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Abstract: Ice-wedge networks underlie polygonal terrain and comprise the most widespread form of
massive ground ice in continuous permafrost. Here, we show that climate-driven thaw of hilltop
ice-wedge networks is rapidly transforming uplands across Banks Island in the Canadian Arctic
Archipelago. Change detection using high-resolution WorldView images and historical air photos,
coupled with 32-year Landsat reflectance trends, indicate broad-scale increases in ponding from
ice-wedge thaw on hilltops, which has significantly affected at least 1500 km2 of Banks Island and
over 3.5% of the total upland area. Trajectories of change associated with this upland ice-wedge
thermokarst include increased micro-relief, development of high-centred polygons, and, in areas
of poor drainage, ponding and potential initiation of thaw lakes. Millennia of cooling climate
have favoured ice-wedge growth, and an absence of ecosystem disturbance combined with surface
denudation by solifluction has produced high Arctic uplands and slopes underlain by ice-wedge
networks truncated at the permafrost table. The thin veneer of thermally-conductive mineral
soils strongly links Arctic upland active-layer responses to summer warming. For these reasons,
widespread and intense ice-wedge thermokarst on Arctic hilltops and slopes contrast more muted
responses to warming reported in low and subarctic environments. Increasing field evidence of
thermokarst highlights the inherent climate sensitivity of the Arctic permafrost terrain and the need for
integrated approaches to monitor change and investigate the cascade of environmental consequences.
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1. Introduction
Ice wedges form due to thermal contraction, cracking of the ground and infilling typically by
snowmelt that refreezes to form a vein of ice [1,2]. Over millennia, repeated cracking can cause
large ice wedges to develop [3]. Polygonal terrain, the surface expression of ice-wedge networks,
is ubiquitous in unconsolidated deposits throughout the circumpolar Arctic [4]. Because wedge
ice is typically encountered near the top of permafrost, climate-driven thaw may cause ponding in
troughs and in extreme cases thaw lake development [5–7], the formation of high-centred polygons [8],
and the reconfiguration of hydrological pathways [9,10]. The broad distribution and thaw sensitivity
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of ice-wedge networks suggests that evolution of polygonal terrain will have a major influence on
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Figure 1. Schematics showing ice wedges in high Arctic ice-cored terrain and how these landscapes
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In this paper, we integrate several remote-sensing datasets with field-based observations to
demonstrate the climate sensitivity of high Arctic permafrost terrain. Specifically, we show that
ice-wedge degradation is transforming large areas of upland terrain on Banks Island in the Canadian
Arctic Archipelago. Our observations provide the first broad-scale assessment of recent, climate-driven
ice-wedge degradation and document the distribution and nature of changes impacting uplands across
an archetypal, glaciated high Arctic environment. We integrate fine-scale mapping of change with
analysis of 32-year trends in reflectance based on the Landsat satellite archive to show that broad-scale
wetting trends have been caused by recent trough subsidence and ponding related to upland ice-wedge
thermokarst. We also integrate field data on arctic active layer responses to summer warming with
stratigraphic observations of upland ground ice conditions to support a simple geomorphic model
to explain the sensitivity of Arctic upland terrain ice-wedge thermokarst. We demonstrate that
landscape context can determine the trajectories of ice-wedge thermokarst ranging from high-centred
polygon development in well-drained areas to potential thaw-lake initiation on ice-cored moraine in
locations where drainage is poor. The research highlights that multiscale remote-sensing techniques
integrated with local-scale permafrost observations can provide new insights on the patterns, processes,
and drivers of Arctic change.
2. Study Area
Banks Island (70,028 km2 ) in the western Canadian Arctic Archipelago (Figure 2) is comprised
of relatively low-lying, undulating, glaciated terrain underlain by cold, ice-rich permafrost [23–25].
Tertiary and Cretaceous bedrock [26] are veneered by till and glaciofluvial deposits [23]. The late
Wisconsinan glaciation deposited prominent ice-cored moraine belts and broad glaciofluvial surfaces
Remote
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Banks Island is characterised by a cold, Arctic climate. Sachs Harbour climate normals
(1981–2010) indicate that the mean annual air temperature is −13 °C with an average July temperature
of 7 °C and an average February temperature of −28 °C. The total mean annual precipitation is about
200 mm, more than half of which falls as snow that is redistributed by winds from barren uplands
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Banks Island is characterised by a cold, Arctic climate. Sachs Harbour climate normals (1981–2010)
indicate that the mean annual air temperature is −13 ◦ C with an average July temperature of 7 ◦ C and
an average February temperature of −28 ◦ C. The total mean annual precipitation is about 200 mm,
more than half of which falls as snow that is redistributed by winds from barren uplands into
topographic hollows and valleys [25]. The permafrost is cold with mean annual ground temperatures
below −12 ◦ C [27]. The widespread distribution of periglacial features, such as sorted stripes,
polygonal terrain, thermokarst lakes, and retrogressive thaw slumps reflect cold climate and permafrost
conditions that have preserved relict Pleistocene ice and favoured the development of ice-wedge
networks [17,25,28].
The extent and composition of the vegetation on Banks Island is the product of topography,
parent material, and moisture [29]. Well-drained, partially vegetated upland surfaces are commonly
dominated by Arctic willow (Salix arctica), mountain avens (Dryas integrifolia), and dryland
sedges [29,30]. In lowlands, the increased moisture supply facilitates continuous vegetation cover
dominated by sedges (Carex spp. Eriophorum sp), various herbs, Arctic willow (Salix arctica), mosses,
and lichen [29,30].
The climate in the western Canadian Arctic is rapidly changing. Temperature data from Sachs
Harbour on the southwestern coast of Banks Island for the period of 1956–2016 indicates a 3.5 ◦ C
increase in the mean annual air temperature (MAAT) (Figure S1a), a 1.8 ◦ C increase in the mean
June–August summer temperature (MST), and four recent years (1998, 2010, 2011, 2012) with summer
thawing degree-days >50% higher than the long-term average of 460 ◦ C (Figure 3a). Temperature trends
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3. Materials and Methods
We analysed several remote-sensing datasets to quantify changes in upland ice-wedge melt
pond occurrence on Banks Island. Medium resolution Landsat and Sentinel-2 imagery were used to
delineate the island-wide extent of upland terrain with increasing melt pond area and to indicate the
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3. Materials and Methods
We analysed several remote-sensing datasets to quantify changes in upland ice-wedge melt pond
occurrence on Banks Island. Medium resolution Landsat and Sentinel-2 imagery were used to delineate
the island-wide extent of upland terrain with increasing melt pond area and to indicate the timing of
pond expansion. Detailed mapping of melt ponds within the eight study areas using high-resolution
WorldView images and historical air photos was used to corroborate and more precisely characterise
pond changes. The results from these remote-sensing analyses were interpreted using climate data,
in situ thaw depth measurements, ground ice stratigraphic observations, oblique air and ground
photos, and high-resolution ArcticDEM elevation models.
3.1. Remote-Sensing Datasets and Image Processing
3.1.1. Landsat Imagery
We conducted trend analysis of 30 m resolution Landsat imagery from the 32-year historical
archive to map landscapes across Banks Island showing changes in the area of large, ice-wedge melt
ponds. Landsat images from the Landsat 5 TM, Landsat 7 ETM+, and Landsat 8 OLI instruments were
obtained from the USGS EarthExplorer for 15 overlapping WRS-2 frames covering Banks Island.
Adjacent paths at this latitude have high overlap, providing coverage of any given location by
2–3 frames. All images with nominal cloud cover over land less than 70% were acquired from a
14 July to 16 August annual collection window to avoid snow cover or high wetness during spring
runoff. This yielded 491 images from the period of 1985–2017. Landsat images with Level-1TP
processing level were converted to top-of-atmosphere (TOA) reflectance using Landsat coefficients
following [33] and screened for cloud and shadow using the C Function of Mask (CFMask) channel
provided with Landsat Collection 1 data. Pixel-level trends for the 1.6 µm shortwave infrared (SWIR)
channel were derived using Theil–Sen robust regression and Mann–Kendall trend significance based
on an average of 68 nominally clear observations (SD = 10.5).
3.1.2. Copernicus Sentinel-2 Imagery
Sentinel-2 multispectral data were acquired from the USGS Earth Explorer, which provided 10 m
resolution visible and near-infrared spectral bands as Level-1C TOA reflectance data. Imagery in
Geographic Markup Language JPEG2000 (GMLJP2) format providing 100 km × 100 km tiles for
19 July 2017 were mosaicked to form a continuous, near cloud-free coverage of Banks Island (Figure 2).
The Normalised Difference Vegetation Index (NDVI), providing a measure of leaf area or phytomass,
was calculated from the normalised difference between Sentinel-20 s near-infrared and red channels.
3.1.3. High-Resolution WorldView Imagery
Table S1 provides specifications for summer WorldView-1 and WorldView-2 optical satellite
images that were used to precisely map the recent distribution and size of melt ponds within the
eight study areas (Figure 2). These images were orthocorrected using PCI OrthoEngine software
based on rational polynomial coefficients and elevations from the Canadian Digital Elevation Data
(CDED) product. Ice-wedge melt ponds within upland areas were delineated in each image using
image segmentation followed by interactive thresholding. For segmentation, the mean segment shift
function in ArcGIS was used with settings of 20 for spatial and spectral detail and 64 (or 16 m2 ) for
minimum segment size.
3.1.4. Historical Air Photos
The most recent air photo coverage from the Canadian National Air Photo Library for most of
Banks Island is limited to 1:100,000 scale panchromatic imagery acquired during the late 1950s to
early 1960s. Photos at 1:100,000 scale (1:60,000 for area 4) covering the eight high-resolution study
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areas (Table S1) were scanned at 1200 dpi and rectified to the high-resolution satellite imagery using
11–17 stable control points and a second-order polynomial warp. The scanned images have a pixel size
of 2 m but can effectively resolve water bodies only larger than about 4 m in extent. This would be
sufficient to detect the vast majority of new ice-wedge melt ponds mapped using the high-resolution
satellite imagery, in which ponds larger than 100 m2 account for 73% of their total area. Ice-wedge
melt ponds occurring in the historical air photos were mapped using manual digitization instead of an
automated approach to account for sometimes subtle differences in texture and brightness between
melt ponds and patches of graminoid vegetation. We tested the repeatability of this approach by
having a second analyst independently extract melt ponds within study area 5 that contained the
highest density of ponds. This repeat delineation identified 167 ponds (vs. 192) covering a 19% larger
total area, which is small in relation to the average tenfold long-term change in area we report here.
In cases where the identification of features as ponds was ambiguous, we classified them as ponds
to yield a conservative assessment of increases in melt pond extent. To provide a consistent basis for
comparing the historical and current high-resolution melt pond areas, only ponds larger than 16 m2
were considered from the analysis of the 0.5 m satellite imagery. This comparison also did not consider
any larger ponds included in the National Hydro Network or melt ponds lying within more productive
lowland tundra that was classified using the Sentinel-2 imagery.
3.1.5. ArcticDEM Elevation Models
We used two ArcticDEM elevation models to characterise the microtopography of two degraded
ice-wedge polygon landscapes (study areas 2 and 3) in eastern Banks Island. The ArcticDEM Strip
products downloaded from the Polar Geospatial Center (https://www.pgc.umn.edu/data/arcticdem/)
provide 2 m resolution and were generated from stereopairs of 0.5 m resolution panchromatic
WorldView satellite images. This DEM resolution is sufficient to quantify topography within the
>20 m wide, sloping ice-wedge troughs in the landscapes examined. Although we did not validate the
accuracy of the ArcticDEM over this terrain, the high degree of contrast and small, distinct features
visible in the WorldView images used in this study (Figure S8) suggest that the auto-correlation feature
matching techniques used should perform optimally.
3.2. Climate Data
We downloaded daily temperature data for Sachs Harbour for the period of 1956–2016 from
Environment Canada. Gaps in daily temperature data of up to five days were linearly interpolated,
and years having gaps longer than five days were discarded (i.e., 1960, 1989–1991, 1993). Thawing
degree-days for each year were calculated based on cumulative, mean daily temperatures above 0 ◦ C.
Sachs Harbour summer (June–August) precipitation amounts for 1956–2008 were derived from the
Environment Canada Adjusted Precipitation for Canada dataset [34]. We adjusted raw precipitation
amounts for 2009–2017 using a regression relationship between the raw and corrected 1956–2008
data (assuming similar correction biases), which increased the total June–August precipitation by an
average of 13 mm.
Thawing degree-days were also calculated for five, early to mid-July dates during 2010–2014
(Figure 3b) using daily Environment Canada temperature data from Green Cabin, Banks Island
(Thomsen River station located at 73◦ 130 5100 N, 119◦ 320 1800 W). A square root transformation of these
values was related to concurrent thaw depth measurements from Green Cabin (Section 3.3) using
linear least-squares regression. Temperature data at this station are not available for 2015, so the strong
linear relationship between 31 July 2010–2014 Sachs Harbour and Green Cabin thawing degree-days
(r2 = 0.975) was used to estimate thawing degree-days for Green Cabin on 3 July 2015.
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3.3. Thaw Depth Measurements at Green Cabin, Banks Island
Early summer thaw depth measurements were collected by Parks Canada for six years (2010–2015)
at Green Cabin, located on north-central Banks Island (73.22◦ N, 119.56◦ W) in Aulavik National Park.
The sampling area is situated on a flat terrace (30 m elevation) by the Thomsen River, which contains
sparse vegetation, hummocky patterned ground, and sandy, gravelly soils. Three active layer probe
measurements were taken at each of 36 locations within a 50 m by 50 m grid according to the
Circumpolar Active Layer Monitoring (CALM) protocol. We averaged the 108 probe measurements
taken each year and compared these depths to cumulative thaw degree-days for each sampling date.
3.4. Ground Ice Stratigraphic Observations
To illustrate the absence of a transient layer and the close proximity of wedge ice and massive
ground ice to the terrain surface, we recorded observations of material thickness overlying massive
ice in thaw slump and coastal exposures on southern Banks Island during fieldwork in summer 2015.
In thaw slump exposures, measurements of overburden thickness were taken at 10–20 m intervals
along the top edge of the headwall. Measurement of overburden thickness was taken at all ice wedges
(IW) observed in the respective exposures (Table S2). Photographs of thaw slump headwalls from
northern Banks Island (Figures S2–S4) illustrate the thin veneer of materials overlying wedge ice
hosted in ice-rich permafrost.
3.5. Remote-Sensing Analyses of Melt Pond Changes
The Landsat satellite image archive provides a more than 30-year record of 30 m resolution
multispectral imagery [35]. This record has proven valuable to study recent changes in Arctic
vegetation [36–38], lake area [39], and landscape disturbances [38,40,41]. A general limitation of
using Landsat imagery to detect ice-wedge degradation is that changes in the area of melt ponds are
typically much smaller than the 900 m2 pixel footprints [7,9,20]. However, on Banks Island, a visual
comparison of early archive (~1985) and late archive (~2017) summer Landsat images reveals that new
melt ponds are sufficiently large to be widely detectable as a textured, darkening of the land surface
(Figure 1). We used Landsat imagery as the foundation for a melt pond change analysis covering all
the upland areas of Banks Island. We also analysed the finer resolution WorldView and aerial imagery
to corroborate and more precisely characterise pond development in polygonal terrain and conducted
fieldwork to describe the terrain sensitivity to climate-driven top-down thaw. These activities involved
the following analyses.
3.5.1. Characterising the Relationship between Ice-Wedge Melt Pond Area and Landsat Reflectance
Water bodies absorb almost all solar radiation in the short-wave infrared (SWIR) wavelengths [42],
while tundra vegetation is relatively SWIR-reflective, providing excellent contrast between these two
surfaces (Figure A1). The inverse relationship between the ice-wedge melt pond area and SWIR
reflectance provided the basis for our Landsat analysis. Melt ponds were mapped within a 5.4 km2
area on eastern Banks Island at 0.5 m resolution by applying spatial segmentation and thresholding to
a WorldView optical satellite image from 11 August 2013. The melt pond areas were then summed
within 6206 corresponding Landsat 30 m pixel footprints, averaged over 3-by-3 Landsat pixel blocks,
and regressed against 1.6 µm SWIR reflectance from a Landsat 8 image acquired one day earlier.
Additional details for this comparison are provided in Appendix A.
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3.5.2. Investigating 30-Year Variability in Landsat SWIR Reflectance in an Area of
Ice-Wedge Degradation
Landsat SWIR reflectance measurements were analysed from a sequence of 20 summer images
from 1986–2016 that provided clear-sky observations of a 26 km2 area located on eastern Banks Island.
This analysis characterised the temporal variability and trajectory of SWIR reflectance in an area
with a high density of new upland ice-wedge melt ponds. To indicate changes in surface water,
average SWIR reflectance was derived for each date for (1) upland pixels with significant (p < 0.05)
negative 30-year trends; (2) upland pixels representing the strongest 20% of significant negative trends;
(3) “stable” upland pixels with no significant trends; and (4) lowland lakes identified in the Canadian
National Hydro Network [43]. The SWIR trends for lowland lakes were calculated within manually
digitised areas representing their largest extents among all 20 Landsat images, plus a surrounding
buffer of 1–2 Landsat pixels. These trends were used to assess if lowland water bodies exhibited
unidirectional changes related to thermokarst, or were influenced by interannual variability in the
seasonal water balance.
3.5.3. Delineating the Island-Wide Extent of Upland Terrain with Increasing Ice-Wedge Melt
Pond Area
Upland areas of Banks Island with significant new ponding since 1985 were delineated by a
semi-automated procedure. We first classified all upland areas (ponded and non-ponded) across Banks
Island using the Sentinel-2 satellite image mosaic from 17 July 2017. Sparsely vegetated upland areas
were distinguished from more productive lowlands supporting continuous graminoid vegetation
using an NDVI threshold of 0.3 (Figure 4a,b), representing an intermediate value between these two
general vegetation types (Figure A1). Areas with NDVI values lower than 0.1 were also excluded from
the analysis, because they represent larger ponds, completely barren surfaces not impacted by melt
ponding, and recent retrogressive thaw slumps.
Within this upland area, polygonal terrain where melt ponds formed after 1985 was delineated
by using significantly trended (p < 0.05) Landsat SWIR pixels to form vector polygon vertices using
the ArcGIS “Aggregate Points” tool, similar to [44] (Figure 4d). This connected all negatively trended
pixels lying within 300 m of each other to form the perimeter of concave polygons. A distance of 300 m
was chosen based on observations from high-resolution imagery showing that thaw ponds occupy
only a portion of troughs within the degraded ice-wedge landscapes. We also created a second set of
polygons using a finer aggregation scale of 100 m that was used to delineate trended pixels in some
areas where the 300 m distance produced overly generalised delineation of impacted areas. The vector
polygons were subsequently smoothed using the ArcGIS “Smooth Polygons” tool.
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The next step for delineating the island-wide extent of new melt ponds was to use the 2017
Sentinel-2 image mosaic to manually verify the occurrence of small ponds within each vector polygon
(Figure 4e). An inspection of the eight high-resolution study areas indicated that Sentinel-2 imagery
provides sufficient resolution to unambiguously identify melt ponds within the degraded ice-wedge
polygon landscapes (Figure S6). We therefore excluded all candidate vector polygons delineated using
the negative Landsat SWIR trends that did not show any evidence of melt ponds. A final criterion
for confirming the selection of vector polygons as containing new melt ponds was the presence of a
textured decrease in SWIR when comparing a pair of early (~1985) and late (~2017) Landsat images
(Figure 4f,g) that matched the location of melt ponds visible in the Sentinel-2 imagery (Figure 4e).
3.5.4. Corroborating, Characterising, and Explaining the Landsat-Detected Change in Melt Pond Area
and Ice-Wedge Thaw
Landscapes identified as having an increased area of melt ponds were corroborated over eight
4–12 km2 study regions (Figure 2) by comparing summer melt pond areas mapped using the
1:100,000 scale 1958–1961 air photos and high-resolution (0.5 m) 2013–2017 satellite images (Table S1,
Sections 3.1.3 and 3.1.4). These high-resolution maps were also used to characterise changes in the size
and density of melt ponds. Recent oblique helicopter and ground photos of polygonal landscapes
captured by the Government of the Northwest Territories in 2010 and 2011 [29] and field-based
observations made in 2015 and 2017 provided additional corroboration of the melt pond landscapes
mapped throughout the island and data on the depth to ground ice at several sites. A 2 m resolution
digital elevation model (ArcticDEM, Polar Geospatial Center) was used to measure the topography
of degraded upland ice-wedge polygons over two transects and to determine the depths and widths
of subsided troughs. To explore the relationship between summer temperatures and active layer
development in Arctic mineral soils, we regressed thawing degree-days against mean summer
thaw-depth determined by probing a 36-point grid from 2010–2015 at Green Cabin, north-central
Banks Island (Section 3.3). The implications of increasing summer temperatures on Banks Island for
top-down permafrost thaw are considered in this context.
4. Results
The strong linear relationship between the ice-wedge melt pond area and Landsat SWIR
reflectance in upland terrain (Figure A4) suggests that SWIR trends can provide a sensitive indicator
of long-term, thermokarst-driven changes in the melt pond area. Figures 1 and 5 show increases in the
ice-wedge melt pond area, which appear in Landsat SWIR images as a textured darkening of upland
landscapes. These reflectance decreases correspond to a similarly textured, negative 30-year SWIR
trend (Figure 5g). In the higher resolution 2017 Sentinel-2 image, hundreds of small melt ponds are
visible in areas where Landsat SWIR shows significant negative trends (Figure 5i).
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The semi-automated procedure to map upland landscapes across Banks Island where ice-wedge
melt ponds are expanding was used to delineate 2838 vector polygons covering an area of 1549 km2.
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5. Discussion
5.1. Remote-Sensing Change Detection Reveals Thaw-Driven Modification of Upland Ice-Wedge Networks
Ice-wedge degradation is significantly altering glaciated uplands across Banks Island.
The 1985–2017 Landsat-based change analysis showed textured decreases in SWIR reflectance over
more than 1500 km2 of upland terrain, indicating that a significant increase in ice-wedge melt
ponds is affecting large parts of the island. This interpretation is supported by the strong inverse
relationship between SWIR and the sub-pixel melt pond area (Figure A4) and by the spatial association
of these trends with melt ponds visible in recent Sentinel-2 satellite imagery (Figures 5 and 8).
Comparison of upland ice-wedge melt ponds mapped using 1958–1961 aerial photographs and
2012–2017 high-resolution satellite images over the eight impacted study areas also showed a nearly
tenfold increase in the pond area. WorldView satellite images over sites containing larger melt ponds
(Figure S8) indicate that narrow ponds along degraded troughs have enlarged and coalesced to
form wider ponds with areas >1000 m2 (Table S3), comparable to the size of individual polygons.
Where ponding occurs in association with ice-cored terrain, there is potential for the initiation of
thermokarst lakes (Figures S5 and S8). The increased ponding reported here is an indicator of a
much broader phenomenon of top-down ice-wedge thaw and evolution of upland polygonal terrain,
consistent with Inuvialuit observations of surface settlement [49,50], thaw truncation of ice wedges on
slopes (Table S2), and trough settlement and sloughing associated with active rampart development
(Figure S9) [51].
Ice-wedge thermokarst is increasingly reported in fine-scale studies [7,9,20]. Our island-wide
estimate of upland ice-wedge thermokarst (1500 km2 ) is conservative, because significant Landsat
SWIR trends were associated only with large increases (&100 m2 ) in the pond area and did not typically
capture thaw-driven evolution of high-centred polygons where drainage was promoted by sloping
terrain (average slope within the melt pond landscapes was 2.4% but 4.2% for all uplands). Further,
some of the ponding visible in the 2017 Sentinel-2 imagery is very recent and did not significantly
influence the 30-year trend in SWIR reflectance. Despite the inherent limitations of using Landsat-based
trend analysis, the approach can be used to study expansive landscapes, and because it is based on
dense summer temporal records, it should be insensitive to intra- and interannual variability in
polygon wetness [6,9] that can bias analysis based on only a few observation dates.
The large extent (averaging 115 m2 ) and high density of new ice-wedge ponds on Banks Island
enabled successful implementation of Landsat-based change detection. However, Landsat data are
likely too coarse for reliably detecting initial or more limited changes in ice-wedge ponding (5–50 m2 )
as reported in low-Arctic terrain [7,9,20]. The 30 m image resolution would also not be suitable to
study degradation involving local-scale redistribution of surface water that can be associated with
the transition of low-centred to high-centred polygons. Where growth of dense aquatic vegetation is
stimulated within inundated troughs [6], this would confound the linear association between the pond
area and Landsat SWIR reflectance, and make delineation of melt ponds challenging using higher
resolution satellite imagery.
The strong absorption of SWIR radiation by water that makes Landsat SWIR reflectance negatively
correlated to the area of sub-pixel ponds (Figure A4) also causes it to be sensitive to temporal variability
in extensive soil and vegetation surface moisture due to precipitation [45,46]. This variability is evident
in the time series of Landsat SWIR reflectance presented in Figure 6, where SWIR reflectance is
uniformly reduced across the study area in four of the 20 images. The potential confounding effect
of moisture from precipitation for our analysis of SWIR reflectance trends and melt pond changes
is mitigated by several factors. Banks Island is classified as a polar desert and receives limited
precipitation. In July and August, average precipitation at Sachs Harbour is 38 mm and climate data
show no long-term trend in summer precipitation (Figure S1b). Second, the dense collection of SWIR
reflectance measurements from a stack of Landsat images provided an average of 68 observations
for each pixel. Because these are nominally cloud-free observations, they should be less likely to
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immediately follow a rainfall event. Finally, Theil–Sen robust regression used to characterise the
long-term SWIR trends is insensitive to outliers and can tolerate corruption of up to 29.3% of data
points without degrading accuracy (e.g., Figure 6a).
Rapid changes in ice-wedge thermokarst and the potential impacts of these changes on ecological
processes underscore the need for integrating optical satellite methods with those that measure changes
in elevation driven by subsidence, including interferometric synthetic aperture radar (InSAR) [52,53],
LiDAR [54], and stereo photogrammetry [55]. Collaborative approaches that integrate remote-sensing
methods and field-based investigations are also needed to better understand the varying modes
of ice-wedge thermokarst and to quantify the processes and feedbacks that govern contrasting
trajectories of change.
Evidence of upland ice-wedge thermokarst from remote sensing, in conjunction with field
observations of climate-driven increases in active layer thaw (Figure 3b), wedge-ice truncation
by the active layer (Table S2, Figures S2–S4), and Inuvialuit observations of recent climate-related
changes on Banks Island, including increased thaw depths, land subsidence, and ponding of water
within flat areas [49,50], indicates that top-down thaw is transforming ice-rich Arctic upland terrain.
This conclusion is also consistent with a ground ice meltwater signal in Banks Island streams draining
ice-cored terrain [18] and a significant increase in retrogressive thaw slumping [22]. Taken together,
these studies demonstrate that top-down thaw of ice-rich, high Arctic permafrost is driving rapid and
pervasive surface subsidence on a landscape scale.
5.2. Drivers and Processes Involved in Ice-Wedge Polygon Changes
Our analysis shows that upland ice-wedge degradation is being driven by recent increases in
temperature. Climate data for Sachs Harbour indicate that air temperatures on Banks Island have
increased by 3 ◦ C since the 1970s. Thawing degree-days have also increased (Figure 3a) from a mean
of 415 during the 1956–1976 period to 527 from 1996–2016. The well-drained mineral soils in upland
terrain on Banks Island are thermally conductive and lack the surface organic horizon to buffer the
effects of summer warming on active layer thaw. Figure 3b shows that active layer development on
Banks Island is highly sensitive to variation in thawing degree-days and that a single warm summer
can truncate the tops of anti-syngenetic ice wedges (Figure 1) [3,56]. Four summers with anomalously
high thawing degree-days have occurred on Banks Island since 1998 (Figure 3a). These episodes
are coincident with deeper thaw and increased ice-wedge ponding in upland terrain (Figure 6).
Pronounced winter warming (Figure S1a) may have also contributed to thermokarst development by
reducing the heat energy required to raise ground temperatures in summer, making more available to
thaw the top of permafrost [57].
The absence of any clear trend in precipitation suggests that variation in summer rainfall did
not influence ice-wedge melt pond expansion or single-year wetness conditions corresponding to
the image acquisition dates (Figure S1b). Maximum snow water equivalent before spring melt for
the period 1985–2015 shows only weak, non-significant positive trends over small areas of eastern
Banks Island [58]. However, increasingly efficient snow capture within subsiding troughs [9] would
raise winter ground temperature above ice wedges and provide a source of ponded water with low
albedo to stimulate a positive thermokarst feedback [6,59,60]. The extensive ice-wedge thermokarst
we report, concurrent with the dramatic increase in thaw slump activity in ice-cored terrain on
Banks Island [18,22], suggests that the recent warming affecting Banks Island is unprecedented in the
recent past [61].
Several geologic and geomorphic factors contribute to the thermokarst sensitivity of high Arctic
uplands. A cooling temperature trend throughout the Holocene has promoted thermal-contraction
cracking and the development of large ice wedges [12]. Millennia of gradual hilltop and slope
denudation by solifluction have favoured the development of anti-syngenetic ice-wedge networks
that are very close to the top of permafrost (Figure 1, Table S2) [3,15]. The Arctic “climate-driven
permafrost regime” (Figure 3b) and the absence of major ecosystem-driven thaw depth fluctuations

Remote Sens. 2018, 10, 954

18 of 24

limit development of a transient layer (a sometimes thawed ice-enriched transition zone between
the active layer and long-term permafrost) [16,62] (Figures S2–S4), which could buffer the major
geomorphic effects of rapid climate-driven thaw [60]. Taken together, these factors indicate that
even minor increases in thaw depth will truncate wedge ice in high Arctic uplands. In contrast,
the polygonal terrain in nearby aggrading environments, such as valley-bottoms and organic deposits,
underlain by syngenetic ice wedges [3,8], or ice wedges in ecosystem buffered subarctic and low
Arctic environments [60], may be less sensitive to the initial stages of top-down climate-driven thaw
(Figure 1) [7,63].
The largest contiguous area affected by ice-wedge melt ponds on Banks Island is associated with
the Jesse Moraine belt [64], with smaller S-N trending swaths of thermokarst impacted hummocky
uplands occurring in central and western Banks Island (Figure 7). The majority (57%) of the ice-wedge
melt pond areas mapped in Figure 7 occur in association with the Jesse Moraine, known to host
thick deposits of relict massive ice [28,64]. This association is likely related to physical properties
and landscape morphometry of ice-cored hummocky moraine. The high contraction coefficient of
ice in contrast with ice-bonded mineral soils [65] makes ice-cored deposits particularly conducive to
thermal contraction cracking and development of ice-wedge networks. The undulating topography
of hummocky moraine contributes to downslope creep of the thin veneer of surface mineral soil
(Figure 1), yielding widespread epigenetic and anti-syngenetic ice-wedge networks that are highly
susceptible to top-down thaw. The relative absence of ice-wedge ponding on the fluvially-incised
eastward slopes of the Jesse Moraine can be attributed to topography that promotes drainage and to
the rapid rates of surface denudation [18,22] that obliterate ice-wedge networks or bury them with
colluvium (Figure 1).
6. Conclusions

•
•

•

•

•

•

Remote-sensing change analyses at two spatial scales show a recent, widespread increase in the
density of large ice-wedge melt ponds within upland glaciated terrain of Banks Island.
Landscape-scale ice-wedge thermokarst in upland terrain has occurred as the result of a series
of anomalously warm summers on Banks Island since 1998 that has thawed the tops of large
epigenetic and anti-syngenetic ice wedges.
High Arctic uplands underlain by ice-wedge networks are highly sensitive to increased air
temperatures, because the large ice wedges are thinly veneered by thermally-conductive
mineral soils.
The trajectories of change associated with upland ice-wedge thaw and trough subsidence on
Banks Island include landscape-scale terrain subsidence, increased micro-relief, the development
of high-centre polygons, and in areas of poor drainage, trough ponding and potential initiation of
thermokarst lakes, in particular where wedges are hosted by ice-cored terrain.
In conjunction with observations of accelerated thaw-slump activity in the high Arctic [18,22],
our study demonstrates that ice-rich high Arctic landscapes are amongst the most climate sensitive
permafrost environments.
The magnitude and extent of the changes we observe has significant implications for
ground thermal regimes, patterns of soil moisture, ecological change, and hydrological and
geochemical fluxes.
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