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A B S T R A C T   

Permafrost thaw exhibits an array of spatially heterogenous patterns. As the Arctic continues to warm, those 
spatial patterns of permafrost thaw, or degradation, are becoming increasingly intricate and dynamic. In 
particular, ice-wedge permafrost degradation contains a high degree of spatial heterogeneity as ice wedges 
transition through undegraded, degraded, and stabilized stages. Developing accurate remote sensing methods for 
characterizing degradation will better allow us to monitor and forecast Arctic landscape evolution and associated 
land-atmosphere carbon-climate interactions. In this study, we (i) characterized ice-wedge degradation stages 
across a regional scale using a novel hydrogeomorphic approach. Then, we (ii) assessed the heterogeneity of 
degradation from meter- to kilometer-scales, and (iii) identified landscape properties associated with degrada
tion patterns. 

We leveraged the unique spectral and geometric properties of ice-wedge degradation stages to map those 
stages across 366 km2 of the Arctic Coastal Plain near Prudhoe Bay, Alaska in sub-meter resolution Worldview-2 
satellite imagery. Then, we validated the maps with in-situ observations, airborne LIDAR, and drone multi
spectral surveys. We evaluated spatial heterogeneity in ice-wedge degradation through a clustering approach. 
Specifically, we grouped regions into hydrogeomorphic clusters defined by similarities in trough widths and 
flooding, which reflect distinct degradation stages. This analysis revealed that ice-wedge degradation is het
erogeneous across both meter and kilometer scales. At the meter scale, a single ice-wedge polygon is generally 
bounded by varied degradation stages. In addition, the most advanced stages of degradation occur in areas of low 
trough relative elevation and at the junctions between troughs. At the kilometer-scale, distinct clustering of 
degradation stages was identified across the region and linked to spatial patterns in topography: regional clusters 
of advanced degradation occurred in higher elevation areas. The millennial-scale evolution of the landscape has 
resulted in heterogeneous topographic, hydrologic, and cryogenic characteristics; these varied features exhibit 
diverse responses to warming events, which reflect the dynamic interplay that occurs between permafrost 
landscapes and climate change.   

1. Introduction 

Landscapes are often conceived of as intricate mosaics showcasing a 
rich array of patches scattered across the surface in spatially heteroge
neous patterns (Pickett and Cadenasso, 1995). Spatial heterogeneity, the 
uneven variation in spatial patterns, is a description of complexity that is 
necessary to consider when examining landscape diversity, arrange
ment, and evolution. In the Arctic, permafrost and cryogenic processes 
produce complexly patterned landscapes; trends from meter-scale 
microtopography to regional geomorphology showcase that this 
complexity extends across spatial scales (Jorgenson et al., 2022; Lara 

et al., 2015; Nitzbon et al., 2021; Wainwright et al., 2021; Wolter et al., 
2016). Permafrost degradation is reworking these Arctic landscapes and 
causing ecosystem changes (Andresen et al., 2020; Jorgenson et al., 
2015; Marcot et al., 2015; Schuur et al., 2015; Vincent et al., 2017) with 
significant impacts on global climate feedbacks (e.g. Schuur et al., 
2015). Understanding the spatial patterns and temporal dynamics of 
permafrost degradation, however, remains a significant challenge. 
Rather than occurring uniformly, degradation can manifest as an 
irregular and abrupt process where patterns vary across the landscape 
(Turetsky et al., 2020). The characterization of these complex processes 
is essential for improving our ability to forecast the evolution of the 
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Arctic landscape. 
Polygonal tundra, formed by ice wedges and underlain by perma

frost, is a prevalent landscape in the Arctic (Lachenbruch, 1962; Lef
fingwell, 1915). Ice wedges compose between 10 and 50% of massive 
ground ice in the Beaufort Sea region of Alaska (Kanevskiy et al., 2013), 
and the resulting ice-wedge landscapes cover 65% of the Arctic Coastal 
Plain of Alaska (Lara et al., 2018). Freeze-thaw cycles create soil cracks 
that infill with water in the spring and then freeze in the fall. Over de
cades and centuries, the infilling of these frost cracks forms ice wedges 
that can be meters in depth. Ice wedges underlie troughs and surround 
polygons that range from 10 to 30 m in diameter (Opel et al., 2018). 
Arctic soils are bound laterally by these ice wedges and vertically by 
frozen permafrost, thus the pressures generated by freeze-thaw cycles 
are directed upwards and buckle and thrust the land into distinctive 
polygonal patterns (French, 2017; Fig. 1). 

Research on ice-wedge landscapes has historically focused on un
derstanding the physical surface processes that form these landscapes 
(Black, 1982; Mackay, 1993; Plug and Werner, 2002), as well as theo
rizing on the relation of ice-wedge landscapes to drained thaw lake 
basins (Billings and Peterson, 1980; Hinkel et al., 2003). With the 
intensification of climate change over the past decade, landscape 
changes in the Arctic have accelerated. Consequently, research efforts 
have increasingly focused on unraveling the complex, multidirectional 
relationships between topography, vegetation, climate, and carbon dy
namics as ice wedges undergo melting and stabilization (e.g., Koch et al., 
2018; Liljedahl et al., 2016; Martin et al., 2018; Wolter et al., 2016). 
Intensive field studies have determined that the loss of ice wedges and 
associated impacts, termed degradation, is a quasi-cyclic process that 
can be organized into multiple stages of degradation and stabilization. 
The thawing of ice wedges occurs in distinct degradation stages where 
ice melts, the surface subsides, and water pools in deepening troughs. 
Eventually, however, the accumulation of organic matter and vegetation 
in troughs can sufficiently insulate the underlying ice wedge from 
further thaw, thus moving the ice wedge into a stabilized stage (Jor
genson et al., 2015, 2022; Kanevskiy et al., 2013, 2017). Mapping ice- 
wedge degradation stages (Fig. 2) provide a means for understanding 
the timing and extent of permafrost thaw and associated biogeochemical 
processes in ice-wedge landscapes. 

The observed ice-wedge degradation across the pan-Arctic in recent 
decades has motivated the development of remote sensing techniques to 
map polygons and trough networks. Automated ice-wedge mapping 
projects have used machine learning techniques, such as convolutional 
neural networks, to automatically detect ice-wedge polygon boundaries 
in vast quantities of imagery (Abolt and Young, 2020; Bhuiyan et al., 
2020; Witharana et al., 2020; Zhang et al., 2018). Such techniques have 

successfully delineated polygons and classified morphology (low- 
centered and high-centered polygons) in high-resolution imagery 
(Zhang et al., 2018). The trough areas, as opposed to polygon centers, 
have also been delineated using object based image analysis (Witharana 
et al., 2021). Another approach leveraged airborne LiDAR data to 
delineate trough networks, allowing for the examination of network 
evolution through time (Rettelbach et al., 2021). Methods for mapping 
ice-wedge degradation use open water in remotely sensed spaceborne 
and airborne imagery as a proxy for degradation (Fraser et al., 2018, 
2022; Frost et al., 2018; Jorgenson et al., 2006; Steedman et al., 2017) or 
rely on manual classifications to identify degradation stages (Jorgenson 
et al., 2022; Wickland et al., 2020). We know of no work that has used 
remotely sensed data to quantitatively assess degradation stage, though 
such a method would be crucial for extending our detailed un
derstandings of ice-wedge degradation and stabilization dynamics from 
field studies to regional and pan-Arctic scales. 

Permafrost degradation is variable across scales. In particular, it has 
become evident through field observations on the Arctic Coastal Plain 
that an individual polygon can exhibit various degradation stages 
(Jorgenson et al., 2015; Kanevskiy et al., 2017). These stages include the 
highly visible flooding of the advanced degradation stage, but also more 
nuanced distinctions between undegraded ice wedges and degraded ice 
wedges that have progressed to stabilization. There is a noticeable gap in 
assessing regional heterogeneity in ice-wedge degradation: distinctions 
between geomorphic units such as drained thaw lake basins and inter
stitial tundra are clear (Lara et al., 2015, 2018), yet the variability 
within these individual units has not been well-quantified, leaving 
questions about where ice wedges are degrading and why. Exploring this 
spatial heterogeneity in permafrost degradation is crucial for unraveling 
the underlying drivers of permafrost thaw, pinpointing the locations 
most susceptible to degradation, and enhancing the accuracy of earth 
system models that aim to better represent the permafrost-climate 
feedback. 

Examining variability in permafrost degradation requires quanti
fying spatial heterogeneity. Metrics for examining heterogeneity include 
assessments of spatial autocorrelation (how similar or dissimilar nearby 
objects are to each other; Anselin, 1995), rugosity (a measure of surface 
roughness; Loke and Chisholm, 2022), fractal dimension (a measure of 
the complexity of a fractal pattern; Loke and Chisholm, 2022), and 
variograms (a measure of variance between sample pairs in a spatial 
dataset; Garrigues et al., 2006). In ice-wedge landscapes, heterogeneity 
is present at multiple spatial scales, from within individual soil profiles 
(Siewert et al., 2021), to the polygon scale (Wainwright et al., 2015), to 
the regional scale (Nitzbon et al., 2021). Mesoscale landforms including 
lakes, drained lake basins, and the locations of interstitial tundra 

Fig. 1. Ice-wedge degradation produces heterogeneity in the patterns and dynamics of thermokarst across scales, from the polygon level (left, see people for scale) to 
the regional (right). 
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produce a patchwork of heterogeneity at the kilometer-scale (Lara et al., 
2015; Nitzbon et al., 2021), though heterogeneity also exists within each 
of those landform types. Tundra microtopography associated with ice 
wedges is a main control on landscape characteristics such as vegetation, 
active layer thickness, soil moisture, and net ecosystem-exchange (Jor
genson et al., 2022; Wainwright et al., 2021; Wolter et al., 2016). 
Mapping and understanding this heterogeneity is crucial for predicting 
and managing the impacts of climate change in the Arctic. Therefore, in 
this paper, we (i) introduce a new approach employing multi-scale 
remote sensing for detecting and delineating stages of ice-wedge 
degradation troughs. Then, we (ii) examine spatial heterogeneity in 
degradation stage, and (iii) identify spatial landscape factors associated 
with permafrost degradation at both the meter and kilometer scales. 

2. Methods 

2.1. Study site 

The study site is located in the Arctic Coastal Plain of Alaska along 
the Dalton Highway, ~50 km south of Prudhoe Bay, Alaska on the 
traditional lands of the Inupiat (Fig. 3). The Arctic Coastal Plain is a 
broad, level plain of low stature tundra that ranges in elevation from sea 
level at the Beaufort Sea and Chukchi Sea in the north to about 300 m 
above sea level at the foothills of the Brooks Mountain range in the 
south. The plain is dotted with numerous lakes, lake basins, and 
marshes. Vegetation is dominated by sedges, mosses, dwarf shrubs, and 
lichens (Raynolds et al., 2019). The Arctic Coastal Plain has an average 
temperature of −12 ◦C to −6 ◦C and can reach extreme lows of −51 ◦C in 
winter; precipitation is 180 mm/yr on average (Bailey, 1995). 

The Arctic Coastal Plain is underlain by continuous permafrost. Soils 

Fig. 2. The five-stage classification used in this work to differentiate ice-wedge troughs based on the progression of degradation and stabilization. The cross-sectional 
diagrams show changes in surface hydrology, soils, vegetation, and ice wedge state as degradation and stabilization progress. Green: undegraded; Orange: Initial 
Degradation; Red: Advanced Degradation; Light blue: Initial Stabilization; Dark blue: Advanced Stabilization. Diagrams not to scale. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Study site map. a: WorldView-2 satellite image of the study site in July 2014, with graticules indicating location in UTM Zone 6 North, meters (Imagery © 
2014 Maxar). The two field sites are annotated with boxes, the 12 remote sensing focus sites are annotated with squares and alphabetical labels. Inset Alaska map 
shows location of study site on Arctic Coastal Plain; b: the North field site and 100 m sampling transect; c: the South field site and 250 m sampling transect. 
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are 98% Gelisols (Cryosol Working Group, 2014) and subsurface mate
rials consist of unconsolidated marine and non-marine sand, silt, clay, 
and gravel of Quaternary age (Rawlinson, 1990). This material varies in 
thickness from a thin mantle to 50 m in depth and was deposited in the 
mid-Wisconsinian during the last major marine transgression. Parent 
material is also sourced from eroded material from the Brooks Range, 
which consists of calcareous bedrock (Parkinson, 1978), though the site 
examined in this work is located next to the Sagavanirktok River and 
likely is formed of fluvially transported parent materials. The surface of 
the Plain contains microrelief that is generally <1 m in height, though 
pingo landforms can reach heights of 15 m. In addition to vast extents of 
ice-wedge polygon networks, other landforms of note on the Plain 
include palsas, which are peat mounds with an ice core, as well as 
smaller-scale features including frost boils and ground stripes (Jones 
et al., 2008). Permafrost degradation has been observed extensively 
throughout the Arctic Coastal Plain, both at individual field sites (Jor
genson et al., 2015, 2022; Wickland et al., 2020) and also through 
repeated InSAR mapping which identified regional degradation-induced 
subsidence (Liu et al., 2010). 

This study examined ice-wedge degradation at two scales: the meter 
scale (where characteristics vary between polygon centers, rims, and 
troughs) and the kilometer scale (where topographic variations and 
mesoscale landforms impact polygonal terrain location). Ice-wedge 
degradation at the meter scale was examined in July 2022 at two field 
sites, each ~1 km2 in extent and located ~1.5 km west of the Dalton 
Highway (i.e., beyond the influence of road dust; Walker et al., 2022), as 
well as at 12 additional remote sensing focus sites, each 150 × 150 m in 
extent (Fig. 3). Ice-wedge degradation at the kilometer scale was 
examined via analysis of high-resolution commercial satellite imagery 

and airborne LiDAR data which covered a region approximately 38 by 
14 km, containing 366 km2 of ice-wedge terrain (Abolt and Young, 
2020). 

To examine spatial patterns in ice-wedge degradation, we used a 
combination of remote sensing data (drone surveys, airborne LiDAR, 
and satellite imagery) and field data. The sequence of datasets, methods, 
analyses, and resulting products are described below and illustrated in 
Fig. 4. 

2.2. Field examination of ice-wedge degradation 

In July 2022, we conducted field surveys to characterize ice-wedge 
degradation in situ. We present a suite of degradation stage classifica
tion methods (biophysical data analysis, drone imagery assessment, and 
drone spectral and topographic analysis) that we analyzed in concert to 
determine degradation stage (Fig. 2). Other more rigorous field assess
ments of ice-wedge degradation stage rely on soil and cryostratigraphic 
analysis (e.g., Jorgenson et al., 2015; Kanevskiy et al., 2017; Wickland 
et al., 2020), which was not possible for this study. 

We collected biophysical data along transects to assess stages of 
degradation following methods outlined in previous work (Jorgenson 
et al., 2015; Kanevskiy et al., 2017; Wainwright et al., 2021; Wickland 
et al., 2020). In particular, biophysical data was collected every 10 m 
along the following transects: 100 m in length at the North site and 250 
m at the South site. When an ice-wedge trough was within 5 m of the 
sampling point, the trough was measured (n = 24), otherwise the 
polygon was measured at the transect sampling point and attributed as 
polygon center (n = 9). Biophysical measurements include thaw depth, 
trough depth relative to the trough rim, water level of standing water, 

Fig. 4. Flow chart of datasets, processing methods, accuracy assessments, and analysis products produced in this work.  
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soil moisture, soil temperature, and vegetation cover and composition 
(to plant functional types; Macander et al., 2017). Each transect 
included samples of all stages of degradation present at each site; the 
initial stabilization and advanced stabilization stages were not found at 
either field site, which aligns with previous work indicating that this 
region experienced a major degradation event in the early 2000s and 
thus most ice-wedge troughs at this location have not had sufficient time 
to begin stabilizing (Liljedahl et al., 2016; Wickland et al., 2020). The 
two stabilization stages are therefore not included in further analysis. 
Statistical analysis of biophysical data included summary statistics, 
ANOVA, and Tukey’s HSD test to compare groups. All statistical analysis 
was performed in R 2021.09.02 using tidyverse (Wickham et al., 2019), 
ggplot2 (Wickham, 2016), dplyr (Wickham et al., 2023), ggpubr (Kas
sambara, 2023), FSA (Ogle et al., 2023), lattice (Sarkar, 2008), patch
work (Pedersen, 2024), and agricolae (de Mendiburu and Yaseen, 2020) 
packages. 

2.3. Drone data collection 

A DJI Mavic 2 Pro with a 20 MB camera was flown using the UgCS PC 
mission planning software over the two sites to collect RGB imagery at 
75 m above ground level (AGL). These images were processed into 
digital surface models (DSM) and orthomosaics using the Pix4D soft
ware; this processing method is based on the Structure-from-Motion 
photogrammetry method which uses the spatial position of multiple 
images to reconstruct a three-dimensional model of the site (Westoby 
et al., 2012). A MicaSense RedEdge MX multispectral camera was 
deployed on a DJI Matrice 600 and flown at 75 m AGL. Multispectral 
imagery was radiometrically calibrated using a Micasense Calibrated 
Reflectance Panel following manufacturer protocols. The five-band (B, 
G, R, red edge, NIR) imagery was then processed into an orthomosaic 
raster in Pix4D. Drone products were processed without ground control 
points; resulting products were co-registered to the satellite imagery 
using 15–20 control points per site. The resulting data products are 
expected to have low absolute accuracy, but local distortions at the scale 
of analysis (i.e., trough to polygon level) are expected to be smaller than 
features of interest (Kalacska et al., 2020). All data were collected in 
WGS84 UTM Zone 6 N; elevation is reported in meters relative to the 
WGS84 ellipsoid. 

2.4. Drone-based mapping of ice-wedge degradation stages 

The boundaries of all ice-wedge troughs at the two study sites were 
hand-digitized at 1:150 scale in ArcGIS Pro 2.5.0 using a combination of 
drone RGB orthomosaics (5 cm resolution) and relative elevation DSMs 
(5 cm resolution). The relative elevation DSM highlighted local breaks in 
topography and was used for delineating the boundaries of the troughs. 
The trough delineations included vegetation on the rims of troughs, 
therefore vibrant graminoids on the edges of flooded troughs were 
included within the trough based on field observations that these gra
minoids were rooted within the trough. Connected troughs that had 
visually distinct appearances were digitized into individual troughs so 
that each individual trough could be assigned an appropriate degrada
tion stage: undegraded (UD), initial degradation (DI), or advanced 
degradation (AD; Table S2). This drone imagery assessment of stages 
was based on the visual appearance of the trough in the imagery and 
NDVI raster and previously published metrics of degradation (Table S1). 

Spatial and topographic metrics were calculated for each individu
ally delineated ice-wedge trough. Trough spatial metrics included area, 
length, average width, and perimeter. Trough length was generated with 
the Thin Raster tool in ArcGIS Pro to reduce the troughs into single-pixel 
wide linear features. Average trough width was assessed by calculating 
the total trough length per feature and then dividing trough area by 
length. Spectral statistics were only generated for the South site. Spectral 
metrics included Normalized Difference Vegetation Index (NDVI) and 
the NIR band (842 nm) values derived from the MicaSense camera; these 

metrics were chosen to examine differences in vegetation (NDVI) and 
surface water (NIR). The topographic metric examined was relative 
elevation, produced using a 5-m circular averaging filter. Spectral and 
topographic statistics were calculated for each trough feature using the 
Zonal Statistics as Table tool in ArcGIS Pro. 

2.5. Satellite-based mapping of ice-wedge troughs 

Three cloud-free, overlapping WorldView-2 image tiles from the 
Prudhoe Bay region (Fig. 3), taken on 7 July 2014, were used for the 
satellite mapping. The WorldView-2 panchromatic band (450–800 nm, 
0.50 m resolution) was used to pansharpen the multispectral bands 
(blue: 450–510 nm, green: 510–580 nm, yellow: 585–625 nm, red: 
630–690 nm, red edge: 705–745 nm, NIR1: 770–895 nm) from 2.1 m to 
0.50 m resolution using the Gram-Schmidt method in ArcGIS Pro 
(Maurer, 2013). The three pansharpened images were mosaicked 
together and clipped to the extent of the site. Open water bodies, ice/ 
snow, fluvial landforms, and developed land identified in the 2011 
National Land Cover Database map (Homer et al., 2015) were masked 
from the image to focus on the ice-wedge landscapes of interest. 

Satellite pixels corresponding to flooded ice-wedge troughs were 
extracted using a thresholding method on a Near Infrared (NIR1; 
770–895 nm) difference raster. The NIR band was chosen to identify the 
flooded troughs in accordance with existing work on detecting flooded 
ice-wedge thermokarst pits (Frost et al., 2018). As flooded troughs only 
represent a portion of all ice-wedge troughs, pixels corresponding to dry 
troughs were extracted using a thresholding method on a modified NDVI 
difference raster as described below. Vegetation type is known to vary 
with polygon microtopography, especially along the margins of ice- 
wedge troughs (Wolter et al., 2016), thus leaving a visual signal in 
vegetation color that delineates the boundaries of ice-wedge troughs. 
We use this relationship between trough morphology and vegetation to 
identify dry troughs with NDVI. 

We detected flooded and dry ice-wedge trough pixels through the 
following workflow: first, a difference raster was produced from the 
original single-band raster (NIR or NDVI for flooded and dry troughs, 
respectively) and from an averaged raster produced using a circular 
averaging filter (Fig. 5a-c). This difference raster highlights pixels that 
diverge from the local average. Iterative thresholding was conducted on 
the difference raster to identify the threshold that extracted the pixels of 
interest to the highest accuracy level (Fig. 5d-e). Finally, the resulting 
binary map of extracted pixels was cleaned using morphological opening 
to smooth jagged edges to more realistically mimic the natural bound
aries of troughs (Haralick et al., 1987). Clusters consisting of fewer than 
16 pixels (4 m2) were deleted to reduce noise (Fig. 5f). 

We optimized the processing workflow by conducting parameter 
testing, which identified the most effective averaging filter size, 
extraction threshold, and raster cleaning methods (see Supplemental 
Methods S1.2). Optimal parameters were identified for each stage of the 
processing workflow by comparing the resulting maps’ accuracy 
assessment, determined from 500 equalized stratified random ground 
truth samples. The optimization assessment was conducted on a subset 
of the regional site with ground truth samples independent of the 
regional site accuracy assessment ground truth data. The resulting dry 
trough and flooded trough classified maps were combined into a final 
three-class map depicting non-trough areas, dry troughs, and flooded 
troughs. 

Two methods were used to assess the accuracy of the final ice-wedge 
trough satellite map. First, we conducted a standard accuracy assess
ment across the full satellite map footprint using 425 equalized stratified 
random samples, where ground truth was identified visually in the true 
color satellite image. Second, within the two field site footprints, the 
trough pixels identified in the satellite map were compared to the 
boundaries of troughs hand-digitized from the drone data in order to 
examine biases in the satellite-based map based on degradation stage. 
The two maps were compared using the intersection-over-union (IoU) 
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method to examine how much trough area the satellite method accu
rately detected, using the drone-based delineations as ground truth 
(Chen et al., 2021; Hsu et al., 2020; Rezatofighi et al., 2019). It is 
important to note that between 2014 and 2022, no significant degra
dation events are documented. Minor degradation events typically result 
in trough boundary shifts of centimeters to decimeters, falling below the 
0.5 m resolution of WorldView imagery. Thus, no notable transitions in 
degradation stage (e.g., from initial to advanced degradation) were ex
pected to occur. Thus, we are confident that comparing the 2014 and 
2022 trough maps does not significantly impact the ground truthing. 

2.6. Regional classification, clustering, and drivers of degradation stage 

2.6.1. Spatial aggregation of ice-wedge trough characteristics 
We employed a spatial aggregation approach to examine large-scale 

patterns in trough surface hydrology, geomorphology, and distribution. 
This aggregation is necessary in order to derive regular spatial statistics 
on irregular trough features; producing these aggregated spatial statis
tics allows for quantitative classification of degradation stages. Zonal 
statistics within a 30- square grid were conducted over the full satellite 
site footprint (366 km2 of ice-wedge terrain); the 30-m grid was chosen 
to align with the typical width of a polygon. Zonal statistics within each 
cell of the grid were calculated in ArcGIS Pro: total non-trough area, dry- 
trough area, and flooded-trough area. Total trough length per cell was 
generated via skeletonization (Rettelbach et al., 2021): the dry and 
flooded trough classes were reclassified into a single class, then the Thin 
Raster tool in ArcGIS Pro was used to reduce the multi-pixel trough 
features into single-pixel wide linear features. Average trough width was 
determined per cell by dividing the total trough area by the trough 
length. The percentage of flooded pixels per total trough area was also 
calculated per cell. 

2.6.2. Spatial clusters in degradation stage 
To quantify the regional spatial heterogeneity in ice-wedge degra

dation, we used a spatial clustering method, Anselin Local Moran’s I, to 
identify the locations of degradation clusters. Anselin Local Moran’s I 
(run within ArcGIS Pro’s Cluster and Outlier Analysis tool) identifies hot 
spots and cold spots in quantitative data by comparing each value to its 

neighborhood (Anselin, 1995). 
We used Anselin Local Moran’s I on two inputs: the aggregated grid 

of average trough width, and the aggregated grid of trough flooding. The 
two resulting cluster maps, depicting hot spots and cold spots in trough 
width (geomorphology) and trough flooding (hydrology), were com
bined via overlay to produce a map depicting four classes of statistically 
different trough hydrogeomorphology. Clusters with low average trough 
width are hypothesized to occur in locations with troughs dominantly in 
the initial degradation and advanced degradation stages. Within those 
areas, high flooding clusters are assumed to have dominantly advanced 
degradation troughs, given that flooded troughs and thermokarst pits 
are characteristic of this stage (Kanevskiy et al., 2017; Wickland et al., 
2020). Clusters with high average trough width are hypothesized to 
have dominantly either initial stabilization or advanced stabilization 
troughs, where the distinction between initial and advanced stabiliza
tion is determined by the amount of flooding present (i.e., high flooding 
= initial stabilization, low flooding = advanced stabilization; Kanevskiy 
et al., 2017; Wickland et al., 2020). 

The hydrogeomorphology clustering method identified areas with 
distinct variations in trough surface hydrology and geomorphology; 
whether these variations correspond to the dominant degradation stage 
within each cluster required further examination. We conducted further 
remote sensing analysis at 12 focus sites to determine what finer- 
resolution patterns in ice-wedge degradation the clusters were identi
fying throughout the region. These focus sites examined the full spatial 
range of the regional site, beyond the locations that were physically 
accessible for field sampling. We used an airborne LiDAR dataset 
collected in 2012 and 2014 (e.g. coterminous with the WorldView site 
bounds and acquisition date) with ground point density of >20 pts./m2 

(Abolt and Young, 2020) for topographic analysis at the focus sites. 
Within each of the four hydrogeomorphology classes, three 150 ×

150 m sites were randomly selected for analysis. The LiDAR point cloud 
was processed into 0.25 m resolution DEMs for each site and a macro
topography raster was produced as well, using a circular averaging filter 
of 20 m. For each site, the trough boundaries were manually digitized 
using the LiDAR DEM and macrotopography raster, aided by the 
WorldView imagery. Degradation stage was visually assessed for each 
trough. The accuracy of the satellite trough mapping method was 

Fig. 5. Ice-wedge trough mapping workflow: first (a), Satellite WorldView-2 images were prepared for the classification process through pan-sharpening the lower- 
resolution multispectral imagery to the panchromatic band (Imagery © 2014 Maxar). Three images covering the study site were mosaicked together, and then non- 
polygonal tundra areas were masked from the image using the NLCD 2011 map. Then, difference rasters were generated to highlight portions of the landscape with 
strong contrasts in surface water, detected with the NIR band (b), and vegetation, detected with NDVI (c), which correspond to flooded troughs and dry troughs, 
respectively. The NIR difference raster was produced once, using a 10 px radius averaging window. The NDVI difference raster was produced four times, with 
differing average windows, then those four rasters were combined and reclassified into a final dry trough map. The pixels belonging to troughs were extracted from 
the difference raster using thresholding (d, e), and the resulting trough maps were cleaned (f) to produce the final, three-class trough map (g). 
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determined with the Intersection over Union (IoU) method. 

2.6.3. Examining topographic drivers of degradation clustering 
We analyzed how degradation stages differed in terms of topographic 

metrics produced at two scales. At the local scale, we examined how 
relative elevation, produced from the drone DSM, varied between 
degradation stages. We examined average relative elevation in the 
polygon areas immediately surrounding the ice-wedge troughs to 
determine whether degradation stage correlated with polygonal relative 
elevation (see Supplemental Methods S1.1). 

Regional topographic metrics were generated using the 2 m Arctic
DEM produced by the University of Minnesota Polar Geospatial Center 
(Porter et al., 2022). These metrics included average elevation and 
topographic position index (calculated with 500 m radius). Topographic 
position index describes the relative elevation of a point compared to its 
surroundings within a set radius (Weiss, 2001). 

2.6.4. A secondary, independent assessment of degradation and 
heterogeneity 

In addition to identifying the spatial clusters in ice-wedge hydro
geomorphology, we also assigned each 30-m cell of the 366 km2 of ice- 
wedge terrain a dominant degradation stage based on the cell’s average 
trough width and flooding percentage. Cells with average trough width 
below 1 m were assigned the undegraded stage, which aligns with field 
observations of ice-wedge troughs and other manual classifications of 
ice wedge stage in remotely sensed imagery (Wickland et al., 2020). The 
amount of surface water present was used to distinguish between initial 
degradation and advanced degradation. The advanced degradation 
classification was given to cells with over the mean amount of trough 
flooding: 6%; cells below this threshold were assigned the initial 
degradation stage. 

These hydrogeomorphology-based classifications are proposed to 

correspond with the dominant ice-wedge degradation stage present 
within each cell. Cells with low average trough width (<1 m) are likely 
dominated by undegraded stages; cells with low flooding are likely 
dominated by initial degradation stages; cells with high flooding are 
likely dominated by advanced degradation stages. Stabilization stages 
were not assigned for this site, given the recent initiation of degradation 
and lack of stabilization observed in the field, however, stabilized stages 
could also be identified using this thresholding method by assigning a 
trough width threshold to distinguish between narrower, degraded 
troughs and wider, stabilized troughs. 

The resulting regional degradation stage map contained visible 
clustering in stages across the region, similar in location to the Local 
Moran’s I output. The join-count statistic with the queen’s case was used 
to quantitatively assess whether the spatial patterns in degradation stage 
were statistically discernible. The join-count statistic is an assessment of 
spatial autocorrelation and determines whether a binary phenomenon is 
clustered, dispersed, or randomly distributed across a region (Feuillet 
et al., 2020; Henn et al., 2016; Murakami et al., 2005; Oyana, 2020). As 
the binary input for the join-count statistic represents presence and 
absence of a phenomenon, we conducted the join-count statistics three 
times, once for each degradation stage. 

3. Results 

3.1. Mapping and assessing ice-wedge degradation stages 

All three methods of examining ice-wedge degradation stage at the 
field sites (drone imagery assessment, biophysical data analysis, drone 
spectral and topographic analysis) broadly agreed in degradation stage 
assessment. The biophysical data analysis (Fig. S1 and S2) and drone 
data analysis (Fig. 6) both confirmed that biophysical, spectral, spatial, 
and topographic characteristics vary between degradation stages. We 

Fig. 6. Spatial (a, d), spectral (b, e), and topographic (c, f) characteristics of ice-wedge troughs as measured in the drone multispectral imagery and elevation data. 
UD: undegraded, DI: initial degradation, AD: advanced degradation. n = 448 for the spatial and topographic box plots (a, c, d, f); n = 175 for the spectral box plots (b, 
e). P-values indicate results of ANOVA test. Means that do not share any letter are discernibly different by the Tukey Test at the 5% level of significance. 
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consider the alignment in stage classification between independent 
methods sufficient evidence to accurately classify degradation stage. 

Each in-situ biophysical variable was compared across degradation 
stages and highlighted major differences between stages (Fig. S1). Soil 
temperature, trough depth, water depth, and active layer depth had 
discernibly different values between degradation stages for the 24 
troughs sampled in the field. Patterns in biophysical characteristics be
tween degradation stages aligned with expectations; biophysical in
dicators of degradation such as trough width, depth, active layer 
thickness, and soil temperature all were greater in the advanced 
degradation stage troughs compared to the undegraded troughs (Table 
S1, Supplemental Text S2.1). 

Each degradation stage had discernibly different spectral, spatial, 
and topographic characteristics based on the cm-scale drone imagery 
delineations. Trough area and average width both increased with 
degradation (Fig. 6). Average NDVI within each trough increased with 
degradation stage. The digitization of the trough boundaries included 
the trough rims which in many advanced degradation troughs contained 
bright green graminoids on the edges of the trough ponds, thus 
increasing the advanced degradation troughs’ overall NDVI value 
despite the fact that these troughs were typically flooded. Average NIR 
within the undegraded and initial degradation troughs was significantly 
higher than the advanced degradation troughs, which typically were 
highly flooded. Elevation range increased with degradation, as unde
graded troughs had the least difference in elevation between the edges 
and trough center (0.64 m), while advanced degradation troughs typi
cally had elevation ranges >1 m (1.14 m). Local relative elevation was 
closest to 0 m at the undegraded troughs (−0.04 m) and had the highest 
magnitude (−0.27 m) in the advanced degradation troughs; advanced 
degradation troughs occurred in the lowest elevation portions of the 
trough network. 

3.2. Satellite ice-wedge trough mapping 

3.2.1. Optimizing satellite trough detection 
Three parameters used in the satellite trough mapping method – the 

averaging filter size, extraction threshold, and noise removal – were 
tested to determine the highest accuracy method for trough identifica
tion. The averaging filter size and extraction threshold were tested with 
both NDVI and NIR layers to find the highest-accuracy parameters for 
identifying dry and flooded troughs respectively. The best NIR averaging 
filter size was a circular filter with a 10 pixel radius. The best NDVI 
averaging filter was a combination of all four filtering sizes (5, 10, 15, 
and 30 pixel radius). This method generated the most visually contin
uous troughs and was therefore chosen despite the fact that it was 1.4% 
lower in accuracy compared to the highest accuracy method (Table S5; 
Fig. S4). The highest accuracy extraction threshold for the NIR raster 
was 2.5 standard deviations below the mean; the highest accuracy 
extraction threshold for the NDVI raster was 1.5 standard deviations 
above the mean. 

3.2.2. Satellite trough detection accuracy 
Over the satellite-based regional map, non-trough area accounted for 

90.2% of the site (330 km2), dry troughs accounted for 8.7% of the site 
(32 km2), and flooded troughs accounted for 1.1% of the site (3.9 km2). 

The different accuracy methods produced overall ice-wedge map
ping accuracies ranging from 55 to 85%, depending on sampling 
approach and type of accuracy. The 425 equalized stratified random 
samples produced an overall accuracy of 55.4%. The sensitivity and 
specificity of the ice-wedge trough map by class was higher for the 
flooded trough class (87% and 83%, respectively), indicating that this 
method performed well at identifying the flooded troughs and was less 
proficient at identifying the non-flooded troughs (53% and 70%; 
Table 1). 

The second accuracy assessment was an intersection over union 
comparison (IoU) between the satellite ice-wedge trough map and the 

manually digitized trough map based on the drone data. This compari
son allowed us to examine how well the satellite map identified ice- 
wedge troughs by degradation stage, so we can understand the biases 
present in satellite-based data. The satellite method’s overall pixel ac
curacy at distinguishing troughs and non-trough areas was 83% and 
85% at the North and South sites respectively (Fig. 7). The satellite 
method performed best at identifying troughs in the advanced degra
dation stage (59% and 62% of AD trough area detected at the North and 
South site respectively), and the true positive rate decreased for the 
initial degradation stage (35% and 23%) and was poorest for the 
undegraded stage (19% and 8%). Examining the accuracy by degrada
tion stage indicated that the satellite method was accurately identifying 
non-trough area, which covered the majority of the site, thus leading to 
the high overall accuracy. The method was less accurate at identifying 
degradation stages which only represented 20% of the site, leading to 
lower true positive rates for the troughs than non-trough areas. 

3.3. Spatial analysis of ice-wedge trough maps 

3.3.1. Local patterns in degradation stage 
At both field sites, ice-wedge troughs composed 20% of the total site 

area. In particular, troughs in the advanced degradation stage domi
nated at both sites; advanced degradation troughs comprised 47% of the 
total trough area, while undegraded troughs represented 31% and initial 
degradation troughs made up 22% of total trough area (Table S2). 
Advanced degradation troughs predominantly occurred at the in
tersections between multiple troughs, as determined by counting the 
proportion of advanced degradation troughs that contained an inter
section (95%, n = 137; Fig. 8). The South Site had a relatively regular 
repeating pattern of ice-wedge troughs, whereas the North Site was 
impacted by the presence of a relict drainage pathway that appeared to 
have influenced ice-wedge formation and degradation (Fig. 8b). Frost 
boils at the North Site also interacted with some of ice-wedge troughs 
(Fig. S3). 

3.3.2. Spatial clustering of trough hydrogeomorphology 
Results from the Anselin Local Moran’s I statistic identified hot-spot 

and cold-spot clusters in quantitative data. One-fifth of the regional site 
was identified as belonging to one of the four clusters, while the 
remaining four-fifths of the site did not exhibit clustering in ice-wedge 
hydrogeomorphology (Fig. 9). The two field sites (North Site and 
South Site) both fall within areas delineated as advanced degradation 
clusters where narrow, flooded hydrogeomorphology dominates. Both 
sites have a majority of digitized trough area (47%) in the advanced 
degradation stage (Table S2). 

The secondary method of examining kilometer-scale ice-wedge 
degradation patterns used the thresholding technique to assign each 30- 
m cell a degradation stage (Fig. 10). This mapping identified 9% of the 
site as undegraded, 61% as initial degradation, and 30% as advanced 
degradation. The thresholding method provided another line of evi
dence indicating that trough properties vary significantly across the site, 
and that ice-wedge hydrogeomorphology, as a proxy for degradation 
stage, was heterogeneous across kilometer scales. The join-count sta
tistic showed that all three hydrogeomorphology-based classes had 
statistically significant positive spatial autocorrelation (p = 0.001; 
Supplemental Table S7). Positive spatial autocorrelation indicated that 
nearby objects were more closely related to each other than further 

Table 1 
Regional accuracy assessment for the satellite trough detection method with 425 
random equalized stratified points. Overall accuracy: 55.4%. Kappa: 0.3301.   

Non Trough (%) Dry Trough (%) Flooded Trough (%) 

Sensitivity 45.1 53.1 87.2 
Specificity 86.1 69.6 82.6 
Balanced Accuracy 65.6 61.4 84.9  
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objects; hydrogeomorphology classes were strongly spatially clustered 
at the kilometer scale. The thresholding method automatically assigned 
every cell of the input data a degradation stage, while the clustering 
method identified the portions of the landscape that contained statisti
cally discernible spatial trends. As our objective was to understand the 
regional patterns in ice-wedge heterogeneity, the remaining analysis 
focused on the results of the clustering method which highlighted those 
regional clusters in degradation. 

The 0.25 m resolution LiDAR analysis of twelve 150 × 150 m focus 
sites examined variability in trough characteristics and the ice-wedge 
mapping accuracy within the hydrogeomorphology clusters (Fig. 11). 
The manual delineation of ice-wedge troughs in the LiDAR data and 
assessment of trough stage from the satellite imagery showed that sites 
within the proposed advanced degradation cluster had the highest mean 
IoU (mIoU), indicating that the satellite-based ice-wedge mapping pro
duced the best results in locations with large amounts of degradation. 
The satellite-based ice-wedge map had the lowest mIoU in the proposed 
advanced stabilization cluster, while the proposed initial degradation 
and initial stabilization clusters also had low mIoU values (Fig. 11). 
Examining the imagery for the sites showed that the proposed advanced 
degradation cluster was accurately identifying portions of the landscape 
where the majority of ice-wedge troughs were in either the advanced 
degradation or initial degradation stage. The other three hydro
geomorphology clusters were instead identifying locations with sys
tematic biases in the satellite ice-wedge trough map. Two of those six 
sites in the initial and advanced stabilization clusters did not have any 

visible ice-wedge troughs in the LIDAR data nor imagery data (Fig. 11). 
Given both the known lack of wide-scale stabilization present at this site 
and the low accuracy of the cluster mapping in areas without advanced 
degradation, the remaining analyses focused exclusively on the 
advanced degradation cluster. 

3.3.3. Topographic patterns of degradation stage 
At the meter scale, the average relative elevation bordering each 

trough at the two field sites revealed that advanced degradation troughs 
were more likely to be lower on the local landscape (i.e., deeper; 
Fig. 12). 

At the kilometer scale, hydrogeomorphology clusters occurred in 
distinct topographic regions (Fig. 13). The advanced degradation cluster 
occurred on the highest portion of the landscape, both in terms of 
average elevation and topographic position index. The remainder of the 
site had a lower average elevation (71.9 masl vs. 79.0 masl) and lower 
average topographic position index (0.06 m vs. 0.39 m). Note that the 
initial degradation, initial stabilization, and advanced stabilization 
clusters were included in the non-clustered category for this analysis 
(Fig. 13). 

4. Discussion 

4.1. Ice-wedge degradation is heterogeneous across scales 

The multi-scale analysis of ice-wedge landscapes in this work 

Fig. 7. Comparing drone-based and satellite-based methods of delineating ice-wedge troughs. (a) Drone orthomosaic image of South Site. (b) Hand-digitized trough 
boundaries in black on drone orthomosaic base map. (c) Satellite-derived trough map. Dry ice wedge troughs in white, flooded troughs in black, and non-trough area 
in gray. 

Fig. 8. Top: drone orthomosaics of the two study sites (a: South Site, b: North Site), with locations of transect sampling shown as white circles. Bottom: digitized 
trough boundaries, with color indicating qualitatively-assessed degradation stage. 
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indicates that degradation is heterogeneous at both the meter-scale and 
kilometer-scale. Examining the spatial patterns of this disturbance 
regime is essential for assessing the underlying processes impacting the 
rate and magnitude of thermokarst formation, which is essential for 
improving our understanding of where and why permafrost undergoes 

thaw. 
At the meter scale, stages of degradation have unique microtopo

graphic signatures. The drone topographic analysis revealed that 
troughs in the advanced degradation stage occupy both the lowest 
relative elevation within the trough network (Fig. 6) and occur adjacent 

Fig. 9. Maps of the regional site depicting, from left to right, the WorldView-22,014 true-color imagery (© 2014 Maxar), the trough flooding cluster map, the average 
trough width cluster map, the hydrogeomorphology cluster map, and a raster of topographic position index, generated with a 500 m circular radius averaging filter 
on the ArcticDEM (courtesy of the Polar Geospatial Center). 

Fig. 10. Hydrogeomorphology-based classification method used to define dominant degradation stage within 30 m grid cells overlain on the satellite trough map. a: 
A two-stage classification scheme was used to distinguish each cell’s hydrogeomorphic class based on the average trough width and percentage of flooding. The 
classification method used in this work featured three classes: undegraded, initial degradation, and advanced degradation. The hydrogeomorphic classes are assumed 
to correspond to the dominant degradation stage present within each cell and are labeled correspondingly; b: the degradation stage map across the full regional site. 
Colors in map b correspond to the degradation stages presented in panel a. 
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to the lowest elevation portions of the polygon center (Fig. 12). This 
finding aligns with a possible transition in polygon morphology as a 
response to warming, where flat-centered polygons experience 
degradation-induced subsidence at the polygon rim (i.e., along the ice- 
wedge troughs), transforming flat-centered polygons into high- 
centered polygons (Liljedahl et al., 2016). It is unknown if advance 
degradation occurring adjacent to the lowest portion of the polygon is a 
cause or consequence of degradation (or both). For example, the topo
graphic low may have been present during the pre-degradation period, 
promoting the pooling of water, induced thermoerosion, and thus 
concentrated degradation as shown by modeling (Abolt et al., 2020; 
Nitzbon et al., 2021) and observational studies (Connon et al., 2018; 
Necsoiu et al., 2013). Alternatively, the topographic low may represent a 
post-degradation surface, where the low relative elevation surrounding 
advanced degradation troughs was produced by subsidence after 
degradation. 

In addition to topography, we identified a consistent pattern of 
meter-scale degradation associated with ice-wedge geometry and 
geomorphic history. For example, 95% of troughs in the advanced 
degradation stage at the field sites are located at junctions where mul
tiple ice-wedge troughs intersect (Fig. 7). These junctions have larger 
ice-wedge surface area and occur on the lowest relative elevation of 
polygons, leading to water pooling and degradation vulnerability 
(Fig. 12; Abolt et al., 2018, 2020; Nitzbon et al., 2021). Other factors 
such as geomorphic history may play a role in localized degradation. For 
example, a relict drainage pathway at the North site was observed to 
contain higher amounts of ice-wedge troughs and degradation (Fig. 8, 
Fig. S3). Subsurface characteristics can influence ice-wedges formation 
(Forte et al., 2022), and may consequently influence the spatial patterns 
of degradation observed at this site. 

At the kilometer scale, this study shows that degradation, which is 
understood to occur nonlinearly at individual ice-wedges (Kanevskiy 
et al., 2017), also occurs in heterogeneous patterns at the kilometer- 
scale. While previous work has examined where ice-wedge polygons 
are most likely to occur (Steedman et al., 2017), little has been done thus 
far to assess regional trends within ice-wedge landscapes. Ice-wedge 
troughs are arranged in clusters of degradation (Fig. 9), suggesting the 
presence of underlying factors influencing regional variability in 

Fig. 11. Results of LiDAR analysis at 12 randomly selected focus sites. Left: WorldView-2 image of the regional site (© 2023 Maxar), with labeled locations of the 12 
focus sites. Middle: images of each focus site, categorized by hydrogeomorphology cluster. Cluster label includes the mean Intersection-over-Union accuracy results 
for the three focus sites from that cluster; IoU is determined by comparing the hand-digitized “ground truth” delineation of ice-wedge troughs to the satellite-based 
trough map. Right: stacked bar plots indicating the percentage of each focus site that was manually classified into degradation stages. 

Fig. 12. Box plots depict the average relative elevation within a 1.5 m buffer in 
the ice-wedge polygon surrounding each trough. Black dots represent raw data. 
P-values indicate results of ANOVA test. Means that do not share any letter are 
significantly different by the Tukey-test at the 5% level of significance. a: Box 
plot for North site b: Box plots for South Site. c: Relative elevation raster from 
the South Site. d: Drone image with the relative elevation buffer overlain. 
Colors correspond to degradation stages (green: undegraded; yellow: initial 
degradation; red: advanced degradation). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of 
this article.) 
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degradation patterns, which may allow for improved predictability and 
modeling of this process. Therefore, this study emphasizes the need to 
consider interrelated feedbacks across scales, from the local controls 
producing meter-scale variability in degradation stage and associated 
impacts to the regional controls producing this kilometer-scale distri
bution of degradation. 

4.2. Mapping of ice-wedge degradation stages 

4.2.1. Detecting and classifying ice-wedge degradation 
Local geomorphic complexity is an intrinsic feature of ice-wedge 

polygon landscapes (Jorgenson et al., 2015; Leffingwell, 1915). Cryo
geomorphic processes are responsible for the formation of polygon 
centers, rims, and troughs with distinct biophysical characteristics over 
meter-scale ranges. These distinct characteristics are also evolving 
temporally, first as ice wedges are formed in a sequence of primary, 
secondary, and tertiary wedges (Haltigin et al., 2012), then as existing 
ice wedges grow and degrade, developing associated surface expressions 
related to their geomorphic evolution (Frappier and Lacelle, 2021; 
Jorgenson et al., 2022; Liljedahl et al., 2016). Multi-scale data proved 
essential for delineating this local complexity in ice-wedge terrain, 
though these complex features occasionally hindered identification of 
degradation stages, given that trough width does not perfectly scale with 
degradation stage. Distinguishing undegraded, initial degradation, and 
advanced degradation troughs at the two study sites was a relatively 
simple task for visual assessment. A handful of troughs at the North Site, 
however, presented some challenges; it was difficult to distinguish 
whether these troughs remained in a degraded stage or had progressed 
to stabilization given the presence of a relict drainage channel and frost 
boils which interact with the surface pattern of polygons, troughs, and 
trough vegetation (Fig. S3). 

The narrow width of ice-wedge troughs complicates regional map
ping of these features even with sub-meter resolution satellite imagery. 
In particular, the multi-scale approach revealed that satellite detection 
of troughs systematically undercounts ice wedges in the undegraded and 
initial degradation stages. Previous work has also exhibited a bias to
wards mapping ice-wedge troughs in the advanced degradation stage, 
focusing primarily on flooded thermokarst pits and troughs (Fraser 

et al., 2018, 2022; Frost et al., 2018; Steedman et al., 2017), due to the 
ease of detecting surface water in remotely sensed imagery. Mapping of 
ice-wedge landscapes therefore undercounts the ice wedges that have 
not yet been fully degraded, but the multi-scale approach also provides a 
means of accounting for these biases. 

Any coarse-resolution mapping of ice-wedge landscapes should 
incorporate correction factors to account for ice-wedge undercounting. 
The sensitivity of the satellite detection method in comparison to the 
drone digitization in this paper could serve as a basis for implementing a 
correction factor. For example, the satellite trough map accounted for 
60% of advanced degradation trough area that was delineated in the 
drone imagery (Fig. 7). Note, however, that the complexity of ice-wedge 
landscapes suggests that site-specific corrections will likely be needed. 
By combining the insights from spaceborne and drone observations, we 
effectively mitigated biases associated with coarser-scale data, thus 
enabling a comprehensive analysis of the extent and heterogeneity of 
ice-wedge degradation. 

Degradation stages undergo temporal evolution. While this study 
offers a snapshot of regional ice-wedge degradation patterns, a thorough 
evaluation of degradation stages would require a time series analysis of 
imagery. Previous multi-temporal mapping of ice-wedge degradation 
highlights the rapid onset of ice-wedge degradation (Farquharson et al., 
2019; Jorgenson et al., 2022; Liljedahl et al., 2016) as well as the high 
spatial variability in degradation patterns (Frost et al., 2018). Time- 
series mapping, however, is challenging given the limited imagery 
availability for the Arctic Coastal Plain, and for the Arctic in general. In 
addition, ice-wedge landscapes are characterized by their seasonal 
variability in surface water (Koch et al., 2018; Thompson and Woo, 
2009), which may affect our ability to identify and accurately classify 
degradation using remotely sensed imagery. We selected our satellite 
data to fall within the peak of the summer season (mid-July) to mitigate 
any seasonal hydrological effects on the classification. Also, while the 
field data and satellite imagery were collected in differing years (2022 
field and drone data, 2014 satellite imagery), all datasets were collected 
within the same two-week period of July to maintain as much consis
tency with seasonal hydrology patterns as possible. 

The area mapped for this work lacked significant presence of stabi
lized ice wedges, though the mapping methods provide techniques to 

Fig. 13. Normalized relative frequency distributions and box plots depicting the data distribution for mean elevation (a) and topographic position index (b) as well 
as the difference between the advanced degradation hydrogeomorphology cluster and the non-clustered portions of the site. P-values for the difference in mean value 
(diamonds) calculated from Welch’s t-test. 
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identify stabilization stages in other locations. The hydro
geomorphology clustering method was proposed to identify clusters in 
four degradation stages based on regional spatial clusters of trough 
hydrogeomorphology. The advantage of the clustering method is that it 
highlights the portions of the site with statistically discernible groupings 
in trough characteristics, allowing for examination of these spatial 
trends. Analysis focused only on the advanced degradation cluster as the 
other clusters identified areas with low mapping accuracy (Fig. 11). 
With a higher-accuracy trough map, this method would be capable of 
identifying landscape patterns in ice-wedge hydrogeomorphology bet
ter. Likewise, the proposed trough width threshold for the thresholding 
method (Fig. 10) could help distinguish between degraded and stabi
lized ice wedges given that degraded troughs tend to be narrower, while 
stabilized troughs tend to be wider (Wickland et al., 2020). Identifying 
the exact width threshold to distinguish between these categories would 
likely require site specific data. Furthermore, this threshold-based 
classification scheme, while simple, does not account for complexities 
in the landscape such as abnormally wide degraded troughs nor the 
distinction between primary and secondary troughs. Time-series data 
would allow examination of the evolution of trough width through time 
and thus identification of degradation stage with higher confidence. 

4.2.2. Improving permafrost degradation mapping 
Our work represents the first kilometer-scale classification of stages 

of ice-wedge degradation. Other work that uses remote sensing to 
identify ice-wedge troughs and degradation stage has relied on manual 
classification at the local scale (Wickland et al., 2020), which, while 
effective, is time-consuming and spatially limited. Regional mapping of 
ice-wedge landscapes has focused on delineating features such as ice- 
wedge polygons (Abolt et al., 2019; Abolt and Young, 2020; Bhuiyan 
et al., 2020; Witharana et al., 2020; Zhang et al., 2018, 2020) and 
troughs (Witharana et al., 2021); our hydrogeomorphology approach 
extends this delineation work by also classifying the stage of ice-wedge 
degradation. 

The overall accuracy of our satellite-based trough detection method 
is in line with other optical remote sensing classification methods (e.g., 
Lara et al., 2018; Raynolds et al., 2019). We presented two comple
mentary accuracy assessment methods for ice-wedge mapping to cap
ture the complexity of mapping and reduce the bias of each individual 
method. The point-based accuracy assessment has the advantage of 
covering the entire mapped area, but only captures the accuracy at each 
individual point. The IoU approach produces a comprehensive spatial 
analysis of the site of interest but was limited to our two field sites where 
ground truth data was available. The lower point-based assessment in
dicates that certain portions of the site are not well-represented by the 
ice-wedge map, while the higher accuracy of the IoU method indicates 
that the mapping is performing better in the higher-degradation areas of 
interest. 

The adoption of our proposed hydrogeomorphic approach beyond 
the kilometer scale to other portions of the Arctic will require careful 
testing. It is likely that the satellite trough detection method will not 
accurately identify ice-wedge troughs in all locations, especially those 
with distinctly different hydrology and vegetation patterns which would 
impact the NIR and NDVI signals used to identify trough pixels. The 
hydrogeomorphology-based degradation classification may also require 
tuning for ice-wedge landscapes with different spectral and geometric 
characteristics. The combination of multi-scale datasets allowed us to 
identify the spectral and spatial signatures of ice-wedge degradation 
stages at this site. We anticipate that incorporating our spectral and 
geometric classification techniques with a machine learning approach 
will yield promising results for large-scale mapping and degradation 
monitoring. 

4.3. Spatial drivers of ice-wedge degradation 

Our study indicates that topography plays a key role influencing 

kilometer-scale patterns in ice-wedge degradation. The Arctic Coastal 
Plain gently slopes from the Brooks Range foothills to the Arctic Ocean, 
with ice-wedge networks spanning the low-stature tundra between thaw 
lakes (Lara et al., 2018). Elevation fluctuations are evident on the 
northward sloping terrain, ranging from decimeters to tens of meters 
(Fig. 9). This varied topography reflects the landscape’s history of 
geomorphic modification through processes such as thaw lake succes
sion (Jones et al., 2022) which influences ground composition, ground 
ice content, and ice-wedge size. In addition, these topographic patterns 
influence hydrology regimes and vegetation communities. 

We suggest two possible mechanisms associated with topography 
that may drive the observed clustering of degradation. These factors 
may be acting independently or in concert with one another (Fig. 14). 
First, we hypothesize that topography drives unique patterns in soil 
thermal dynamics. Topography influences soil moisture gradients as 
higher elevation areas drain towards lower elevation areas (Engstrom 
et al., 2005). With less moist soils in the higher elevation areas, these 
portions of the landscape support less productive vegetation and thus 
less organic (more mineral) soils that offer decreased insulation against 
thawing (Jafarov and Schaefer, 2016). Conversely, lower elevation areas 
typically experience higher moisture levels and support greater vege
tation productivity, contributing to the soil organic pool and offering 
enhanced insulation against thawing (Jorgenson et al., 2015). While 
increased soil moisture increases thermal conductivity, these peat soils 
offset the increase in conductivity through the absorption of latent heat 
when pore ice melts (Atchley et al., 2016). Second, we suggest that 
degradation-topography patterns may be influenced by variations in 
ground ice content due to differing geomorphic histories. Higher 
elevation interstitial tundra was likely less impacted by thaw-lake suc
cession, thus would contain older and larger ice wedges that are more 
susceptible to degradation. Once thawed, these larger ice wedges leave a 
larger degraded surface. On the other hand, lower elevation areas were 
more likely impacted by thaw lake succession, where ice wedges may 
have experienced partial or complete degradation due to the thaw bulb 
formed under a thaw lake (Grosse et al., 2013; Jones et al., 2022). 
Consequently, these lower elevation areas may contain more recent and 
thinner ice wedges, resulting in a less conspicuous degradation signal at 
the surface. 

4.4. Evolution of heterogeneity through time 

Ice-wedge degradation not only exhibits spatial heterogeneity, but 
also temporal heterogeneity: degradation may initiate, halt, or advance 
to stabilization in complex patterns dictated by numerous feedback 
mechanisms over timescales ranging from hours to centuries (Jorgenson 
et al., 2015; Kanevskiy et al., 2017). Previous work that examined the 
spatiotemporal distribution of thermokarst ice-wedge ponds found that 
pond formation was asynchronous across Arctic Alaska, likely due to 
regional differences in surface geology, ground ice content, and climate 
gradients (Frost et al., 2018). Other possible temporal impacts at this site 
include flooding from the Sagavanirktok River, which has been shown to 
initiate ice-wedge degradation in flooded polygonal terrain (Zwieback 
et al., 2023), though this mechanism only impacts the terrain closest to 
the river and therefore cannot explain the full extent of kilometer-scale 
patterns identified in this work. 

The fate of these ice-wedge systems remains uncertain; it is unknown 
whether positive feedbacks will intensify thermokarst, ponding, and the 
formation of thaw lakes (Billings and Peterson, 1980; Jones et al., 2022), 
or conversely, whether self-limiting feedbacks will halt degradation, 
drain polygon networks, and move the ice-wedge troughs towards sta
bilization (Painter et al., 2023). At the meter-scale, ponding and trough 
widening causes increased degradation (Abolt et al., 2020), yet 
degradation-induced drainage (Steedman et al., 2017; Webb and Lilje
dahl, 2023) and increasing biomass (Jorgenson et al., 2015) can halt 
degradation as well. The spatial patterns in ice wedge age and thus size 
may also be impacting the observed trends in degradation (Fig. 14). 

K.N. Braun and C.G. Andresen                                                                                                                                                                                                              



Remote Sensing of Environment 311 (2024) 114299

14

Current field data suggests that ice-wedge degradation remains revers
ible in Arctic Alaska (Kanevskiy et al., 2022). However, at some point 
the unprecedented and continuous rise in Arctic temperatures will likely 
disrupt the stabilization processes by shifting the system to a funda
mentally different state. A full understanding of the future evolution of 
ice-wedge landscapes remains elusive. We need to better understand 
these spatiotemporal patterns to accurately model the future trajectories 
of ice-wedge landscapes. 

5. Conclusions 

Ice-wedge hydrogeomorphology, as proposed in this study, repre
sents a novel technique that allows for mapping ice-wedge degradation 
stages at broad spatial scales. We characterized and highlighted the 
spatial heterogeneity in ice-wedge degradation, from the meter to the 
kilometer scale. In addition, this study yielded new insights into how the 
spatial variability in ice-wedge degradation is associated with topog
raphy patterns both at the meter scale, where degradation occurs in the 
lowest elevation portions of the trough network, and at the kilometer 
scale, where clusters of degradation occur in higher topographic posi
tions of the Arctic Coastal Plain. 

The high spatial heterogeneity in ice-wedge degradation found in 
this region demonstrates the need to expand beyond single-site studies 
and consider disturbance regimes across scales, so that we can improve 
our understanding of where and why permafrost undergoes thaw and 
estimate how continued degradation in the Arctic will impact ecosystem 
function. 

The heterogeneity of ice-wedge degradation implies that this system 
will likely continue to exhibit diverse spatial responses to warming and 
extreme weather events. However, the ongoing degradation of ice- 
wedges is likely to drive a regime shift towards a more stable land
scape dominated by high-center polygons, with significant structural 
and functional implications. Understanding the causes and conse
quences of permafrost degradation heterogeneity offers valuable in
sights for enhancing its representation in earth system models and 
unraveling the intricate permafrost-climate feedback of the Arctic 
system. 
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Kanevskiy, M.Z., Gaglioti, B.V., Breen, A.L., Parsekian, A.D., Ulrich, M., Hinkel, K. 
M., 2022. Lake and drained lake basin systems in lowland permafrost regions. Nat. 
Rev. Earth Environ. 3, 85–98. https://doi.org/10.1038/s43017-021-00238-9. 

Jorgenson, M.T., Shur, Y.L., Pullman, E.R., 2006. Abrupt increase in permafrost 
degradation in Arctic Alaska. Geophys. Res. Lett. 33 https://doi.org/10.1029/ 
2005GL024960. 

Jorgenson, M.T., Kanevskiy, M., Shur, Y., Moskalenko, N., Brown, D.R.N., Wickland, K., 
Striegl, R., Koch, J., 2015. Role of ground ice dynamics and ecological feedbacks in 
recent ice wedge degradation and stabilization. J. Geophys. Res. Earth 120, 
2280–2297. https://doi.org/10.1002/2015JF003602. 

Jorgenson, M.T., Kanevskiy, M.Z., Jorgenson, J.C., Liljedahl, A., Shur, Y., Epstein, H., 
Kent, K., Griffin, C.G., Daanen, R., Boldenow, M., Orndahl, K., Witharana, C., 
Jones, B.M., 2022. Rapid transformation of tundra ecosystems from ice-wedge 
degradation. Glob. Planet. Chang. 216, 103921 https://doi.org/10.1016/j. 
gloplacha.2022.103921. 

Kalacska, M., Lucanus, O., Arroyo-Mora, J.P., Laliberté, É., Elmer, K., Leblanc, G., 
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