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Abstract
This paper documents the first comprehensive inventory of thermokarst and thaw-sensitive terrain indicators for a 2 mil-

lion km2 region of northwestern Canada. This is accomplished through the Thermokarst Mapping Collective (TMC), a research
collaborative to systematically inventory indicators of permafrost thaw sensitivity by mapping and aerial assessments across
the Northwest Territories (NT), Canada. The increase in NT-based permafrost capacity has fostered science leadership and
collaboration with government, academic, and community researchers to enable project implementation. Ongoing commu-
nications and outreach have informed study design and strengthened Indigenous and stakeholder relationships. Documen-
tation of theme-based methods supported mapper training, and flexible data infrastructure facilitated progress by Canada-
wide researchers throughout the COVID-19 pandemic. The TMC inventory of thermokarst and thaw-sensitive landforms agree
well with fine-scale empirical mapping (69%–84% accuracy) and aerial inventory (74%–96% accuracy) datasets. National- and
circumpolar-scale modelling of sensitive permafrost terrain contrasts significantly with TMC outputs, highlighting their limi-
tations and the value of empirically based mapping approaches. We demonstrate that the multiparameter TMC outputs support
a holistic understanding and refined depictions of permafrost terrain sensitivity, provide novel opportunities for regional syn-
theses, and inform future modelling approaches, which are urgently required to comprehend better what permafrost thaw
means for Canada’s North.
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1. Introduction

1.1. Background
Circumpolar landscapes are among the most sensitive en-

vironments in the world due to the rapid rates of warm-
ing compounded by the effects of permafrost thaw. Cli-
mate change and natural and anthropogenic disturbances

can degrade ice-rich permafrost (Smith et al. 2010; Kokelj
et al. 2017; Biskaborn et al. 2019), altering the frozen
foundation of northern terrain and leading to the forma-
tion of thermokarst landforms (Fig. 1) (Kokelj and Jorgen-
son 2013). The initiation or acceleration of thermokarst
processes, mainly involving thaw subsidence, can rapidly
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Fig. 1. Thermokarst and periglacial landform diversity in northwestern Canada. (A) Thawing slopes and mass wasting showing
(Ai) a deep seated, bedrock-controlled rotational failure, Mackenzie Foothills; (Aii) active-layer detachment slides in gullied
terrain at Reindeer Station, Caribou Hills; and (Aiii) retrogressive thaw slumps (RTS) in fluvially incised, ice-rich glaciated
permafrost terrain, Richardson Plateau. (B) Thermokarst and periglacial features in terrain with thick organic soils showing
(Bi) a thermokarst affected peatland underlain by thin, ice-rich permafrost in the Bulmer Plain characterized by collapsed scar
wetlands and basin-shaped wetlands connected by dendritic drainage; (Bii) a polygonal peatland with rectangular drainage
in the foreground with the transition to patterned fen (string bog) with collapse scar wetlands and multibasinal drainage in
the background, Great Slave Uplands; and (Biii) ice-wedge trough ponding in a polygonal peatland with rectangular drainage,
Tuktoyaktuk Coastlands. (C) Thermokarst lake examples showing (Ci) ramparted lake–lithalsa (RL–L) complex in ice-rich, poorly
drained glaciolacustrine deposits in discontinuous permafrost of the Great Slave Lowland; (Cii) a drained lake basin with
residual ponds in the Tukoyaktuk Coastlands; and (Ciii) a thaw-slump affected tundra lake in ice-rich moraine, Caribou Hills.
Photographs credited to the Northwest Territories Geological Survey (NTGS).

modify landscape morphology (van der Sluijs et al. 2018),
hydrology (Connon et al. 2018), biogeochemical regimes
(Tank et al. 2020), climate feedbacks (Turetsky et al. 2020),
and the structure and functioning of northern ecosystems
(Lantz et al. 2009; Chin et al. 2016; Schuur and Mack 2018).
Thermokarst accelerated by a warmer and wetter climate has
emerged as a stressor to the integrity of northern infrastruc-
ture (Bush and Lemmen 2019; GRID-Arendal 2020) and tradi-
tional land use and food security of Indigenous communities

(Calmels et al. 2015; Spring et al. 2018). The nature and mag-
nitude of thaw-driven landscape change are closely related to
specific terrain, ground ice, soil, ecological, and climate con-
ditions, producing a diversity of thermokarst and periglacial
landforms (Fig. 1) that are valuable indicators of terrain sen-
sitivity (Jorgenson et al. 2015). This suite of permafrost pro-
cesses can lead to the formation of discrete features, such as
retrogressive thaw slumps (Kokelj et al. 2015), deep-seated
translational failures (Young et al. 2022), or drained lakes
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(Marsh et al. 2009), or they can affect large contiguous ar-
eas where conditions give rise to distinct landscape types,
such as degrading permafrost peat plateaus (Vitt et al. 1994;
Quinton et al. 2011), thaw–lake complexes (Morse et al. 2017),
or ice-wedge thaw ponds and polygonal-patterned ponding
(Fraser et al. 2018). The terrain, environmental, carbon, and
societal consequences of permafrost thaw vary with the di-
versity in permafrost landscapes. However, broad-scale em-
pirical data that describe the patterns in thaw-sensitive per-
mafrost terrain do not exist for most circumpolar regions.
This significant knowledge gap constrains our understanding
of the environmental effects of permafrost degradation, and
the evaluation of remote sensing and spatial modelling prod-
ucts that predict the consequences of thaw-driven change,
limiting our ability to inform climate change planning and
adaptation.

An increasing amount of circumpolar-scale remote sensing
and modelling products are highlighting the global signif-
icance of thermokarst and permafrost thaw (Olefeldt et al.
2016; Chadburn et al. 2017; Hjort et al. 2018; Karjalainen et
al. 2020). However, fine-scale information generated through
a range of methods commonly focused on development cor-
ridors or communities (Wolfe et al. 2014; Sladen et al. 2022;
Allard et al. 2023) is required to support environmental and
infrastructure management and climate change adaptation
planning. Optical, thermal, radar, or laser scanning methods
are used to map permafrost terrain conditions across fine
(101–103 km2) and intermediate (103–104 km2) spatial scales,
and they often focus on specific thermokarst processes or
thaw-sensitive landforms (Aylsworth et al. 2000; Quinton et
al. 2011; Segal et al. 2016; Steedman et al. 2017; Wolfe and
Morse 2017; Fraser et al. 2018; van der Sluijs et al. 2018;
Zwieback et al. 2018; Lewkowicz and Way 2019; Turner et al.
2021; Wang et al. 2023). These datasets are usually geograph-
ically limited by the logistical and operational constraints
associated with detailed mapping. In contrast, rule-based
schemes have been implemented in GIS platforms to esti-
mate broad-scale distributions of thaw-sensitive landscapes
or ice-rich terrain. These studies can use expert knowledge in
a collaborative framework to approximate the distribution of
thermokarst terrain and associated carbon storage (Olefeldt
et al. 2016) or portray spatial patterns of thaw-sensitive or
ice-rich terrain by integrating an existing knowledge base
(O’Neill et al. 2019). These modelling approaches generate
spatial data rapidly and have had high uptake among users
due to their broad geographical coverage. They are also used
as inputs for modelling climate change effects, such as global-
scale estimates of carbon release (Turetsky et al. 2020) or
thaw-driven impacts on water resources (Spence et al. 2020).
However, rule-based GIS modelling schemes are inherently
constrained by the existing state of scientific knowledge, the
variable quality and resolution of input data layers, and the
paucity of robust validation datasets. Consequently, they are
of limited utility where fine-scale information or quantitative
representation of terrain conditions are required (Gibson et
al. 2021; Allard et al. 2023).

The need for acquiring fine-scale information on terrain
and permafrost conditions across broad spatial scales is being
partially overcome by rapid advances in Earth observation

sensors, data acquisition platforms, and processing power
(Chen and Wang 2018; Giuliani et al. 2019), which have ac-
celerated remote detection of thaw-driven permafrost land-
scape change at multiple spatial scales (Fraser et al. 2018;
Nitze et al. 2018). Machine learning techniques hold signif-
icant promise for automating image analyses to recognize
fine-scale spatial patterns of Earth surface processes and land-
forms, with applications to the vast, rapidly changing, and
remote permafrost environments (Siewert 2018; Huang et
al. 2020). Machine learning requires systematically collected
fine-scale training data from a variety of locations, but robust
training and validation datasets of permafrost and periglacial
processes remain sparse. The automation of Earth observa-
tion and rapid progress in modelling permafrost change at
broad spatial scales heightens the need for complementary
efforts in advancing empirical mapping of thermokarst ter-
rain for training and validation and to foster a field-based
understanding of the thaw-driven processes that are trans-
forming permafrost environments.

1.2. The Northwest Territories Thermokarst
Mapping Collective

Climate change has major environmental and societal im-
plications for northwestern Canada’s rapidly warming and
ice-rich permafrost regions (Kokelj et al. 2021; Smith et al.
2022). The Northwest Territories (NT) covers an area of 1.346
million km2 and comprises much of Canada’s most ice-rich
permafrost terrain (Fig. 2) (O’Neill et al. 2019). The study re-
gion is also comprised of diverse ecoregions that host a signif-
icant portion of northern Canada’s community, transporta-
tion, mining, and oil and gas infrastructure. The NT com-
prises the traditional territories of several Indigenous groups
who are reclaiming decision-making authority through the
establishment of seven regional and three community-based
governments that have been negotiated, or are in the process
of negotiating self-government agreements with the Govern-
ment of the NT (GNWT) and the Government of Canada (http
s://www.eia.gov.nt.ca/en/indigenous-governments). Northern
regulators, planners, policy-makers, and communities re-
quire better information to understand the environmen-
tal and societal implications of permafrost thaw and ex-
pressly recognize the need for improved permafrost map-
ping to support decision-making (GNWT 2018). The Arctic
science community has mobilized to examine the physical,
chemical, biological, and carbon consequences of permafrost
thaw and has attempted to upscale results to broad regional
and circumpolar scales (Spence et al. 2020; Turetsky et al.
2020), but many potential analyses require information on
the spatial distribution and configuration of thaw-sensitive
permafrost terrain. Despite these growing societal and sci-
entific needs, no systematic, empirical inventories of thaw-
sensitive permafrost terrain exist for most of the circumpolar
world.

To address this significant knowledge gap, the NT Geologi-
cal Survey (NTGS) initiated the NT Thermokarst Mapping Col-
lective (TMC) in collaboration with Wilfrid Laurier University
(WLU), the Geological Survey of Canada (GSC), and other gov-
ernment, academic, and Indigenous partners. The overarch-
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Fig. 2. Study area map showing the project boundary defined as the Northwest Territories (NT) border to the southern limit
of discontinuous permafrost plus a 100 km southward buffer, the continuous permafrost zone in transboundary watersheds,
northward drainage areas into the Beaufort Sea, and 75 × 75 km2 areas around all NT communities. The 2 023 972 km2 study
area is divided into 32 128 grid cells that are 7.5 × 7.5 km2. The map highlights focal areas where preliminary results have
been compiled and are presented in this paper. Some study area boundaries follow watershed divides from the National Hydro
Network geodatabase (Natural Resources Canada 2016). The permafrost boundaries are from Brown et al. (2002). Level IV
ecoregions are from Ecosystem Classification Group (2008, 2012).

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
N

IV
 V

IC
T

O
R

IA
 o

n 
04

/2
2/

24

http://dx.doi.org/10.1139/AS-2023-0009


Canadian Science Publishing

890 Arctic Science 9: 886–918 (2023) | dx.doi.org/10.1139/AS-2023-0009

Fig. 3. Project organization, roles and institutional involvement by location.

ing aim of the TMC is to advance knowledge of permafrost
terrain conditions and thermokarst distribution across NT
and its permafrost-affected transboundary watershed areas
(Fig. 2), within a framework where partners co-develop scien-
tific knowledge and its dissemination. While this has become
best practise in northern ecology (Johnson et al. 2015; Cold et
al. 2020; Thompson et al. 2020; Chila et al. 2022), the general
approach is still emerging in the field of permafrost science.
To focus the project and address northerners’ needs, the TMC
fostered collaborations across disciplines and among organi-
zations to develop a systematic approach to map and inven-

tory thermokarst terrain under the groupings of slopes and
mass wasting, periglacial, and hydrological themes, establish
a spatial data infrastructure (SDI) and management frame-
work, and train mappers from across Canada (Fig. 3). Follow-
ing methods developed by the TMC, and using ArcMap 10.8.,
and now ArcGIS Pro, the mappers populated a gridded vector
geodatabase of the study area by (1) systematically inspect-
ing true colour and near-infrared Sentinel-2 satellite imagery
at a 1:20 000 scale for the presence and relative abundance
of indicators of sensitive permafrost terrain according to cri-
teria defined by expert teams and (2) recording the observa-
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tions within each 7.5 × 7.5 km2 grid cell by populating its
attributes in the geodatabase according to lists of descriptors
for each feature or terrain type (Figs. S1 and S2) (e.g., Gibson
et al. 2020; Wolfe et al. 2022). The resulting empirical data
will provide detailed information on the patterns and charac-
teristics of sensitive permafrost terrain throughout the study
area (Fig. 2).

The objectives of this paper are to (1) describe the orga-
nizational framework and general methodologies developed
to implement the TMC project; (2) explain the SDI to sup-
port data sharing needs; (3) explore preliminary thermokarst
mapping outputs through comparisons with published fine-
scale datasets (103 km2) as a validation of the approach, and
with broad-scale national and circumpolar datasets (105 km2)
to explore the patterns of variation and the value of the
TMC data; and (4) highlight the diversity of thermokarst-
affected landscapes being quantified by these methods. This
project overview and preliminary results provide a basis for
discussing some limitations of the approach, and the chal-
lenges and opportunities of developing a broad-based, cross-
disciplinary permafrost research collaboration, the need for
linking field-scale knowledge with mapping and modelling
outputs, and the benefits for advancing permafrost science
and its application. In addition, we address the need for
more holistic, geomorphically based frameworks to advance
knowledge of the thaw sensitivity of permafrost terrain. Fi-
nally, we highlight opportunities for enhancing collaboration
and knowledge sharing between northerners, scientists, en-
vironmental managers, and Indigenous partners through ex-
periences gained in this project.

2. Study area and terrain conditions
The project mapping domain was initially set as the NT

boundaries. Subsequently, the margins were refined by a
100 km buffer south of the discontinuous permafrost bound-
ary and expanded to transboundary watersheds adjacent to
the NT that drain the northern margins of discontinuous
and continuous permafrost regions, notably the Peel water-
shed, and watersheds draining into the Beaufort Sea. This
includes all of Victoria Island and the northwestern wedge
of mainland Nunavut adjacent to the NT, containing trans-
boundary waters. Buffer zones (75 × 75 km2) were established
around all NT communities and mapping was prioritized
there in response to stakeholder needs (Fig. 2). The mapping
extent was constrained by 2016–2017 peak-summer visible
and false colour orthomosaics of publicly available Sentinel-
2 imagery at 10 m spatial resolution, which was the founda-
tional dataset used in this inventory. The study area consisted
of 32 138 grid cells (7.5 × 7.5 km grid), covering an area of
2 023 972 km2 and excludes those covered entirely by water.

The study area extends from 60◦ to 79◦N latitude span-
ning diverse physiography, geology, ecology, climate, and per-
mafrost conditions (Figs. 2 and S3) (Slaymaker and Kovanen
2017). The central Taiga Plains region is dominated by mixed
and coniferous forest cover, characterized by low-lying sed-
imentary bedrock plains and plateaus overlain by thick un-
consolidated sediments. Extensive organic deposits cover the

central Mackenzie Valley and commonly host thaw-sensitive
permafrost (Aylsworth and Kettles 2000; Ecosystem Classi-
fication Group 2009). This ecozone includes the Mackenzie
River watershed from the Beaufort Sea coast in the north
to the southern NT border and merges with the temperate
Boreal Plains in the south. The western margin of the study
area hosts higher elevation, mountainous and hilly terrain
of the Taiga and Boreal Cordillera, where Cordilleran and
Laurentide ice sheets merged during the last glacial inter-
val. The river valleys are topographically controlled and in-
cise tills and glaciolacustrine deposits in their lower reaches
(Ecosystem Classification Group 2010). To the east, the lower-
lying Taiga Shield is underlain by igneous and metamorphic
bedrock, characterized by a mosaic of exposed bedrock and
a thin mantle of till, glaciofluvial, and glaciolacustrine de-
posits. The topography and drainage patterns of this lake-
rich landscape are predominantly bedrock fault-controlled
(Ecosystem Classification Group 2008). Higher latitudes of the
study area include the Southern and Northern Arctic eco-
zones underlain by igneous and metamorphic bedrock of the
Canadian Shield in the southeast and sedimentary bedrock
to the north extending onto the Arctic Islands (Ecosystem
Classification Group 2008). The Laurentide ice sheet covered
most of the study area (Dyke and Prest 2008), resulting in
a complex system of glacially derived landforms and sedi-
ments, which commonly host ice-rich permafrost (O’Neill et
al. 2019). A cold continental and Arctic climate through the
Holocene produced permafrost that is continuous in extent
across the northern half of the study area, and discontinuous
to sporadic in the south (Fig. 2).

The evolution of ground ice and terrain conditions yield
distinct periglacial and thermokarst landforms. Our research
interests arise from the need to identify and inventory these
indicators of thaw sensitivity because much of the NT is un-
derlain by ice-rich permafrost (O’Neill et al. 2019 and refer-
ences within). Major ground ice types are relict massive ice
preserved since deglaciation, with exposed deposits largely
constrained to ice-marginal landscapes that are widespread
across the western Arctic (Kokelj et al. 2017). Basal glacier
ice has been preserved in these environments (Murton et al.
2005), though in certain cases segregated–intrusive ice devel-
oped as permafrost aggraded into sediment deposits in asso-
ciation with the retreating ice sheet (Rampton 1988). Segre-
gated ground ice is most commonly associated with the post-
glacial establishment of permafrost across glaciolacustrine
deposits in fine-grained tills and in more recently exposed
environments, such as drained lakes or emergent shorelines
(O’Neill and Burn 2012; Lantz et al. 2022), where organic
deposits also typically accumulate (Aylsworth and Kettles
2000). Upward aggradation of permafrost into fine-grained
sediments in association with ecological succession, climate
shifts, or colluvial and alluvial processes results in the devel-
opment of near-surface segregated ice, which is ubiquitous
in many terrain types across large areas of the study region
(Mackay 1972; Kokelj and Burn 2003, 2005; Paul et al. 2021).
The persistence of cold climate conditions has promoted ice-
wedge development, which manifests as polygonal networks
widespread in subarctic and tundra environments of north-
western Canada (Mackay 1972; Kokelj et al. 2014). General as-
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sociations may be recognized between permafrost zone, ter-
rain and climate history, ground ice, and thermokarst land-
form types; however, knowledge of how these landforms are
distributed and combined to manifest as terrain assemblages
remain poorly understood across spatial scales. Figures S1,
S2, and Appendix A provide a summary and examples of the
thermokarst and periglacial landforms inventoried in this
study.

3. Project and mapping approach and
methods

3.1. Project and mapping approach and
methods

An extensive set of landforms indicative of thermokarst or
permafrost sensitivity related to mass wasting, hydrological,
or periglacial processes occur within the study area. These
landforms are related to the suite of geological, ground ice,
climate, and ecological factors that reflect variation in land-
scape history (e.g., Wolfe and Morse 2017; Kokelj et al. 2021).
Because of the diversity of thermokarst and periglacial land-
forms, and the distribution of collaborators situated across
Canada, a wide range of expertise was leveraged to develop
the methods and tools needed to support the project. The
NTGS with support from the GSC and the GNWT–WLU part-
nership, worked with academic and Indigenous partners to
initiate the TMC project. The NTGS presented a general ap-
proach to rapidly inventory landscapes affected by different
permafrost features, which was discussed at a technical work-
shop held in Yellowknife, NT in March 2018. Decision-makers
and northern partners’ needs were determined through con-
tinued discussions with stakeholders, which together estab-
lished the goal of developing territory-wide mapping of thaw-
sensitive landforms. The refinement of methods for produc-
ing empirically based permafrost maps was advanced follow-
ing input from this workshop, as well as activities focused
on the pursuit of project funding. Participants formed expert
teams to develop mapping methodologies within themes of
thaw-driven landforms. The NTGS provided project oversight,
and the primary theme leads from the Territorial and Federal
Geological Surveys, and university researchers co-developed
the scientific approach (Fig. 3). The GNWT–WLU partnership
enabled the staffing of a Yellowknife-based project coordina-
tor who reported to the TMC project. This northern-based po-
sition has worked with NTGS to advance the project by co-
ordinating participants, developing the SDI, managing data,
and supporting project reporting functions. Several funding
partnerships were secured with organizations across the NT
and Canada to train mappers and support mapping (Fig. 3).
Linkages with community partners related to this project
have been initiated through workshops and field programs
but were severely hampered by COVID-19 restrictions. The
northern research partners’ abilities to sustain field pro-
grams through the pandemic provided opportunities to work
with Indigenous partners for training in permafrost observa-
tional methods and for aerial validation of the mapping dur-
ing the 2020–2022 field seasons.

3.2. Mapping framework and generating a
grid-based dataset

The methodology implemented by the TMC builds upon
an approach described in detail by Segal et al. (2016) and
employed by Kokelj et al. (2017) who used 10 m resolution
SPOT 4/5 satellite imagery (from 2005 to 2010) to identify
thaw-driven mass wasting features within a standardized grid
of 15 × 15 km2 cells throughout northwestern Canada. The
uniquely identified grid cells are used to partition and at-
tribute observations of terrain features into a set of discrete
mapping units, which can then be used to quantitatively
evaluate spatial variation. After some testing, the TMC used
uniquely identified quartiles (i.e., 7.5 × 7.5 km2) of the grid
system from Segal et al. 2016, significantly improving reso-
lution and resulting in mapping units deemed to be of suf-
ficient granularity to produce a valuable broad-scale inven-
tory of permafrost landscape characteristics over the entire
study area in a timely manner (Fig. 4). Grid cells entirely over
water, such as in the ocean or in the middle of Great Bear
or Great Slave lakes, were removed from the database using
the Canada Coastline and inland lake boundaries (Natural
Resources Canada 2016). The TMC developed guidance doc-
uments to describe methods for inventorying mass wasting,
hydrological, and periglacial features, supporting the design
of a geodatabase in ArcMap 10.8 to enable mappers to iden-
tify and attribute the landforms or terrain features that char-
acterize each grid cell. Procedural manuals for inventorying
hydrological features and peatlands, including intermapper
comparisons for permafrost peatland identification are pub-
lished as NTGS Open Reports (e.g., Gibson et al. 2020; Wolfe et
al. 2022). The procedural manual for inventorying mass wast-
ing features builds on Segal et al. (2016) and along with the
manual for periglacial features are in the process of publica-
tion as NTGS Open reports. The raster datasets from which
the inventory data were derived, and the supporting data lay-
ers, are summarized in Table S1. Thematic or regionally fo-
cused spatial datasets will accompany scientific publications.

3.3. Rubric development and mapping
The purpose of the grid-based approach is to build an initial

inventory of feature presence and relative abundance over
large areas (Segal et al. 2016; Ramsdale et al. 2017; Chiasson
and Allard 2022). Here, we summarize how the rubrics to
identify and interpret thermokarst and periglacial features
on the satellite imagery were developed, and how inventory
data were recorded and integrated into an SDI, and we touch
on some limitations of the mapping approach. More detailed
explanations of the methods and feature interpretation crite-
ria upon which the mapping was based are provided in NTGS
Open Reports that were developed (Gibson et al. 2020; Wolfe
et al. 2022) or are being refined and published with antici-
pated, theme-specific research papers. For the retrogressive
thaw slump (RTS), polygonal terrain, and ramparted lake–
lithalsa (RL–L) terrain maps presented in this paper, Appendix
A provides several examples of each of these landforms in an
oblique aerial image and its appearance on SPOT 6/7 imagery
(2018) and Sentinel-2 imagery (2016–2017). The general ap-
proach and geodatabase structure ensured that the data types
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Fig. 4. Mapping area and grid-based mapping structure for the TMC. (A) The grid cells focus on the Northwest Territories
(NT) and associated transboundary watersheds and exclude those that are entirely consisted of water. Mapping rubrics were
tested and first advanced within 75 × 75 km2 windows centered on each of the 33 NT communities as indicated by dark
grey squares. (B) The core element of mapping is a 15 × 15 km2 grid cell that is divided into four quartiles. Each quartile
possesses a unique identifier to facilitate data tracking and analysis. The community test windows are composed of 25 core
grid cells and 100 quartiles. (C) Sentinel-2 imagery associated with quartile FF 180.2 and part of the mass wasting data table
showing retrogressive thaw slumps, mega slumps, shallow landslides, and gullied terrain on the fluvially incised Peel Plateau,
northwestern NT. Some study area boundaries follow watershed divides from the National Hydro Network geodatabase (Natural
Resources Canada 2016). The imagery in (C) is peak-summer false colour orthomosaiced Sentinel-2 imagery (European Space
Agency, Copernicus Sentinel data). The map projection is NAD 83, NWT Lambert.

are correct, data entry is logical and consistent, and database
entries are unique.

Permafrost experts initially advanced the mapping work-
flow by creating a comprehensive list of thermokarst land-
forms and indicators of permafrost thaw sensitivity and their
morphological attributes (Fig. 5). Features were categorized
into themes according to geomorphic processes and environ-
mental setting: (1) mass wasting (e.g., Segal et al. 2016), (2) hy-

drological features (Wolfe et al. 2022), and (3) periglacial fea-
tures. An organic theme (Gibson et al. 2020) focused on iden-
tifying the presence and abundance of peat plateaus as in-
dicators of thaw-sensitive permafrost and at a higher spatial
resolution, so it was merged with the periglacial theme where
attributes describing peatland morphology and the nature of
degradation patterns had been developed. The list of features
and attributes included in each theme was refined as leads
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Fig. 5. Architecture of the Northwest Territories (NT) Thermokarst Mapping Collective (TMC). Rubric development included
refining the list of landforms that could be identified on Sentinel-2 imagery (2016–2017; 10 m resolution). Descriptive attributes
were added to maximize inventory information for each 7.5 × 7.5 km2 grid cell. Mappers from several partnering institutions
were then provided with the database to inventory designated areas.

and mappers learned by locating, identifying, and attribut-
ing landforms across well-studied environments using the
Sentinel-2 satellite optical imagery (e.g., Appendix A). Follow-

ing Tobler’s (1987) rule for depicting land use and land cover
change using satellite imagery, an optimal viewing scale for
the Sentinel-2 imagery was set at 1:20 000. Consequently, the
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10 m resolution of Sentinel-2 imagery imposes limitations
that necessitated experts to group thermokarst landforms
or landscape indicators of permafrost thaw sensitivity and
simplify rules for identification and attribution (Fig. S2 and
Appendix A). For example, landslides were grouped generally
as either “thaw slumps” or “deep”, or “shallow” slides based
on morphology and were not further differentiated by type.
Polygonal (ice-wedge network) terrain was attributed as up-
land or lowland, but high- or low-centred polygons were not
differentiated. Given the mapping constraints, methods were
developed to identify and inventory 25 distinct thermokarst
landforms or landscape indicators of permafrost thaw sensi-
tivity according to the three primary themes, which are or-
ganized according to the spatial data model implemented in
the geodatabase with corresponding primary tables (Figs. S1
and S2).

The TMC theme leads and mappers reached consensus on
how to estimate counts or % cover of each feature according
to bins of counts (e.g., 0; 1; >1; and >10) or approximate %
cover during preliminary trials (e.g., 0; <10%; 10%–33%; 33%–
66%; 66%–100%) (Figs. 4 and 5, and Fig. S2). These bins and
the final set of landforms and indicators of thaw-sensitive per-
mafrost terrain, and their attributes were informed by results
of preliminary trials and mapper feedback, which followed
regular online sessions with theme experts and mappers held
to discuss landscape interpretations, refine rubrics, and pro-
mote iterative learning. The bins can be reduced to three cat-
egories (i.e., [absent (0); few (1); and many (2)] or [absent (0);
trace cover (<10% cover); and abundant cover (>10% cover)] or
further reduced to binary presence or absence, giving several
categorical data formats for quantitative comparisons among
landforms or with other datasets. With the feature sets, their
attributes, and bins of count and cover defined, we linked
the geodatabase to a GIS where mappers inspected imagery
and populated the specified grid cell attributes according to
theme-specific dropdown menus that reference look-up ta-
bles specifying the features and attributes (Fig. 4). The look-
up tables ensured the format of the information entered is
consistent and replicated by all mappers.

In order to produce a preliminary dataset for analysis and
support northern needs, we prioritized 75 × 75 km2 areas sur-
rounding each of the 33 communities in NT (Figs. 2 and 4). We
supported this initial landform interpretation and mapper
training with knowledge from thematic experts and higher-
resolution imagery (SPOT 6/7 1.5 m). To test the validity of
the mappers’ data, the experts performed QC checks on all
data as mappers were being trained that focused discussions
on refining interpretation of features. Thereafter, the experts
performed QC checks at intervals guided by mapping pro-
gression. In quartiles where the lead researcher determined
that the mapper incorrectly identified or attributed a land-
form, the researcher would manually change the recording
and add their initials to a “QAQC” field in the dataset. Ad-
ministrator updates to the master database involved replac-
ing quartiles with an edited QAQC field. Custom python tools
(Arcpy module) were developed and implemented to ensure
that the logic model of the SDI was respected before upload-
ing data to the master database. For example, the scripts used
relationships established in the logic model (Fig. S2) to flag

fields that were incorrectly left blank. These grid cells would
then be checked manually by the mapper or coordinator and
filled in appropriately.

The mapping approach we have implemented is inherently
challenged by human error during feature identification, and
by interpreter variation (Pasher et al. 2013; Brardinoni et al.
2019). Clear guidance documents that included landform ex-
amples and how they manifest on Sentinel-2 imagery was
provided to mappers (Fig. S1 and Appendix A) (e.g., Wolfe
et al. 2022). The TMC employed conservative identification
protocols to limit false positives (commission errors). For ex-
ample, only active landslides features were counted by map-
pers. Moreover, active retrogressive thaw slumps are typically
associated with areas of past disturbance (van der Sluijs et
al. 2022), so excluding stable landslides was assumed to have
little effect on final results depicting broad-scale spatial pat-
terns. We identify that cloud cover or shadow in some in-
stances could affect feature identification but this was mini-
mized by obtaining images with less than 10% cloud cover.
If cloud cover, snow, or other factors decreased the map-
pers ability to confidently assess terrain conditions of a grid
cell, this was indicated in the comments box. We note that
the 75 × 75 km2 areas around the 33 communities, span-
ning the diversity of terrain across the study area under-
went a QC check by a second independent mapper, but a QC
check will not be possible for the entire study domain con-
sisted of over 30 000 grid cells. Interpreter variation assess-
ments comparing permafrost peatland coverage estimates
in Gibson et al. (2020) reported that overall agreement was
84% better than chance, and comparisons will be reported
for other landforms with the publication of theme-specific
datasets.

Upon completion of the initial testing, clarifying land-
form interpretations, correcting interpreter biases, and with
mappers trained, the inventory effort expanded and was di-
vided according to the NT Ecosystem Classification Group
Level IV ecoregion framework. In total, NT contains 162
Level IV ecoregions characterized by distinct regional eco-
logical factors, including climate, physiography, vegetation,
soil, water, and fauna (Ecosystem Classification Group 2008,
2009, 2010, 2012, 2013). Mappers were assigned a suite of
Level IV ecoregions based on their expertise, and research
interests and mapping is ongoing, with 76% of the mass
wasting, 40% of the periglacial, and 37% of the hydrologi-
cal theme mapping completed for NT at the time of paper
submission.

3.4. SDI and data management
A flexible and robust SDI was needed to accommodate the

development of a data model, support the collaboration of a
decentralized user base, and manage the generation of em-
pirical permafrost data that covered a broad spatial domain.
SDIs are geospatial data portals (Fig. 6A) that allow users to
access remote or internal servers to connect to databases
and interact with spatial data through a desktop GIS or web
mapping service (Wang 2010; Maquil et al. 2018). Enterprise
GIS systems allow multiple users to edit databases simulta-
neously (Maguire and Longley 2005; Kong 2015), common to

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
N

IV
 V

IC
T

O
R

IA
 o

n 
04

/2
2/

24

http://dx.doi.org/10.1139/AS-2023-0009


Canadian Science Publishing

896 Arctic Science 9: 886–918 (2023) | dx.doi.org/10.1139/AS-2023-0009

Fig. 6. Spatial data infrastructure (SDI) models that support the integration of data from multiple mappers: (A) Client–server
architecture typically implemented in multi-user enterprise GIS systems. In the client tier, multiple mappers work on “child
replicas” of the parent database hosted on the server. Server software and business rules are used to detect updated landforms;
if no constraints are noticed, the updates are automatically synchronized to the parent database. (B) The TMC has used a file-
based architecture to support the integration of map data from multiple interpreters, where each mapper works on a personal
copy of the database and sends updates to the database administrator, who runs custom-built python scripts to ensure that
data were correctly entered and merges the updates with the master database hosted on a file-sharing network.

large institutions with a centralized or internal user base and
dedicated resources to manage networks (Fig. 6A) (Keating et
al. 2003; Esri 2022). The broad-based collaborative nature of
the TMC and its modest resources required that the project
coordinator with geomatics expertise developed and main-
tained a low-cost and easy-to-implement SDI while enabling
multiple novice GIS users to edit data (Fig. 6B). The project
SDI that emerged allowed mappers to view, update, edit, and
attribute project data easily, and accommodated the addition
of new mappers from different institutions while maintain-
ing mapping progress.

The project applied a file-based geodatabase architecture
used in desktop-based GIS that was adapted to a multi-user
environment (Fig. 6B). Each TMC mapper obtained the re-
quired vector and raster datasets through file-sharing net-
works (i.e., cloud storage) or with physical hardware (i.e.,
external drives), and incrementally updated personal copies
of the database. In this method, the project coordinator re-
ceived the updated data and ran custom-built python scripts
to perform data quality assessments. The coordinator then
merged the updates with a master database through addi-
tional rule-based scripts to overcome issues with conflicted
copies that can otherwise lead to loss of data and confusion
(MacEachren 2001; Yovcheva et al. 2013; García-Chapeton
et al. 2018). The synchronous–decentralized collaborative
framework consists of users across Canada with access to the
tools and training to generate systematic inventory data on
thermokarst and periglacial features.

3.5. Comparisons with independent and
modelled data products

Concurrent with the generation of TMC data, we also
conducted NT-wide aerial inventories of thermokarst and
periglacial landforms to document the nature of permafrost
landscapes and support the validation of TMC outputs. A
brief summary of the aerial survey approach is provided here.
In the summers of 2020–2022, during the COVID-19 pan-
demic, northern project partners were supported by the Po-
lar Continental Shelf Project to perform aerial inventories
of thermokarst and periglacial landform features for over
37 000 km of flight lines across all major ecological regions
of the NT. The team made over 7500 feature observations,
recorded landform types and attributes, and obtained geo-
referenced images of each feature type inventoried. During
2020 fieldwork, the team iteratively refined the TMC database
model (Fig. S2) to improve its suitability for aerial observa-
tions and implementation through a web-based GIS applica-
tion that enables offline data collection (ArcGIS Survey123,
ESRI™). The application allows users to collect GPS-attributed
spatial data points on a field-based tablet (Apple iPad Mini
with built-in GPS unit), and then upload observations to a
cloud network (ArcGIS Online) when an internet connection
is re-established. The aerial survey team comprises an expert
observer who identifies and assigns attributes to a feature
of interest, a photographer with a GPS-enabled DSLR camera
who obtains georeferenced images of the feature, and a tech-
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nician who enters the observation point, feature type, and its
attributes into the Survey123 survey form. Survey rule sets
and option pick lists enabled efficient data entry while en-
suring that the data model was respected. The repetitive na-
ture of this data collection provides training in thermokarst
and periglacial landform identification and group learning,
fostering a growing community of permafrost expertise. The
aerial surveys also provided the first systematic, broad-scale,
georeferenced inventory of thermokarst and periglacial fea-
tures and their characteristics across NT and a unique dataset
to confirm the nature and presence of landforms mapped by
the TMC. We extracted the data for three feature types (RTS,
polygonal terrain, and RL–L complexes) for comparisons with
TMC data in the western Arctic and North Slave focal regions
(Fig. 2 and Appendix A).

We also compared published, fine-scale empirical data
products with these TMC datasets using confusion matri-
ces and summarized prediction results. Here, we used high-
resolution, regionally specific datasets on RTS (Lewkowicz
and Way 2019), polygonal terrain (Lantz et al. 2017), and
RL–L complexes (Morse and Rudy 2022) to evaluate the
TMC approach and outputs. The TMC spatial outputs reflect
the rapid assessment of features or landforms indicative of
thermokarst or sensitive permafrost terrain that were quan-
tified according to bins of counts or % area within each
7.5 × 7.5 km2 quartile, whereas the independent fine-scale
spatial datasets were typically polygons for spatially exten-
sive landforms (e.g., ice-wedge polygon networks), or points
for discrete features (e.g., RTS) (Appendix A). To enable com-
parison with the TMC grid-based inventories the validation
datasets were converted to the raster framework and normal-
ized to the TMC grid-based schema (Table S2) using a suite of
geoprocessing tools.

To demonstrate the new insights that TMC datasets
provide on the thaw sensitivity of permafrost terrain at
broader spatial scales (104–105 km2), comparisons were also
made with national or circumpolar scale products depict-
ing thermokarst landscapes (Olefeldt et al. 2016), sensi-
tive ice-wedge terrain (Karjalainen et al. 2020), or ground
ice abundances (O’Neill et al. 2022). To conduct the com-
parisons, broadscale products were also normalized to the
7.5 × 7.5 km2 grid cells, and we retained as many of their
categorical attributes as possible (Table S3). Recognizing that
the nature of empirically based TMC outputs differs from
the modelled permafrost characteristics or terrain suscepti-
bility, we emphasize that these comparisons aim to highlight
the value of observational datasets for better understanding
the spatial variation of the indicators that characterize thaw-
sensitive permafrost terrain.

4. Preliminary mapping results

4.1. Comparison with fine- and broad-scale
independent datasets

Spatial patterns of active or recent retrogressive thaw
slumps (RTS) on Banks Island mapped by TMC highlight the
thaw sensitivity of permafrost-preserved ice-cored moraine
(Fig. 7A) (Kokelj et al. 2017). A point dataset of RTS derived

from the Landsat time series (Lewkowicz and Way 2019) was
converted to the raster framework, and the comparison with
the TMC dataset shows good (84%) agreement (Figs. 7A–7C
and Table 1A). There is high correspondence in unaffected
terrain (95%), but lower agreement among the various dis-
turbance classes likely reflecting differences in imagery and
methodologies used for feature counts (Table 1B). The larger
bottom plate of Fig. 7D shows RTS-affected terrain mapped
by TMC for a 215 426 km2 western Arctic region of NT, which
follows general patterns described in coarser resolution pub-
lished products (Kokelj et al. 2017, 2021). RTS-affected terrain
comprise an area of about 60 990 km2 or 28% of the quar-
tiles, whereas shallow slides and gullied terrain affect only
16% of the quartiles. RTS-affected quartiles has an 81% corre-
spondence with aerial survey observations (Table 2).

The broad-scale hillslope thermokarst landscape coverage
from Olefeldt et al. (2016) indicates a significant departure
from the TMC distribution of RTS, indicating only 12% overall
correspondence (Figs. 7D and 7E, and Table S4Ai). The over-
all poor agreement relates mainly to the prediction of sensi-
tive slopes or relict ice over large areas where no RTS were
observed (Table S4Aii). The agreement between TMC-derived
RTS-affected terrain and categories of relict ice abundance
(O’Neill et al. 2022) is about 41% (Figs. 7D and 7F; Table S4Ai);
however, several RTS hotspots in ice-marginal moraine are
modelled as having high relict ground ice abundance (O’Neill
et al. 2022). Both modelled products identify western Arc-
tic Canada as being broadly thaw sensitive, with 83% and
41% of the TMC mapped RTS-affected grid cells occurring in
moderate-to-high hillslope thermokarst sensitivity and relict
ground abundance, respectively.

The mapped terrain affected by ice-wedge polygons (IWP)
in uplands east of the Mackenzie Delta shows a 69% cor-
respondence with polygon fields mapped by air photo in-
terpretation (Lantz et al. 2017) (Figs. 8A–8C and Table 1A).
These spatial datasets show an increasing northward trend in
the abundance of polygonal terrain reflecting colder winter
ground temperatures, frequent thermal contraction crack-
ing, and larger, more widespread ice-wedge networks in the
tundra than in the subarctic (Kokelj et al. 2014). Distinct ar-
eas of higher and lower polygonal terrain density in both
datasets reflect variations in the abundance of lacustrine de-
posits that host polygonal peatlands (Fig. 1Biii) (Steedman
et al. 2017). For the entire western Arctic region, polygonal
terrain-affected grid cells have a 96% correspondence with
aerial survey observations (Fig. 8D and Table 2).

Polygonal terrain occurs at high abundances in low- and
mid-Arctic environments and decreases across the forest–
tundra transition (Fig. 8D). The complex patterns of polyg-
onal terrain distribution mapped by the TMC reflect varia-
tions in wedge ice abundance in conjunction with landscape
types where polygon expression is best visible on Sentinel-
2 imagery. Notably, the TMC identified polygonal terrain in
the Mackenzie Delta, southwest of Inuvik, where ice-wedge
networks are expressed by patterned forest (Kokelj and Burn
2004), high abundance was mapped across the ice-wedge-
rich unglaciated Tuktoyaktuk Coastal lowland (Rampton
1988), and the greatest abundances were observed in associ-
ation with ice-cored moraine around Paulatuk and along the
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Fig. 7. (A) Map of terrain affected by active retrogressive thaw slumps (RTS) on Banks Island from the Northwest Territories
(NT) Thermokarst Mapping Collective (TMC) project. (B) Point data showing RTS occurrences from Lewkowicz and Way (2019)
and (C) converted to raster data for comparison with (A). (D) TMC data showing terrain affected by RTS, western Arctic Canada
(215 426 km2), inset (E) is modelled slope thermokarst terrain from Olefeldt et al. (2016), and (F) is modelled potential of relict
ground ice occurrence from O’Neill et al. (2022). The water layer is from the National Hydro Network (Natural Resources
Canada 2016) and the hill-shaded topography is from the Canadian Digital Elevation Model (Natural Resources Canada 2015).
The map projection is NAD 83, NWT Lambert.
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Table 1. (A) Summary of accuracy assessments comparing Thermokarst Mapping Collective (TMC) inventory results with in-
dependent, fine-scale mapping (reference) datasets for retrogressive thaw slumps (RTS) on Banks Island (Lewkowicz and Way
2019), polygonal terrain in the Tuktoyaktuk Coastlands (IWP) (Lantz et al. 2017), and ramparted lake–lithalsa complexes (RL–L)
in the Great Slave Lowlands (Morse and Rudy 2022). (B) Detailed breakdown of comparisons between reference datasets and
classified categories. Agreement counts are in bold.

(A)

Feature/attribute Reference dataset Agreement total Reference total Agreement

Retrogressive thaw slumps Lewkowicz and Way 2019 1190 1409 84%

Ice-wedge polygons Lantz et al. 2017 74 107 69%

Ramparted lake–lithalsa complex Morse and Rudy 2022 41 53 77%

(B)

Feature/attribute
Classified
dataset Reference dataset

Reference
category Classified category

Total reference
grid cells Agreement

None Low Moderate High

Retrogressive thaw
slumps

TMC-RTS Lewkowicz and Way 2019 None 1051 22 37 2 1112 95%

Low 28 8 10 0 46 17%

Moderate 17 8 91 4 120 76%

High 1 0 90 40 131 31%

Negligible Low Moderate

Ice-wedge polygons TMC-IWP Lantz et al. 2017 Negligible 43 20 1 64 67%

Low 8 31 4 43 72%

Moderate 0 0 0 0 0%

None Trace Abundant

Ramparted lake–lithalsa
complex

TMC-LR–L Morse and Rudy 2022 None 0 1 0 1 0%

Trace 3 22 4 29 76%

Abundant 0 4 19 23 83%∗

∗See Table S2 for normalization of reference datasets to enable comparisons with TMC inventory data.

Table 2. Correspondence of Thermokarst Mapping Collec-
tive (TMC) grid cell classification with the 2020–2022 oblique
aerial inventories of thermokarst landforms for retrogressive
thaw slumps (RTS) and ice-wedge polygons (IWP) across the
western Arctic region and ramparted lake–lithalsa complexes
(RL–L) in the Taiga Plains and Taiga Shield, north of Great
Slave Lake.

Feature/attribute

RTS IWP RL–L

Overlapping quartiles 251 226 73

Missed quartiles 47 9 19

Confirmed observations 204 217 54

Agreement 81% 96% 74%

Note: Confirmed observations occur when an oblique aerial observation of spe-
cific phenomena was identified by the TMC mapping for a specific grid cell.
Missed grid cell indicates that an oblique aerial observation was not captured
by the TMC.

northeast-trending bands of moraine on the northwest and
southeast sides of Banks Island (Fraser et al. 2018). The distri-
bution of IWP-affected terrain from the TMC is reflected by
general patterns in modelled abundance of wedge ice from
O’Neill et al. (2022) (Fig. 8E); however, detailed inspection re-
veals contrasts that result in a low agreement between the
datasets (Table S4Bi). The circumpolar-scale statistical mod-
elling of environments suitable for IWP from Karjalainen et
al. (2020) was developed to assess climate change impacts on

the distribution of these features. The majority of disagree-
ment occurs because Karjalainen et al. (2020) modelled lit-
tle variation in high IWP suitability across most of the ter-
rain that the TMC inventory indicates has variable IWP abun-
dance, producing large “errors” of commission (Figs. 8D and
8F, and Table S4Bii).

The distribution of terrain affected by thermokarst lakes
and ponds that develop in ice-rich glaciolacustrine deposits
of the Great Slave Lowlands was mapped by the TMC project
(Fig. 9A). These thermokarst lake environments are referred
to here as “RL–L complexes” following descriptions in Wolfe
and Morse (2017) and Morse et al. (2017) (Fig. 1Ci). There
is a 77% agreement between the TMC product and sum-
marized data derived from high-resolution satellite imagery
from Morse and Rudy (2022) (Figs. 9A–9C and Table 1A),
and 74% correspondence between grid-based identification
of RL–L complexes and aerial survey observations over the
larger North Slave Region (Fig. 9D and Table 2). Regional
patterns over an area of 51 968 km2 indicate that the high-
est abundance of RL–L complexes occurs adjacent to Great
Slave Lake, where ice-rich glaciolacustrine sediments are
widespread. These thaw-sensitive thermokarst lake environ-
ments decrease in abundance with increasing elevation and
distance from the lake as fine-grained deposits diminish
and the landscape becomes increasingly bedrock-dominated
(Fig. 9D). The patterns of modelled segregated ice abundance
(Fig. 9E) (O’Neill et al. 2022) show reasonable agreement with
mapped thermokarst lake landforms (55%) (Table S4Ci). The
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Fig. 8. (A) Map showing the abundance of polygonal terrain across tundra uplands east of Mackenzie Delta from the Northwest
Territories (NT) Thermokarst Mapping Collective (TMC) project. (B) Digitized ice-wedge polygonal terrain from Lantz et al. (2017)
and (C) converted to raster data for comparison with (A). (D) TMC data showing the distribution of polygonal terrain for western
Arctic Canada (215 469 km2), inset (E) is modelled wedge ice abundance from O’Neill et al. 2022; and (F) is modelled potential
environmental space for the occurrence of ice-wedge polygons (IWP) from Karjalainen et al. (2020). The water layer is from
the National Hydro Network (Natural Resources Canada 2016) and the hill-shaded topography is from the Canadian Digital
Elevation Model (Natural Resources Canada 2015). The map projection is NAD 83, NWT Lambert.
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Fig. 9. (A) Map showing the abundance of ramparted lake–lithalsa (RL–L) complexes from the Northwest Territories (NT)
Thermokarst Mapping Collective (TMC) project. (B) Point data of individual lake–lithalsa complexes from (Morse and Rudy
2022), and (C) the summary of these data on a raster framework for comparison with (A). (D) Broad-scale map showing the
distribution of lake lithalsa complexes for a 51 968 km2 area of the Taiga Shield and Taiga Plain ecoregions from the TMC. (E)
The modelled potential abundance of segregated ice from O’Neill et al. (2022) and (F) terrain susceptible to lake thermokarst
from Olefeldt et al. (2016). The water layer is from the National Hydro Network (Natural Resources Canada 2016) and the hill-
shaded topography is from the Canadian Digital Elevation Model (Natural Resources Canada 2015). The map projection is NAD
83, NWT Lambert.
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coarse–resolution surficial geology data used in the mod-
elling indicates mainly bedrock in the region, explaining why
segregated ground ice was not predicted in several areas of
abundant thermokarst lake observations (Figs. 9D and 9E,
and Table S4Cii). Appreciable fine-grained, frost-susceptible
deposits are mapped in more detailed surficial geology prod-
ucts (Kerr et al. 2022), and their use would likely improve
modelling outputs (O’Neill et al. 2022). Moderate-to-high den-
sity of thermokarst lake-affected landscapes were projected
to occupy 77% of this study domain by a circumpolar assess-
ment of thermokarst-sensitive terrain (Olefeldt et al. 2016)
(Fig. 9F); however, the empirical mapping of this bedrock-
dominated environment indicates that only about 9% of the
area hosts moderate-to-high amounts of thermokarst lakes.
In contrast with the possible underprediction of segregated
ice abundance, the modelled thermokarst lake terrain has a
poor agreement with the TMC mapping due to large errors of
commission (Table S4Cii).

4.2. Quantifying the “thermokarst fingerprint”
of a landscape

Here, we show that the holistic nature of the TMC inven-
tory captures differences in thermokarst and periglacial char-
acteristics across landscapes with contrasting permafrost, ge-
omorphic, and Quaternary paleoenvironmental conditions
(Fig. 10). We compared Eastern Banks Hills in the mid-Arctic
region and the Tuktoyaktuk Coastal Plain in the southern
Arctic region, both underlain by ice-rich glacial deposits and
continuous permafrost, with the Great Slave Lowland within
the Precambrian Shield and discontinuous permafrost zone
where ice-rich terrain is limited to low-lying areas with glacio-
lacustrine deposits (Figs. 2 and 10).

Eastern Banks Hills and the Tuktoyaktuk Coastal Plain
comprise landscape units widely affected by retrogressive
thaw slumping (76% and 80%, respectively). In addition,
29% of the cells in the fluvially incised ice-cored environ-
ments of the Eastern Banks Hills are affected by larger (ap-
proximately >400 m) thaw-driven disturbances with debris
tongues entering water bodies we term “mega slumps”, and
28% of the mapping units also have smaller shallow slides.
Thaw-driven mass wasting features are not observed in the
low relief and bedrock-dominated Great Slave Lowland. Hy-
drological features indicating thaw-sensitive terrains are sim-
ilar between the two northern ecoregions. For example,
shorelines affected by RTS occur in about half of the grid cells
in each of the northern regions, with only limited evidence
of recent lake expansion or lowered lake levels (recent drying
or drainage).

Notable differences exist between the two northern regions
regarding the nature and distribution of wedge ice. Polyg-
onal terrain and polygonal-patterned ponding are observed
across both environments; however, they are ubiquitous
across the Eastern Banks Hills. On Banks Island, the top-down
thaw of large ice wedges across upland terrain identified by
polygonal-patterned pond expansion is also widespread, oc-
curring at greater than trace amounts in 60% of the affected
grid cells (Fraser et al. 2018). Ice-wedge thermokarst was de-
tected at only trace amounts in 13% of the grid cells over

the Tuktoyaktuk Coastal Plain, though recent top-down thaw
and subsidence of hillslope ice-wedge troughs have been ob-
served by field monitoring at Illisarvik just to the north of the
mapped ecoregion (Burn et al. 2021). In contrast to the two
Arctic ecoregions, the dominant indicator of thermokarst–
hydrology interactions in the Great Slave Lowland manifests
as RL–L complexes common throughout ice-rich glaciolacus-
trine deposits and observed in over 60% of the quartiles
(Figs. 1Ci, 9, and 10) (Wolfe and Morse 2017; Morse and Rudy
2022). These landforms are also commonly characterized by
thermokarst ponding or by dry basins, suggesting that water
levels have lowered, which were observed in 31% and 34% of
the grid cells, respectively.

In the periglacial theme, the Eastern Banks Hills are charac-
terized by widespread polygonal terrain. In the ice-rich Tuk-
toyaktuk Coastal Plain, polygonal terrain is most common
throughout the lowlands, which also host abundant pingos
(Wolfe et al. 2023) detected in 72% of the quartiles. Invo-
luted topography indicating ice-cored terrain (Dallimore et
al. 1996) was observed in 61% of the grid cells in the Tuktoy-
aktuk Coastal Plain but is absent from Eastern Banks Hills.
In contrast with the two northern ecoregions, this suite of
periglacial landforms was not observed in the Great Slave
Lowland. All three ecoregions are characterized by terrain
with thick organic soils, which occurs in most grid cells on
Eastern Banks Hills and is mainly restricted to small pockets
(trace = 89%). In the Great Slave Lowland, peat-rich terrain
was identified in 45% of the quartiles, mostly occurring as dis-
crete features. In the Tuktoyaktuk Coastal Plain, terrains with
thick organic soils are widespread and occur over larger por-
tions of the landscape in 45% of the quartiles where lacustrine
basins host extensive polygonal peat plateaus (Steedman et
al. 2017). There was little evidence of degradation in north-
ern peatlands, whereas greater than trace amounts of degra-
dation was observed in most of the grid cells with organic
terrains in the Great Slave Lowlands.

5. Discussion
To our knowledge, this is the first empirically based per-

mafrost mapping project of this nature and scope. Here, we
summarize outputs and anticipated outcomes of this project,
which highlights the implications, challenges, and opportu-
nities that shaped the approaches and methods.

5.1. The importance of empirical data on the
distribution and diversity of permafrost
landforms

As permafrost landscapes change with climate warming
and the abundance of modelled or remotely sensed spa-
tial products increases, a heightened need exists for em-
pirically based permafrost data to generate new knowledge
and test model outputs. Comparisons with independent data
demonstrate the effectiveness of TMC outputs in depicting
thermokarst landforms or thaw-sensitive terrain. For exam-
ple, the inventory of landscapes affected by RTS, IWP terrain,
and RL–L (thaw lake) complexes show good agreement with
fine-scale spatial datasets (102–104 km2) (Table 1; Figs. 7A–7C,
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Fig. 10. The thermokarst fingerprints of different permafrost landscapes are shown through the summary of landscape or
feature occurrence grouped by mapping theme for Level IV ecoregions from (A) mid-Arctic (East Banks Hills), (B) southern Arctic
(Tuktoyaktuk Coastal Plain), and (C) Taiga Shield (Great Slave Lowland). From top to bottom, the data are the percentage of
quartiles within an ecoregion with evidence of the respective features or landscape types. The shading of the bars differentiates
the percentage of the grid cells where observation was in trace (<10%) or greater than trace (>10%) abundance. For features
with counts, trace refers to a single observation within a grid cell.

8A–8C, and 9A–9C) and correspondence with aerial invento-
ries of thermokarst and periglacial features over larger areas
(104–105 km2) (Table 2). The spatial data products developed
by the TMC are valuable indicators of thaw-sensitive terrain
(Figs. 7–9), so we compared them to broad-scale spatial data
products that depict thermokarst landscapes and modelled
ground ice abundance. We recognize the inherent differences
between the empirical TMC spatial products, which portray
observed phenomena and the modelling outputs where sta-
tistical or rule-based schemes were integrated through geo-
matics procedures to depict landscape susceptibility, likeli-
hood of occurrences, or relative abundances. Regardless, we
show significant deviations and some notable similarities be-
tween TMC and recent broad-scale maps (Figs. 7–9 and Table
S4) highlighting the importance of empirically derived data
for evaluating spatial modelling and remote sensing prod-
ucts, and generating new information on the distribution and
diversity of thaw-sensitive permafrost terrain at regional to
global scales.

The low agreement between several TMC data outputs and
broad-scale synthesis products depicting the sensitivity of
permafrost terrain underlines the risk with their application
in regional-scale land use planning and decision-making, and
for extrapolating local-scale field measurements to produce
regional or circumpolar-scale summaries. Often, our basic
theme-specific comparisons showed that differences of omis-
sion characterized the comparison with one modelled prod-
uct, and differences of commission characterized the other
(Figs. 9D–9F; Table S4Cii). A more rigorous empirical eval-
uation of model outputs is necessary to understand their
limitations, inform the improvement of rule-based assump-
tions or input data layers used in spatial modelling, and

focus on the production of robust regional-scale validation
datasets (Wang et al. 2023). Our comparisons are also use-
ful reminders that the application of these broad-scale spa-
tial data products should be limited to showcasing general
patterns and relevance of thaw-driven processes on terrain,
ecosystems, carbon release, and infrastructure (Olefeldt et
al. 2016; Chadburn et al. 2017; Hjort et al. 2018; O’Neill
et al. 2022). Since these rule-based spatial products insuffi-
ciently represent (i) the heterogeneity in permafrost, soil,
ground thermal, and terrain conditions, (ii) variation in cli-
mate drivers that yield a diverse array of landforms, and (iii)
thaw-driven landscape responses, their use in prediction or
decision-making is cautioned. Conceptual models provide a
useful framework to connect geological legacies and pale-
oenvironmental history with the nature and occurrence of
ground ice or thermokarst processes and landforms (O’Neill
et al. 2019), but their implementation through broad-scale
maps is constrained by the quality and resolution of ex-
isting geospatial data and the current state of permafrost–
landscape knowledge. The integration and syntheses of fine-
scale depictions of thaw-sensitive terrain can also be chal-
lenging because most datasets are necessarily limited in spa-
tial extent, describe a narrow range of landforms (Steedman
et al. 2017; Lewkowicz and Way 2019; Wang et al. 2023), and
the methods and outputs vary because they are tailored to
specific project needs and questions. Our development of
systematic, empirically derived spatial datasets that quan-
tify thermokarst and periglacial landform distribution for the
permafrost regions of northwestern Canada addresses a foun-
dational data and knowledge gap through initiating a more
robust characterization of thaw-sensitive terrain over broad-
spatial scales.
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The depth of the TMC dataset also highlights that climate-
driven permafrost thaw comprises a wide range of processes
and landforms that manifest in complex combinations across
the landscape. Recognizing the need to develop geomorphi-
cally based conceptual frameworks of permafrost thaw sup-
ported by more holistic approaches to quantifying thaw-
driven landscape change, the TMC project data model and
methods describe the variable nature of thermokarst and
thaw-sensitive landscapes (Figs. 1, S1, and S2). The results
demonstrate that this systematic inventory captures the di-
versity of permafrost terrain conditions within and between
ecoregions, which can be described by their contrasting per-
mafrost characteristics or thermokarst fingerprints (Fig. 10), pro-
viding novel datasets to explore variation in thaw-driven con-
sequences on northern environments and society.

5.2. Northern science capacity and
collaboration

The TMC is guided by the science priorities of a northern-
based team that leveraged the expertise of Federal and aca-
demic research partners to improve knowledge of the na-
ture and distribution of thaw-sensitive permafrost terrain
in the NT. Northern-driven permafrost science initiatives
are rare in Canada because the capacity to conceptualize
and implement research and monitoring programs has tra-
ditionally rested in southern institutions. The evolution of
Territorial and Indigenous governance has stimulated poli-
cies to strengthen northerners’ roles in Arctic science (Inuit
Tapiriit Kanatami 2018; National Geological Surveys Commit-
tee 2022), and the growth of northern-based research orga-
nizations has facilitated opportunities for science collabora-
tion and co-developing knowledge (Thompson et al. 2020).
The Territories’ investment in permafrost technical capac-
ity has actioned science strategies (GNWT 2018) and enabled
research partnerships to be leveraged through more equi-
table collaborations that address northern priorities. A key
government–university partnership, the GNWT–WLU agree-
ment, has also provided a framework and flexibility to co-
manage a Yellowknife-based TMC project coordinator posi-
tion. Critical support to the development, and rigor of techni-
cal products and outputs (e.g., Gibson et al. 2021; Wolfe et al.
2022) has been the sustained commitment of Federal and aca-
demic research partners. Based on our collective experience,
we emphasize that developing permafrost knowledge collab-
oratively with northern partners can increase project rele-
vance and accountability, build scientific and technical ca-
pacities, strengthen relationships with Indigenous partners
and practitioners, and increase the likelihood that research
outputs will be understood and applied in northern planning
and decision-making.

5.3. Strengthening relationships with
northerners

Ongoing outreach has helped to identify a diverse range of
northern needs, inform our approaches, prioritize mapping,
and foster new partnerships. For example, the NWT Associ-
ation of Communities emphasized the need for better infor-
mation on the effects of permafrost thaw, and so the TMC

prioritized the mapping and synthesis of permafrost sensitiv-
ity for NT communities and has presented results at related
northern workshops and conferences (Table S5). The Territo-
rial Lands and Infrastructure Departments have worked with
the TMC to adopt mapping and aerial assessment methods
over liabilities and infrastructure corridors. The TMC project
framework, methods, and spatial data provide an entry point
to foster the discussion about permafrost terrain sensitivity,
community concerns, and land management needs. Relation-
ships with Indigenous partners facilitated through projects
or programs with established community linkages have cre-
ated opportunities for information sharing, and the devel-
opment or renewal of partnerships (Table S5). For example,
the presentation of methods and maps at workshops with
the Inuvialuit Land Administration, Łı´ı´dlı�ı� Kų´ę´ First Na-
tion, and K’asho Got’ı�nę Foundation have supported field-
work collaboration, discussions on permafrost-driven land-
scape change, areas of community interest, and the develop-
ment of monitoring programs led by Indigenous Guardians
and Land Management organizations. The project has fos-
tered discussions around permafrost issues to strengthen the
capacity of these partners through training, implementation
of methods for fine-scale mapping and monitoring, and col-
laboration on aerial validation activities, and in turn gained
insights on observations of change and research priorities.
A new linkage has been established with the Gwich’in Land
Use Planning Board who have gained some capacity to man-
age spatial data, conduct mapping, and leverage preliminary
spatial data products from the project to support land use
planning. A common constraint in effective science collabo-
ration relates to capacity limitations of many northern part-
ners, and the time and resources required by researchers to
listen and develop spatial datasets that meet partner needs.

5.4. Geomatics capacity and SDI (technical
realities)

The project adopted a low-cost, user-centered solution
(Fig. 6) that facilitated the exchange of geospatial data and
services between mappers and researchers situated in dif-
ferent organizations across Canada (Hjelmager et al. 2008;
Michener 2015) and allowed for design modifications as in-
formation and performance requirements evolved. This re-
quired geomatics capacity via a project coordinator who de-
veloped and maintained an SDI that could address data man-
agement and mapping needs. Effective communication be-
tween the coordinator and researchers was critical, ensuring
that the SDI accounted for the capacity and resource limi-
tations inherent in northern organizations, and maintained
the flexibility required to support an evolving database and a
growing number of collaborators in a decentralized mapping
framework (Figs. 3 and 5).

A file-based architecture was necessary during the project’s
development phase but had demonstrated inadequacies as
the number of users and requirements for quality control
increased. For example, managing and merging overlapping
edits in the master database required automated data quality
assessments and updating, which became increasingly ineffi-
cient as the number of mappers increased, (García-Chapeton
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et al. 2018). An enterprise GIS system, which enables simul-
taneous database access by multiple users and automated
updates, could improve efficiency but it requires reliable in-
ternet connections to remote servers, high annual subscrip-
tion fees, and resources to support database and infrastruc-
ture management (Keating et al. 2003; Kong 2015; Coetzee
et al. 2017; Esri 2022). Government partners have enter-
prise GIS functionality, but the implementation cycles and
security requirements would have hindered project devel-
opment and collaboration across institutions. While these
issues were resolved by implementing a user-centered de-
sign (Fig. 6B), recent advances in cloud computing and re-
mote servers provide efficient solutions for facilitating a
decentralized–synchronous collaboration (García-Chapeton
et al. 2018), overcoming SDI limitations that have challenged
small organizations. Looking forward, these new tools have
the potential to support decentralized, northern-focused re-
search collaborations; however, GIS capacity will still be re-
quired for their implementation.

5.5. Flexibility and perseverance
The implementation and progress of the TMC required per-

severance, adaptability, and sustained commitment from a
network of experts across NT and Canada. The decentral-
ized approach and flexible organizational structure (Figs. 3
and 6) enabled iterative design, adaptation to changes in
funding, accommodation of new stakeholder interests, and
progress throughout the COVID-19 pandemic and onward.
This project environment permitted revisions to scope and
schedules and integration of new ideas. The growing con-
nections with stakeholders and multiyear vision facilitated
a stepwise approach with initial emphasis on documenting
scientific methods, recruiting and training mappers, generat-
ing data, and validating results with field/aerial observations.
Gradual progress has led to some changes in participants;
however, the commitment of core contributors and organi-
zations has maintained momentum (Fig. 3). The institutional
support from the Territorial Government through enhanc-
ing northern-based permafrost capacity has enabled multi-
year project planning, offsetting the limitations of short-term
funding cycles typical of funding in academia (Pulsifer et
al. 2011). This project has matured as feasibility and value
was realized and communicated to partners and stakeholders
through ongoing discussions and outreach (Table S5). For very
large or centrally funded projects with rigid timelines and
strict definitions of collaborators and scope, or in research
environments where rapid publication defines success, the
TMC approach would not be feasible.

6. Summary and looking ahead
This study documents the development, implementation,

and progress of a northern-driven project where permafrost
researchers across Canada worked collaboratively to produce
an empirically based inventory of thermokarst terrain and
indicators of permafrost thaw sensitivity for the NT. This
project addresses a foundational information gap on the dis-
tribution of thaw-sensitive permafrost terrain through col-
laboration and co-development of permafrost knowledge. It

was made possible by growth of northern permafrost capac-
ity, sustained collaboration with government, academic and
Indigenous partners, and core geomatics capacity that en-
abled development and implementation of the SDI necessary
to support a decentralized mapping approach. Documenta-
tion of methods by expert teams supported mapper training,
and the flexible data infrastructure has facilitated the contin-
ued engagement of research partners across Canada in gener-
ating data products through the COVID-19 pandemic. Project
communications through ongoing dialogue with northern
stakeholders and data sharing with land use planning boards
has strengthened linkages, informed design, and fostered
new partnerships.

The TMC approach is enabling rapid NT-wide landscape as-
sessments of 25 thermokarst and periglacial features. The
mapping outputs are well validated against independent data
and when complete will provide the first comprehensive cov-
erage describing variation and diversity of permafrost ter-
rain types for a 2 million km2 region of northern Canada.
Our comparisons with broad-scale spatial products demon-
strate that TMC provides new quantitative information on
the distribution of thaw-sensitive permafrost terrain that can
be used to evaluate spatial modelling products. The approach
and resulting datasets provide a holistic framework to ex-
plore the diversity and trajectories of thaw-driven change, ad-
vance spatial modelling through the development of training
and validation datasets, and engage partners in generating re-
gional or community-based syntheses that explore what per-
mafrost thaw means for Canada’s changing North.
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Examples of features mapped in Figs. 7–9. (A) Oblique

photos are from summers of 2020–2022 and can be accessed
at: https://www.apps.geomatics.gov.nt.ca/arcgis/rest/service
s/GNWT_Operational/NTGS_ThermokarstCollective_Operati
onal/MapServer, (B) circa 2018 SPOT 6/7 true color imagery
at 1.5 m resolution (© 2018 Airbus Defence and Space, li-
censed by Planet Labs Geomatics Corp.), and (C) 2016–2017
Sentinel-2 peak-summer false colour imagery at 10 m spatial
resolution (European Space Agency, Copernicus Sentinel
data).A
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Plate. 1. (A) Oblique aerial photograph of a lakeside retrogressive thaw slump (RTS) in ice-rich glaciated terrain of the Caribou
Hills (133.6828167◦W, 68.7797350◦N); (B) SPOT 6/7 imagery (© 2018 Airbus Defence and Space, licensed by Planet Labs Geo-
matics Corp.); and (C) Sentinel-2 imagery (European Space Agency, Copernicus Sentinel data) showing the active, lakeside RTS
indicated by the arrow. Note the debris tongue extending into the adjacent lake, and that the lower parts of the thaw slump
were vegetated by August 2021 when the photograph was taken.
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Plate. 2. (A) Oblique aerial photograph of a RTS with a well-developed active headwall and debris tongue deposit located in
ice-rich glaciated terrain of the Richardson Mountains (135.58958◦W, 67.96898◦N); (B) the RTS in the photograph is indicated
with a large black arrow on the SPOT 6/7 imagery (© 2018 Airbus Defence and Space, licensed by Planet Labs Geomatics Corp.);
and on the (C) Sentinel-2 near-infrared imagery (European Space Agency, Copernicus Sentinel data). A small hollow arrow
indicates another RTS on the upper right of the imagery, and a thin arrow shows a prominent cuspate-shaped colluvial slope
cut into the bedrock by stream erosion.
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Plate. 3. (A) Oblique aerial photograph of a RTS and large debris tongue deposit from the Mackenzie Foothills (125.9701330◦W,
64.0443845◦N); (B) the large RTS in the photograph is indicated with a filled arrow on the SPOT 6/7 imagery (© 2018 Airbus
Defence and Space, licensed by Planet Labs Geomatics Corp.); and on the (C) Sentinel-2 imagery (European Space Agency,
Copernicus Sentinel data). The hollow arrow indicates a small RTS which is visible on (B) and (C). Bare bedrock outcrops and
unvegetated colluvial slopes are visible on the left-hand side of the image plates.
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Plate. 4. (A) Oblique aerial photograph of low- and high-centred polygons in lowland terrain, and high-centred polygons on
adjacent hills (upland terrain) of the Thomsen Valley (119.8903964◦W, 73.7705192◦N), Banks Island; (B) SPOT 6/7 (© 2018 Airbus
Defence and Space, licensed by Planet Labs Geomatics Corp.); and (C) Sentinel-2 imagery (European Space Agency, Copernicus
Sentinel data) showing well-defined polygonal-patterned ponding in low- and high-centred polygons of low-lying areas (larger
black arrows), and high-centred polygons in adjacent hilly uplands (small arrows).
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Plate. 5. (A) Oblique aerial photograph of low- and high-centred polygonal peatlands in lowland terrain and high-centred
polygons in adjacent, more elevated terrain of the Caribou Hills (133.8021694◦W 68.8445256◦N) north of Inuvik; (B) SPOT 6/7
imagery (© 2018 Airbus Defence and Space, licensed by Planet Labs Geomatics Corp.) showing patterns of high- and low-centred
polygons in low-lying areas and in the adjacent hilly terrain indicated by black arrows; and (C) Sentinel-2 imagery (European
Space Agency, Copernicus Sentinel data) showing textured areas indicative of polygonal terrain indicated by small arrows.
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Plate. 6. (A) Oblique aerial photograph of a discrete high-centred polygonal peatland on the Sitidgi Plain (133.3891629◦W,
68.3615730◦N); (B) SPOT 6/7 imagery (© 2018 Airbus Defence and Space, licensed by Planet Labs Geomatics Corp.) with arrows
showing the polygonal peatlands; and (C) Sentinel-2 imagery (European Space Agency, Copernicus Sentinel data) with thin
arrows showing patterns of polygonal peatlands and rectangular drainage.
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Plate. 7. (A) Oblique aerial photograph of a large contiguous area of ramparted lake–lithalsa (RL–L) complexes (thermokarst
lake complexes) with “undifferentiated (thermokarst) patterned ponding” in ice-rich glaciolacustrine deposits on the Great
Slave Plain–High Boreal area (116.59785◦W, 62.99697◦N); (B) SPOT 6/7 imagery (© 2018 Airbus Defence and Space, licensed by
Planet Labs Geomatics Corp.) shows the RL–L complexes characterized by irregularly shaped lakes, undifferentiated patterned
ponding, and evidence of lowered water levels; and (C) Sentinel-2 imagery (European Space Agency, Copernicus Sentinel data)
shows the same landforms with textural differences reflecting lowered water levels, as well as mixed forests typically found
on elevated, well-drained lithalsas. The white arrow indicates the direction from which the oblique photograph was taken.
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Plate. 8. (A) Oblique aerial photograph of a localized RL–L complex in ice-rich glaciolacustrine deposits on the Great Slave
Lowland–High Boreal (115.23839◦W, 62.65948◦N), with “undifferentiated (thermokarst) patterned ponding”, and collapsing
shoreline and drowned forest in the foreground and surrounded by Precambrian bedrock; (B) SPOT 6/7 imagery (© 2018 Airbus
Defence and Space, licensed by Planet Labs Geomatics Corp.); and (C) the Sentinel-2 (European Space Agency, Copernicus
Sentinel data) imagery shows the RL–L complex, and the arrow indicates the direction from which the oblique photograph (A)
was taken.
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Plate. 9. (A) Oblique aerial photograph of a RL–L complex in ice-rich glaciolacustrine deposits on the Great Slave Lowland–
High Boreal (114.8621658◦W 62.6408444◦N); (B) SPOT 6/7 imagery (© 2018 Airbus Defence and Space, licensed by Planet Labs
Geomatics Corp.); and (C) the Sentinel-2 imagery (European Space Agency, Copernicus Sentinel data) showing the RL–L complex
and surrounding bedrock with a shaded arrow indicating the direction from which the oblique photograph (A) was taken. Small
arrows indicate other discrete RL–L features visible on the imagery.
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