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Summary

Comparisons of ground displacement measurements from RADARSAT-2 and Sentinel-1
Differential Interferometric Synthetic Aperture Radar (DInSAR) data show that high resolution
RADARSAT-2 data (1-2 m) can distinguish differential thaw settlement patterns between ice-
wedge troughs and polygon centres. Medium resolution Sentinel-1 data (~20 m) cannot
distinguish ground displacements over these smaller scale permafrost landforms. In addition, the
medium resolution DInSAR data tend to under-estimate the true settlement of the ground, due to
spatial averaging and the fact that smaller features with stronger subsidence trends are missed.
High resolution ground displacement maps can be useful for infrastructure planning and
engineering. Medium resolution displacement maps may be useful for regional scale overviews,

trend detection and change monitoring.
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1. Introduction

Differential Interferometric Synthetic Aperture Radar (DInSAR) is a well-proven technique for
detecting movement of the Earth’s surface using airborne and spaceborne radar sensors (Gabriel
et al., 1989; Massonnet and Feigl, 1995 and 1998). DInSAR measures the phase difference in the
radar line-of-sight (LOS) direction between pairs of repeat radar acquisitions. These phase
differences are essentially distance differences and can be used to measure movement of the
ground away from or toward the radar sensor (Gabriel et al., 1989). Longer periods of time can
be observed and accuracy levels improved by using multiple pairs or stacks of repeat SAR
acquisitions (Sandwell and Price, 1998). In permafrost terrain, ground movement or
displacement, is due to seasonal freeze and thaw of the active layer, long term degradation or
aggradation of permafrost, and local slope and geomorphological processes (e.g. solifluction,
creep and slumping). DInSAR has been applied to monitor ground displacement in permafrost
terrain with broad success for more than a decade (e.g. Liu et al., 2010; Short et al., 2011; Short
et al., 2014; Daout et al., 2017; Strozzi et al., 2018; Rudy et al., 2018; Chen et al., 2018;
Antonova et al., 2018; Rouyet et al., 2019). The technique has become an integral part of
studying the short- and long-term dynamics of permafrost landscapes (e.g. Liu et al., 2015;
Schaefer et al., 2015; Chen et al., 2020; Rouyet et al., 2021; Zwieback and Meyer, 2021; Wang
et al., 2023).

In permafrost terrain, the displacement associated with geomorphological features varies
depending on their material composition and ice content. Geomorphological features also vary
widely in size. Large-scale features can be eskers, bedrock outcrops, saturated soil areas, pingos,
and areas of patterned ground that are typically 10s to 100s of metres, even kilometres in size.
Small-scale features can be ice-wedge cracks and troughs, individual tundra polygons, frost
blisters, palsas, lithalsas, and pockets of organic material within a bedrock feature. These
features are more on the scale of decimetres, metres and 10s of metres. The spatial resolution of
the radar sensor will dictate the periglacial features that can be detected in a DInSAR map of
ground displacement. The level of detail contained in a DInSAR displacement map will
determine whether it is useful for regional trend detection, local trends and general planning, or
whether it has sufficient information to identify specific features, to potentially infer the causes

of local displacement patterns and thus be useful for site planning and engineering.

RADARSAT-2 is a C-band SAR satellite launched in 2007 and operated by MacDonald
Dettwiler and Associates. The satellite has a 24 day repeat cycle and offers a variety of imaging



modes, including a Spotlight mode with 1 m spatial resolution. This Spotlight mode has been
shown to be valuable for detailed study of permafrost terrain with results that can be useful at the
site planning and engineering level (Short et al., 2014). RADARSAT-2 data are commercial
though, so must be ordered, have high expense and limited archive availability. Sentinel-1 is a
constellation of C-band SAR satellites launched by the European Space Agency, beginning in
2014. Systematic SAR observations are acquired every 12 days, providing extensive data stacks
for DInSAR analysis. Sentinel-1 data are free and open, hence it is relatively easy and highly
desirable to use them. The nominal spatial resolution for Sentinel-1 Interferometric Wide Swath
mode is ~20 m.

High resolution RADARSAT-2 data have been used extensively and successfully over the past
decade by the Government of Canada (GoC) as a source of terrain stability information for
permafrost regions. As the availability of RADARSAT-2 data to the GoC shifts and replacement
sources of terrain stability information are sought, it is important to understand the potential and
limitations of the different data sources. This short report compares the information content of
high resolution RADARSAT-2 and medium resolution Sentinel-1 DInSAR data over a
permafrost area with distinctive periglacial landforms. Banks Island in Arctic Canada has
extensive upland polygons with ice-wedge troughs dissecting the landscape. The trough features
are 1-5 m in width and the polygons vary from 20 - 200 m. We use DInSAR data from the two

satellite systems to illustrate the level of detail in periglacial features that can be detected.



2. Banks Island study site

Banks Island, Northwest Territories, is undulating
glaciated terrain, underlain by continuous, cold, ice-
rich permafrost (Vincent, 1982; England et al., 2009;
French, 2017). The eastern side of the island is

characterized by Jesse Till and the Amundsen

Moraine, an ice cored moraine deposit from the Late
Wisconsinan glaciation (England et al., 2009). The

area is mapped as extensive ground ice (O’Neill et al.,
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2022). Upland surfaces can be quite barren, but thwe
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vegetation is present in depressions and sheltered

areas and is generally small and low-growing. Arctic

willow, sedges, herbs, moss and lichen are present,

and noticeably more lush in depressions and along ) . .
Figure 1. Location of Banks Island in

Canada’s Northwest Territories. Blue
2018). The lack of thermal buffering from vegetation square is the study site. Red triangle is

water courses where moisture is retained (Fraser et al.,

or an organic layer is thought to closely link the active ~ Sachs Harbour.
layer response to summer warming (Fraser et al., 2018;

Farquharson et al., 2019). Thaw depths on northeastern

Banks Island have been measured to reach 120 cm

(Farquharson et al., 2019).

The small, 40 km?, study area is located slightly inland on the southeast of the island
(72°05°40™N, 120°48°18”W) (blue square in Figure 1). The area is characterised by large, upland
ice-wedge polygon areas interspersed with waterbodies and water courses (Figure 2). These
upland ice-wedge polygons are experiencing widespread, warming-induced, ice-wedge
degradation and the development of thermokarst and ponding (Rudy et al., 2017; Fraser et al.,
2018; Farquharson et al., 2019). The ice-wedges of Banks Island are known to be large,
potentially exceeding 3 m wide and 10 m deep (French, 1974), resulting in dramatic thermokarst
when melting occurs. Long-term settlement of <60 cm over 12 years has been measured in
polygonal terrain on northeastern Banks Island and is attributed to the melting of ice-wedges
(Farquharson et al., 2019).
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Figure 2. A) Aerial photograph of upland polygonal landscape of eastern Banks Island. B)
Photograph of polygonal terrain, with vegetation and ponding in an ice-wedge trough. C)
Panchromatic Worldview-2 image from 31 July, 2017, with 0.5 m spatial resolution. Scale bar
indicates the size of the polygons and the interconnecting ice-wedge troughs. The location of the
Worldview-2 focus area is shown in Figure 3. Photos courtesy of GNWT.



3. Data

3.1 SAR data

SAR acquisitions from 2019 were used for the analysis. Table 1 lists the RADARSAT-2 and
Sentinel-1 DInSAR stack characteristics.

Table 1. SAR acquisitions

Data set Acquisition Beam mode | Multi-looking ratio Satellite look Mid-scene
dates and and output pixel direction incidence
(yyyymmdd) polarization | spacing (m) (° from North) | angle (°)

SR-Slant range
GR-Ground range

RADARSAT-2
Ascending 20190612 Spotlight 23 1x3 80.5 46.7
20190706 HH 1.3x1.2SR
20190730 1.8x1.2GR
20190823
Sentinel-1A/B
Descending 20190703 IW3 4x1 296.2 43.4
20190715 HH 9.3x13.8SR
20190727 13.6x 13.8 GR
20190808 8x2
20190820* 18.6 x 27.6 SR
20190901 27.2 x27.6 GR

*Sentinel-1 reference scene. Note that RADARSAT-2 used a reference scene from a preceding summer
stack that is not discussed here (20180828).

Data sets stop at the end of August or in very early September to avoid early freeze up and
ground heave which causes loss of coherence and movement that would detract from the summer

subsidence trend.

The SAR data sets have opposing look directions with RADARSAT-2 being ascending and
Sentinel-1 descending. This is not ideal but is a limitation of what is available in the satellite
archives. The low slope terrain and the omnidirectional nature of the polygons mitigates this
limitation.

Both sensors are C-band and incidence angles are similar, ~47° for RADARSAT-2 and ~43° for
Sentinel-1, which minimizes differences in results due to sensor parameters other than resolution

and look direction.



3.2 Ancillary data

High resolution elevation data are necessary to derive intricate patterns of ground displacement
reliably from DInSAR, otherwise subtle geomorphological details are obscured by residual
topographic phase errors (Short et al., 2009). For Banks Island the 2 m ArcticDEM Version 3.0
was used (Porter et al., 2018). Figure 3A shows the elevation range for the study area and Figure
3B shows the local slopes. In general, the study area is quite flat, most slopes are < 5°, so slope
processes would not be expected in the three month time frame. In flat areas any movement can
be expected to be largely vertical, so results should be similar in ascending and descending data.
Only in the southeast corner are slopes more significant (5 - 15°). Because the RADARSAT-2
ascending data have a line-of-sight that is west to east, whereas the Sentinel-1 descending data
have a line-of-sight that is east to west, here the displacement patterns could be conflicting. To
minimize this limitation, the detailed analysis of spatial resolution impacts focuses on an area of

very low slopes (< 3°) outlined by a box in Figure 3.

A Worldview-2, 0.5 m resolution, panchromatic image from 31 July, 2017 was used for visual

comparisons with the DInSAR results.

Waterbody polygons at 1:50,000 scale were obtained from the topographic data portal of Natural

Resources Canada (https://atlas.gc.ca/toporama/en/index.html).

Sachs Harbour is the closest community to the study area (152 km to the west, Figure 1) and
intermittent weather data are collected there. The Mean Annual Air Temperature at Sachs
Harbour is -12.8°C (Environment Canada, 2022a). The 1981-2010 July and August daily average
air temperatures were 6.6 and 3.7°C respectively, but in 2019 the July and August daily averages
were only 3.9 and 2.3°C (Environment Canada, 2022b), therefore 2019 was considered to be a
cool summer. Precipitation rates are unfortunately not reliably measured so we do not know if

2019 was a wet, dry, or average summer.
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slopes derived from the ArcticDEM



4. Method

The DInSAR processing was accomplished using the GAMMA software (GAMMA, 2019).
Processing followed the conventional steps of SAR image co-registration to a single reference,
interferogram formation, topographic phase removal using an external DEM, phase filtering
(Goldstein and Werner, 1998), phase unwrapping (Costantini, 1998) and large-scale phase trend
removal. All possible interferograms were formed within the summer stacks but interferograms
were visually inspected and those with significant coherence loss or atmospheric noise were
removed from the processing. The phase unwrapping proceeded from a single reference point
identified as bedrock, thus calibrating all the displacements to this stable point (green star in
Figure 4). The location of bedrock was provisionally identified based on fringe patterns in
interferograms and confirmed with optical imagery. Unwrapped interferograms were stacked and
the seasonal displacement trend was derived from the inputs according to the equation given in

Short et al. (2014). The displacements are visualised as movement in the sensor line-of-sight.

Multi-looking is common practice in radar analysis because when the data are processed at full
resolution the resulting product suffers from what is termed speckle noise. Multi-looking
averages the processed data, reducing the speckle noise in both the imagery and the phase
measurements. The multi-looking ratios used in the processing are given in Table 1. The multi-
looking ratios were chosen to obtain an approximately square pixel, in either slant or ground
range, to keep the data averaging to a bare minimum and to preserve as much detail as possible.
Sentinel-1 data were processed with two multi-looking ratios to explore information content. The
Sentinel-1 SAR nominal spatial resolution is 20 m. The product pixel spacings are such that
multi-looking ratios can be chosen to be either slightly oversampled, to give ~15 m pixels, or
slightly undersampled to give ~25 m pixels (varying slightly with beam position), but it is not
possible to get exactly 20 m. The Sentinel-1 data were thus processed twice, once with 4 x 1
multi-looking, delivering output products with ~14 m pixels and once with 8 x 2 multi-looking,

yielding ~27 m pixels (ground range).

As mentioned, the RADARSAT-2 data are ascending while the Sentinel-1 data are descending.
This would be expected to produce reverse trends in the observations, except that the terrain is
generally quite flat. In flat terrain displacement tends to be only in the vertical direction and
vertical subsidence would record as movement away from the sensor whichever the path
direction. Where there are slopes, those facing the sensor may see a subdued signal, as
downward movement away from the sensor would be offset by horizontal movement toward the

sensor. Downslope movement on slopes facing away from the sensor would record as strong



line-of-sight lengthening, as both downward and horizontal movement would be movement away

from the sensor.

5. Results

5.1 RADARSAT-2

Figure 4 shows the overview results from the RADARSAT-2 DInSAR processing. Stable areas
are cream or pale yellow in colour, indicating displacement values of <1 cm. 1 cm has been
found to be a good practical approximation of the noise in DInSAR data, below which the
displacement signal is considered to be negligible (Short et al., 2014). The stable areas are
typically exposed bedrock and include the area where the DInSAR reference point is located.
Red colours indicate significant subsidence and highlight the ice-wedge troughs between the
upland polygons, several linear features aligned with drainage channels in the centre west (DC),

and patches of greater subsidence close to waterbodies.
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Figure 4. Seasonal line-of-sight displacement in 2019 derived from RADARSAT-2 data over the
Banks Island study site. Negative values (red) are movement downward or away from the
satellite. Positive values (blue) are movement upward or toward the satellite. DC indicates area
with drainage channels.



5.2 Sentinel-1 with 4 x 1 multi-looking

Figure 5 shows the 4 x 1 multi-looking result for Sentinel-1 over the same area. Pale yellow
stable areas often coincide with the RADARSAT-2 result although the shapes of the areas are

not as clearly defined and there is more variability (noise) in the Sentinel-1 measurements. A

mottled texture is apparent over the areas of upland polygons but the polygons themselves are

not clearly defined. The network of drainage channels (DC) visible in the west of the

RADARSATS-2 result is also present in the Sentinel 4 x 1 result, although not as clearly defined.

In general, the subsidence patterns are comparatively subdued. In the southwest corner of the

image some patches of stability and low displacements are observed in the high resolution

RADARSAT-2 result but these are not clearly defined in the Sentinel 4 x 1 result nor as

consistent in direction. Subtle movement toward the Sentinel radar may be a result of small slope

features and the directionality of the SAR in this area, but phase drift with distance from the

reference point could also be an issue as there is a general trend of stronger displacements in the
north and lower displacements in the south compared to the RADARSAT-2 result.
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Figure 5. Seasonal line-of-sight displacement in 2019 derived from Sentinel-1 with 4 x 1 multi-
looking over the Banks Island study site. Negative values (red) are movement downward or away
from the satellite. Positive values (blue) are movement upward or toward the satellite. DC

indicates area with

drainage channels.
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5.3 Sentinel-1 with 8 x 2 multi-looking

Figure 6 shows the displacement results achieved using the Sentinel-1 data with 8 x 2 multi-

looking. Comparable areas of stability are visible but the patterns are much less defined. Some

general areas of subsidence can be seen near waterbodies but the first gaps in the data, due to

loss of coherence, are also visible. Very subtle mottling is apparent over the upland polygon

areas but it is not obvious that there are polygons and it would be hard to identify without prior

knowledge of the landscape. The drainage channels in the west part of the map (DC) are also

there in trace amounts, but again, would be hard to interpret without other knowledge of the area.

As with the 4 x 1 result, there is a slight trend of higher displacements in the north than in the

south and the southwest corner has some slightly positive displacement values suggesting

movement toward the sensor.
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Figure 6. Seasonal line-of-sight displacement in 2019 derived from Sentinel-1 with 8 x 2 multi-
looking over the Banks Island study site. Negative values (red) are movement downward or away
from the satellite. Positive values (blue) are movement upward or toward the satellite. White
areas indicate ‘no data’ due to loss of coherence. DC indicates area with drainage channels.
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5.4 Polygon focus area and displacement distribution

Figure 7 shows the focus area of the upland polygons for the three data sets. The difference in
level of detail is striking. The polygons are clearly visible in the RADARSAT-2 displacements
but the polygons are not discernable in either the 4 x 1 (~14 m) or the 8 x 2 (~27 m) Sentinel-1
data. Although the patterned ground gives a mottled texture in the Sentinel-1 overview data sets,

the individual polygons are not discernable in the focus area.

One last observation is that the distribution of the displacement measurements varies as a
function of the resolution of the data. The pixel displacements for the polygon focus area are
plotted in Figure 8. This isolated focus area is used specifically to avoid any discrepancies due to
different data extents, the inclusion of unreliable waterbody values and to minimize slope and
directionality effects. It is apparent that there are thousands more pixels in the RADARSAT-2
coverage than the Sentinel-1 which is expected. Slightly less expected is the dramatic reduction
in the range of measured displacements. RADARSAT-2 displacements have a range of ~9 cm.
Sentinel-1 with 4 x 1 multi-looking have a range of ~5 cm. With 8 x 2 multi-looking the
Sentinel-1 range reduces to less than 2 cm. Statistically this is not a surprise, but it has important
implications for the fidelity with which medium resolution DInSAR results could ever be
expected to match with ground truth measurements, and how much confidence should be

ascribed to Sentinel-1 measurements of ground displacement.
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Figure 7. Focus area of ice-wedge polygons and seasonal line-of-sight displacements measured
by Sentinel-1 and RADARSAT-2. Corresponding high resolution panchromatic image is shown
in Figure 2C. Location of the focus area is shown in Figure 3.
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Figure 8. Histogram of seasonal line-of-sight displacements measured by RADARSAT-2 (R2)
and Sentinel-1 (S1) over the polygon focus area.

6. Discussion

In high resolution (<1-2 m) DInSAR data sets, ice-wedge troughs, polygons and detailed
geomorphological features can be clearly seen, due to their different properties, ice contents, and
distinct thaw settlement behaviours. These features are not visible in the medium resolution (10-
30 m) data sets, although general areas of displacement trends can be discerned. Being able to
discern individual landforms is a key factor in determining what a displacement map can be
useful for. From an engineering perspective it can be good practise to avoid building on ice-
wedges, to place building pilings in mounds between ice-wedges, or to dig out ice-wedges and/or
back fill troughs with thaw insensitive materials (Jones et al., 2022). Very detailed maps of
ground displacement with individual features can therefore aid in planning construction. In
addition, connections and relationships between subsidence features can help to understand
surface and subsurface water flows, and can inform engineering mitigation measures or simply
avoidance (Short et al., 2014). In contrast, the medium resolution data cannot provide enough
detail to inform decision making at a local scale, they provide only general overviews as to stable

and less stable areas. These polygonal terrain results agree with other authors who have
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concluded that the spatial resolution of Sentinel-1 InSAR subsidence observations is insufficient
to distinguish differential subsidence within ice-wedge polygons (Zwieback and Meyer, 2021),
and more generally, that the ‘high sub-pixel spatial variability of ground movements’ must be
considered when interpreting DInSAR results in permafrost environments (Antonova et al.,
2018). In the medium resolution data sets, processing with the lowest appropriate multi-looking
ratios can help to preserve texture, which helps to separate landscape units even if individual

landforms cannot be detected.

In addition, the histogram in Figure 8 clearly shows that the Sentinel-1 data with lower spatial
resolution do not capture the full range of ground displacement. If we project the line-of-sight
displacements to vertical using the satellite geometry, which would be more appropriate for
comparing with in-situ measurements, RADARSAT-2 captured subsidence down to -10 cm,
Sentinel-1 with 4 x 1 multi-looking captured to -4.5 cm, and 8 x 2 multi-looking captured to -2.5
cm. From field measurements we know that thaw settlement rates much greater than -2.5 cm are
common in permafrost terrain and related to the ice content and depth of the active layer (e.g.
Tarnocai et al., 2004), therefore the medium resolution data are almost certainly missing some of
the settlement of the ground. A thaw settlement rate of -3.5 cm for an active layer of <130 cm
would be characteristic of ice-poor sediments with dry, coarse-grained geology (Oldenborger et
al., 2022). Therefore, the medium resolution data are likely missing the settlement associated
with ice-rich features that subside at higher rates, because they are smaller than the pixel
resolution and are averaged away and missed. In this case, the relatively narrow ice-wedge
troughs are missed. Quantitative conclusions from Sentinel-1 data about subsidence in
permafrost terrain will therefore be inherently limited by the fact that medium resolution data
tend to under-estimate settlement rates, even with the bare minimum of multi-looking applied.
This will be an inherent limitation whenever comparing medium resolution DInSAR
measurements with field measurements and when incorporating DInSAR measurements into

algorithms or mathematical models of permafrost terrain and behaviour.

The medium resolution data also seem to be more susceptible to phase drift from the reference
point. Whether it is a limitation of the phase trend correction method used here, or whether
because the phase values do not track the true displacement of the ground as faithfully, over long
distances the unwrapped phase values tend to diverge further from reality. This could perhaps be

mitigated by using more than one reference point as was done here.
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6.1 Sources of error

Variations in soil moisture content are now well understood to affect DInSAR phase
measurements (Zwieback et al., 2017). Increasing soil wetness will cause line-of-sight
lengthening which registers as movement away from the sensor or downward subsidence.
Conversely, drying of the ground causes line-of-sight shortening, apparent as movement toward
the sensor or uplift (Zwieback et al., 2015). The soil moisture signal is small though, estimated to
be ~1/8™ of the radar wavelength (Zwieback et al., 2015). In the C-band data here, Sentinel-1 and
RADARSAT-2 should be similarly affected and soil moisture should not contribute more than
~0.7 cm of spurious signal. As the displacement measurements in the high resolution data have a
range of <8 cm, the majority of the signal should be displacement of the ground, although this
error becomes a larger proportion of the displacement signal in the medium resolution data with

their limited range.

Vegetation growth can also cause errors in DInNSAR measurements as plant moisture levels
decrease as plants mature, causing drying and an uplift signal (Zwieback and Hajnsek, 2016).
This is thought to be ~1 cm in shrubs (Zwieback and Meyer, 2021), however, in the extremely
low biomass environment of the polygonal terrain of Banks Island, this would likely be much

less.

Flooding of the ground and the accumulation of surface water can cause either coherence loss or,
if the flooded area is small enough to preserve pixel coherence, then likely noise in the signal. If
the ground continues to subside under a consistently flooded surface the result would be an
underestimation of the true ground subsidence (Short et al., 2014), but if water levels fluctuate
there would be no relationship between seasonal phase trends and ground subsidence. Less

reliable displacement measurements might therefore be expected in areas with surface ponding.

7. Conclusion

This report shows that highly detailed information about ground displacement within small-scale
permafrost terrain features can be derived using high resolution DInSAR data. This example of
differential thaw subsidence within ice-wedge polygons is made possible by the Spotlight mode
of RADARSATS-2. This level of detail can be useful for infrastructure and engineering planning.
It will not replace the need for geotechnical investigations but it can certainly guide initial
assessments, provisional building locations and strategies, and help with deciding where to locate

more detailed fieldwork.
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Sentinel-1 medium resolution DInSAR data may be useful for regional trends and long-term
assessment and observation, but small-scale features such as ice-wedges, polygons, palsas and
lithalsas will not be reliably detected. The large-scale coverage of the data may make them useful
for regional scale preliminary assessments for infrastructure, but the results need to be
interpreted with caution. In addition, there is a tendency for the true displacement of the ground
to be under-estimated in medium resolution data due to spatial averaging. This has implications
for modelling and true representation of terrain dynamics. Medium resolution DInSAR data may
benefit from additional reference areas or calibration points to correct for phase drift over large

distances.

The limitations of medium resolution Sentinel-1 data would also apply to the RADARSAT
Constellation Mission (RCM) 16M and 30M beam modes. The advantages of the Spotlight mode
would apply to the RCM Spotlight mode and potentially the RCM Very High Resolution 3 m

mode as well.
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