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Abstract: Thaw consolidation of degrading permafrost is a serious hazard to the safety and operation
of infrastructure. Monitoring thermal changes in the active layer (AL), the proportion of the soil
above permafrost that thaws and freezes periodically, is critical to understanding the conditions of
the top layer above the permafrost and regulating the construction, operation, and maintenance of
facilities. However, this is a very challenging task using ground-based methods such as ground-
penetrating radar (GPR) or temperature sensors. This study explores the integration of interferometric
measurements from high-resolution X-band Synthetic Aperture Radar (SAR) images and volumetric
water content (VWC) data from SoilGrids to quantify detailed spatial variations in active layer
thickness (ALT) in Iqaluit, the territorial capital of Nunavut in Canada. A total of 21 SAR images
from COSMO Sky-Med (CSK) were first analyzed using the freely connected network interferometric
synthetic aperture radar (FCNInSAR) method to map spatial and temporal variations in ground
surface subsidence in the study area. Subsequently, we built an ALT retrieval model by introducing
the thaw settlement coefficient, which takes soil properties and saturation state into account. The
subsidence measurements from InSAR were then integrated with VWC extracted from the SoilGrids
database to estimate changes in ALT. For validation, we conducted a comparison between estimated
ALTs and in situ measurements in the airport sector. The InSAR survey identifies several sites of
ground deformation at Iqaluit, subsiding at rates exceeding 80 mm/year. The subsidence rate changes
along the runway coincide with frost cracks and ice-wedge furrows. The obtained ALTs, ranging
from 0 to 5 m, vary significantly in different sediments. Maximum ALTs are found for rock areas,
while shallow ALTs are distributed in the till blanket (Tb), the intertidal (Mi) sediments, and the
alluvial flood plain (Afp) sediment units. The intersection of taxiway and runway has an AL thicker
than other parts in the glaciomarine deltaic (GMd) sediments. Our study suggests that combining
high-resolution SAR imagery with VWC data can provide more comprehensive ALT knowledge for
hazard prevention and infrastructure operation in the permafrost zone.
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1. Introduction

Permafrost regions are defined as grounds that remain continuously frozen for two or
more consecutive years. They underlie about 20% of the land surface of the Earth and are
located mainly in the Arctic, Antarctic, and high mountainous regions [1]. The seasonal
thawing and freezing of the active layer (AL), the surface layer atop permafrost, results
in ground motion, making infrastructure in such regions vulnerable to varying degrees
of damage. Therefore, accurate monitoring of active layer thickness (ALT) and related
ground surface change is vital to characterize permafrost degradation and regulate the
construction, operation, and maintenance of facilities [2–7].

Commonly used in situ investigation methods for ALT include point measurements
obtained by recording soil temperatures of probes on the ground at different sparse lo-
cations [8] and profile exploration of the underground geophysical status using ground-
penetrating radar (GPR) [9–11]. These methods are reliably accurate for estimating ALT at
a single point or local area, but are extremely limited in space and are costly and inefficient
for large-scale mapping in severe cold environments in the permafrost areas. Another
method of acquiring ALT information is using analytical models, which evaluate permafrost
thermal dynamics using air temperature, vegetation, snow, and soil properties [12–14].
However, the results of such models are inadequate, especially in data-poor areas. Remote-
sensing-based assessment of ALT fulfills the urgent need to extend point observations to
a broader spatial domain in permafrost areas. Similarly to GPR, the dielectric contrast
between the thawed and frozen soils results in a strong scattering of electromagnetic waves,
providing a signature in backscattering measurements for freeze/thaw boundary detection
in radar remote sensing imagery. However, due to the lack of proper satellite sensors, few
studies have explored the potential of such imagery for monitoring the processes operating
in permafrost [15].

The retrieval of ALT from surface displacement measurements detected by the InSAR
has been promising due to the technique’s capability for accurately mapping ground
displacements on the scale of millimeters to centimeters [16–20]. There are two main types
of ALT retrieval methods from InSAR-derived subsidence maps. The first works based
on soil’s one-dimensional heat transfer process [16]. The basic idea is that ALT could
be determined if the time intervals in which the maximal temperature diffuses from the
ground surface downward to the bottom of the active layer are known. Considering the
difficulty in measuring the time intervals directly, the model replaces them with the lag
time between the periodic feature of InSAR-observed surface deformation over permafrost
and the meteorologically recorded temperatures. The second method is based on the idea
that the volume change from ice to the water of the AL leads to surface subsidence [17–22].
It can be represented by the Stefan formula or the Berggren model. In these models, soil
moisture, as the most sensitive factor, is quantified as volumetric water content (VWC),
defined as the volume of water divided by the total soil volume. It determines the soil
heat capacity and thermal conductivity, influencing the flow of energy into and out of the
soil, thus, ALT and ground temperature [23]. The more accurate the soil moisture data (i.e.,
VWC) as an input, the more accurate the predictions of ALT are to be expected.

Several studies used the second retrieval approach discussed above to monitor ALT
with the subsidence derived from InSAR. According to the stratification of soil profiles,
Liu et al. proposed a vertical distribution model containing organic, mineral, pure water,
or mixed layers to estimate ALT over Alaska using uniform soil moisture values [17].
However, soil moisture is highly variable in both space and time [23]. Wang et al. built
a multilayered groundwater model for different land cover types using field data, then
integrated it into the Stefan formula to retrieve ALT over the Qinghai–Tibet Plateau [20].
Anne et al. estimated ALT using the modified Berggren solution over Barrow Peninsula
at a resolution of 30 × 30 m [24]. Both studies required detailed in situ measurements,
e.g., surface meteorological variables and soil thermal parameters, which are not available
everywhere. Zhang et al. used soil moisture data from ERA-Interim reanalysis and SMAP
L4 for ALT estimation. The spatial resolutions of ERA-Interim reanalysis and SMAP are
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0.1◦ (9 km) and 0.125◦ (13 km), respectively [24]. The data are too coarse to be used for
integration with submeter level SAR images.

However, the active layer freezes, sometimes with no uplift of the surface and at other
times with an uplift of even 100 percent of the depth of freezing [25–28]. The soil is an
open system in that the frost heaving can be much greater than the volume change of
pore water due to the available water supply [25]. In a summer season, the magnitude
of the subsidence resulting from the soil thawing downward from the surface is mainly
related to the soil thermal properties and ice content formed in the last winter. As Yanagiya
commented in [29], the retrieval models based on the volume change of pore water are
inadequate for obtaining more realistic results in most cases.

The objective of this study was to use a realistic model to quantify the meter-level
resolution ALT in Iqaluit based on the accurate thaw subsidence and explicit knowledge
of soil moisture from a global product. Here, we demonstrate the ALT retrieval solution
combining both the six-layer VWC dataset from the SoilGrids database at 250 m spatial
resolution and the subsidence field derived from FCNInSAR [30,31]. First, we explored
21 SAR images from COSMOSky-Med (SLC) using the FCNInSAR method to quantify
and map spatial and temporal variations in ground surface subsidence in the study area.
Secondly, the thaw-settlement coefficient was introduced to establish the relationship
between the thaw settlement and ALT. Soil properties and saturation state are considered in
the model. Then, ALT over the study area was obtained by integrating the high-resolution
subsidence rates measurements from InSAR with VWC. The results are then interpreted
against maps of surface geology to analyze the spatial distribution of ALT and find possible
reasons for the differences in ALTs.

2. Materials and Methods
2.1. Study Area

Iqaluit is the territorial capital of Nunavut, Canada, as shown in Figure 1. In the
far north latitude of 63, the city at the northern shore of Frobisher Bay is located in the
permafrost zone, extending in the subarctic from a few meters to 1500 m into the ground,
and is therefore extremely sensitive to climate change [32]. This area is under the subarctic-
tundra climate and has a series of typical climate characteristics, e.g., short growing seasons,
extremely low temperatures, strong winds, and variable sunlight periods. The summers
here are very short and humid. The period that air temperatures drop below 0 centigrade
is at least eight months per year. The active layer thaws during hot summers (usually in
June to September) but heaves in winter when the air temperature slides dramatically to
negative 30–40 centigrade. According to the temperature recordings in July and August,
the highest temperature reached 21 centigrade in 2016, and it has been generally warmer
than before in recent years.

The subsurface sediments under the city are mainly composed of lacustrine (Lv)
sediments, fluvial (coarse-grained) and glaciomarine deltaic (GMd) deposits, bedrock (R),
and rock with till cover (Tv) [33]. Except for the bedrocks that are relatively stable, all
subsurface sediments are considered to have an ice-rich content. As a result, in response to
seasonal alternation, the ground surface in frozen soil areas undergoes dramatic freezing
uplift and thawing settlement, as much as 10 cm [34], so the ALTs increase in thickness.

The elevation difference over the study area is about 70 m. Iqaluit airport was built
on a flat basin surrounded by hills and rock plateaus. It serves as the transport hub for
the eastern Canadian Arctic due to the lack of highway or railway there. The available
alternative forms of transportation are mainly ships in summer to connect the city to other
northern communities or the rest of Canada. The airport has been expanded with the
increasing mining and tourism in addition to serving nearly 8000 residents of the city.
Influenced by climate change in recent years, the airport and the houses built in this area
are becoming more vulnerable to the freeze–thaw cycle. The taxiway and runway of the
airport sustain continuous cracking due to the ground deformation. It is vital to monitor
uneven subsidence at the airport to guarantee safe operation.
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Figure 1. (a) Location of the study area and coverage of SAR images and soil moisture; (b) a CSK
amplitude image.

2.2. Dataset
2.2.1. SAR Data

For the InSAR analysis, 21 COSMO-SkyMed images in Spotlight mode acquired from
June to September 2014 with an incidence angle of 25.4◦ and “HH” polarization were used.
The pixel spacing of the single-look complex image in the slant range and azimuth direction
is 0.312 and 0.702 m, respectively. The coverage and the amplitude of the SAR images are
shown in Figure 1. The acquisition dates of all images can be found in Table 1.

Table 1. Iqaluit COSMO-SkyMed acquisition dates.

Date Date Date

10 June 2014 24 July 2014 29 August 2014
18 June 2014 28 July 2014 6 September 2014
26 June 2014 5 August 2014 14 September 2014
4 July 2014 13 August 2014 22 September 2014
5 July 2014 21 August 2014 23 September 2014

20 July 2014 22 August 2014 26 September 2014
21 July 2014 25 August 2014 30 September 2014

Two TanDEM-X images in bistatic mode acquired in July 2012 were used to produce
a DEM with 5 m spatial resolution and 2 m relative height accuracy for acquiring more
precise differential interferograms.

2.2.2. Soil Moisture Data

Publicly available soil profile data from SoilGridsTM [35] provide global predictions
for standard numeric soil properties including pH, soil organic carbon content, bulk density,
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coarse fragment content, sand content, silt content, clay content, cation exchange capacity
(CEC), total nitrogen soil organic carbon density, and soil organic carbon stock, as well as
volumetric water content (VWC) at six standard depths (0–5, 5–15, 15–30, 30–60, 60–100,
and 100–200 cm) with the highest scale of 250 m resolution. In this study, we used the VWC
in 1500 kPa predictions with the prediction uncertainty at 95th percentiles. Figure 2a–f
shows the spatial distribution of soil moisture over Iqaluit and the vicinity. Figure 3 gives
examples of the vertical profile of random points located in different sediments.
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2.3. Methodology

The aim of this study was to acquire high spatial resolution subsidence maps of Iqaluit
using InSAR and estimate ALTs on the basis of seasonal thaw subsidence. The main two
steps were (1) subsidence observation and (2) ALT retrieval.

2.3.1. Subsidence Observation from CSK Spotlight SAR Images

We applied the FCNInSAR algorithm to CSK images to map the subsidence in Iqaluit.
This is a robust method taking advantage of both PSInSAR [36] and SBAS [37] methods.
The main processing steps in FCNInSAR are similar to PSInSAR. The main differences
are as follows: (1) Forming interferograms following the SBAS method to increase the
measurements by connecting all possible images instead of using only one single master
image. This is useful especially when the number of available images is limited. (2) More
observations of arcs improve the stability of deformation acquisition. (3) The best estimation
of linear deformation rates and DEM errors can be found by searching in a predefined
value space rather than phase unwrapping. (4) SVD must be adopted to reconstruct the
time series of nonlinear deformation due to the SBAS method of forming interferograms.

We used a linear deformation model to estimate velocities since all selected images
were acquired in summer. However, the solution of FCNInSAR fully considers the ex-
traction of the nonlinear deformation component. In order to select a sufficient number
of persistent scatters (PSs) and obtain reliable subsidence, this study only processed SAR
images spanning the thawing season without snow cover. In Iqaluit, as mentioned above,
the average temperature from June to September is greater than 0 ◦C, so the thawing settle-
ment of frozen soil mainly occurs throughout these four months. Therefore, 21 images in
June and September (see Table 1) were selected to map the subsidence. The image acquired
on 21 August was chosen to be the reference image for co-registration. All images were
resampled into the reference image space. Then, the mean and the standard deviation (SD)
of amplitudes were calculated based on the co-registered amplitude images. A total of
1,000,561 PSs were selected in the study area, of which the amplitude dispersion index is
less than 0.25.

We also set the perpendicular baseline and temporal thresholds of 500 m and 90 days
to generate 167 interferograms. We visually inspected the quality of all interferograms and
removed those with temporal baselines longer than 30 days due to their low coherence. A
total of 72 interferograms remained for deformation analysis (see Figure 4). The phase at
each pixel consists of many components, such as topography, flat-earth trend, deformation,
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atmosphere, and decorrelation noise. We removed the topographic effects and the flat-
earth trend from interferograms using the newly made DEM and the orbital data and
then acquired 72 differential interferograms. The differential phase at each pixel (x, y) of
differential interferograms can be modeled as:

∆φi(x,y) = ∆φlde f
i (x,y) + ∆φdem

i (x,y) + ∆φres
i (x,y) (1)

∆φres
i (x,y) = ∆φnlde f

i (x,y) + ∆φatm
i (x,y) + ∆φnoise

i (x,y) (2)

where i denotes the ith interferogram, and ∆φ
lde f
i (x,y), ∆φdem

i (x,y), and ∆φres
i (x,y) are the

differential phase of linear deformation, elevation error, and residual phase along the radar
line of sight (LOS), respectively. The residue phase includes nonlinear deformation phase,
atmospheric phase, and noise.
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Figure 4. Spatiotemporal baselines of interferograms.

We freely linked the neighborhood PSs (e.g., within 1 km distance) to form a strong
network. By differencing the phase between two adjacent PSs, the residue phase can be
largely subtracted due to spatial autocorrelation [38]. Therefore, the differential phase
between two adjacent PSs (A and B) for the ith interferogram can be illustrated as:

∆φi(xA, yA; xB, yB) =
4π

λR sin θ B⊥i∆ε(xA, yA; xB, yB) +
4π
λ Ti∆v(xA, yA; xB, yB) + δ

arcAB
i ,

∆φi(xA, yA; xB, yB) = ∆φi(xA, yA)− ∆φi(xB, yB)
∆ε(xA, yA; xB, yB) = ε(xA, yA)− ε(xB, yB)
∆v(xA, yA; xB, yB) = v(xA, yA)− v(xB, yB)

(3)

δ
arcAB
i = ∆φ

nlde f
i (xA, yA; xB, yB) + ∆φatm

i (xA, yA; xB, yB) + ∆φnoi
i (xA, yA; xB, yB) (4)

where δ
arcAB
i denotes the residue phase on the arc AB, and ∆φ

nlde f
i (xA, yA; xB, yB), ∆φatm

i
(xA, yA; xB, yB), and ∆φnoi

i (xA, yA; xB, yB) are the nonlinear deformation and the atmo-
spheric and noisy differential phase between AB, respectively. ε and v denote the DEM
errors and linear displacement velocities at pixels, and ∆ε and ∆v are the increment of
elevation errors and the increment of linear displacement velocities between two connected
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PSs (e.g., A and B), respectively. B⊥i and Ti are the perpendicular (spatial) and tempo-
ral baseline of the ith interferogram, respectively; λ, R, and θ are the radar wavelength,
sensor-to-target distance, and radar incident angle, respectively.

Due to the phase ambiguity in the differential interferograms, the two unknowns ∆ε
and ∆v of each pair of PS points can be determined by maximum likelihood estimation, i.e.,
by searching ∆ε and ∆v in a pre-defined solution space (e.g., (−5, 5) m, (−200, 50) mm/year
in this study) to maximize the following equation:
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is the model coherence, and warcAB
i denotes the difference between measured and

estimated phase values. After the increments of velocities and DEM errors are calculated,
we interpolated linear deformation rates and DEM errors at the regular grid points based on
the irregular PS samples. The residual phases of every pixel were obtained by subtracting
the gridded phase from each of the differential interferograms. As the interferograms
were freely generated, the SVD was applied to reconstruct the time series of residual
phases corresponding to the SAR acquisitions. We further isolated the nonlinear and
atmospheric phase by using the empirical mode decomposition (EMD) method [38] on
the unwrapped residue phase as the two terms have different frequencies in space and
time. The deformation of each PS is the sum of the linear and the nonlinear deformation.
A bedrock area close to the airport was chosen as the reference point for the velocity
calculation. The velocities of all PSs can be calculated by spatial integration in the freely
connected network with respect to the given reference point. InSAR measurements were
along the direction of the line of sight (LOS). We converted all results from LOS to vertical
displacement using the following equation:

Vvertical = VLOS/ cos θ (7)

2.3.2. ALT Estimation

The maximal thawing settlement throughout the year should be used as input for
inversion of ALT from subsidence data. Considering Iqaluit, the monthly average tempera-
tures from January to May or from October to December are all below 0 degrees Celsius.
The daily temperature was almost negative in those months by 2015, and therefore, the
frozen soil rarely thaws. In addition, the temperature decreases so rapidly in October that
while the soil close to the permafrost table remains in a continuous thawing state, the
surface starts freezing downward when the ground surface temperature becomes negative.
Therefore, in this study, we assumed that the thawing settlement from June to the end of
September equals the yearly thawing settlement, and the water totally changes to ice in
winter.

The total settlement is mainly affected by three terms: one from thawing settlement
and two volume-compressibility terms due to a surcharge load and the self-weight [39].
The volume compressibility can be ignored since consolidation comprises only a fraction
of the surface settlement that occurs as a result of drainage from the lower boundary [25].
Thus, the total thawing settlement can be simplified as:

H = A0Z (8)

where H is the thaw-induced settlement of the frozen soil, A0 is the thaw settlement
coefficient, and Z is the depth to thaw front from the original surface. The maximum
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thawing depth corresponding to the largest settlement is the ALT. Thus, the relationship
between ALT and the maximal thaw subsidence is:

Z =
H
A0

(9)

The main factors that affect the thawing settlement coefficient are soil types, ice content,
and the dry density of frozen soil [40,41]. With the same moisture content, sandy soil has
a smaller thaw coefficient than clay. The thawing settlement coefficient increases with
the decrease in the dry density when the soil is saturated. If the ice content is large, the
thawing settlement coefficient and settlement of frozen soil are both significant because
the settlement results not only from the volume shrink from the ice-water phase change
but also the drainage of saturated or oversaturated soil thawing. Owing to extremely low
temperatures in winter at Iqaluit (around −40 ◦C), we simply assumed that the ice content
is equated to the water content in this study. Based on the aforementioned ideas, the thaw
settlement coefficient can be calculated separately in the following conditions:

• Soil in an unsaturated state

It is generally assumed that when unsaturated soil freezes and thaws in situ, the
volume expansion cannot fill the pores fully. As a result, there is no heave uplift or
settlement. Experiments indicated that there is still observable uplifting upon freezing
which results from the volume expansion of bound water [40,41]. The combining rate Cr is
introduced to denote the ratio of water attending the freezing expansion:

Cr =
W
Wb

Wb = ρw
rd
(1− rd

rs
)

(10)

where W is the water content of soil by mass and Wb is the water content of saturated soil
by mass. ρw refers to the water density, while rd is the dry density of the soil, and rs is the
specific gravity of soil particle. The thaw settlement coefficient of unsaturated soil is:

A0 = 0.09Cr
rdW
ρw

(11)

• Soil in a saturated state

For a saturated soil, Cr = 1. The thaw settlement coefficient is:

A0 = 0.09
rdW
ρw

(12)

• Soil in an oversaturated state

When the oversaturated soil freezes in winter, some water is pulled through the soil
to build up layers of segregated ice. When the AL thaws in summer, part of the water
becomes free water and discharges under good drainage conditions [25–29,39]. This part
of the water contributes its whole volume to the subsidence. Therefore, the difference in
volume between the frozen and thawed state is equated to the change in volume associated
with melting the ice plus the volume of water expelled from the soil. The void ratio of
oversaturated soil n can be solved by:

n = 1− ρw

(rsW + ρw)rs
(13)

The relationship of the height of the free water in unit area and the height of the
thawing soil is:

HW =
n− n1

1− n1
H (14)
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where n1 is the void ratio under the liquid limit, H is the total height of the thawing soil,
and HW is the height of the free water in unit area. The height of pore water that approaches
the liquid limit in unit area is:

∆h1 =
1− n
1− n1

n1H (15)

The thaw settlement coefficient can be expressed as:

A0 = 1.09
Hw

H
+ 0.09

∆h1

H
(16)

It also can be described as:

A0 =
1.09n− n1 − 0.09nn1

1− n1
(17)

Thawing settlement coefficients for all soil types can be determined given values of
soil properties and VWC. In this study, the values of parameters [42] we used in the ALT
estimation are listed in Table 2. The VWC at 1500 kPa is transferred to the absolute VWC
in the soil by multiplying the ratio of VWC from remote sensing and the mean of VWC at
1500 kPa over the study site.

Table 2. Values for thaw settlement coefficient calculation.

Sediment Type n1 rd (g/cm−3) rs (g/cm−3)

R (bedrock) 0.42 2.4 2.75
Other sediments 0.42 1.9 2.65

3. Results
3.1. Deformation Results

Figure 5a illustrates mean displacement velocities in summer 2014. The results, su-
perimposed on Google Earth over the entire region, show that the city undergoes thaw
subsidence in summer. Ground subsidence varies significantly in size and shape over
the study area. It is larger at the airport and surrounding infrastructure than the natural
ground. Five subsidence funnels can be seen in Figure 5a. The most conspicuous settlement
(labeled as blue circle A) is centered the intersection of taxiway alpha and runway 17/35
of the airport, with a diameter of approximately 450 m. The vertical displacement rate is
up to 163 mm/year which is so detrimental to the airport’s performance that the taxiway
stopped working for some time. Another elliptical subsidence area (the ellipse where
GPS station IQAC [43] is located) with a major axis of about 420 m elongated along the
NW–ES direction was observed at the immediate south side of the runway. The mean
velocity around this area is 80–88 mm/year. In the vicinity of oil depots and the city landfill
(the ellipse where thaw tube T2 [44] is located), there is a significant settlement region of
approximately 1 km2 with a 110 mm/year subsidence rate. Another settlement region
appears in the south of the city (labeled as B), with a similar rate to the oil depot area. In
the northern end of the runway (labeled as E) and the residential area, the subsidence rates
are between 44 and 88 mm/year.
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Figure 5. (a) Displacement velocities over the study area. The red star is the reference point for
velocity calculation; blue triangles denote GPS stations; black dots denote two thaw tubes; black
polygons represent infrastructure and facilities; the blue line labeled as CD is the profile site along
runway 17/35 for further discussion; (b) cumulative subsidence between IQAL and IQAC from GPS
measurement and FCNInSAR time series; (c) time series subsidence of four points labeled in (a).

For further analysis of the dynamic evolution of the active layer, time series displace-
ments at four points are plotted in Figure 5c. The points are selected from the different
areas as presented in Figure 5a. A similar subsidence trend, albeit at different rates, is
observed for all points. The ground surface subsides relatively slowly in June and in
September, even with random uplifts, but much faster in July and August. Across four
months, the settlement of point A on the runway of the airport amounted to 57 mm. The
total subsidence of the thaw tube T2 installed in a marshy area [44] with seasonally ponded
water is 51.5 mm. It has higher rates compared to B and T1. The thaw tube T1 has little
sign of displacement of approximately 13 mm.

3.2. Estimated ALT Results

Figure 6 shows the ALT distribution over the entire study area. The magnitudes of
estimated ALTs are between 0 and 5 m and exhibit considerable regional heterogeneity.
ALTs in bedrock areas are generally larger than other sediments. The maximal ALTs are
located at the southern part of the study area. The 1–2 m ALTs are widely spread in the Lv,
GMd, and Mn sediments, while ALTs are smaller than 1 m in the Afp and the Tb sediments.
Stable areas without subsidence also have shallow ALTs in rock area. A deeper AL of 1.2 to
2.5 m dominates the intersection of the runway and taxiway alpha.
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Figure 6. Estimated ALTs.

Closer inspection of the airport sector (Figure 7) shows that the AL ranges between 0
and 2.5 m with a paved surface. The natural ground in the airport section shows a slightly
smaller ALT trend with most part of it having an AL of less than 1 m. Only the bare surface
between the taxiway and the runway has an AL similar to the paved ground which is even
deeper than 2.5 m.
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4. Analysis and Discussion
4.1. Comparison of Subsidence with GPS Data and Thaw Tubes

In order to assess the accuracy of subsidence detection, GPS data and thaw-tube
recordings were used for validation. We downloaded observations from the Nevada
Geodetic Lab for two GPS stations that were contemporaneous with the SAR data used in
this study [43]. The locations of GPS stations are listed in Table 3.

Table 3. GPS stations used for comparison.

GPS Station Coordinates

IQAC 63.737 N, −68.540 W
IQAL 63.756 N, −68.510 W

Figure 5b presents the temporal evolution of displacements relevant to the points
labeled as IQAC and IQAL. GPS station IQAL was set close to Geraldine Lake, and it is
underlain by till veneer sediments. The other GPS station IQAC was installed in Sylvia
Grinnell Park. Cumulative thawing settlements between IQAC and IQAL from FCNInSAR
and GPS measurements are 4.5 and 5 cm, respectively. The discrepancies’ mean value
and standard deviation are 7.06 and 8.76 mm. The FCNInSAR subsidence trend generally
agrees well with GPS displacement, but there is a significant difference in July and August,
up to 2.7 cm.

We also compared our subsidence to the results measured on site. Two thaw tubes
located in well-drained glaciomarine deposits (T1) and poorly drained marine sediments
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(T2) were available [44,45]. As plotted in Figure 5c, the subsidence of T1 in the whole
summer from FCNInSAR is 1.32 cm, while that recorded from the thaw tube is 0.8 cm.
Due to the construction work, T1 was removed in July 2014. Therefore, only part of the
subsidence was observed. Our InSAR result is somewhat consistent with that observed at
T2, in which we see a difference of 0.15 cm in 2014 (see Table 4). Compared to the report
published by Short in 2017 which stacked the DInSAR results for deformation analysis, as
shown in Figure 8, the FCNInSAR deformation trend better matches the deformation from
the measurement of the thaw tube [46].

Table 4. Subsidence at the location of thaw tubes.

Thaw Tubes In Situ Subsidence
(cm)

Subsidence from
FCNInSAR (cm) Year

T1 (removed in July) 0.8 1.32 2014
T2 5.3 5.15 2014
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4.2. ALT Validation with Thermistor Cable Measurements

Mathon et al. studied the ALTs over Iqaluit by installing thermistor cables in boreholes
and recording schematic stratigraphy from boreholes [47]. The results show that the
thickness of the active layer varies between 90 cm for sectors covered with vegetation and
more than 2 m below paved surfaces [47]. In our study, the AL in the natural ground of the
airport sector within GMd sediments ranges between 0 and 2 m, and it is up to 2.504 m
under the paved taxiway, which shows good consistency with previous studies.

We averaged the ALTs of all PSs within the distance of 5 m to each thermistor cable for
point-to-point validation. The ALT of 1.5 m was observed in the field in 2012 at thermistor
cable AERO-2010 (with the same location as T1) [48], while it was 1.01 m in our results.
The ALT of DH13-02 under the paved taxiway is 2.7 m, and the result of this study is 2.5 m.
The ALT of thermistor DH11-07 installed on the taxiway shoulder increased from 1.5 m in
1992 to 2.2 m in 2012 [45,47,48]. The retrieved ALT in 2014 of this study is 1.8 m. All three
datasets are generally consistent with each other. The slight difference could be partially
attributable to the uncertainties in soil moisture data. Especially during the summertime,
the soil is observed to be saturated or flooded in shallow layers [45], but the soil moisture
data used to retrieve ALTs generally had values under 0.35. Subsidence detection errors
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and the different acquisition times of results for comparison are also possible reasons for
the discrepancy.

4.3. Uneven Trend of Subsidence and ALT along the Runway

Both subsidence velocity and ALT profile along CD were plotted to assess the hetero-
geneous changes of the ground along runway 17/35. As shown in Figure 9, the subsidence
velocity and ALT fluctuate considerably. The section from 230 to 800 m is recognized as the
part close to the runway entrance that exhibits more subsidence and a thicker active layer
than other parts of the airport. There were dense cracks on the asphaltic surface which
can be easily seen on optical images. Allard [33] mapped them in 2012, as shown by red
lines in Figure 7. Locations of cracks designated by dashed lines as shown in Figure 9 are
consistent with sudden changes of displacement velocity and ALT along the runway. With
the temperature rise, different soil characteristics of changing sediments introduce variable
subsidence, which results in ground surface cracking. Due to the high resolution of SAR
images, we obtained detailed subsidence fields and ALTs, showing many turning points
on the profile CD. The geophysical results proved that ice wedges appeared along the
runway [44]. Ice wedges are another possible reason for cracks. The v-shaped ice wedges
that vertically taper down into the permafrost grow as ground cracks occur in response to
thermal contraction of the ground during winter and that water entering the open cracks
freezes [49]. As the temperature rises, vein ice and ice wedges melt. Surrounding rocks and
upper soil collapse afterwards.
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4.4. ALTs under Infrastructure and Natural Ground

The histograms of ALT (Figure 10) display the difference between the AL under
infrastructure and the natural ground within the airport sector. This shows that the AL
under the paved surface (the runway, aprons, and the taxiway) ranges from 0 to 2.504 m.
As shown in Figure 10a, a part of taxiway alpha experienced significant subsidence, which
led to several resurfacings and diversions. In total, 96% of the natural ground has an AL
of less than 1.5 m. Only the tiny part mainly located at the shoulder of the runway has an
AL of thicker than 2 m. The surface paving and the construction work probably increase
the ground temperature, leading to the thicker ALs. According to previous field tests, the
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intersection part of the runway and taxiway alpha is wetter than neighboring parts [44,45].
Although the previous lake (where the Lv sediments on taxiway alpha are located) and
drainage channels were modified and covered by the airport’s construction, a water-rich
region extended from taxiway alpha across the runway remaining there. This indicates that
there are errors in VWC data. We found that the subsidence is the dominant factor of the
ALT in the paved area due to the subtle difference in VWC.
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4.5. Relation between ALT and Geology

An ALT–geology combined analysis over the entire study area was conducted for a
further ALT interpretation. The surface geology map [29] over Iqaluit (Figure 11) shows
that the area mainly consists of glaciomarine deltaic (GMd) sediments, alluvial flood plain
(Afp) sediments, alluvial terraced (At) sediments, lacustrine (Lv), Littoral and nearshore
(marked as Mn) sediments, intertidal (marked as Mi) sediments, till blanket (Tb), till veneer
(Tv), and bedrock (R).
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The solid and tightly bound bedrock is considered stable, as reflected by the slightly
upward ground and patches without subsidence shown in Figure 5a. ALTs of almost 0 or
small values exist in these patches resulting from their positively proportional relationship
with the subsidence. Thick ALs up to 5 m shown at the southern tip of the study area
agree well with the large settlement and the small thaw settlement coefficient of bedrock.
Bedrocks are usually dry and prone to thaw deeper and quicker due to their high thermal
conductivity. The considerable settlement was observed in the Tb unit which is composed of
ice-rich coarse sediment. The ALTs in this area are generally less than 0.5 m (Figure 12). The
underlying deposits on which large downward movements occur at the airport and nearby
infrastructure (Figure 11b,c) are mainly related to the GMd and Mn shown in dark and light
blue in Figure 11a, which agrees with previous studies [44,45]. The GMd was deposited in
shallow water and formed adjacent to the grounded margin of a tidewater glacier since it
formed when marine submergence occurred [49]. Therefore, it is dominantly filled with silt
composition and salinity. Thus, the AL likely subsides more in summer. Subsequently, the
ALT estimated from the thawing subsidence is larger (Figure 12), and thick estimated ALTs
around 2 m are aligned well with the maximal subsidence in GMd sediments. They may
be overestimated, however, in well-drained parts with low water content since ice-wedge
melting is considered as soil thawing. Field campaign results [48,50,51] show that the
sediments are composed of 10 cm organic and 90 cm ice-boned medium brown sand with
grey silty sand layers. The higher the ground ice content, the larger the seasonal subsidence
or shallower corresponding ALT.
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ALT values reaching up to 2.504 m appear in the Lv, with a mean thickness of 0.5 m,
and 20% of these kinds of sediments have an AL of more than 1 m (Figure 12). We can see
several patches of Lv distributed at the northwest end of the runway and the immediate
south side of the runway. In Figure 10, a notable patch of Lv could be the reason for the
malfunction of taxiway alpha. The taxiway and marshy regions at the west side of Sylvia
Grinnell Road have significant subsidence since the Lv sediment is generally fine-grained
material with high moisture content [50,51].

Afp and At units exhibit an ALT less than 1 m (Figure 12). This is reasonable for
sediments with grain size ranging from boulders to silt particles [52,53]. The saturated
water content of this deposit is higher than other sediments. Therefore, to thaw or freeze
fully, more heat is required in the same height layer of soil. This is why subsidence and
ALTs are both subtle in this region.

4.6. Limitations

Even though the comparison of estimated ALTs and in situ measured results from
other studies shows differences of less than 0.5 m, some limitations should be noted. The ice
content is critical for ALT retrieval other than soil properties. The soil moisture data used
in this study reveal changes in water content across space but do not include ice-wedge
information. The data may introduce substantial errors when the water content and the ice
content are considered the same thing. Furthermore, the VWC from SoilGrids at 1500 kPa
is not identical to the VWC in the soil throughout the summer. The ratio between them
should be appropriately examined before estimating the ALT. In SoilGrids, the explained
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soil property variance ranges between 30% and 70% [35]. As a result, the uncertainties of
ALT estimation are possibly up to meter-level. In addition, the thaw settlement coefficient
can properly indicate the thawing conditions of frozen soil. However, more in situ data are
necessary for the precise determination of soil moisture and other parameters needed in
this retrieval model.

5. Conclusions

In this study, we retrieved high-resolution ALTs at Iqaluit airport by integrating the
subsidence derived from X-band interferometric measurements and volumetric water
content (VWC) datasets with a resolution of 250 m. The InSAR survey using 21 CSK images
in Spotlight mode identified several sites of ground deformation at Iqaluit, subsiding at
rates exceeding 80 mm/year. The largest settlement occurs at the intersection of runway
17/35 and taxiway alpha, which is up to 163 mm/year. We determined the saturation state
and the corresponding thaw settlement coefficient for all measurement points in different
sediments using the VWC data from SoilGrids and soil dry density. Our results suggest
ALTs that range from 0 to 5 m. Combined analysis of the ALT and surface geology indicates
that the retrieved ALT distribution is highly related to the subsurface geological conditions.
Maximal ALTs are distributed in bedrock areas. In the airport sector, thicker ALTs are found
in large settlement sites due to the thaw settlement coefficient being positively proportional
to the soil moisture where the soil is in an unsaturated state according to the VWC data.

We should emphasize that the detailed ALT map is valuable not only for supporting
infrastructure design and maintenance over the permafrost zone but also for comprehensive
understanding of the AL conditions with global warming. The proposed ALT solution can
provide denser observations over large areas than traditional point-based methods.
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