
of Group 1 (highlighted in the table) except for the volumetric water content which is set to 0.1 in the bedrock simulations. In the column
captions) is the total volumetric water content, A and B are the parameters of the unfrozen water relationship Lovell (1957), C is the heat
capacities and the thermal conductivities.

Group with description 6 A B CThawed Crrozen AThawed AFrozen Layer thickness
([ [-] [(m3xK)] M= K)] WM xK)]  [W/i(m xK)] [m]
Group 1 0.25 0.002 -0.1 1700000 1600000 0.4 0.75 0.15
0.65 0.02 -0.38 2600000 2400000 0.5 1.6 0.3
0.65 0.035 —0.35 2700000 2200000 0.5 1.6 1.3
045 0.06 -—0.35 2900000 2000000 0.9 2.2 3
04 005 -0.35 2900000 2000000 1.2 3 10
04 005 -0.35 2900000 2000000 0.9 2.2 20
Bedrock 0.2 001 -0.17 2800000 2000000 2.8 35 1000
Group 2 0.25 0.002 -0.1 1700000 1600000 0.6 0.75 0.05
0.65 0.035 -0.35 2700000 2200000 0.8 1.6 1.3
045 0.06 -0.35 2900000 2000000 0.9 2.2 3
0.2 001 -0.17 2800000 2000000 2.8 3.5 1000
Group 3 0.25 0.002 -0.1 1700000 1600000 0.5 0.6 0.1
0.65 0.035 —-0.35 2700000 2200000 0.8 1.6 1.3
045 0.06 -0.35 2900000 2000000 0.9 2.2 5
0.2 001 -0.17 2800000 2000000 2.8 35 1000
Group 4 0.25 0.002 -0.1 1700000 1600000 0.4 0.6 0.2
0.65 0.035 —-0.35 2700000 2200000 0.7 1.6 1.3
045 0.06 -0.35 2900000 2000000 11 2.2 3
04 005 -0.35 3000000 1700000 1.2 3 10
04 005 -0.35 3000000 1700000 0.9 2.2 20
0.2 001 -0.17 2800000 2000000 2.8 35 1000
Group 5 0.25 0.002 -0.1 1700000 1600000 0.6 0.8 0.15
0.65 0.035 —0.38 2700000 2200000 1 2 13
045 0.06 —-0.35 2900000 2000000 11 2.2 3
0.4 0.05 -0.35 3000000 1700000 1.2 3 10
04 005 -0.35 3000000 1700000 0.9 2.2 20
0.2 001 -0.17 2800000 2000000 2.8 35 1000
Group 6 0.25 0.002 -0.1 1700000 1600000 0.7 0.9 0.1
0.65 0.035 —-0.38 2700000 2200000 1 2 1.3
045 0.06 -0.35 2900000 2000000 11 2.2 5
04 005 -0.35 3000000 1700000 0.9 2.2 10
0.2 001 -0.17 2800000 2000000 2.8 35 1000
Group 7 0.25 0.002 -0.1 1700000 1600000 0.4 0.75 0.3
045 0.06 -0.35 2900000 2000000 0.9 2.2 3
04 005 -0.35 3000000 1700000 1.2 3 10
04 005 -0.35 2900000 2000000 0.9 2.2 20
0.2 001 -0.17 2800000 2000000 2.8 35 1000
Group 8 0.3 0.002 -0.1 1700000 1600000 0.4 0.75 0.5
045 0.06 —-0.35 2900000 2000000 0.9 2.2 3
04 005 -0.35 2900000 2000000 1.2 3 10
04 005 -0.35 2900000 2000000 0.9 2.2 20
0.2 0.01 -0.17 2800000 2000000 2.8 35 1000
Group 9 0.3 0.002 -0.1 1700000 1600000 0.6 0.9 0.5
045 0.06 —0.35 2900000 2000000 0.9 2.2 3
04 005 -0.35 3000000 1700000 1.2 3 10
0.2 001 -0.17 2800000 2000000 2.8 35 1000
Group 10 04 0.002 -0.1 1700000 1600000 0.6 0.9 0.5
0.55 0.06 —0.35 2900000 2000000 0.9 2.2 3
0.4 0.05 -0.35 3000000 1700000 1.2 3 10
0.2 001 -0.17 2800000 2000000 2.8 3.5 1000
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domain so all variations shown are caused by spatial and tem-
poral variations in the forcing temperature and snow depth.

The thermal properties are the same for the entire depth of the
profile and set to the values shown in Table 2 for the deep-

est layer of the first group, except for the moisture content,

which is setto 0.1.

2.1.3 Treatment of snow in the model

Snow is an important factor in permafrost temperature devel-
opment (Goodrich, 1982; Zhang, 2005; Lawrence and Slater,
2008). Snow has a longer term effect on the ice content in
the lower part of the active layer. Low snow years may re-
sult in increase in the ice content within the lower portion of
the active layer and upper permafrost (Daanen et al., 2008)
and high snow years in discontinuous permafrost can prevent
the freeze-up of the active layer and establistalik, or a
thawed layer in the ground (Yoshikawa and Hinzman, 2003).

Soil Class

Glacier points

gzzz; Bedrock outcrops are likely to experience less snow than the
B Group3 poorly drained low lying pockets of sediment, because the
B Group 4 exposed rock outcrop areas are generally windblown.
H Group5 The scale of the regional climate model HIRHAM, used
Group 6 for this study, does not resolve this sub-grid scale variation
E Group 7 .
= Groups between exposed rock and sheltered pockets. Only a blowing
B Group 9 snow model, with more detailed topographical input, would
Group10 be able to simulate these differences, but at the same time
B Ocean points only make really sense at a much higher spatial resolution.

lee And still, when based on climate model forcing, the results

_ _ o ) would still not be directly comparable to observed field data
Fig. 1. Soil classification zones, based on soil orders from the Foodsy, 5 specific year. For these reasons — and due to the lack of
and Agriculture Organization of the United Nations (1978). supporting field data from Greenland — we did not take the

potential snow depth difference between bedrock and sed-
o ) ) ) imentary basins into account in our simulations. Thus we
Organization of the United Nations (1978). Extensive re-paye treated snow the same for sediment and bedrock areas,
search is n_eed.ed to identify proper soil thermal propertlestaking the data from the HIRHAM snow water equivalent
for any region in the world. Due to the lack of data from psiections. Snow depth was calculated from snow water
Greenland we choose th_ermal propertles for this paper via agquivalent using a constant snow density of 0.15 kg8in
educated guess. The distribution of the groups is based oBqer to generate snow depth data that are comparable with

the soils map and the thermal properties are based on meége measured data from Ilulissat (Olesen, 2003) see Fig. 2.
surements and ground temperature reconstructions from pefrhe snow column is included in the finite difference scheme

mafrost regions in Alaska \_/vith similar vegetation and soils 5, calculating the ground temperatures. The thermal con-
(Marchenko et al., 2008; Nicolsky et al., 2009). These ther‘ductivity for snow was fixed at 0.125W/(mK) and the

mal properties result in a realistic, but cold soil condition g5t capacity is fixed at 0.8410° J (m3 x K). The discrep-

for the given climate, because it promotes the thermal off-5p¢ies hetween observed and simulated snow depths shown
set. None of the classes include layers of soil with a freezing, Fig. 2 are due to the model-generated storm patterns, so
point depression, such as saline soils. For this general mode} 4t intensities differ from real world data. The single point
run the variable D=0C for all layers in all classes. observations are also likely affected by drifting, causing a

Lower boundary conditions for the entire Greenland do-few measured snow depths much greater than expected from
main are set to a fixed temperature gradient of 0@ B L. snow fall events in those years.

The initial temperatures for the model domain model are cal-
culated with a spin-up procedure of 100 years, using repeated 2 Risk Assessment
climate data from 1955 to 1965.

A different run for the Greenland domain shows the tem-Our risk assessment methodology aims at determining the
perature distribution for a bedrock material. The materialrisk of permafrost degradation resulting in severe settlements
properties used for this run are kept constant for the entirédbased on relatively simple parameters. The intention is that

www.the-cryosphere.net/5/1043/2011/ The Cryosphere, 5, 10582011
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Fig. 2. Observed and simulated snow depth for the llulissat region.
Observed snow depths are from Olesen (2003).

Risk axis

it should be useful both on a regional scale to produce fore-

casts of likely scenarios, and with higher resolution inputin arig. 3. Risk evaluation decision flow diagram construction per-
site specific context as a decision and planning tool for townmafrost soil or rock. Standard engineering geological main descrip-
planners and engineers in the local municipal governmentsor terms are used in descriminating Gravel, Sand, Silt and Clay.
and consulting businesses in the Greenlandic towns. In thé&ligh ice content is defined as greater than porosity and high PTP is
present study we focus on the regional approach in order t§efined as greater than 2.5m.

produce a risk assessment indicating the likely changes for

the 21st century over the entire Greenland domain.

The methodology is expressed as a flow diagram (see For soils with high ice content, an additional thermal cri-
Fig. 3), which classifies the risk in the four categories Low, terion must be evaluated in order to determine the risk class.
Limited, Medium and High risk based on environmental Different types of thermal criteria could be used, depending
properties and a thermal criterion. The three environmen©n the scale of the problem considered. In this paper, we
tal properties are the surface conditions, the sediment type (ifave chosen to define and use what we call the Permafrost
applicable) and an evaluation of the ice content in the groundThaw Potential (PTP).

Based on the surface properties of the area, it is classi-
fied as either bedrock outcrop or sedimentary basin. If the2.2.1 Permafrost thaw potential
area classifies as bedrock, no special precautions should be
made, and standard foundation practices based on rock mad§ie present permafrost is at risk due to both future climat-
quality, weathering and fracturing assessments can be agcally induced warming and surface condition changes due
plied. If, on the other hand, the area classifies as sedimentar@ infrastructure development and constructions. The two
basin, a grain size main descriptor is established for the aregffects act in a complementary additive fashion. The pro-
based on standard engineering geological grain size classiected climate induced changes result in increased active
fication terms. In the flow chart, these main descriptors ardayer thicknesses.
grouped according to the material frost susceptibility, with ~ The risk arising from infrastructure development on per-
Gravel/Sand having low to negligible frost susceptibility and mafrost is also a deepening of the active layer resulting from
Silt/Clay having medium to very high frost susceptibility. removal of the insulating organic layer and subsurface ma-
The third parameter is an evaluation of the actual ice contenterial and replacement with for example an embankment and
in the ground. We discriminate between high and low ice pavement layer. This changes the surface energy balance and
content, with high ice content corresponding to volumetric the thermal properties of subsurface material. Heat-carrying
ice content in excess of the natural pore volume of the soil,0r producing structures such as housing, pipelines and sew-
and low ice content corresponding to ice confined to the naters, produce additional heat conduction into the ground and
ural pore space. The state of these environmental variablegay induce further thawing.
are either determined from field investigations or estimated The regional risk should therefore be evaluated based on
based on background information such as geological mapsimulations of permafrost conditions in the original sedimen-
and modelling efforts. Soils with low ice content classify as tary setting and compared to thermal conditions under the
limited (Gravel/Sand) or medium risk (Silt/Clay) depending forecasted future conditions. We define here the PTP as
on the grain size main descriptor. the potential active layer increase by subtracting the current
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active layer thickness from the expected active layer thick-by 1.6°C while this value for the sediment case is 20
ness under the future climatic and surface conditions. The spatial trend of the ground temperatures is similar to that
Since these future conditions may vary depending on areaf the air temperature with most warming occurring in the
usage and thus are not known until the design phase of a panorth. Bedrock thaw depths will increase by 1.4 m on aver-
ticular project, we suggest using the modelled bedrock situ-age for Greenland. The active layer in sediment is projected
ation as a proxy for surface disturbance, which would occurto increase by 0.4 m between current and future conditions;
due to construction activities. The PTP is thus the potentialthe active layer depth varies strongly from north to south with

active layer depth increase from the conditions today to thethe greatest increases in active layer occurring in the south.
perturbed future conditions. Figure 4a shows the temperature distribution in bedrock
In this way the PTP becomes an indication of permafrostmaterial over Greenland at the 25 km resolution solely based
“health” over the coming decades taking into account pos-on model information. The firstimage shows the ten year av-
sible future construction effects. To quantify the health of erage ground temperature from 1955 to 1965 for a depth of
permafrost using the PTP we classified it to high and low2 m, the second images gives the same parameter for recent
intervals with a limiting PTP value of 2.5m. This value is soil climatic conditions (1995-2005) at the same depth, and
chosen based on our observations with regard to structurethe third image is a projection into the future soil climate for
surviving on frozen sediment in the vicinity of the Thule air the late-century simulation period. Figure 4a shows warming
force base based on US Air Force construction practice.  over most of the simulated area. In bedrock the temperature
In the southern part of Greenland, due to our definition, thefluctuation between summer and winter are larger than in the
calculated PTP may exceed the permafrost thickness undesediment due to strongly reduced amount of ice or liquid wa-

present conditions. ter that buffers the temperature fluctuation (Romanovsky et
al.,, 2010). Figure 4b shows the active layer depth for the
2.2.2 Work flow beginning (left), middle and the end (right) of the simulation

) . ] ) period. The active layer depth reflects the same limited buffer
Figure 3 illustrates the risk zone assessment flow diagram fOEapabiIities with deep summer effective active layer depths
construction in areas with frozen ground in Greenland. Thej, the pedrock of more than 3 m the south and less than three
environmental parameters resulting in different risk classi-,aters in the north. A few simulation regions in the south
fications are indicated as horizontal tabs, and the resultin%ast seem to convert to ice sheet during some years affecting

risk classes are indicated along the risk axis at the bottom tog,¢ 5ol thermal regime, this is a climate model artefact and
gether with typical foundation solution recommendations for , . - <yl thermal differénce.

ea_lcf:: class. | K flow | ving the risk . For undisturbed sediment we found cooler average tem-
_ e general work flow in applying the risk assessment ISperatures due to a greater the thermal offset in the upper soil
to: layers compared to bedrock simulations. The 2m temper-

ature and active layer results for the sediment simulations
are given in Fig. 5a and b respectively. The results show a
warming trend over our simulation period and a deepening
2. Establish an engineering geological model of the area Of the active layer. Most of the warming occurs in win-
ter which leads to warmer permafrost, but not directly to

3. Produce projection of future ground temperature regimea deeper active layer in the northern portion of Greenland.

and calculate PTP However in the south summer temperatures also increase and
active layer depths are strongly affected. The simulations
also project that permafrost in the southernmost sediment re-
gions disappears completely, and that the southern boundary
3 Results of permafrost affected areas is expected to migrate north by
approximately 100 km.

1. Evaluate surface properties: Bedrock, soil/vegetation
and ice content

4. Risk evaluation according to the flow chart.

3.1 Permafrost Simulation
3.2 Risk assessment for the Greenland domain

The Greenland simulation results presented are 10 year aver-

age temperatures centred on the years 1960, 2000 and 20Figure 6 shows the PTP classification for the entire Green-
at 2 m depth. These data show an average increase o€1.3 land domain evaluated based on the 1995-2005 sediment
in air temperature for the entire ice free portion of Greenland.condition simulation and the 2065-2075 bedrock condition
Most of this warming is concentrated in the northern regions,simulation.

with much less warming along the coast in the southwest Our choice of 2.5m as the limiting PTP value between
where most communities are located. The simulation resulhigh and low classification was based on experience from
using bedrock substrate shows that the 10 year mean tempethe Thule area, placing Thule Air Force Base in a transitional
ature at 2 meters below the surface is projected to increasarea from low risk to high risk. This choice is supported by
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Fig. 4. (A) Bedrock temperature distribution at 2m depth for an Fig. 5. (A) Annual average ground temperature distribution at 2m

average over the periods 1955-1965, 1995-2005, and 2065—-2078epth in sediment with organic layer averaged over the periods

(B) Active layer depth distribution in bedrock for an average over 1955-1965, 1995-2005, and 2065-2QBpActive layer depth dis-

the periods 1955-1965, 1995-2005, and 2065-2075. The greetributions for areas with sediments and organic matter averaged over

color represents a permafrost free zone. the periods 1955-1965, 1995-2005, and 2065-2075. The green
color represents a permafrost free zone.

observed settlement of large structures on the Air Force Base. . o
Modern buildings with sophisticated cooling mechanism areconclude that potential permafrost degradation is a risk in all

stable whereas older buildings without these systems sett/@f inhabited West Greenland around and north of Nuuk, and
(Birkholm et al., 2007). the risk should be evaluated for each individual construction

According to the modelling results most of the terrestrial Project:

portion of Greenland has a PTP above 2.5 m and thus classif% I L .

) . . . 3.3 Model validation and implications on a community
as high Permafrost Thaw Potential according to our choice scale
of limiting value. This means that throughout the inhabited
part of Greenland, sedimentary basins may classify as high

risk areas in the risk zonation evaluation according to Fig. 3o, scheme, we estimated the predicted effects of permafrost

provided the sediments have high ice contents. _ degradation at the grid cells representing the two major towns
During our study, we have observed significant stability ot Sisimiut and Ilulissat. The towns are both located in the

problems for roads and buildings on permafrost in the townsgiscontinuous permafrost region of West Greenland (Chris-

of llulissat and Sisimiut, which are located in areas with wide tj3nsen and Humlum, 2000). We compare here the model

spread presence of fine grained marine deposits with high iceag1ts with observed data from the two localities.

content, whereas a town such as Aasiaat, which is located

in an area of mainly coarse grained sediments with low ice3.3.1 Results and implications at Sisimiut

contents, does not seem to experience thaw related stabil-

ity problems. This supports our decision making algorithm Sisimiut is situated on the west coast of Greenland at approx-

by showing that areas classified with high PTP may in factimately 66.2 N and 53.7 W (see Fig. 6).

have high or limited risk depending on grain size and ice Inthe 1960s and 1970s, the Geological Survey of Green-

content classification. In spite of the apparently plain andland operated a ground temperature measurement station

obvious appearance of the PTP class map, we do concludia Sisimiut (Olesen et al., 2003), with temperature sensors

that it provides useful insight in agreement with field obser-down to a depth of 9m. The availability of this data and a

vations given the scale of the present investigation. We alsdew years of modern data (Christiansen et al., 2010) allow

n order to validate the results of our model and classifica-
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Fig. 7. Observed and simulated snow depth and ground temperature
at 0.25m(A) and ground temperatures at 1.5m and @Bj near

the Sisimiut area for the entire simulation period. The older data
from Olesen et al. (2003) and the recent data collected as part of the
present study are from different locations in Sisimiut.

. &

Fig. 6. Permafrost Thaw Potential (PTP) classification for Green-
land. High thaw potential coresponds to a PTP value greater than . . ) )
2.5m. The potential active layer depth increase was calculated bther locations in town are known to have ice rich permafrost
subtracting current sediment active layer depths (1995-2005) fronflngeman-Nielsen, 2005; Ingeman-Nielsen et al., 2007). Ob-
future bedrock active layer depths (2055—2065). viously this local scale variation cannot be described using a
regional model with a grid size of 25 km. With this in mind,
the agreement between observed and modelled ground tem-
us to investigate the model performance over more than #@erature data seems reasonable with a slight cold bias. The
decade. Figure 7 shows a plot of the modelled ground temsoil at the measurement site of Olesen in Sisimiut is coarser
perature data as well as the observed data. The modelling r@rained and better drained than it is assumed in the model,
sults show average ground temperatures®55,—3.06 and  Possibly explaining part of the discrepancy with the model
—3.09°C for 0.25, 1.5 and 9 m depths respectively, which results. Other effects may be related to the discretization of
is lower than the observed ground temperatures-0f79,  the topographical relief used in the 25km RCM, which re-
—0.06 and—0.01°C at the same depths. sults in the grid cell being at higher average elevation than
With Sisimiut situated in the discontinuous permafrost the actual field site, causing a colder forcing temperature due
zone, we have observed ground temperatures to vary widel{© the lapse rate.
on a local scale depending on surface conditions, lithology, As the model forecasts a warming trend in the 9 m depth
water content, slope aspect etc. While the location choseground temperatures over the course of the century, and
for the ground temperature observations by Olesen in 196 present modelled permafrost temperatures for the period
can be only barely categorized as permafrost (at that time)2065-2075 is as high as1.3°C, the observed on-going
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permafrost degradation is expected to continue and acceler

ate in the Sisimiut area. p
We have calculated the PTP for the Sisimiut region to be

4.5 m, which classifies as high PTP. Applying the risk assess- l N

ment flow diagram, all permafrost areas with basin deposits | Iyl v e T T (I

of fine grained marine deposits classify as medium or high 5 |

risk zones depending on the ice content in the sediments. . ‘ il | I' | Y I |

3.3.2 Results and implications at llulissat ) || | | i

~

Temperature °C

llulissat is situated in the inner part of the Disko Bay at ap- 'l
proximately 69.2N and 51.2 W (see Fig. 6). The locality M
is a well-documented example of saline permafrost (FOQed .. 1 w6 175 1955 1995 2005 2005 2005 203 2005 2055 2065 2075
and Baek-Madsen, 1980; Ingeman-Nielsen et al., 2008). De- ¢ Observed temperature 19681352 + Observed emperature 20072008

tailed geotechnical investigations in this area (Foged, 1979) e :

have shown that the fine grained marine deposits are notcom o
pletely leached. Comparisons of pore water chemistry show
that the extent of desalination seems to be related to eleva
tion. Areas at higher elevations show deeper extent of desali- A
nation due to longer exposure before permafrost aggradatior 8 € gt /
starts. The lower elevation areas are desalinated only in thei’; 3 W \ ﬂﬂr

upper 3—6 m with chloride concentrations nearing those of §
seawater in the deeper parts of the profile towards bedrock. &~ W

The ice content of the sediments in the llulissat area de-
pends on both salinity and the availability of water at the time
of permafrost formation, and spans a wide range from no ex-
cess ice to super saturated segments due to the presence
ice lenses (Ingeman-Nielsen et al., 2008). -71945 1955 1965 1975 1985 1995 2005 2015 2025 2035 2045 2055 2065 2075

In addltlon tO the prev'ously descrlbed reglOﬂa' model run’ o Observed temperature 1968-1982 ——Simulated temperature Saline ——Simulated temperature
we have also modelled a completely unleached saline situa-

tion for llulissat, using a freezing point depression ¢iC2 Fig. 8. Temperature time series for_an area near llulissat for 2.5m
. S depth(A) and 15 m deptkB), comparing saline and regular temper-
for all layers in the model (D =2°C). . o . .
ature simulation in a sediment basin. The older data from Olesen

Figure 8 iIIustrat.es the 0b§erved and simulqted grOU'nd(2003) and the recent data collected as part of the present study are
temperature evolution for sedimentary deposits in the llulis-from different locations in llulissat.

sat area for completely leached as well as saline conditions at
the depths of 2.5 and 15m. The model results show that the
presence of residual salinity in the sediment causes a signifi- Deeper permafrost temperatures of the llulissat simula-
cant attenuation of the amplitudes of the annual temperaturéons have a cold bias compared to observed data (Ole-
oscillations, due to the additional energy consumed/producegen, 2003). The agreement between observed and modelled
during phase changes in the deeper active layer. The resul@found temperatures is very good, with average temperature
indicate an increase of a little more thahClLin mean annual  differences within £C. This is impressive when keeping in
ground temperature by 2065-2075 as compared to 1995mind that the forcing climatic parameters — in particular the
2005. snow depth — was exclusively simulated by the HIRHAM,
The Geological Survey of Greenland also operated g2nd thus subject to the challenge_s previopsly_ discussed.
ground temperature measurement station in llulissat (Olesen, 1he calculated PTP for the llulissat region is 3.7 m for the
2003) in the 1960s and 1970s. The llulissat ground temperac_:ompletely leached condition and classifies as high PTP. As

ture station was equipped with temperature sensors down t§/as the case with the Sisimiut area, application of the risk
a depth of 15m. New data more recently collected from the@ssessment flow diagram, results in all permafrost areas with

upper 4 m of permafrost close to the airport in llulissat is alsoPaSin deposits of fine grained marine deposits classifying as
presented. The observed data has been added to the Fig. 8 f§iedium or high risk zones depending on the ice content in
comparison. the sediments.

The simulation results from 2.5m depth and unleached
conditions fit well with the observed data, although winter
temperatures are generally colder in the model prediction.

Illulisat 15 m depth saline and regular ground temperature

:

=T
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4 Discussion Due to its present resolution (25km), the applied
PTP approach does not resolve local scale variations in
We compare ten year averaged ground temperatures ifppographical and other site specific conditions, and thus can
Figs. 4a and 5a. The data shows a modest amount of changgchnically not be used as an accurate prediction for individ-
over the simulation period from 1950 to 2075. Even at higheryal projects without additional input from local parameters.
spatial resolution (25 km), compared with global circulation However, as demonstrated with the towns of llulissat and
models, the HIRHAM regional climate model simulation of Sisimiut, the modelled PTP places these areas in high PTP
air temperatures and snow depth is relatively coarse wheiones with a considerable margin, and we therefore find it
comparing it with the heterogeneity of the landscape (Stenreasonable to use the PTP classification as an estimate, when
del et al., 2008b). The north-south gradient of the climatesite specific thermal models are lacking. With the inclusion
matches the observed climate reasonably well as providedf local information on geological conditions and ice con-
by (Christiansen and Humlum, 2000). Improvement in reso-tents — and of course local thermal conditions when possible
lution is needed to simulate the smaller scale dynamics from- the PTP could be very useful for site specific permafrost
the coast inland, considering the numerous fjords along thenalysis to determine the particular permafrost degradation
coast. Temperatures in the northern part of Greenland seemsk for that site. This site specific permafrost degradation
to be most affected by warming. The active layer thicknessrisk designation will assist with design and expense evalua-
is sensitive to the warming trend. tion due to mediation techniques against aversive effects of
One of the drawbacks of present state-of-the-art regionatonstruction on permafrost.
scale permafrost models is their lack of ability to handle seg-
regated ice in the sediments. The model applied here can
handle high volumetric water contents, but as the model i Conclusions
not coupled to a groundwater flow and drainage model, such
high water contents would be static in location and thus causd? this proof-of-concept study, we have presented a mod-
unrealistic distribution of water in the active layer upon per- €/ling system consisting of the RCM HIRHAM4 with bound-

mafrost thaw. The model has therefore been implemente@'Y conditions provided by a GCM. The output is used to

using water contents on the order of natural porosity of thedrive the GIPL 2.1 spatially distributed permafrost model.

sediments, causing probably an underestimation of ice cond N€ modelled ground temperatures are used as input to arisk
tent in the upper part of the permafrost for some locations inZone assessment, thereby linking climate and permafrost sci-

a particular area of a simulation domain, in other areas iceE"c€ t0 engineering decisions in one complete workflow.

content may be overestimated within the same domain. :
o2 S : . 5.1 Modelling results
Warming in the Sisimiut and llulissat region causes the ac-

tive layer thickness to increase. For sediment areas in SisiMpgmafrost temperatures were simulated for Greenland and it
iut, which can be expected to gain importance for new de-55 found that most areas are warming as the climate warms
velopment of infrastructure, the model predicts active layeryyer the period from 1950 to 2075. Permafrost temperatures
deepening from approximately 1 m under present-day CONy, the northern portion of the country are strongly affected
ditions to 2m in 2065-2075, assuming constant ice conten,y \yarming winter temperatures whereas the temperatures in
with depth and resulting from our selection of soil param- yne south are buffered by melting ground ice and deepening
eters slightly deeper depths for the region around llulissatyt the active layer. The active layer thickness is increasing
The large amount of ground ice observed in these sedimentgi, time for bedrock and sedimentary substrates indicating
could result in large soil surface settlement. The PTP Show%legrading permafrost.
a high risk fo_r both_ Sisimiut and llulissat regions With poten-  \ve quantified the risk of permafrost degradation using a
tial increase in active layer of 3.5 and 2.7 respectively. quantity which we call the Permafrost Thaw Potential (PTP).
The risk of permafrost degradation for engineering struc-p1ast of the terrestrial regions in Greenland south of M6
tures is strictly related to the presence of sediment around,e cjassified as high PTP in accordance with our observa-
the community of interest. The current conditions in sedi-i5s in Greenlandic towns. This calls for careful risk evalu-
ments around larger communities like Sisimiut and llulissat 54ions in the design phase of construction projects. We hope
would not support construction of larger buildings using ra- - ctitioners may find our risk evaluation methodology use-
ditional foundations. The permafrost soil temperatures are | for such purposes.
near th_e thawing point in Sis!miut as well as IIinssat, when Future very high resolution simulations of permafrost for
taking into account the freezing point depression caused by, jvigual engineering applications will also require very
pore water salinity. As indicated by the PTP the additional high, resolution data acquisition and more sophisticated phys-

stres_s of (_:I|mate warming and soil surface disturbance makeg.;| relations for snow, surface energy balance and hydrolog-
the situation more unsuitable. ical parameters.
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5.2 Geotechnical recommendations Christensen, J. H., Christensen, O. B., Lopez, P., Van Meijgaard, E.,
and Botzet, M.: The HIRHAM4 Regional Atmospheric Climate
Infrastructure and buildings that are currently not resting on Model, Scientific Report DMI, Danish Meteorological Institute,
bedrock will become exposed to uneven settling of sediments 51 Pp., 1996. _
and potential degradation. We expect construction and mainChristiansen, H._H. and.Huqum, 0. Permafrost, Top_ograflsk Atlas
tenance costs of buildings and infrastructure in Greenland to gr?tnland'sd'tHed bly. ngbsznj B. Hoc?ez,: J/; g'e_ltse't"' ’F\Lll
increase dramatically if current practices are not adapted to Cg pzﬁﬁgé er']‘ 3gr_n3L5’m2‘00'(’)an ensen, ., L. A. Refizels Foriag,
the warming conditions. We have SqueSF?d a simple I"S‘Iiihristiansen, H. H., Etzelmuller, B., Isaksen, K., Juliussen, H., Far-
assessment methodology developed specifically for Green- ot H. Humlum, O., Johansson, M., Ingeman-Nielsen, T., Kris-
landic conditions that could help local municipal govern-  tensen, L., Hjort, J., Holmlund, P., Sannel, B., Sigsgaard, C. J.,
ments, civil engineers and contractors to assess the local Foged, N. N., Bilkra, L., and Pernosky, M. R.: The Thermal State
risk of permafrost degradation, and help in determining the of Permafrost in the Nordic Area during the International Polar

proper site investigation strategies and foundation practices Year 2007-2009, Permafrost Periglac., 21, 156-181, 2010.
for individual construction projects. Daanen, R. P.,, Romanovsky , V. E., Walker, D. A., and LaDouceur,

The Sisimiut and llulissat areas are both in risk of severe M- High Resolution, Surface and Subsurface, Survey of a Non-
permafrost degradation due to the presence of permafrost sorted Circle System, Ninth Internatonal Confererence on Per-
with temperatures close to the freezing point of the ground mafrost, 1, 321-326, 2008.

) . . . Dethloff, K., Schwager, M., Christensen, J. H., Kiilsholm, S.,
mate_nals. For_ the town of IIull_ssat in par_tlcular, the com- Rinke, A., Dorn, W., Jung-Rothedlsler, F., Fischer, H., Kipf-
bination of saline permafrost with a high ice content and a gh, s, and Miller, H.: Recent Greenland accumulation es-
high Permafrost Thaw Potential results in a high risk sce- timated from regional climate model simulations and ice core
nario where construction on fine-grained sedimentary de- analysis, J. Climate, 15, 2821-2832, 2002.
posits with permafrost should be avoided whenever possiblefoged, N.: Engineering Geological Investigations of Quaternary
either by excavation of the sediments or by construction of Marine Clay Deposits on West Greenland, Ph.D., The Institute

point bearing piles extended to bedrock surface. for Applied Geology, Technical University of Denmark, Copen-
hagen, 1979 (in Danish).

Foged, N. and Baek-Madsen, C.: Jakobshavn Airport thermal sta-
bility in marine deposits. Second International Symposium on
Ground Freezing, Second International Symposium on Ground
Freezing, Trondheim, 1980.

Food and Agriculture Organization of the United Nations, F.: Soil
map of the world, volumes I-X, Paris, 1978.
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