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Abstract

In the context of a changing climate, for planned or newly built infrastructure it is useful to differentiate between the effects
of climate warming and anthropogenic factors on the permafrost thermal regime. In 2010, a study was initiated on perma-
frost sensitivity and terrain conditions for the Iqaluit International Airport, Nunavut. The airport has a history of terrain sta-
bility problems and is now entering a major improvement phase. The separate and combined impacts of climate warming,
snow accumulation and the infrastructure itself on the ground thermal regime were simulated using numerical modelling.
Results indicate that the thermal impact of a thick snow cover year after year outweighs the effect of a warming trend in air
temperature of 1°C per decade over 30 years. Change in the ground thermal regime over time due only to new embankment
material depends on ground surface and permafrost conditions prior to the embankment construction. Embankment insula-
tion with polystyrene causes the permafrost table to initially move upward; however, over time, the relatively large increase
in the active-layer thickness below the insulation might eventually affect the stability of the embankment and the perma-
frost. Following an increase in air temperature of 3°C over 30 years, the simulations indicate maximum increases in active-
layer thickness and permafrost temperature of 0.9 m and 1.8°C at 15 m depth, with the warmest ground found under the toe
of the old apron embankment as well as under the original paved surfaces.

Résumé

Dans un contexte où de nouvelles infrastructures sont planifiées ou construites au moment où le climat est en changement, il
devient utile de différencier entre les effets du réchauffement climatique et des facteurs anthropiques sur le régime
thermique du pergélisol. Une étude a été initiée en 2010 sur la sensibilité du pergélisol et les conditions de terrain à
l’aéroport d’Iqaluit. Par le biais de la modélisation numérique, les impacts isolés et combinés du réchauffement climatique,
de l’accumulation de neige et des nouvelles infrastructures sur le régime thermique du sol sont simulés. Les résultats
montrent que l’impact thermique, année après année, d’un couvert nival épais sur le sol l’emporte sur le changement
thermique induit par une tendance au réchauffement de la température de l’air de 1°C par décennie sur une période de 30
ans. La modification du régime thermique du pergélisol avec le temps due à la mise en place du nouveau remblai dépend des
conditions de surface du sol et des conditions du pergélisol avant la construction du remblai. L’addition d’un isolant
(polystyrène) dans le remblai permet au plafond du pergélisol de remonter dans le remblai. Cependant, avec le temps
l’épaississement relativement important de la couche active sous l’isolant peut éventuellement affecter la stabilité du
remblai et du pergélisol. Lorsqu’une augmentation de la température de l’air de 3°C sur 30 ans est utilisée, l’épaississement
maximal de la couche active est de 0.9 m alors que la hausse de la température du pergélisol est de 1.8°C à 15 m de
profondeur. Le pergélisol le plus chaud se trouve sous le pied de l’ancienne aire de trafic ainsi que sous les surfaces
initialement pavées.
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Introduction

It is now common knowledge that climate change may
threaten the integrity of northern infrastructure by altering
the ground thermal regime and should therefore be consid-
ered in the design of infrastructure on permafrost (Instanes,
2005). Common methods used to aid in the reduction of
permafrost degradation under transportation infrastructure
include increasing embankment thickness and adding em-
bankment insulation (Doré and Zubeck, 2009). However,
the structure itself, snow accumulation and water ponding
along embankments will also influence the ground thermal
regime (Fortier et al., 2011; Allard and Lemay, 2012). In the
context of a changing climate, for planned or newly built in-
frastructure it is useful to differentiate between the effects
of climate warming and anthropogenic factors on the per-
mafrost thermal regime to better understand the causes
behind the thermal changes of permafrost.

In 2010, a joint study was initiated between the Canada-
Nunavut Geoscience Office (CNGO), Natural Resources
Canada (NRCan) and Université Laval Centre d’études
nordiques (CEN) on permafrost sensitivity and terrain con-
ditions within Iqaluit with an emphasis on the Iqaluit Inter-
national Airport area. The airport has a history of terrain
stability problems (Mathon-Dufour, 2014) and is now en-
tering a major improvement phase (2014–2017), including
the extension of paved areas. In order to support engineer-
ing design and management decisions, a multitechnique
and multidisciplinary approach has been used (Allard et al.,
2012; LeBlanc et al., 2012, 2013; Short et al., 2012, 2014;
Mathon-Dufour, 2014; Oldenborger et al., 2014). In addi-
tion to previous work, ground surface temperature sensors
were deployed to monitor the surface microclimate and
support numerical modelling. This paper presents results of
simulations for the separate and combined effects of
anthropogenic factors, such as the infrastructure itself,
snow accumulation and climate change on the ground ther-
mal regime. A representative two-dimensional cross-sec-
tion was created between the runway and what is now the
main apron of the new terminal building.

Study site

Iqaluit is located on southeastern Baffin Island at the head
of Frobisher Bay (63°45’N, 68°33’W) in a zone of continu-
ous permafrost (Figure 1a). The airport is built on flat ter-
rain surrounded by hills and rocky plateaus of the Precam-
brian Shield (St-Onge et al., 2006). The runway was
originally constructed in 1942 (Figure 1b), followed by a
runway extension at the northwest end and by the construc-
tion of additional aprons and taxiways in 1958 (Figure 1c).
The 1942 portion of the runway and most of the undis-
turbed area between the runway and Apron I is built on
glaciomarine delta deposits composed mainly of sand, silty
sand, boulders and gravel. The runway extension is built on

fill overlying glaciofluvial outwash and bedrock; alluvial
channels and lacustrine deposits are also present under the
embankments of taxiways, aprons and access roads (Fig-
ure 1c).

The study focuses on a two-dimensional cross-section (A–
A’) through the runway to Apron I (Figure 1d). Different
ground surface conditions have been observed in the area
east of the runway since 1942. Before the construction of
Apron I, a main channel of Carney creek was flowing east
of the runway (Figure 1b). During the construction of
Apron I, this channel was filled and relocated toward the
runway (Figure 1d). Most of the area between the runway
and Apron I will be affected by planned construction by the
end of 2014. This includes the extension of Apron I 40 m to-
ward the runway, a new drainage channel, and a 3 m thick
embankment to create a gentle slope toward the drainage
channel close to the toe of the runway embankment.

The two-dimensional cross-section intercepts one air-rotary
borehole drilled in 2010 in undeveloped terrain (DDH-02,
Figure 1d). Visual observation of disturbed soil samples
and approximate stratigraphic depths were recorded. Dia-
mond drilling and extraction of permafrost cores was car-
ried out in 2013 at various locations in the airport area
(Mathon-Dufour, 2014). The stratigraphy of the glacio-
marine delta deposits is generally defined by coarse sand
underlain by fine sand. Depth to bedrock is unknown in the
area between the runway and Apron I, but an electrical re-
sistivity survey carried out in the vicinity of DDH-02 indi-
cated that the bedrock surface should be at least 16 m deep.
Embankment thickness is approximately 2.2 m, but can
vary locally (Mathon-Dufour, 2014).

Climatic data

Environment Canada weather station data from Iqaluit are
available from 1946; datasets between 1946 and 2011 are
homogenized (Vincent et al., 2012) and recent climate data
are available directly from the Government of Canada (En-
vironment Canada, 2014). A cooling trend in the mean an-
nual air temperature (MAAT) of about 0.3°C per decade oc-
curred between 1946 and 1992, followed by a warming
trend of about 1.1°C per decade between 1993 and 2013
(Figure 2). However, if the steplike increase in air tempera-
ture between 1993 and 2000 is excluded, the 14-year warm-
ing trend is approximately 0.5°C (Figure 2). For the normal
period 1981–2010, the MAAT was –9.3°C with annual pre-
cipitation of 404 mm, of which 49% occurred as rain (Envi-
ronment Canada, 2014). For the same period, the seasonal
average surface wind speeds recorded in Iqaluit were 15.3,
16.1, 13.8 and 17.5 km/h for the winter, spring, summer and
fall seasons, respectively (Environment Canada, 2014).
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Figure 1: a) Location map of Iqaluit, Nunavut, at the head of Frobisher Bay, Baffin Island, Nunavut. b) Arial photograph
of Iqaluit International Airport taken in 1948. c) Surficial geology of the Iqaluit International Airport area (Allard et al.,
2012). d) Location of the two-dimensional cross-section (A–A’), thermistor cables (DDH) and ground surface tempera-
ture loggers (ST). Background image (WorldView-1 satellite image, August 19, 2008, DigitalGlobe, Inc., 2008) includes
copyrighted material from DigitalGlobe, Inc., all rights reserved. UTM Zone 19.

Figure 2: Mean annual air temperature for Iqaluit, Nunavut, between 1946 and 2013
(Vincent et al., 2012; Environment Canada, 2014).



Ground and near-surface temperatures

Borehole DDH-02 was instrumented with a thermistor ca-
ble to a depth of 15 m, while borehole DDH-01 and DDH-03
were installed and instrumented in 2011 under the paved
surfaces of the runway and Apron I embankments (Fig-
ure 1d) to depths of 14.25 and 10 m. At DDH-02, annual
mean permafrost temperatures recorded in 2012 in undis-
turbed terrain were –5.4 and –5.6°C at depths of 10 and
15 m with an active-layer thickness of approximately 1.4 m.
In 2012, at sites DDH-01and DDH-03, permafrost temper-
atures under the paved embankment were –4.7 and –5.1°C
(DDH-01) at depths of 10 and 15 m and –4.0°C (DDH-03)
at a depth of 10 m with active-layer thicknesses of 2.5 and
2.6 m, respectively (Mathon-Dufour, 2014).

Ground temperature at depth can be simulated using air
temperature, near-surface ground temperature and ground
thermal properties. To establish the thermal boundary con-
ditions for different ground surface conditions specific to
the Iqaluit International Airport area, single-channel tem-
perature loggers, HOBO Pro v2 data loggers manufactured
by Onset®, were used to measure air temperature at one lo-
cation (Environment Canada weather station, adjacent to
airport facilities) and ground surface temperature at spe-
cific locations at one hour intervals. The loggers have a res-
olution of 0.03ºC and an accuracy of ±0.4ºC. Eight single-
channel loggers, at sites ST-1 to ST-8, were buried 2 cm be-
low the surface with seven close to the cross-section and
one (ST-6) at the base of the runway drainage channel (Fig-
ure 1c, d). Snow-cover thickness at those sites was mea-
sured from a snow transect conducted in February 2012
along the cross-section. Monthly mean ground surface tem-
perature is plotted as a function of monthly mean air tem-
perature for each site in Figure 3. Averages of the monthly
means (2010–2014) are also shown as solid black lines for
each site in Figure 3. Daily mean ground surface tempera-
ture at ST-5 is plotted in Figure 3e to illustrate the daily rela-
tion and variability between air and ground surface temper-
atures. During the freezing season, the ground surface
temperature is dominantly influenced by the snow cover
and the soil water content via latent heat effect. For a dry
and bare surface or a thin snow cover, the relation between
air and ground surface temperature is close to 1:1 (e.g., ST-
1 and ST-4). A thicker insulating snow cover results in
ground surface temperature being shifted toward 0°C from
fall to spring (e.g., ST-7). Soil with high moisture content
will also maintain a ground surface temperature close to
0°C in the fall due to the dissipation of latent heat during
phase change (e.g., ST-5). Once the ground surface has
frozen, the near-surface temperatures will then decrease as
air temperature falls. During the thawing season, near-sur-
face temperatures are influenced by ground thermal prop-
erties, solar radiation, peat layer and vegetation cover
(Karunaratne and Burn, 2004). No instrumentation was de-
ployed to measure temperature of paved surfaces. For

northern conditions, the range of freezing n-factors (ratio
of the ground surface freezing index, or number of degree-
days below 0°C, to the air freezing index) for asphalt pave-
ment is 0.9 to 0.95 (Figure 3i; Lunardini, 1978). The thaw-
ing n-factor for asphalt pavement is a function of average
wind speed during the thawing season (Joint Departments
of the Army and Air Force USA, 1988). In Iqaluit, for an
average wind speed of 13.8 km/h, the thawing n-factor for
asphalt pavement is 1.9 (Figure 3i).

Ground thermal regime simulations

The two-dimensional conceptual model and its modifica-
tions over time (Figure 4) are based on geotechnical infor-
mation collected onsite and historical data. The surface ele-
vation of the two-dimensional cross-section has been
extracted from a digital elevation model (DEM) generated
at 1 m resolution, from 50 cm WorldView-1 stereo satellite
images acquired August 19, 2008 (DigitalGlobe, Inc.,
2008), using a proprietary stereo image matching process
by PhotoSat Information Ltd. The model’s subsurface pro-
file is divided into four layers: bedrock, coarse sand, fine
sand and embankment material. Stratigraphic information
obtained in 2010 from borehole DDH-02 was validated us-
ing permafrost cores extracted in 2013 (Mathon-Dufour,
2014).

The properties of each unit of the thermal model are defined
in Table 1. Except for the embankment material, soils were
assumed to be saturated; therefore, the volumetric water con-
tent is equal to the soil porosity. The volumetric unfrozen
water content depends on the temperature and was esti-
mated using a power function (Nicolsky et al., 2009). The
thermal conductivity for saturated soil was estimated from
Côté and Konrad (2005) using a thermal conductivity of
solid particles of ks=2.9 W/(m·K). The volumetric heat ca-
pacity varies from unfrozen to frozen soil according to the
water content and temperature. It was calculated as de-
scribed in Andersland and Ladanyi (1994), except for bed-
rock where heat capacity remains constant.

A geothermal heat flux of 0.03 W/m2 is applied at the bot-
tom of the grid based on the thermal conductivity of bed-
rock (Table 1) and a temperature gradient of about 0.01 K/
m (Chouinard et al., 2007). Zero heat flux boundaries are
assigned on both sides of the model. The surface boundary
of the thermal model is defined by the relations between the
air and ground surface temperatures shown in Figure 3. The
thermal effect of snow cover is implicitly included in sur-
face temperature and is constant over time.

A modified version of the numerical code HydroGeo-
Sphere (Therrien et al., 2010) was used to solve for the con-
ductive two-dimensional transient heat transfer, taking into
account the phase change problem. The groundwater flow
modelling capability of HydroGeoSphere is applicable to
the transient heat transfer problem in permafrost because
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the governing differential equations of groundwater flow
and heat transfer by conduction have similar forms (Fortier
et al., 2011; LeBlanc, 2013).

The two-dimensional domain was divided into a set of fi-
nite elements. The mesh size coarsens with depth: 0.5 m in
the top layers, including the embankment, the coarse sand
and the fine sand down to an elevation of 10.7 m; 1 m in the

fine sand between 10.7 and 0 m of elevation; 2 m in the top
layers of the bedrock; and up to 6 m at the base of the model.
The mesh size was refined to 0.15 m in the embankment to
include the polystyrene insulation. Riseborough (2008)
demonstrated that the estimated active-layer thickness er-
ror, while using linear interpolation on simulated ground
thermal profiles, is <30% of the mesh size. Adaptive
monthly time stepping was used to bring the simulation up
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Figure 3: a–h) Monthly mean ground surface temperature as a function of monthly mean air temperature at sites ST-1 to ST-8, Iqaluit
International Airport, Nunavut. Averages of monthly means for available years between 2010 and 2014 are shown for each site and
daily mean temperatures are shown for site ST-5 (Figure 3e). Site locations shown on Figure 1. i) Thawing and freezing n-factors for
asphalt, Iqaluit International Airport.
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Figure 4: Two-dimensional subsurface conceptual model and three surface boundary condi-
tions from 1946 to 2044 (see Figure 3 for specifics on surface boundary conditions), Iqaluit In-

ternational Airport, Nunavut. Geometry�: Apron I (1958–2044); geometry�: Apron I exten-
sion and embankment toward the runway (2014–2044).

Table 1: Thermal and physical properties of the layers of the two-dimensional subsurface conceptual model,
Iqaluit International Airport, Nunavut.



to 2011 and to simulate future ground temperature distribu-
tions, whereas adaptive daily time stepping was used be-
tween 2011 and 2014 in order to directly use the ground
surface temperatures measured at different locations.

The simulation was initiated using an isothermal profile of
–5.6°C, which corresponds to the mean monthly air tem-
perature for October 1946. The model was then run with a
nonvarying climate using air temperatures recorded in
1946–1947 until equilibrium was reached. From this point,
ground temperatures were simulated following the air tem-
perature record until September 2014. Nodes associated
with the embankment geometries 1 and 2 (Figure 4) were
kept inactive for the 1946–1958 period. In 1958, the nodes
of the Apron I embankment were made active (geometry 1)
until present day to simulate the current ground tempera-
ture distribution. In October 2014, the nodes of the em-
bankment extension of Apron I and of the new 3 m thick
embankment made of coarse sand were made active (geom-
etry 2). Three cases over a 30-year period, starting in Octo-
ber 2014, were then simulated to assess the future ground
temperature distributions under the infrastructure and its sur-
roundings: 1) a constant sinusoidal function based on 2001
to 2013 air temperatures, 2) a climate-warming rate of
0.5°C per decade superposed on the annual fluctuation, and
3) a climate-warming rate of 1°C per decade superposed on
the annual fluctuation. Both rates of warming are consistent
with the trends observed in Iqaluit (Figure 2). Each case
was duplicated to consider 1) the embankment alone and 2)
the embankment with the polystyrene insulation.

Simulation results

Initially, the past and current ground temperature distribu-
tions were simulated using the cooling (1946–1992) and
the warming (1993–2014) trends in the air temperature re-
cord as well as the change in surface conditions that have
occurred since 1946. Results are shown in Figure 5 for
1958 (prior to the construction of the apron embankment),
1959 (after the construction of apron embankment), 1993
(onset of climate warming) and 2012. Thermal profiles ex-
tracted from the two-dimensional models are shown in Fig-
ure 6 for three locations: a) paved runway surface with un-
derlying embankment, b) undisturbed terrain at the location
of DDH-02, and c) toe of apron embankment. All results
are shown for September, when the active layer is thick. In
1958, the thawing front under the paved runway surface
was at 2.4 m depth, 0.2 m below the base of the runway em-
bankment, and the permafrost temperature at 15 m depth
was –5.2°C (Figure 6a). At the same depth in the undis-
turbed terrain, the permafrost temperature varies spatially
between –5.9 and –4.4°C. The warmest permafrost is found
beneath the stream channel at 250 m (Figure 5a). The ac-
tive-layer thickness is approximately 1.5 m under undis-
turbed terrain with thin snow cover (Figure 6b). In 1959,
the permafrost temperatures were in transition primarily as

a result of infrastructure development, particularly be-
tween 175 and 336 m, as well as changes in MAAT
(Figure 5b). The stream channel was relocated to 175 m, to-
ward the runway, creating two cold permafrost cells at
depth on each side, while the thermal effect of the previous
channel is vanishing. The apron embankment forces the
snow to be accumulated at its toe, as observed in winter, ini-
tiating an increase in ground temperatures at 280 m. The ef-
fect of the apron embankment results in a colder permafrost
near the surface but slightly warmer permafrost below
6.5 m depth from the original surface. In 1993, at the end of
a long cooling trend, the permafrost temperatures and ac-
tive-layer thickness have decreased (Figure 5c). The thaw-
ing front is now within the runway embankment, 2.0 m be-
low the paved surface (Figure 6a), whereas it is approximately
1 m below undisturbed terrain with thin snow cover (Fig-
ure 6b). The ground temperature at 15 m depth is –6.1°C
under the paved runway surface and –7.1°C under undis-
turbed terrain with a thin snow cover. Ground temperature
and active-layer thickness have generally decreased except
at the apron embankment toe where a thick snow cover is
present. At this location the ground temperature is –3.2°C
at 15 m depth and the active-layer thickness is 1.7 m (Fig-
ure 6c). The thermal effect of the old channel has com-
pletely disappeared (Figure 5c). The recent climate warm-
ing trend, recorded after 1993, causes the permafrost
temperatures to increase (Figure 5d). In September 2012,
the ground temperatures at 15 m depth are –4.8, –5.6 and –
2.7°C under the paved runway surface and the undisturbed
terrain with a thin and a thick snow cover, respectively. Un-
der the thick snow cover at the toe of the embankment, the
increase in ground temperature between 1993 and 2012 is
0.5°C compared to ~1.4°C everywhere else but the active
layer is still thicker: 2 m (Figure 6c) compared to 1.5 m in
undisturbed terrain with thin snow cover (Figure 6b). Un-
der the paved runway surface, the thawing front reaches the
coarse sand layer underlying the embankment, 2.7 m below
the paved surface (Figure 6a).

The adjustment of permafrost temperatures due to the new
apron embankment and the paved and unpaved surfaces is
shown in Figure 7a for September after 10 years of simula-
tion with a constant MAAT. Results obtained after 20 and
30 years are equivocal to the 10-year simulation. Thermal
profiles from the same three locations in Figure 6 are shown
in Figure 8. The effect of the new embankment material on
the ground thermal regime is similar to the effect of con-
struction of Apron I in 1958. At locations where the perma-
frost was relatively cold due to a previously thin snow
cover, the permafrost temperatures decrease by several de-
grees between the old surface and 6.4 m depth, below
which there is a slight increase of 0.4 to 0.6°C. The perma-
frost table moves upward to 1.6 m from the new surface
(Figure 8b). However, in areas of previously thick snow
cover, where permafrost was relatively warm in 2012, the

Summary of Activities 2014 125



addition of embankment material causes the temperatures
at all depths to decrease by 1 to 4°C (Figure 8c). Adding
polystyrene insulation within the embankment material at
1 m from the paved surface causes the permafrost table to
move upward just under the insulation (Figures 7b, 8c).
This effect leads to permafrost cooling in the first metres
below the surface. However, below 4 m depth (from old

surface), the temperatures are higher by a few tenths of a
degree Celsius compared to the scenario without insula-
tion.

The simultaneous effects of embankment, insulation and
climate warming after a period of 30 years are shown in
Figure 7c and d with associated thermal profiles in Figure 8.
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Figure 5: Permafrost temperature distribution for the month of September, Iqaluit International
Airport, Nunavut: a) 1958, b) 1959, c) 1993 and d) 2012. See Figure 6 for the thermal profiles.



In general, the warming trends cause the permafrost to be
warmer at depth while remaining colder close to the surface
compared to the conditions prior to the apron extension and
the placement of fill material toward the runway. At the toe
of the old apron embankment, where a thick snow cover ex-
isted, the combined impact of new embankment material
(with or without insulation) and the warming trend of 0.5°C
per decade leads to modelled permafrost temperatures re-
maining below the preconstruction temperatures at 15 m
depth (Figure 8c). A 1.0°C per decade warming trend is
needed for temperatures at 15 m depth to warm to the same
level as prior to the apron extension. The ground tempera-
tures at 15 m depth (from the original ground surface) for
previously undisturbed terrain for thin and thick snow cov-
ers are –4.9°C (Figure 8b) and –3.4°C (Figure 8c), respec-
tively, for a warming trend of 0.5°C; and –4.3°C (Fig-
ure 8b) and –2.9°C (Figure 8c), respectively, for a warming
trend of 1.0°C. Under the paved runway surface, for warm-
ing trends of 0.5 and 1.0°C per decade, ground tempera-
tures at 15 m depth increase by1.2 and 1.8°C, respectively,
leading to permafrost temperatures of –3.6 and –3.0°C for
the two scenarios (Figure 8a). After 30 years, the simula-
tions indicate an increase in active-layer thickness after it
initially moved upward to within the new embankment or
close to its base. With the warming trend of 0.5°C per de-
cade, the active layer is about 0.3 m thicker than current
conditions, regardless of paving or insulation. Differences
in active layer thickening between various site conditions
become more evident with the warming trend of 1°C per de-
cade. The active layer increases by 0.6 m under the paved
runway surface (Figure 8a) compared to an increase of
0.9 m under the unpaved embankment (Figure 8b), due to
the lower thermal conductivity of the unsaturated runway
embankment. Thickening of the active layer is greater in
the scenario where polystyrene insulation is used (0.8 m
compared to 0.5 m for the scenario without insulation) al-
though the thawing front remains above the preconstruc-
tion surface (Figure 8c). Within the first 10 years of
simulation (with or without warming trends), the thermal
effect of the old channel at 175 m has almost or completely
disappeared (Figure 7).

Discussion

Results of this study of simulated past and current ground
temperatures and active-layer thicknesses at Iqaluit Inter-
national Airport are in agreement with other studies in the
Iqaluit area and in other northern communities (see below).
Variability in the simulated permafrost temperature distri-
bution reflects the differences in the observed ground ther-
mal regime (Mathon-Dufour, 2014) under paved surfaces,
unpaved embankment (or runway shoulders) and undis-
turbed terrain. For example, the temperature profile re-
corded at the thermistor cables DDH-02 for the month of
September 2012 is consistent with modelled values (Fig-
ure 6b). Simulated temperatures under the paved runway

surface are also in good agreement with the ground thermal
regime recorded at the thermistor cable DDH-01. The sim-
ulated temperature increase of about 1.4°C at 15 m depth is
also in good agreement with the mean increase of about
1.3°C at 20 m depth in different types of soil in northern
Quebec between 1993 and 2008 (Smith et al., 2010).
Throop et al. (2010) indicated an increase of 2.0°C per de-
cade at 5 m depth in two shallow boreholes in Iqaluit be-
tween 1993 and 2003, which agrees well with the increase
of 1.8 and the 2.0°C simulated at 5 m depth between 1993
and 2012 under undisturbed terrain and paved surfaces, re-
spectively. Differences between the simulated and the ob-
served results can be attributed to incorrect assignment of
initial conditions, thermal and physical properties, three-
dimensional heterogeneity, and other heat-transfer pro-
cesses. Spatial variability is more complex than repre-
sented in the conceptual model, especially where alluvial
sediments underlie the apron embankment. At this location,
water could accumulate in the active layer resulting in
warmer ground temperatures (Mathon-Dufour, 2014).

The simulated results indicate that the effect on the ground
thermal regime of the modified stream channel vanishes
completely within 10 years. Only conductive and latent
heat transfers were simulated. However, if the increase in
ground-ice content at the preconstruction stream channel
location could have been simulated, the latent heat effect
would have probably played a more important role. Fur-
thermore, it is possible that the filled stream channel repre-
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Figure 6: Simulated and observed thermal profiles for the month of
September, Iqaluit International Airport, Nunavut, under: a) paved
runway surface with underlying embankment, b) undisturbed ter-
rain at DDH-02 and c) toe of apron embankment.
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Figure 7: Simulated permafrost temperature distribution for the month of September for different
scenarios, Iqaluit International Airport, Nunavut: a) embankment without warming trend, b) em-
bankment and insulation without warming trend, c) embankment and insulation with warming trend
of 0.5°C per decade, and d) embankment and insulation with warming trend of 1°C per decade. Ab-
breviation: MAAT, mean annual air temperature.



sents a preferential groundwater flowpath, which would re-
sult in convective heat transfer. In this way, the pre-existing
stream channel has the potential to modify the permafrost
temperature long after it is filled. Cumulative impacts of
convective and conductive heat transfer are beyond the
scope of this paper.

The simulated thermal impact of a constant thick snow
cover from year to year outweighs the thermal change in-
duced by the warming trend of 1°C per decade over 30
years if the surface temperatures measured at ST-7 are con-
sidered. During the cooling trend from 1958 to 1993, the
accumulation of snow at the toe of the old apron embank-
ment caused the permafrost temperature at 15 m depth to in-
crease by 2.3°C. In comparison, the increase in permafrost
temperature is less under the paved runway surface (1.8°C
at 15 m depth) following an increase in air temperature of
3°C over 30 years.

Because of the insulating effect of the snow in winter, in the
case where a warming trend was applied (between 1993

and 2014) and thick snow cover was considered, the rate of
increase in permafrost temperatures and thickening of the
active layer was lower in an area of thick snow cover than in
an area with thin snow cover. However, thickening of the
active layer also depends on the thermal profile. For pro-
files closer to the melting point, thick snow will have a
greater influence since small increases in temperature will
induce a phase change (LeBlanc, 2013) but these condi-
tions were not reached during the timeframe of the simula-
tion. However, results indicate that the active-layer thick-
ness for a given soil is thicker under a snowbank due to its
thermal insulating effect, which prevents the soil from
cooling back to lower temperatures in winter and then en-
hances the thaw penetration the following summer (Allard
and Lemay, 2012). Because surface conditions are continu-
ally affected by wind drifting and clearing the snow from
runways and aprons, spatial variation in snow accumula-
tion is considered in the surface boundary condition but
kept constant throughout the simulation period.
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Figure 8: Simulated thermal profiles for the month of September, Iqaluit
International Airport, Nunavut, under a) paved runway surface with un-
derlying embankment, b) new unpaved surface with underlying em-
bankment over undisturbed terrain at DDH-02, and c) new paved sur-
face with underlying embankment over the toe of the old apron
embankment.



Modification of ground thermal regime over time due to
new embankment material depends on the ground surface
and the permafrost conditions prior to the embankment
construction. For relatively cold permafrost, adding an em-
bankment causes permafrost temperatures to decrease near
the surface as the permafrost table moves upward, which is
essential to preserve the permafrost integrity. However, the
negative effect of this is the increase of permafrost tempera-
tures by a few tenths of degree Celsius below 6.5 m depth
from the original surface. A similar thermal effect at depth
was shown by Fortier et al. (2011) for warm permafrost. At
the Iqaluit airport, the local insulating effect of snow leads
to areas of warmer permafrost surrounded by colder ground
temperatures. At these locations, placement of fill material
causes the temperatures at all depths to decrease by several
degrees. However, the effect of the embankment does not
prevent the warming of the ground at depth following an in-
crease in air temperature. For the warming trend simula-
tions, the warmest permafrost is found at the toe of the old
apron embankment where the ground was relatively warm
prior to construction, as well as under the original paved
surfaces (runway and old apron). In reality, because ob-
served ground temperatures are greater at 10 m depth under
Apron I than under the runway, and because some thermal
effects are not modelled, warmer permafrost than that
simulated for the future should be expected under the old
apron and at its toe.

The thermal effect of adding polystyrene insulation within
the embankment is similar to the effect of adding a new em-
bankment: permafrost temperatures near the surface de-
crease while permafrost at depth warms by a few tenths of a
degree Celsius. The positive effect of insulation in summer
time, which is to impede the heat flow toward the active
layer, appears to be a disadvantage in winter time because
the insulation does not allow heat loss from the surface,
thereby preventing the permafrost from cooling (Doré and
Zubeck, 2009). Even if the permafrost table is still within
the embankment after the 30 years of warming, the rela-
tively large increase in the active-layer thickness of 0.8 m
below the insulation could no longer be considered to be
protecting the stability of the embankment and eventually
the permafrost, especially if water accumulates between
the insulation and the thawing front.

Conclusions

In 2010 and 2011, ground surface temperature sensors were
deployed to monitor the surface microclimate at the Iqaluit
International Airport on embankment slopes, undisturbed
terrain, stream channels, ditches, and areas with variable
thicknesses of snow cover. Combined with historical data
since the construction of the airport and other geotechnical
information, the ground surface temperatures were used to
support numerical modelling of ground thermal evolution.
A two-dimensional cross-section between the runway and

what is now the main apron was used to show the separate
and combined impacts of climate warming, snow accumu-
lation, and the infrastructure itself on the ground thermal
regime. Results indicate that the thermal impact of a thick
snow cover year after year outweighs the effect of a warm-
ing trend in air temperature of 1°C per decade over 30
years. Change in the ground thermal regime over time due
only to new embankment material depends on the ground
surface and permafrost conditions prior to the embankment
construction. Embankment insulation with polystyrene
causes the permafrost table to move upward; however, with
a warming trend of 1°C per decade over 30 years, the results
indicate a relatively large increase in the active-layer thick-
ness below the insulation that might eventually affect the
stability of the embankment and the permafrost. For 30-
year warming trends of 0.5 and 1°C per decade, the simula-
tions indicate a maximum increase in active-layer thickness
of 0.3 and 0.9 m, respectively, and a maximum permafrost
temperature increase of 1.2 and 1.8°C, respectively, at 15 m
depth. The warmest ground is found under the toe of the old
apron embankment as well as under the original paved sur-
faces. Spatial variability in surface conditions and terrain
types is more complex than simulated and other heat
transfer processes might play an important role in
permafrost sustainability.

Economic considerations

Iqaluit International Airport is the largest business gateway
to Nunavut and is a critical piece of infrastructure for main-
taining and increasing economic opportunity in Iqaluit, the
eastern Arctic and across Canada’s North. It is the only
year-round transportation link, making it a vital component
of life in Nunavut. The airport has a history of terrain stabil-
ity problems, of which many are related to permafrost and
terrain conditions. To ensure the integrity of the Iqaluit In-
ternational Airport, the Government of Nunavut (GN) in
partnership with industry has moved forward with the
Iqaluit International Airport Improvement Project, which
is the biggest capital project undertaken by the GN at a cost
of approximately $300 million over 30 years. This project
involves runway resurfacing and repair, apron expansion
and new facility construction. With the onset of climate
warming and with newly built infrastructure, the underly-
ing permafrost will continue to warm and possibly degrade
causing additional maintenance and sustainability prob-
lems. The results from this study will help northern trans-
portation infrastructure managers to better understand the
causes behind the thermal changes of permafrost.
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