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Abstract. The Arctic is warming nearly four times faster than the global average, leading to widespread permafrost thaw
degradation with profound implications for ecosystems and infrastructure. While gradual permafrost thaw occurs over decades,
abrupt thaw events - such as thermokarst formation or retrogressive thaw slumps - can rapidly alter ecosystems and severely
damage infrastructure. Although abrupt thaw is increasingly widespread, comprehensive datasets that map its spatial distribution
at regional scales for land managers and local governments are still lacking. To address this gap, we created the Alaska
Permafrost Thaw Database, an open-access, collaborative database which compiles 19,540 permafrost thaw and thermokarst
locations across Alaska from 44 sources, integrating field observations, remote sensing products, and the published literature.
This database spans observations from 1950 through the present and incorporates datasets of varying spatial resolution, ranging
from field-based point measurements to remotely sensed products (1-125 m), providing statewide coverage across Alaska. The
dataset includes abrupt thaw features and sites experiencing gradual top-down thaw that can help to support comparative analysis
and predictive modeling. We used this database to explore relationships between thaw type (abrupt vs. non-abrupt) and
topographic metrics (i.e., slope, relative elevation, and potential incoming solar radiation), analyze the distribution of various
thaw features across Alaska’s major ecoregions, and compare the database to current spatial datasets of ground ice and Yedoma.
Our analysis shows abrupt thaw features are more prevalent in lowlands and depressions while gradual top-down and lateral
thaw features are more commonly associated with areas receiving higher potential incoming solar radiation such as south facing
slopes and open clearings. We also found substantial mismatches between ice-driven thaw processes and existing ground ice and
Yedoma maps, likely reflecting the coarse resolution of current mapping products relative to the fine-scale nature of field
measurements and highlighting the limitations of current datasets for local-scale prediction. The database provides direct,
empirical evidence of actively thawing and stable permafrost locations and can be used to inform and validate ground ice
mapping. By comparing the database with physiographic characteristics and remotely sensed measurements, the database can
guide future field campaigns in areas with little to no observations. As permafrost thaw transforms Arctic landscapes, high-
resolution, accessible spatial data - such as our thaw database - will be critical for informing mitigation and adaptation strategies.
The Alaska Permafrost Thaw Database is openly available at Zenodo (https://doi.org/10.5281/zenodo.16996415), which provides
a link to the GitHub repository and access to all versions; this paper describes version 2.0.0.
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1 Introduction

The Arctic is one of the most rapidly changing environments on Earth (Ballinger et al., 2025). Ongoing widespread permafrost
thaw, increased wildfire activity, changes in snowfall and precipitation, and sea level rise are all disrupting Indigenous and local
communities and affecting infrastructure (Bamber et al., 2019; Bigalke and Walsh, 2022; Hjort et al., 2022; McCarty et al., 2021;
Stepien et al., 2014; Streletskiy et al., 2023; Vincent, 2020). Permafrost underlies approximately 80% of the land surface in
Alaska and serves as a critical component of the state’s ecosystems, landscape stability, hydrology, and carbon dynamics
(Andresen et al., 2020; Jorgenson et al., 2006; Schuur et al., 2015). Terrestrial permafrost stores at least two times the amount of
carbon currently in the atmosphere (between 1,460 - 1,600 Gt) (Schuur et al., 2022; Strauss et al., 2025). When permafrost
thaws, microorganisms partially decompose soil carbon and release it in the form of greenhouse gases including carbon dioxide
and methane (Mackelprang et al., 2016).

Abrupt permafrost thaw could impact up to 20% of the permafrost region (Olefeldt et al., 2016). Unlike gradual thaw, which
occurs when the active layer thickens by a few centimeters a year and causes a gradual shift in vegetation and slower, sustained
shift in the carbon balance (Harris et al., 1988), abrupt thaw processes initiate within a few decades and cause severe impacts on
the surrounding ecosystem (Turetsky et al., 2019; Webb et al., 2025a). Many abrupt thaw processes are triggered by the melting
of ground ice, but not all forms of abrupt thaw depend on high ground ice to occur (i.e., coastal erosion, wildfire-induced top-
down thaw) (Webb et al. 2025a). In upland and/or sloped regions, abrupt thaw can manifest as, for example, thaw slumps and
active layer detachments while collapse scar wetlands and thermokarst lakes form in more poorly drained lowlands (Olefeldt et
al., 2016; Turetsky et al., 2020). These processes are especially pronounced in regions underlain by Yedoma - ice-rich
Pleistocene-aged permafrost containing large ice wedges (Strauss et al., 2021) - where thawing drives ground subsidence and
exposes large stores of previously frozen, bioavailable carbon. Besides the impact of abrupt thaw on ecosystem structure and
carbon cycling, abrupt thaw events also pose significant threats to infrastructure (Hjort et al., 2022). In Alaska, maintaining and
rebuilding infrastructure damaged by permafrost thaw is expected to cost between $14.2-24.5 billion by 2050 (Streletskiy et al.,
2023). Understanding the spatial distribution of permafrost thaw events is essential for predicting future permafrost degradation
and informing mitigation strategies.

Despite the increasing occurrence of abrupt thaw events, comprehensive datasets documenting their spatial distribution are
limited. Existing datasets either focus on specific regions (Jones and Zuck, 2016; Nitze et al., 2020b; Swanson, 2021; Whitley et
al., 2018) or, if pan-Arctic, are limited to a single type of abrupt thaw such as retrogressive thaw slumps (Olefeldt et al., 2016;
Yang et al., 2025). In Alaska, datasets contain too few thaw features to support robust modeling and often rely on automated
methods that are less reliable than direct field observations (Witharana et al., 2022; Yang et al., 2023). To address this gap, we
compiled a dataset of 19,540 permafrost thaw and thermokarst occurrences across Alaska from 44 different sources. This dataset
includes various abrupt thaw features (i.e., thermokarst lakes, retrogressive thaw slumps, thermokarst wetlands) as well as
locations that are not experiencing abrupt thaw that represent areas of more stable permafrost or permafrost subject to gradual
top-down thaw. These so-called “non-abrupt thaw features” were compiled from a combination of permafrost monitoring
networks, active layer depth surveys, and photo-interpretations of landscape change through time. These sites represent gradual
thaw processes and are located in areas distinct from abrupt thaw features, allowing them to be treated as independent
observations. These non-abrupt thaw locations serve as control points for comparison and provide a valuable reference for
modeling permafrost dynamics, helping to distinguish the environmental conditions associated with abrupt thaw from those
where thaw may be occurring more gradually or not at all. While the absence of visible abrupt thaw does not guarantee low risk,
these locations could represent potential locations for infrastructure development and provide insights into the physiographic
characteristics of permafrost more stable to change than abrupt thaw locations.

In this study, we carried out an extensive search of peer-reviewed literature, published datasets, and unpublished field
observations to assemble the most comprehensive database of permafrost thaw locations across Alaska to date. We use the
database to analyze topographic differences between abrupt and non-abrupt thaw sites, including slope, relative elevation, and
potential incoming solar radiation. We also evaluate the ability of current ground ice maps to capture fine-scale susceptibility to
ice-dependent abrupt thaw processes and quantify the proportion of these processes that occur within the Yedoma domain. This
study represents the first large-scale, field-based comparison of mapped ground ice distributions with observed thaw features,
assessing the ability of these maps to reliably predict abrupt thaw vulnerability. Specifically, we compare ice-dependent abrupt
thaw features with the widely used ground ice map for Alaska developed by Jorgenson et al. (2008), the circumpolar ground ice
map by Heginbottom et al. (2002) and the Database of Ice-Rich Yedoma Permafrost by Strauss et al. (2022). By comparing
observed thaw features with mapped ground ice, Yedoma distribution, and topographic variables, we aim to assess current model
limitations and identify key environmental characteristics associated with abrupt thaw across Alaska. These insights can help
refine permafrost hazard assessments and guide the development of more accurate predictive tools for abrupt thaw formation and
adaptation planning.
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2 Methods
2.1 Data Sources and Consolidation Methods

We compiled the database from a combination of ground-truthed field observations and remotely sensed data across Alaska.
Table 1 provides a summary of the sources used to extract thaw occurrence locations. We sourced these locations from a variety
of formats including geospatial databases, coordinates reported in published journal articles, field campaigns, and photo-
interpreted sites of landscape change. Given that spatial datasets were often in different formats such as points, polylines, and
polygons, we standardized the database by converting all locations to point features based on the centroid of the feature

(polygons) or the midpoint of the line (polylines).

Imagery Imagery Imagery | Number Types of
Authors Data Source Type Used Dates Resolution of Features
(meters) | Features
Active layer
detachment,
(Abbott and e . Thermoerosional
Jones, 2013) Field - published 93 aully.
Retrogressive
thaw slump
Active layer
detachment,
(Balser and Retrogressive
Jorgenson, Field - published 35 thaw slump,
2013) Thermoerosional
gully,
Thermokarst
Retrogressive
thaw slump,
(Bowden ctal, Field - published 32 Thermoerosional
2008)
gully,
Thermokarst
(Buckeridge et Ret .
al.,, 2013, Field - published 3 t;a“’grfsive
2023) W siump
(Chen ct al Remote sensing - Commercial 1950 Thermokarst,
2021b) v ublished & satellite through ~1 216 Wildfire-induced
P images 2015 thaw
. Landsat 2000
(Clzlgr; le ;)a L, Rem(l)lflis:lile scling " | T™M, ETM+, through 30 90 Thermokarst lake
P and OLI 2020
(Douglas et al., . .
2021) Field - published 3 Thermokarst
(Douglas, Field -
Thomas) unpublished 13 Thermokarst
(Edwards et . .
al, 2016) Field - published 3 Thermokarst lake
(Euskirchen et e . Thermokarst
al, 2014) Field - published | wetland




(GTN-P,

20152) Field - published 65 Non-abrupt
Cotssy | Field- published 172 Non-abrupt
Thaw pond,
G ff Thermokarst,
(Gooserh, | Ficld - published 456 Thermokarst
) lake, Wildfire-
induced thaw
H ¢ al Thermoerosional
( apms<tals | Field - published 3 aully,
) Thermokarst
(Hinzkoell ze)t al, Field - published 28 Thermokarst lake
(HIO 9[)‘{(91;15, Field - published 1 Thermokarst lake
Non-abrupt,
(Johnston et . . on-abrup
12014 Field - published 14 Thermokarst
b ) wetland
SAR,; 1985
(Jones and Remote sensing - Landsat through 30 3542 Thermokarst
Zuck, 2016) published TM; ETM+; g lake, Thaw pond
OLI 2015
(Jones et al., . . Thermokarst
2013) Field - published 1 wetland
(Jones et al., . . Thermokarst
2016) Field - published 1 wetland
USGS topo
Remote maps; aerial 2000
(Jones et al., §ensmg/Photo- photography through 30 74 Thermokarst lake
2019) interpretation - ; Landsat 2017
published TM; ETM+;
OLI
(Jorzle(t)szgt) al, Field - published | Thermokarst lake
(ngn g;j(;i ln Ss)et Field - published 4 Thermokarst lake
Active layer
detachment,
Retrogressive
thaw slump,
(Jo;%eirgson, Field - published 49 Thermoerosional
) gully,
Thermokarst,
Wildfire-induced
thaw




Non-abrupt,

Retrogressive
Remote Photo- thaw slump,
(Jorgenson et sensing/photo- interpretati 200 Thermoerosional
al., 2022) interpretation - r(I))n gully,
published Thermokarst,
Thermokarst
wetland
R(iljggr“’gg;) Field - published I Thermokarst
(Klggllgt) al. | Field - published 1 Thermokarst
(Langer etal, 1 giolg - published 10 | Thermokarst lak
2020) Field - publishe ermokarst lake
(Lenz etal, 1 piolq - published 3 | Thermokarst lak
2016) Field - publishe ermokarst lake
(Liljedahl et e . | Wildfire-induced
al., 2007) Field - published thaw
(Ll%‘:};g al. | Field - published I Thaw pond
Bi(ﬁi‘r‘lzes“ f;‘§4) Field - published I Thermokarst
(lz’zelrs';)‘(?;t)h Field - published I Thermokarst
(lz’f{lelrs'ziggt)h Field - published I Thermokarst
. . 1999 .
(Nitze et al., Remote sensing - Landsat through 30 194 Retrogressive
2018) published 2014 thaw slump
. . Landsat; 1999
(let(z); g tal, Remott?l?el? scling ) Sentinel-1; through 30; 3.125 6555 Thermokarst lake
2) Publishe PlanetScope 2018
(Ojfergg‘fg ® | Field - published I Thermokarst
“(]Iglsltlgz?)%%) Field - published 2 Thermokarst lake
(Strazlz)szszt;t al., Field - published 1 Thermokarst lake
Alaska high
altltpcie 1977 Active layer
(Swanson, Remote sensing - actia 1.5; 4; 2.2; detachment,
2021) published photographs through 6 6574 Retrogressive
; IKONOS; 2015 thaw slump
SPOT67,;
WwV23
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Non-abrupt,
Thaw pond,
Thermoerosional
. 1y,
(Turetsky et Field - 104 Theilrtokarst
al.) unpublished Thermokarst
lake,
Thermokarst
wetland
(Walter
Anthony, Field - published 16 Thermokarst lake
2020)
O olea )" | Field- published 47 Non-abrupt
Non-abrupt,
ey || Field - published 326 | Themotiostonal
Thermokarst

Table 1. Summary and descriptions of the published sources used to create the thaw database.

Each of these sources employed different data collection methods resulting in varying levels of accuracy in their final outputs. In
particular, the spatial and temporal resolution of remote sensing data has improved significantly over time. Older studies often
relied on moderate-resolution imagery such as Landsat (30 meters), while more recent measurements frequently utilize high-
resolution datasets like ArcticDEM (2 meters), enabling more precise detection and characterization of thaw features. We did not
manually verify each individual feature, and the features in the database reflect the accuracy of their source dataset. While a
comprehensive and quantitative statistical uncertainty analysis is not possible due to the heterogeneity and lack of validation data
for our input sources, we have provided metadata on source type, satellite(s) or sensor(s) used (if remotely sensed data), data
year(s), and spatial resolution. This level of documentation allows the reliability and limitations of the dataset to be evaluated
transparently by users. In addition, the open-access and collaborative nature of the database enables community feedback
including the identification and correction of errors, duplicates, omissions, or regional gaps, and provides clear opportunities for
continued refinement and expansion as new data become available. To increase consistency across sources, we applied several
post-processing techniques to improve data quality (Table 2). These methods included filtering out points located outside the
zone of mapped permafrost in Alaska, using only the most recent thaw data when multiple years of thaw data was presented from
each source, and removing duplicate locations. Duplicate entries of thaw features with identical names were removed, keeping
only the first occurrence of each named feature. For example, both Wang et al. (2018a,b) and the Global Terrestrial Network for
Permafrost included sites from the Circumpolar Active Layer Monitoring Network (CALM).

Source Data Selection Criteria and Methods

e Sclected lakes that were classified as
remnant drained lake basins, primary or

(Jones and Zuck, 2016) secondary thermokarst or depression lakes,
and collapsed pingo ponds.

e Total lakes removed = 820

e Removed lakes that were drained by
mechanisms caused by humans, coastal
erosion, or river meandering

e Total lakes removed = 24

e Used the ecosystem shift change code
between 1950-2020 to classify each location
as abrupt or non-abrupt thaw.

e No locations were removed

(Jones et al., 2019)

(Jorgenson et al., 2022)

e Only used points from the RTS

(Nitze etal., 2018) (Retrogressive thaw slump) data file

e Removed duplicate lakes between Planet
(Nitze et al., 2020a) and Landsat/S1 imagery
e Total lakes removed = 4,124

e Removed duplicate features across the
(Swanson, 2021) various satellites and remote sensors used

e Total features removed = 383
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e Removed locations that:
o Had no permafrost
(Whitley et al., 2018) o Were classified as water or
wrack line
e Total features removed = 167

Table 2. Description of post-processing methods applied to the relevant database sources. If a source from Table 1 is not listed here, it indicates
that no additional quality control measures were needed for the data.

For each point feature, we recorded the identifying source information (authors, DOI), the type of source (field or remote
sensing) and its publication status, feature name (if applicable), latitude and longitude (in WGS 84), feature type as reported by
the source (i.e., retrogressive thaw slump, thermokarst fen), feature category (feature type simplified into a broader category),
type of thaw (abrupt or non-abrupt), and the imagery used along with relevant mapping information such as imagery dates and
resolution. Table 3 details these attributes and Table 4 defines the thaw feature categories used in our database. We classified
features as abrupt or non-abrupt thaw according to the framework outlined in Webb et al. (2025a), specifically using the decision
tree in Figure 5. Under this scheme, a thaw event is considered abrupt if it develops within 30 years and meets at least one of the
following criteria: it involves substrate with high ground ice content (>20 %) or it results in a major ecosystem impact, even in
the absence of high ground ice. All other features were classified as non-abrupt.

Field Name Format Description

Author last name et al. (year

Authors published) Author list from source publication
g Unique identifier from source publication.
DOI https:://doi.org/XXXX/XXXX N/A if unpublished data
Must be one of the following or a
combination: .
e Ficld - published/unpublished The type (?f source data and publlcathn
. status. This can include field observations,
DataSourceType e Remote sensing - .
. . remotely sensed data, or photo-interpreted
published/unpublished data
e Photo interpretation -
published/unpublished

The name of the feature. This can include
FeatureName Name of feature or site lakes, monitoring stations, established field
sites, etc. Leave blank if there is no name.

Point location (y coordinate) of thaw event

Latitude Decimal Degrees in EPSG-4326
Longitude Decimal Degrees f’:gl}t) é(é:azg(;r; (x coordinate) of thaw event
The type of feature as reported by the
Type of feature as reported by source data. This can include things like
FeatureType .
source data retrogressive thaw slumps, thermokarst

lakes, collapse-scar bog, etc.

Must be one of the following:
Active layer detachment
Retrogressive thaw slump
Thaw pond
Thermoerosional gully FeatureType generalized into broader
Thermokarst category

Thermokarst lake
Thermokarst wetland
Wildfire-induced thaw
Non-abrupt

FeatureCategory

The type of thaw. The features are classified
as either abrupt or non-abrupt thaw
according to the framework outlined in
Webb et al. (2025a).

Must be one of the following:
ThawType e Abrupt
e Non-abrupt

For remotely sensed data, record the
instrument(s) used to map thaw features.

Tmagery Remote sensing instrument(s) used This can be the name of a satellite, aerial

campaign, drone imagery, etc.
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. For remotely sensed data, include the date
ImageryDates Date of imagery used range of imagery used
For remotely sensed data, include the spatial
ImageryResolution meters | Resolution of imagery resolution, in meters, of the mapped thaw
features

Table 3. Attributes recorded for each point feature in the database including units (when relevant) and descriptions of variables.

Requires high

Thaw Feature Definition .
ground ice?

Active layer A landslide in which the thawed surface layer of the ground detaches and

. . No
detachment slides downslope over frozen soil
Retrogressive A bowl-shaped landslide in ice-rich permafrost that enlarges each

. Yes

thaw slump summer as exposed ground ice melts and headwall collapses

A small waterbody that forms when ice-rich permafrost thaws and
Thaw pond subsides, creating surface depressions that fill with trapped meltwater, Yes
snowmelt, or precipitation

A process in polygonal networks initiated by the infiltration of runoff

Th ional . . . .
CTMOCTOSIONAL 1\ ater (e.g. snowmelt, rainfall) into open cracks and cavities in the active Yes

gully layer which can develop over a single thawing season
Process by which characteristic landforms result from the thawing of ice-
Thermokarst . . . Yes
rich permafrost or the melting of massive ice
Thermokarst lake | A lake formed or affected by the thaw of ice-rich permafrost Yes
Thermokarst The collapse of ice- and peat-rich soils on a flat landscape Yes
wetland

When wildfire removes insulating vegetation and organic soil layers,
increases surface albedo and ground heat flux, and alters hydrology, No
accelerating permafrost thawing

Wildfire-induced
thaw

A feature where the thaw front progresses slowly over several years to
Non-abrupt decades, has low or no ground ice, and does not have a substantial Never
impact to the ecosystem
Table 4. Definitions for the major permafrost thaw categories in the thaw database. Definitions for features were derived from (Gagnon et al.,
2024; Gibson et al., 2018; Lewkowicz et al., 2024; Li et al., 2017; National Snow and Ice Data Center (NSIDC), n.d.; Wendel, 2016;
Yoshikawa et al., 2002).

2.2 Ecoregion Classification

We divided Alaska into ecoregions based on the EPA’s Level III Ecoregions map (U.S. Environmental Protection Agency,
2012), using Level II classifications with some adjustments (Fig. 1). We distinguished the Brooks Range from the Arctic Tundra,
grouped the southern mountain ranges together under a single “Southern Mountains” ecoregion, and classified all areas along the
southern coast as “Maritime”. Then, we spatially joined the thaw database with the ecoregion map and quantified the occurrence
of various abrupt thaw features within each unique ecoregion.

2.3 Environmental Data Extraction

To characterize terrain conditions at observed thaw features, we extracted high-resolution topographic variables from the
ArcticDEM (V.4.1) (Porter et al., 2023) using Google Earth Engine (GEE) (Gorelick et al., 2017). We calculated elevation (m),
slope (degrees), and aspect (degrees) using the terrain function in GEE. The terrain function derives slope in degrees using a 3x3
pixel window around each point. Since the ArcticDEM has a spatial resolution of 2 m, slope was computed from a 36-m?
neighborhood centered on each point. To quantify a thaw feature’s topographic position on the landscape, we computed relative
elevation by subtracting the mean elevation within a 100-m circular neighborhood from the elevation at each thaw point (Eq. 1).
This first-order approximation yields values less than O for depressions and values greater than 0 for elevated terrain.

hret(©) = h; — ks,
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h,o; (i) = Relative elevation
h; = Elevation at point i
hg, = Mean elevation within a 100-m circular neighborhood around i

(1)

We calculated a solar radiation index (SRI) following the methods outlined in (Fu and Rich, 2002) (Eq. 2). The SRI estimates the
potential incoming solar radiation under clear-sky conditions at solar noon on the summer solstice (June 21). To define a
representative solar azimuth angle for Alaska, we used the NOAA Solar Calculator and selected the geographic center of the
state (64.73°N, 152.47°W) since solar azimuth varies minimally across Alaska that time of year. We approximated the solar
zenith angle, which varies with latitude, by calculating the absolute difference between each thaw location’s latitude and solar
declination on the solstice. We acknowledge that the SRI is a simplified proxy for solar energy input, and that local factors such
as canopy cover, microclimate, and seasonal daylength variation also influence site-specific solar exposure. However, the SRI
provides a useful estimate of potential solar energy input that may affect permafrost thaw vulnerability and is more informative
than aspect alone. Because Alaska is at high latitude, the solar radiation index values are centered around ~0.75 for flat terrain,
with higher values indicating steeper, south-facing slopes and lower values indicating north-facing slopes or less-exposed terrain.

SRI = cos(83) cos(f) + sin(8;) sin(f) cos (¢ — a)
0z — solar zenith angle
b slope
P - aspect

@ = solar azimuth angle

)

To examine topographic variation in slope, relative elevation, and SRI between abrupt and non-abrupt thaw locations, we
performed non-parametric Wilcoxon rank-sum tests (McKnight and Najab, 2010). Because the database is heavily skewed
towards abrupt thaw features, we used a bootstrapping approach to balance sample sizes (Efron and Tibshirani, 1993). We
conducted 1,000 iterations of stratified random sampling, selecting 500 abrupt thaw points and 500 non-abrupt thaw points with
replacement in each iteration. We calculated 95 % confidence intervals for the mean values of each variable within abrupt and
non-abrupt thaw groups based on the bootstrapped samples. All statistical analyses were conducted in R (version 4.5.0) and the
associated code and results can be found at our GitHub repository: (https://github.com/ArcticWebb/Alaska Permafrost Thaw
Database)

2.4 Spatial Comparison with Ground Ice and Yedoma Maps

Areas with high ground ice content are especially prone to abrupt permafrost thaw due to substantial volume loss when ice melts.
Ground ice is widely recognized as one of the most influential factors driving abrupt thaw (Jorgenson et al., 2006; Teufel and
Sushama, 2019; Turetsky et al., 2020) and many permafrost thaw prediction models use it as a key variable for identifying areas
at risk. We acknowledge that precipitation, vegetation, snow cover, and other factors can also influence abrupt thaw, however,
many of these drivers are indirectly represented in ground ice maps because those maps are developed using environmental
indicators as model inputs. Existing ground ice maps for Alaska were produced at coarse spatial resolutions (statewide or
circumpolar) which limits their utility for fine-scale mapping (Heginbottom et al., 2002; Karjalainen et al., 2022). For this study,
we compared two of the most widely used datasets: one developed specifically for Alaska and another designed for pan-Arctic
ground ice conditions. The Permafrost Characteristics of Alaska map by Jorgenson et al. (2008) estimates ground ice content
within the upper 20 meters of permafrost based on terrain originally described in Kreig and Reger (1982) and is supplemented
with field observations. Inconsistent or patchy permafrost distribution is classified as variable, < 10 % as low, 10-40 % as
moderate, and > 40 % as high. In contrast, the Circum-Arctic Map of Permafrost and Ground-Ice Conditions, Version 2 by
(Heginbottom et al., 2002) summarizes permafrost conditions and ground ice distribution across the Northern Hemisphere (20°N
to 90°N). Ground ice classification is also based on the upper 20 meters of permafrost, with < 10 % defined as low, 10-20 % as
moderate, and > 20 % as high. Because the two datasets use different percentage thresholds to define moderate and high ground
ice content, we combined the moderate and high classes into a single category for each map while retaining low ground ice as a
distinct class since both maps define it as < 10 %. This approach groups the majority of landscapes where abrupt thaw is
considered probable or highly likely (moderate or high ground ice) while retaining a smaller class where abrupt thaw should be
unlikely (low ground ice).

We assessed the ability of these ground ice maps to capture ground ice distribution at a finer scale using our thaw database. Prior
to analysis, we removed abrupt thaw processes that do not require ground ice melting, ensuring that the abrupt thaw points used
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for this analysis only represented ice-dependent thaw processes (Table 4). We then overlaid the maps with the updated thaw
database points, extracted the ground ice classification, and calculated the proportion of abrupt and non-abrupt thaw points
within each ground ice class. We expected abrupt thaw points to predominantly occur in high or moderate ground ice areas and
non-abrupt thaw points to occur in low to no ground ice areas. Finally, we overlaid the ice-dependent abrupt thaw points from
our database with the Database of Ice-Rich Yedoma Permafrost by Strauss et al. (2022) and calculated the proportion of these
thaw processes within the Yedoma domain. Although duplicate features were removed (section 2.1), some study sites include
multiple thaw features which may result in spatial clustering of observations. Therefore, results in section 3.3 should be
interpreted as representing broad regional patterns rather than statistically independent observations.

3 Results
3.1 Database Characteristics

The final database contains 19,540 permafrost thaw locations spanning all ecoregions of Alaska (Fig. 1). Spatial coverage is
statewide and the temporal resolution varies because the sources used to map thaw features are based on imagery spanning the
past ~70 years. Of these, 18,213 points represent abrupt thaw including 10,625 thermokarst lakes, 5,463 active layer
detachments, 1,450 retrogressive thaw slumps, 280 generic thermokarst processes, 209 wildfire-induced abrupt thaw features,
134 thermokarst wetlands, 47 thermoerosional gullies, and 5 thaw ponds (Fig. 1). An additional 1,327 points represent non-
abrupt thaw. Abrupt thaw locations were concentrated in northern Alaska (Fig. 1), reflecting the higher abundance of continuous
permafrost with near-surface ground ice in this region. The classification of thaw features follows the terminology used in the
source data. If the thermokarst type was not specified (i.e., fen, water track), the observation was recorded as “thermokarst” and
is hereafter referred to as generic thermokarst processes. Thaw features influenced by wildfire were designated as a distinct class
called “wildfire-induced thaw” and were therefore not double-counted with other categories.

Thaw Type @ Non-abrupt @ Abrupt

Arctic Tundra Bering Tundra Intermontane Boreal Southern Mountains

Ecoregion i . 3
Bering Taiga Brooks Range Maritime

70°N 70°N

65°N

65°N

60°N *

500 krn =
Figure 1. Map of non-abrupt (left) and abrupt (right) permafrost thaw locations across Alaska’s ecoregions slightly modified from the Level III
U.S. EPA Alaska Ecoregions Map (U.S. Environmental Protection Agency, 2012).

3.2 Environmental Characteristics

There were distinct regional differences in types of abrupt thaw across Alaska (Fig. 2). Active layer detachments and
retrogressive thaw slumps dominated in mountainous areas like the Brooks Range, while lowland regions like the Arctic and
Bering Tundra primarily experienced thermokarst lake expansion and general thermokarst activity. Abrupt thaw accounted for
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more than 97 % of features in the Arctic Tundra, Bering Tundra, and Brooks Range. In contrast, only 36 % of features in Interior
Alaska and 17 % in the Bering Taiga were abrupt thaw while the Southern Mountains and Maritime ecoregions had virtually
none. Interior Alaska exhibited the most diverse array of abrupt thaw features, with thermokarst wetlands and wildfire-driven
thaw being the most common. We tested whether the distribution of abrupt thaw features differed significantly between Alaska’s
ecoregions using a chi-square test of independence with Monte Carlo simulation (10,000 replicates) to account for sparse data.
The test revealed a highly significant association between thaw feature type and ecoregion (y*> = 27,509, p < 0.001), indicating
that abrupt thaw features are not evenly distributed across regions.

Arctic tundra Bering tundra Bering taiga
n = 4443 n = 6544 n =69
<1% <1%
20, 1%
2%
4%
Brooks range Intermontane boreal Southern mountains
n = 6701 n =453 n=2
<1% <1%
36%
———— — 50% 50%
4%
5%
|:| Active layer detachment D Thaw pond |:| Thermokarst D Thermokarst wetland

Feature Type
SE |:| Retrogressive thaw slump D Thermoerosional gully . Thermokarst lake I:I Wildfire-induced thaw

Figure 2. Proportion of abrupt thaw feature types across Alaska’s major ecoregions. Smaller pie charts adjacent to each main pie highlight
feature types that account for less than 1% of the total within each ecoregion. Ecoregion boundaries were adapted from the Level III U.S. EPA
Alaska Ecoregions Map (U.S. Environmental Protection Agency, 2012).

Two out of three topographic variables (relative elevation and SRI) showed statistically significant differences between abrupt
and non-abrupt thaw locations. Slope was not significantly different between abrupt (mean = 5.36°, 95 % CI: [4.70, 6.07]) and
non-abrupt thaw locations (mean = 4.01°, 95 % CI: [3.50, 4.60]; p = 0.51). Relative elevation was significantly lower at abrupt
thaw locations (mean = -0.66 m, 95 % CI: [-0.78, -0.56]) compared to non-abrupt thaw locations (mean = 0.04 m, 95 % CI: [-
0.13, 0.21]; p < 0.001). Less intuitively, solar radiation index was significantly lower at abrupt thaw locations (mean = 0.71, 95
% CI: [0.70, 0.71]) compared to non-abrupt thaw locations (mean = 0.75, 95 % CI: [0.74, 0.76]; p < 0.001). Most solar radiation
index values fall between 0.6 and 1 and are clustered around 0.75 because the majority of thaw features occur on flat terrain with
slopes near 0 degrees. These findings suggest that abrupt thaw is more prevalent in lowlands or depressions and in areas with
lower potential solar radiation (Fig. 3), while slope has no significant effect.
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Figure 3. Distributions of relative elevation (top) and SRI (bottom) for abrupt and non-abrupt thaw locations across Alaska. In the top panel,
values left of the dotted line indicate local depressions while values to the right indicate elevated terrain. In the bottom panel, the x-axis is
centered at 0.75 to represent the average SRI value for flat terrain. Density curves show the relative frequency of each thaw type.

3.3 Spatial Comparison with Ground Ice Maps and Yedoma

When we compared our thaw database with the Jorgenson et al. (2008) ground ice map, only 65 % of ice-dependent abrupt thaw
locations fell within areas classified as high or moderate ground ice while 35 % occurred in areas labeled low, variable, or
unfrozen (Fig. 4). This indicates that this ground ice map only captures about two-thirds of locations where ice-dependent abrupt
thaw processes actually occur, revealing a substantial mismatch between the map and observed thaw features. Spatial overlays
with the Heginbottom et al. (2002) map showed that 60 % of ice-dependent abrupt thaw locations occurred in areas classified as
high or moderate ground ice while 40 % were in low-ice regions (Fig. 4). The spatial distribution of ice-dependent abrupt thaw
events in areas classified as having low ground ice content is not uniform across Alaska, with most of the discrepancies being in
the Seward peninsula, northern tundra, and parts of interior Alaska. Because the abrupt thaw processes used in this analysis
require substantial ice content to develop, these results highlight the potential limitations of existing ground ice datasets for
accurately representing permafrost vulnerability at the local scale.
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Permafrost Characteristics
of Alaska Map
Jorgenson et al. (2008)

70°N

65°N

B0°N

Circum-Arctic Map of Permafrost and
Ground-lce Conditions, Version 2
Heginbottom et al. (2002)

70°N

65°N

60°N *

Ice-dependent abrupt thaw points classified as high or moderate ground ice
Ice-dependent abrupt thaw points classified as low ground ice, variable, or unfrozen

Figure 4. Locations of potential misclassifications based on ground ice content from the Permafirost Characteristics of Alaska map (top) and
Circum-Arctic Map of Permafrost and Ground-Ice Conditions, Version 2 (bottom). Orange dots represent ice-dependent abrupt thaw features
that are misclassified (i.e., mapped in areas of low, variable or unfrozen ground ice) while blue dots represent ice-dependent abrupt thaw
features mapped in areas of high or moderate ground ice. Each map shows 12,492 ice-dependent abrupt thaw features from the database.
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We also examined the level of agreement between the two ground ice maps across Alaska (Fig. 5). Although Jorgenson et al.
(2008) and Heginbottom et al. (2002) show comparable accuracy in identifying ice-dependent abrupt thaw features within areas
classified as having high or moderate ground ice, substantial discrepancies remain in their spatial distribution of ground ice
content (Fig. 5). Excluding regions without permafrost, the two maps assign the same ground ice class to only 73 % of the
permafrost zone, while 27 % is classified differently, meaning that there is conflicting representation on more than one quarter of
ground ice distribution in Alaska’s permafrost zone. These findings suggest the maps are not only inconsistent with our fine-
scale thaw database but also show considerable disagreement with each other.

70°N
65°N
Agree
Disagree
60°N Other
@
55°N

- oy S 500 km -

Figure 5. Map of areas where Jorgenson et al. (2008) and Heginbottom et al. (2002) agree in ground ice classification (green) and areas where
the two maps disagree (orange). Note that we combined the moderate and high classes into a single category for each map while retaining low
ground ice as a distinct class.

In addition to evaluating ground ice maps, we examined the spatial relationship between ice-dependent abrupt thaw features (i.c.,
thaw processes that require high ground ice content to form) and Yedoma. The Yedoma domain covers 38 % of Alaska, yet it
includes nearly 60 % of ice-dependent abrupt thaw features from our database, indicating that a substantial proportion of these
thaw processes are located in regions underlain by extremely ice- and carbon-rich permafrost (Fig. 6).
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Figure 6. Map of ice-dependent (blue) abrupt thaw processes and either ice-independent abrupt thaw processes or gradual thaw processes
(green) that occur within or outside the mapped Yedoma domain (yellow) according to Strauss et al. (2022).

4 Discussion

Our topographic analysis indicates that abrupt thaw is disproportionately concentrated in local depressions and valley bottoms,
suggesting that these low-lying areas may serve as hotspots for abrupt thaw processes. Lowlands often experience greater acolian
or fluvial deposition of fine sediments and more peatland development which are conditions that favor high ground ice content
and, over longer timescales, Yedoma formation, both of which increase thaw susceptibility. This finding aligns with previous
studies showing that poor drainage in lowlands can promote permafrost degradation (Kokelj and Jorgenson, 2013; Natali et al.,
2015; Schuur and Mack, 2018). We found that both relative elevation and SRI were significantly lower at abrupt thaw sites
compared to non-abrupt thaw sites. One possible explanation for the higher SRI values for non-abrupt thaw features is that south-
facing slopes may have a reduced capacity to accumulate and preserve large amounts of ground ice due to warmer air and soil
temperatures from increased solar radiation, leading to drier, better-drained soils that are less prone to ice development and
subsequent thermokarst processes. Steep slopes and high gradient areas typically have lower ground ice and shallower depth to
bedrock permafrost which will not exhibit thaw features (Van Soest et al., 2025). In contrast, low SRI sites such as north-facing
slopes or valley bottoms have cooler, wetter conditions conducive to ice formation, making them more susceptible to abrupt thaw
once thaw initializes. It is also important to note that our SRI metric does not incorporate canopy cover or low-lying vegetation
which can limit the amount of sunlight that reaches the ground surface. Dense vegetation cover in low-SRI areas could further
protect ice-rich permafrost and lead to more accumulation of ground ice over time, ultimately increasing the risk of eventual
ground subsidence. We observed no significant relationship between slope steepness and thaw type (abrupt vs. non-abrupt),
suggesting that slope alone is not a primary control on abrupt thaw and reinforcing the need to consider multiple environmental
variables such as vegetation, local hydrology, storm events, and soil temperature when assessing thaw risk.

Although current ground ice datasets, such as Jorgenson et al. (2008) and Heginbottom et al. (2002), are valuable for regional to
pan-Arctic scale assessments, they were not designed to capture fine-scale (i.e., 10s to 100s of meters) heterogeneity in ground
ice conditions that represent typical thaw feature sizes. The spatial clustering of apparent misclassifications suggests that
localized ice-rich deposits may not always be resolved in regional maps. These discrepancies may rise from sub-grid
heterogeneity, including ice-wedge polygon terrain, or from thermokarst legacy landscapes where thaw features formed when
ground ice content was higher in the past. Our analysis revealed that only 60-65 % of abrupt thaw locations fall within areas
classified as high or moderate ground ice, suggesting that current datasets may have limitations in quantifying the distribution of
ice-rich permafrost at finer scales. Of these ice-dependent abrupt thaw processes, more than half (~ 59 %) occur within the
mapped Yedoma domain (which only occupies 38 % of our study area) and are exceptionally ice-rich and contain large stores of
organic carbon. Thaw in these regions could drive rapid ground subsidence and release vast amounts of bioavailable carbon
(Strauss et al., 2017), including methane which is about 28.5 times more potent as a greenhouse gas than carbon dioxide over a
100-year time period (Béack et al., 2024). Outside the Yedoma domain, this vulnerability is generally concentrated in the upper ~
3 m of permafrost as deeper gravels or bedrock tend to slow down vertical thaw feature expansion. The presence of abrupt thaw
outside mapped ice-rich zones underscores the limited utility of existing maps for local-scale prediction and highlights the urgent
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need for higher-resolution ground ice products across Alaska and the broader Arctic to improve modeling accuracy and risk
assessment for abrupt thaw. Recent efforts to explicitly map permafrost vulnerability, such as the fine-scale study of three
military training lands in interior Alaska by Jorgenson et al. (2025), demonstrate the potential of integrating soil thermal
conditions and permafrost characteristics into vulnerability frameworks. These detailed assessments are regional in scope, but
our statewide thaw database provides an observational foundation for extending these approaches to broader landscapes.
Together, these complementary efforts can create a path towards more accurate representations of permafrost thaw risk.

Our database of 19,540 features represents the most comprehensive compilation of permafrost thaw observations across Alaska.
However, there are a few limitations. Spatial coverage is uneven, with denser sampling along road systems, at long term field
sites, and in more accessible regions, highlighting the need for observations in underrepresented areas. There are three regions in
particular that would benefit from more field observations: 1) the Northwestern Arctic Slope uplands including the Colville
River drainage and the northern foothills of the Brooks Range; 2) Western Interior Alaska including much of Denali National
Park and sections of the Yukon River drainage; and 3) Eastern Alaska including the northeastern Brooks Range, eastern Interior,
and northeastern Alaska Range. The majority of these regions have no road access and are some of the most remote parts of
Alaska; however, they comprise a large area of the state and should be prioritized in future field campaigns because additional
data from these areas would improve the representativeness of the database. Because observations in our database are not
randomly sampled, the results of our statistical tests should be interpreted with caution. Sampling is biased toward regions that
have had more research activity, resulting in overrepresentation of areas including the Brooks Range, Seward Peninsula, and
Arctic tundra lowlands. Our database is also limited by relatively few non-abrupt thaw points, largely due to observational bias
since non-thawing or gradually thawing landscapes are harder to detect with remote sensing and are less frequently studied.
Another limitation is the dominance of thermokarst lakes in the dataset, which could skew model outputs toward aquatic thaw
processes while underrepresenting terrestrial forms of abrupt thaw. While the dataset can be filtered to focus on specific thaw
features, we retained all observations to preserve flexibility for diverse research applications.

In summary, our analyses reveal how topography both governs and is transformed by abrupt thaw, yet current ground ice maps
remain too coarse for reliable local-scale prediction. Future research should build on these relationships by integrating our
database with geospatial layers such as soil thermal conditions, ground ice, hydrology, vegetation, and weather data to model
permafrost thaw vulnerability across Alaska. This approach would inform thaw susceptibility in regions where field observations
are sparse and provide more accurate prediction of abrupt thaw at local scales. Consequently, our database provides an
unprecedented resource for studying the spatial patterns of permafrost thaw in Alaska while also laying the groundwork for
improved methods of modeling future thaw in a rapidly changing Arctic.

5 Conclusion

Our database represents the most spatially comprehensive synthesis of abrupt and non-abrupt permafrost thaw observations
across Alaska to date. Our analysis reveals key topographic and environmental drivers of thaw: abrupt thaw is more prevalent in
low-elevation valley bottoms and in areas with less solar radiation potential. While current ground ice maps remain valuable for
large-scale assessments, their limitations at finer resolutions emphasize the need for improved products to support local-scale
planning and risk mitigation. Notably, more than half of ice-dependent abrupt thaw features in our database occur in Yedoma
deposits, which are exceptionally ice- and carbon-rich, highlighting these regions as potential hotspots for greenhouse gas
emissions.

The Alaska Permafrost Thaw Database provides an open-access, collaborative framework that invites continual addition,
refinement, and expansion of thaw observations and serves as a foundational tool for diverse applications. It enables researchers
to identify data gaps and prioritize future field campaigns while also offering critical training and validation data for modeling
and machine learning efforts. By including both abruptly thawing and more stable permafrost locations, the dataset provides the
contrast needed for robust modeling of thaw vulnerability. Its utility extends to local governments, planning agencies, Indigenous
communities, the U.S. military, and others seeking to develop targeted adaptation and mitigation strategies in the face of
accelerating permafrost degradation. As permafrost thaw continues to reshape Arctic landscapes, high-quality, accessible spatial
data such as this database will be essential for anticipating change. The Alaska Permafrost Thaw Database not only provides a
baseline for ongoing monitoring and modeling but also advances collective efforts to understand, prepare for, and respond to the
complex impacts of permafrost thaw in a warming world.

Contributing Data

We welcome contributions of new abrupt or non-abrupt permafrost thaw locations across Alaska. Contributions are accepted via
pull requests on the GitHub repository: https://github.com/ArcticWebb/Alaska Permafrost Thaw Database. See the
CONTRIBUTING.md file for detailed instructions on how to submit new thaw locations.

Data Availability
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The Alaska Permafrost Thaw Database is publicly available at
https://github.com/ArcticWebb/Alaska Permafrost Thaw Database (Webb et al., 2025b). DOI:
https://doi.org/10.5281/zenodo.16996415

Code Availability
Our Google Earth Engine Script is publicly available at
https://github.com/ArcticWebb/Alaska Permafrost Thaw Database/tree/main/Scripts.
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