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Abstract Permafrost roughly affects half of the boreal region in Alaska and varies greatly in its thermo‐ 

physical properties and genesis. In boreal ecosystems, permafrost formation and degradation respond to 

complex interactions among climate, topography, hydrology, soils, vegetation, and disturbance. We synthesized 

data on soil thermal conditions and permafrost characteristics to assess current permafrost conditions in central 

Alaska, and classified and mapped soil landscapes vulnerable to future thaw and thermokarst development. 

Permafrost soil properties at 160 sites ranged from rocky soils in hillslope colluvium and glacial till, to silty 

loess, to thick peats on abandoned floodplains and bogs, across 64 geomorphic units. Ground‐ice contents (% 

moisture) varied greatly across geomorphic units. Mean annual ground temperatures at ∼1 m depth varied 

12.5°C across 77 sites with most permafrost near thawing or actively thawing. To assess the vulnerability of 

permafrost to climate variability and disturbance, we differentiated permafrost responses in terms of rate of 

thaw, potential thaw settlement, and thermokarst development. Using a rule‐based model that uses geomorphic 

units for spatial extrapolation at the landscape scale, we mapped 10 vulnerability classes across three areas in 

central Alaska ranging from high potential settlement/low thaw rate in extremely ice‐rich loess to low potential 

settlement/high thaw rate in rocky hillslope colluvium. Permafrost degradation is expected to result in 10 

thermokarst landform types. Vulnerability classes corresponded to thermokarst features that developed in 

response to past climates. Differing patterns in permafrost vulnerability have large implications for ecosystem 

trajectories, land use, and infrastructure damage from permafrost thaw. 

Plain Language Summary Permafrost formation and degradation respond to complex interactions 

among climate, terrain, hydrology and disturbance. To assess the current vulnerability of permafrost to climate 

variability and disturbance, we synthesized data on permafrost soil characteristics and thermal conditions in 

boreal landscapes in central Alaska. Permafrost soil properties ranged from rocky soils in hillslope colluvium, to 

silty loess, to thick peats on abandoned floodplains. Ground‐ice contents varied greatly across geomorphic units 

and mean annual ground temperatures at ∼1 m depth varied by 12.5°C. Most permafrost was near thawing or 

actively thawing. To assess permafrost vulnerability, we differentiated permafrost responses in terms of rate of 

thaw, potential thaw settlement, and thermokarst development. Using a rule‐based model, we mapped 10 

permafrost vulnerability classes in relation to biophysical characteristics associated with 64 geomorphic units at 

the landscape scale across three areas in central Alaska. Classes ranged from high potential settlement/low thaw 

rate in extremely ice‐rich loess to low potential settlement/high thaw rate in rocky hillslope colluvium, and 10 

thermokarst landform types are expected to develop after thawing. Vulnerability classes closely corresponded to 

thermokarst features. Differing patterns in permafrost vulnerability have large implications for land use, 

military training, infrastructure damage and ecosystem trajectories from permafrost thaw. 
 

 

1. Introduction 

Permafrost is a dominant component of boreal landscapes that affects hydrology, soil development, ecosystem 

processes, human land use, and infrastructure (French, 2017; Shur & Jorgenson, 2007). In response to climate 

warming across the northern latitudes, permafrost temperatures are rising (Romanovsky et al., 2019), permafrost 

thaw in boreal ecosystems is becoming increasingly evident (Farquharson et al., 2022; Jorgenson & Oster- 

kamp, 2005; Olefeldt et al., 2021; Osterkamp et al., 2000), and near‐surface permafrost is projected to mostly 

disappear from boreal landscapes by 2100 (Jafarov et al., 2012; Pastick et al., 2015). Permafrost characteristics 

and the response to decadal climate variability and disturbance, especially fire (Brown et al., 2015; Williams 
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et al., 2020), are highly variable across soil landforms and ecosystem types (Johnston, 1981; Jorgenson 

et al., 2013; Kreig & Reger, 1982). This variability in permafrost responses to climate, the rate at which it thaws, 

how much the ground collapses upon thaw, and what kind of thermokarst features are formed have large im- 

plications for human land use, military maneuvers, infrastructure damage, and ecosystem patterns and processes 

(Dearborn et al., 2021; Jorgenson, Racine, et al., 2001; Maslakov et al., 2021; Schuur & Mack, 2018; Spence 

et al., 2020). 

Permafrost occurrence varies from sporadic in the southern boreal to continuous in the northern boreal biome 

(Brown et al., 1997; Jorgenson et al., 2008; Obu et al., 2019). Permafrost has been estimated to cover 62% of 

boreal Alaska (Jorgenson et al., 2007) and 59% of central Alaska (Jorgenson, Brown, et al., 2022), based on photo‐ 

interpretation of systematically distributed points. Pastick et al. (2015) estimated that the Intermontane Boreal 

region had a mean probability of near‐surface permafrost of 46% based on a remote sensing/statistical model. This 

sporadic to discontinuous permafrost distribution is closely associated with landforms, soils and vegetation 

(Ferrians, 1964; Jorgenson et al., 1999; Kreig, 1977). The projected loss of permafrost areal extent by ∼2100 

(medium‐emission scenarios) across various boreal regions due to climate change varies considerably from 37% 

for central Alaska (Jorgenson, Brown, et al., 2022) and 49% for intermontane boreal (Pastick et al., 2015) to 87% 

for Denali (Panda et al., 2014). 

Permafrost formation and degradation involve the complex interaction of the transfer of heat through conductive, 

convective, and radiative processes, and the movement of materials through fluvial and colluvial geomorphic 

processes across heterogeneous landscapes (Jorgenson, 2021; Shur & Osterkamp, 2007). Permafrost typically is 

not connected directly to the atmosphere because its thermal regime is mediated by topography, surface water, 

groundwater, and soil properties related to surficial geology, vegetation, and snow. Numerous interactions among 

these ecological components can lead to both positive and negative feedback affecting permafrost stability 

(Camill, 2000; Jorgenson et al., 2010). Topography affects the amount of solar radiation at the soil surface, 

causing permafrost in the boreal zone to generally occur on north‐facing slopes that receive less direct radiation 

and in flat, low‐lying areas where vegetation has a greater insulating effect and where air temperatures tend to be 

colder during winter inversions. Extreme seasonal weather can initiate permafrost degradation through increased 

surface moisture and effects on thermal properties (Douglas et al., 2020). Surface water alters surface albedo and 

energy balance, thus, providing an important positive feedback that enhances permafrost degradation when water 

is impounded in subsiding depressions (Hinzman et al., 2006; Jorgenson et al., 2015). Water flowing above or 

within the active layer, or within subsurface water pipes, delivers heat and is often surrounded by thawed zones 

(Koch et al., 2013; Kurylyk et al., 2016; Seppälä, 1997). Soil texture and organic matter thickness affect soil 

moisture, thermal properties, and permafrost stability (Farouki, 1981; Fisher et al., 2020). Vegetation affects the 

energy balance through the interception of solar radiation, evapotranspiration effects on soil moisture, growth of 

mosses and accumulation of organic matter, and interception of snow by trees and shrubs (Camill, 2000; Jor- 

genson, Kanevskiy, et al., 2022; Van Cleve & Viereck, 1984). Snow slows the rate of cooling in winter; thus, the 

seasonality and depth of snow are important (Jan & Painter, 2020; Park et al., 2015). Disturbance by fire or human 

activity alters the surface energy balance and surface organics, and frequently leads to permafrost degradation 

(Quinton et al., 2011; Williams et al., 2020). 

Despite these complicated interactions, the vulnerability of permafrost has long been recognized to be primarily 

influenced by thermal regimes linked to climate, ground‐ice volumes that determine thaw settlement, and ther- 

mokarst features that are indicative of thawing permafrost (Grosse et al., 2011; Jorgenson et al., 2010). Ground 

temperature is the defining characteristic of permafrost and is critical to assessing the response of permafrost to 

climate variations through the Pleistocene and Holocene (Osterkamp, 2007; Smith et al., 2022). Long‐term 

monitoring of soil thermal regimes in North America has been done regionally in Alaska (Clow, 2014; Oster- 

kamp & Romanovsky, 1999) and been the focus of international collaboration for monitoring temperatures in 

deep boreholes under the Global Terrestrial Network of Permafrost (Biskaborn et al., 2015). In boreal regions, 

permafrost temperatures are close to 0°C and rates of increase are typically less than 0.3°C per decade (Smith 

et al., 2022). Numerous approaches have been used to map ground temperatures, including thermal modeling 

(Marchenko et al., 2008), n‐factor‐based algorithms (Obu et al., 2019), and statistical modeling (Pastick 

et al., 2015). These modeling efforts, however, have not included the critical effects of surface and groundwater, 

in large part due to the complexities of three‐dimensional hydrogeologic conditions and heat flow (Walvoord & 

Kurylyk, 2016; Yang & Kane, 2021). Thaw depth monitoring has also been a key metric for assessing permafrost 
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vulnerability (Nelson et al., 2021), but most of this monitoring has been focused on arctic regions and is more 

challenging in boreal regions with discontinuous permafrost. 

Ground ice is the most important characteristic affecting surface topography during permafrost formation 

(French, 2017) and can lead to terrain instability when thawed (Johnston, 1981). Ground ice has long been 

recognized as fundamental to assessing potential thaw settlement and frozen‐ground engineering (Crory, 1973; 

Johnston, 1981; Kreig, 1977), and numerous efforts have been made to categorize and map ground ice (Brown 

et al., 1997; Jorgenson et al., 2008; Karjalainen et al., 2022; O'Neill et al., 2022). Ground ice, however, is highly 

variable in its structure as related to types and origin (French, 2017; Murton, 2009; Shur, 1988); volume at site 

(Castagner et al., 2023; Jorgenson et al., 2013; Pullman et al., 2007), landscape (Kanevskiy et al., 2013; Pollard & 

French, 1980), and regional scales (Brown et al., 1997; Jorgenson et al., 2008; Karjalainen et al., 2022). 

Segregated ice can be very abundant within the top three meters of permafrost, especially in late‐successional 

ecosystems, due to the development of the intermediate layer (Shur, 1988). Shallow Holocene‐age ice wedges 

commonly form just under the active layer in cold climates and often occupy 15%–20% of the upper 3 m of arctic 

ecosystems (Kanevskiy et al., 2013). Deep syngenetic ice wedges are commonly found in late Pleistocene eolian 

deposits (yedoma) and commonly can occupy 40%–70% of the volume of the deposits down to 20–40 m (Strauss 

et al., 2017). Because it cannot be directly quantified through remote sensing, ground‐ice content has historically 

been mapped by relating borehole sampling to terrain units for mapping and spatial modeling (Couture & 

Pollard, 2017; Kreig, 1977; O'Neill et al., 2022). Recently, efforts have been made to better address issues of scale 

in ground‐ice assessments (O'Neill et al., 2024), improve terrain modeling approaches (Karjalainen et al., 2022; 

Lacelle et al., 2022; Zhang et al., 2023), and better integrate ground ice and thermal modeling into vulnerability 

assessments (Alessa et al., 2023; Allard et al., 2023; Scheer et al., 2024). 

Thermokarst landforms have long been used as indicators of permafrost vulnerability, and their various mor- 

phologies can be used to interpret surficial materials, ground‐ice conditions, hydrologic impacts, and degradation 

processes (Jorgenson, 2021; Murton, 2009; Shur & Osterkamp, 2007). Rates of thermokarst development have 

been used to assess the response of permafrost to climate change (Gibson et al., 2021; Kokelj et al., 2023). While 

substantial progress has been made in automated mapping of more distinctive thermokarst features, such as 

thermokarst lakes (Saruulzaya et al., 2016) and thaw slumps (Yang et al., 2023), comprehensive quantification of 

the extent of all thermokarst types has relied principally on manual interpretation because of the extremely 

variable spectral and surface characteristics (Jorgenson, Brown, et al., 2022). 

The goal of this study was to evaluate, classify, and map the vulnerability of boreal permafrost in response to 

climate and disturbance. Our research sought to address how the rate of thaw as related to ground temperatures, 

hydrology, and biophysical factors, the potential thaw settlement associated with ground‐ice contents, and the 

types of thermokarst features associated with ground collapse can be categorized to provide a more integrated 

assessment of permafrost vulnerability. Specific objectives of the study were to: (a) compile and analyze soil 

thermal and physical characteristics, as well as geomorphic factors, controlling the nature and distribution of 

permafrost; (b) identify and rank the biophysical factors that affect permafrost vulnerability in terms of the rate of 

thaw and potential thaw settlement; (c) map the current vulnerability of permafrost based on a rule‐based model 

that uses geomorphic units from existing mapping as the basis for spatial extrapolation; and (d) assess the validity 

of the model by comparing permafrost vulnerability classes with existing patterns of thermokarst. 

2. Methods 

2.1. Study Design 

The study was designed to assess and compare the vulnerability of permafrost among soil landscapes across three 

mapping areas encompassing military training lands in the U.S. Army Fort Wainwright, which extends over 

portions of three ecoregions (Figure 1). We focused specifically on Army lands because they have detailed terrain 

unit and soils maps not available for most of boreal Alaska and because they are broadly representative of the 

boreal permafrost terrain in central Alaska. The Tanana Lowlands area (2,635 km2) encompasses most of the 

Tanana Flats Training Area and lies within the Tanana‐Kuskokwim Lowlands ecoregion (Nowacki et al., 2002). 

The Yukon Uplands (1,045 km2) encompasses the Yukon Training Area and is representative of the Yukon‐ 

Tanana Uplands ecoregion, although a small portion resides within the Tanana‐Kuskokwim Lowlands. The 

Donnelly Uplands (2,612 km2) encompass the Donnelly Training Area (previously Fort Greely), with a sub- 

stantial portion of the area dominated by deposits of the Donnelly (late Wisconsin‐MIS 2) and Delta Glaciation 
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Figure 1. Location of the three mapping areas (black) situated within three ecoregions in central Alaska, as well as permafrost soil sampling (red circle) and temperature 

monitoring locations (yellow triangles) across the broader region. Data from landscape‐change grid points (white boxes) from (Jorgenson, Brown, et al., 2022) were 

used for validating vulnerability modeling. Inset shows mapped areas (red) within Alaska. 

 

(Illinoian‐MIS 6 to early Wisconsinan‐OIS 4) (Reger et al., 2008). It covers portions of both the Tanana‐ 

Kuskokwim Lowlands and Alaska Range ecoregions. 

The study evaluates and maps permafrost vulnerability through a five‐stage process that involved: (a) field 

measurements of soil temperatures and permafrost‐soil properties and analysis of variability among geomorphic 

units; (b) compiling, modifying, and integrating remote sensing and GIS layers, with an emphasis on using 

geomorphic units as the basis for spatial extrapolation at the landscape scape; (c) estimating deep MAGT through 

spatial modeling as a sub‐model component; (d) ranking the relative effects of soils, ground ice, hydrology, 

thermal regimes, and disturbance on permafrost vulnerability; and (e) GIS modeling using a rules‐based approach 

to ranking and integrating factors affecting thaw rates and potential thaw settlement as the primary parameters for 

differentiating permafrost vulnerability, as well as using thermokarst features as another indicator (Figure 2). We 

then used the patterns and rates of thermokarst formation from an existing assessment of landscape change 

(Jorgenson, Brown, et al., 2022) to assess the validity of the permafrost vulnerability model (stage 6). Specific 

methods for these stages are described below. 

 

2.2. Field Data 

2.2.1. Ground Temperatures 

We compiled data (mostly unpublished) from previous field surveys and monitoring efforts since the 1990s 

obtained from a broad region across central Alaska that has similar ecosystems and soil landscapes. We used the 

data to assess trends in MAGT at individual sites and to compare differences among ecotypes for assessing site‐ 

level effects of vegetation. 
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Figure 2. Schematic showing stages and linkages involved in mapping permafrost vulnerability. Factors in the submodel for deep (∼1 m) mean annual ground 

temperatures are linked by dashed arrows. Main map outputs are bolded. 

 
Temperature data were available from 77 sites and were acquired using two‐channel dataloggers (HoboPro V2) 

that recorded data at 2‐hr intervals from the soil surface (∼−3 cm) and deeper layers (1.0–1.3 m depths) in the 

profile, typically below the layer of seasonal thawing and freezing. In addition, water temperatures were 

monitored in a few waterbodies, and air temperatures were typically monitored in each study area. Data from the 

dataloggers were downloaded every 1–3 years. 

Temperature data were compiled into a comprehensive Access database and reviewed in a multi‐stage process. 

Initially, data from the dataloggers were downloaded and conditions at each site were documented. These raw 

data and maintenance logs were archived. The maintenance logs from each field campaign were compiled into a 

comprehensive database to assist in identifying any problems (e.g., damage to sensors) that may have compro- 

mised the data. The raw temperature data were compiled into separate Excel databases for each study area, and the 

records were attributed to site, medium (e.g., soil surface, soil deep, water bottom, air) and temporal groupings 

(i.e., year, hydroyear, Julian day, month, season). After compilation, the data from each site were plotted to assess 

accuracy and completeness. When necessary, the temperature data were calibrated by using the near‐zero phase 

transition thresholds (zero curtains) evident during spring thaw and fall freezeback. Where data were missing, 

temperatures for gaps of up to 20% of an annual period or individual season (e.g., winter, summer) were estimated 

to facilitate calculation of annual mean temperatures. Typically, soil surface temperatures with high diurnal 

fluctuations were estimated by correlating with air temperatures or nearby stations with similar soils, and deep 

soil temperatures with low daily to monthly fluctuations were estimated by interpolating between good records 

before and after the data gap. Overall, 6% of the data were estimated during gap filling. Finally, the data were 
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aggregated into daily means and imported into a comprehensive Access database for archiving and analysis 

(Jorgenson, 2024). These summary records were linked and attributed with site characteristics physiography, 

aspect, soil drainage and moisture, dominant soil texture, geomorphic unit, soil landscape, vegetation structure, 

vegetation type, and an overall treatment class that aggregated key characteristics (e.g., Upland needleleaf forest‐ 

North Facing). For analysis, temperatures were summarized by site, season (O, NDJFM, A, MJJAS), year, and 

hydrologic year (Oct.‐Sept.). The thermal offset as used here was calculated as the difference between mean 

annual air and mean annual deep ground temperatures for each year at each site. 

 

2.2.2. Soil Physical Properties 

Information on soil stratigraphy and soil physical properties was used to categorize and rank the factors for soil 

texture, surface organics, and ice types and contents by geomorphic unit for the rule‐based model. Data were 

compiled for 160 sites obtained by numerous projects that have sampled permafrost across central Alaska during 

the last several decades (Brown et al., 2015; Jorgenson et al., 1999, 2013; Jorgenson, Racine, et al., 2001; Jor- 

genson, Kanevskiy, et al., 2022; Kanevskiy et al., 2012, 2014; Kreig & Reger, 1982; O’Donnell et al., 2013; Shur 

et al., 2010). An updated 2024 database release including additional sites compiled for this analysis is archived at 

the Arctic Data Portal (Jorgenson & Kanevskiy, 2025). Soil methods generally follow those described by 

Kanevskiy et al. (2014) and Jorgenson, Kanevskiy, et al. (2022). Soil stratigraphy was described from active‐layer 

and permafrost soils obtained from pits, cores, and exposures based on methods in Schoeneberger et al. (2012) for 

general soil properties, and French and Shur (2010) for cryostructures. Soil samples were obtained from 

distinctive horizons from most sites and used for laboratory determination of bulk density and gravimetric and 

volumetric moisture. Volumetric ce content (Vi) was calculated from volumetric moisture contents (Vm), where: 

Vi = 100∗(Vm/100∗1.09)/((Vm/100∗1.09) + (1 − Vm/100)) (1) 

Environmental information collected at the sites included data on observers, location, plot type, topography, 

geomorphology, soils, hydrology, and vegetation using the ecological land classification approach of Jorgenson 

et al. (1999). 

For analysis of differences among terrain units in ground ice/soil moisture and soil stratigraphy, we focused on 

four dominant geomorphic units with sufficient data at depth: loess (n = 35 sites), abandoned floodplains 

(n = 50), glacial till (8), and hillslope colluvium (41). For soil moisture content, plots of vertical moisture dis- 

tribution were used to evaluate and rank the segregated ice (proportional to moisture content) contents of the 

dominant geomorphic units. We also developed soil stratigraphic profiles for selected sites to provide a graphic 

illustration of the vertical distribution of both soil texture and cryostructures. 

 

2.3. GIS Layer Development 

2.3.1. Geomorphic Units 

Geomorphic mapping formed the basis for spatially extrapolating permafrost vulnerability. We compiled 

integrated‐terrain‐unit (ITU) maps for the Yukon Uplands and Tanana Lowlands developed for military lands by 

Jorgenson et al. (1999), which included attributes for geomorphic units and permafrost extent. For the Donnelly 

Uplands (encompassing formerly Ft Greely), we used the soil survey map (SSURGO AK683) by Pink (2005) that 

had attributes for soil series and landforms. We reinterpreted and recoded the map polygons to include 

geomorphic units and permafrost extent to be consistent with classifications for the Donnelly Training Area 

developed by Jorgenson, Roth, et al. (2001). This also required minor modification of the soil survey polygons to 

better match geomorphic boundaries. Together, these maps were supported by extensive ecological land surveys 

and soil surveys that have been conducted in the study area (Jorgenson et al., 1999; Jorgenson, Roth, et al., 2001; 

Pink, 2005; Swanson & Mungoven, 2006). The geomorphic classification was based on the system developed by 

Kreig and Reger (1982), but modified to better differentiate active, inactive, and abandoned fluvial depositional 

environments useful for assessing permafrost development (Table S1 in Supporting Information S1). For anal- 

ysis, we cross‐tabulated the areal extent (ha) of geomorphic units and permafrost distribution by mapping area. 

The maps for the Yukon Uplands and Tanana Lowlands already included an attribute for permafrost extent, while 

we had to add permafrost attributes to the Donnelly Uplands map through recoding of map units and additional 

image interpretation. The main classes for permafrost continuity were continuous (C, >90% extent within map 
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polygon), discontinuous (D, 50%–90%), sporadic (S, 10 to <50%), and unfrozen (U, <10%). These classes were 

subdivided based on whether the patchiness was due to formative (permafrost had not developed over time) or 

degrading (e.g., DD‐discontinuous‐degrading, when thermokarst bogs and fens had developed within the patch). 

In addition, separate classes were utilized for ice (I, glaciers), waterbodies (W, no permafrost previously), 

thermokarst waterbodies (WD, formed by degrading permafrost), and morainal waterbodies (WM, formed by 

ancient thermokarst). This attribute was used to identify whether the polygon had permafrost (or recently 

degraded) for the purpose of vulnerability modeling; if the polygon had a U or W, they were simply assigned a U 

or W with no need to assess vulnerability. 

 

2.3.2. Climate, Topography, and Disturbance 

Climate is the dominant driver of permafrost distribution. For climate maps, we used the PRISM air temperature 

model (https://prism.oregonstate.edu/projects/alaska.php) for long term (1981–2010) mean annual temperatures. 

For topography, we used the ∼60‐m national elevation data set (NED) available from the U.S Geological Survey 

(https://catalog.data.gov/dataset/alaska‐2‐arc‐second‐digital‐elevation‐models‐dems‐usgs‐national‐map‐3dep‐ 

downloadable‐data). For fire disturbance, we used the fire perimeter map available from the Alaska Interagency 

Coordination Center (https://fire.ak.blm.gov/predsvcs/maps.php). Human disturbance was classified and mapped 

as part of the geomorphic unit mapping that differentiated human‐caused waterbodies, clearings, excavations, and 

fills. 

To incorporate the effects of topography on ground temperatures, we created an equivalent latitude map as a 

proxy for potential insolation (Lee, 1964). Equivalent latitude (E, Equation 2) was derived from slope (S, de- 

grees), aspect (A, degrees), and latitude (degrees). 

E = ASIN(( SIN(S) × COS(A) × COS(L)) + ( COS(S) × SIN(L)) (2) 

The equivalent‐latitude values were then used to generate an equivalent‐latitude scalar (ES, Equation 3) ranging 

from approximately 0.5 (steep, north‐facing) to 1.5 (steep, south‐facing). This scalar was used for adjusting 

thermal offsets so that ground temperatures were warmer on south‐facing slopes and cooler on north‐facing 

slopes. 

ES = 1 + 3∗(L − E)/L (3) 

 

2.4. Ground Temperature Sub‐Model 

Ground temperatures are the primary indicators of permafrost stability and thaw (Osterkamp, 2007). Mean annual 

ground temperatures (MAGT) at ∼1 m depth (Tg, °C) were spatially modeled as a function of: (a) mean annual air 

temperatures (Ta, °C) as derived from PRISM model (https://prism.oregonstate.edu/projects/alaska.php); (b) the 

equivalent latitude scalar (ES); (c) thermal offsets (To °C) as defined as the difference between MAGT and mean 

annual air temperatures determined by field monitoring: (d) and an adjustment to the thermal offset for effects of 

fire (Tof) (Equation 4). Thermal offsets were assigned based on geomorphic units using results from the tem- 

perature monitoring and were an efficient way for accounting for differences in soil thermal properties. For our 

purposes, the effect of fire was limited to those areas that were burned since 2000 based on historical fire 

perimeter maps and differences in burn severity were ignored. For areas burned since 2000, Tof = 1°C, while for 

other areas burned before 2000 or were unburned Tof = 0°C. Note that the effects of fire (Tof) were computed 

directly on Tg and not indirectly through the normal thermal offset (To) that is affected by topography (ES). 

 

Tg = Ta + (ES × To) + Tof (4) 

2.5. Permafrost Vulnerability Map Model 

We then integrated these field data, remote sensing/GIS maps, and thermal modeling to classify and model 

permafrost vulnerability using geomorphic units as the basis for landscape‐level spatial extrapolation. In char- 

acterizing permafrost vulnerability, we focused on three primary attributes: rate of thaw, thaw settlement, and 

mode of thermokarst development. Differences in the rate of thaw and thaw settlement were ranked into four 

classes (negligible to high), while thermokarst features commonly associated with the various geomorphic units 
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were not modeled, but simply identified. The addition of thermokarst features as a component of permafrost 

vulnerability is useful because the various features can indicate how much thaw settlement can occur, reveal how 

transformative permafrost degradation can be for ecosystems and human land use, and their current abundance is 

related to past rates of thaw and can be used to help validate the rule‐based modeling. 

We used a rule‐based approach to classifying and mapping permafrost vulnerability because of the numerous 

factors affecting permafrost degradation, the complexity of factor interactions, and the lack of spatially quanti- 

tative information. We used this rule‐based approach for assessing permafrost degradation rather than numerical 

thermal modeling (Jafarov et al., 2012), thaw settlement simulation (Couture & Pollard, 2007; Sun et al., 2022), or 

statistical spatial modeling (Pastick et al., 2015) to better incorporate the effects of topography, surface‐water 

impoundment, groundwater movement, ground‐ice properties (e.g., segregated ice, wedge ice, or buried 

glacial ice), and disturbance (fire, human). 

 

2.5.1. Factor Ranking by Geomorphic Unit 

In our rule‐based approach we focused on how 10 main terrain factors that affect the rate of thaw and amount of 

potential thaw settlement,: deep soil thermal regime (Tr), surface water (Ws), groundwater (Wg), soil mineral 

texture (Sm), soil surface organics (So), segregated ice (Is), shallow (near surface) ice wedges (Iws, typically 

Holocene age), deep ice wedges (Iwd, typically Pleistocene age, many of them buried), buried glacial ice (Ig), and 

human disturbance (Dh). Relative‐effect levels were assigned within each factor based on quantitative or cate- 

gorical data, and each factor was assigned a relative weight (Table 1). The rationale for ranking and the general 

characteristics associated with the ranks for each factor are provided in Table 1. The weighting of each factor was 

somewhat subjective based on our experience monitoring permafrost degradation across arctic and boreal eco- 

systems. The weighting was highest for MAGT (5x) and segregated ice (4x), while the lowest weights were 

assigned to mineral soil texture and surface organics. Note that for some factors (e.g., mineral texture, surface 

organics, deep ice wedge, deep glacial ice) their ranking can be inversely proportional to the magnitude of their 

properties. For example, thick peat is ranked as zero, because the thicker insulation provided by organic matter 

reduces the rate of thaw, while thin peat is ranked as 3 because organic insulation is less. In contrast, groundwater 

ranks increase proportionally with the pattern and magnitude of the groundwater, such that more groundwater 

flow increases the thaw rate. All the factors were used in calculating the thermal vulnerability index (TVI) (in- 

termediate continuous variable) used to rank the rate of thaw. The ranking of thaw settlement potential was based 

on the volume/extent of the various ice types; the ice‐related factors were used to broadly inform the ranking 

without an algorithm. 

Disturbance from fire and human activity was handled differently in the model structure. Fire was included as a 

factor in the modeling of Deep MAGT, whereas the effects of human disturbance were routed through the ranking 

of terrain factors by assigning a disturbance rank of 3 to human‐affected geomorphic units (e.g., water‐filled 

excavations, gravel fill). 

Deep MAGT spatially modeled using Equation 4 is used to rank the soil thermal regime into 4 classes, 

0 (Tg < −7°C), 1 (Tg < −4 and >−7°C), 2 (Tg < −1 and >−4°C), and 3 (Tg < 0 and >−1°C), while 999 was 

assigned to values >0°C and associated with unfrozen geomorphic units. The ranking effectively reduces the 

vulnerability of cold arctic permafrost under current climate conditions, while making boreal permafrost highly 

vulnerable. But note in this ranking approach, temperature is just one of many factors; for example, very cold 

permafrost can be highly vulnerable to degradation if surface water and shallow ice wedge factors are high. 

 

2.5.2. GIS Spatial Modeling 

The mapping of permafrost vulnerability comprised three components: the rate of thaw, potential thaw settlement, 

and thermokarst features (Figure 2). The rate of thaw involves spatial modeling based on the calculation of a 

numerical TVI, while potential thaw settlement and thermokarst features are simply assigned to each geomorphic 

unit in a lookup table. This index was calculated in Equation 5 as the sum of the weighted levels for the 10 factors 

(level × weight) and divided by 18 to scale the values between 0 and 5. These values were then used to assign 

categorically rank for the rates of thaw: L‐low (1 to <2), M‐moderate (2–3), and H‐high (>3). Vulnerability 

factors were only assigned to permafrost terrain; unfrozen terrain was assigned U and waterbodies (generally 

unfrozen underneath) were assigned W. 
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Table 1 

Components of Permafrost Vulnerability, Including Rate of Thaw, Potential Thaw Settlement, and Thermokarst Landform Formed After Thaw (Underlined at Bottom) 

Factor (data source)1 Wt. Ranking: 0 1 2 3 

Soil Thermal Regimes 5x Very Cold Cold Intermediate Near Zero 

Deep MAGT (∼1 m depth)  <−7°C −7 to −4°C −4 to −1°C −1 to 0°C 

Thermal stability, typical 

permafrost 

 Hard winter freezeback, 

continuous PF 

Hard winter freezeback 

discont. PF 

Partial to hard winter freezebck 

sporadic PF 

Near zero to degrading, 

incompletely frozen 

Thermal Offset (based on 

GeomUnit, data) 

na Calculated/extrapolated from field data; used in calculating deep mean annual ground temperature from PRISM mean annual air 

temperature. 

Topography (based on DEM) na  Slope, aspect, equivalent latitude: factors used in adjusting deep mean annual ground temperature. Topography also is inherent in 

geomorphic unit for differentiating thermokarst features. 

Surface Water Impoundment 2x None Pits, Shallow lakes Shallow lakes Deep lakes 

(based on GeomUnit) 

Ground Water Flow 3x None Deep flow, including 

piping 

Shallow flow, subsurface gravels  Groundwater and surface flow 

(based on GeomUnit) 

Mineral Soil Texture2 2x Thick Peat (P) Silty (L) Mixed (M) Rocky (R), 

(based on GeomUnit)      Sandy (S) 

Surface Organics2 2x Very Thick    Thick  Moderate     Thin 

(based on GeomUnit)   >40 cm 20–40 cm 10–20 cm  0–10 cm 

Segregated Ice Content 4x    High  Medium   Low Very Low 

Top 3 m (based on GeomUnit)    >70%  40%–70%  20%–40%   0–<20% 

Shallow Ice Wedges 2x    None     Low   Medium    High 

Areal extent (%), (GeomUnit)      0%   1%–5%  5%–15%   >15% 

Deep Ice Wedges2 3x    High  Medium   Low    None 

Volume (%), (GeomUnit)           >30%          5%–30%           1%–5%             0% 

Buried Glacial Ice2 3x  High  Medium  Low None 

Volume (%), (GeomUnit)  >30% 5%–30% 1%–5%  0% 

Disturbance 3x  None  Low  Medium  High 

Fire since 2000 (history maps)  <1950 1950–1980 1980–2000 >2000 

Human Disturbance (based on 

GeomUnit) 

None Removal of vegetation Veg. removal, partial organic 

removal 

Removal of vegetation and 

organic soil 

Rate of Thaw Negl. (0–1) Low (1–2) Medium (2–3) High (>3) 

Years to Loss (approx.) na >50 20–50 0–20 

Extent (% area/yr. approx.) na <0.01%/yr 1–5%/yr >5%/yr 

(∼top 20 m, using rank sums) 

Thaw Settlement Negligible Low Medium High 

Settlement (m) <0.1 m 0.1–0.5 m 0.5–2 m >2 m 

Ice‐rich Zone Thickness (m) <0.1 m 0.1–2 m 2–5 m >5 m 

(based on GeomUnit) 

Thermokarst Features Potential thermokarst features are associated with geomorphic units. No vulnerability ranking is assigned. 

(based on GeomUnit) 

Note. Potential rate of thaw is based on primary factors (in bold) grouped into levels (ranks), with each factor given a relative weight. Sources and associated char- 

acteristics are provided for each factor. Potential thaw settlement and thermokarst landform are derived solely from geomorphic units. 1‐Unfrozen units are assigned U as 

permafrost vulnerability is not relevant to unfrozen deposits. 2‐Ranks of thermal vulnerability inverse to factor magnitude for mineral texture, surface organics, and deep 

ice wedge, buried glacial ice contents. 
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TVI = ((5 × Tr) + (2 × Ws) + (2 × Wg) + (2 × Sm) + (2 × So) + (4 × Is) + (2 × Iws) + (3 × Iwd) × (2∗ Ig) 

× (3∗ Dh))/18 (5) 

Potential thaw settlement was solely a function of ice contents (Figure 2, Table 1) and assigned by geomorphic 

unit (Table S2 in Supporting Information S1). For thaw settlement, a numerical index was not calculated as in rate 

of thaw, rather general levels were assigned based on categories in Table 1. Where possible, ground‐ice profiles 

were used to assign rankings for each geomorphic unit although quantitative data were sparse and non‐existent for 

most terrain units. When quantitative data were not available, potential thaw settlement was assigned a rank based 

on estimated amounts of thaw settlement inferred from the types of thermokarst features commonly associated 

with each geomorphic unit. 

Thermokarst landforms (e.g., thermokarst lake, thermal erosion gully) that develop after permafrost thaw were 

assigned to geomorphic units on the basis of their typical associations (Jorgenson, 2021; Jorgenson, Brown, 

et al., 2022). The various thermokarst landforms have typical ranges in thaw settlement; for example, a collapse‐ 

scar bog typically has surface settlement of 0.5–2 m, and deep thermokarst lakes have typical settlements of 3– 

15 m (Jorgenson, 2021). Thermokarst features also are indicative surface‐water movement, for example, collapse‐ 

scar bogs and thermokarst lakes impound surface water, whereas, thermal erosion gullies and collapse‐scar fens 

indicate surface‐water flow. 

Permafrost vulnerability ranking was performed within an ArcMap GIS geodatabase, which had terrain char- 

acteristics for each mapped polygon linked to a geomorphic associations lookup table (Table S2 in Supporting 

Information S1). The GIS geodatabase provided inputs for geomorphic unit (GeomSurfSub), permafrost extent 

(PF_Extent), physiography, prism_MAAT, elevation (m), slope (deg.), aspect (deg.), latitude (deg.) and area (ha). 

The algorithms for ranking vulnerability were implemented in six steps. First, the polygon values in the geo- 

database were exported to Excel. Second, the geomorphic units from the geodatabase were linked to the lookup 

table to assign ranks for each vulnerability factor, as well as thaw settlement rank and thermokarst type, to each 

map polygon. Third, the MAGTs were calculated in the Excel. Fourth, the TVI was calculated in Excel, and these 

values were classified into thaw‐rate ranks (L, M, H, U, W). Fifth, the rankings (L, M, H) of thaw‐rate (R) and 

potential thaw settlement (S) as defined in Table 1 were concatenated to create nine unique permafrost vulner- 

ability classes (e.g., HS‐HR for high thaw settlement/high thaw rate, LS‐MR for low thaw settlement/moderate 

thaw rate). Sixth, the derived vulnerability rankings for each polygon (thaw rate, thaw settlement, thermokarst 

type) were exported back to the GIS by polygon ID for map display. 

 

2.6. Model Validation 

While the validity of the permafrost model cannot be evaluated directly through field measurement, the results 

were assessed indirectly by using the patterns and rates of thermokarst development from the study of landscape 

change for the same region by Jorgenson, Brown, et al. (2022). In their study, they photo‐interpreted geomorphic 

units, permafrost presence, and thermokarst landforms at 2200 systematically distributed points for each of four 

periods (∼1949, ∼1978, ∼2007, ∼2017). Using their data set, we calculated rates of change in the extent of 

thermokarst landforms from 1949 to 2017 (68 years) by geomorphic unit. We then compared permafrost 

occurrence evident in 1949 and the development of new thermokarst (change from stable permafrost to ther- 

mokarst during 68‐year period) by thaw‐rate class. 

 

3. Results 

3.1. Ground Temperatures 

MAGT at 1–1.3 m depth from 1999 to 2022 (mostly since 2011) ranged from −5.4°C in a lowland tussock bog to 

7.1°C at the bottom of a lowland lake (Figure 3). Among the ecotypes with permafrost, lowland needleleaf forest 

(black spruce), lowland broadleaf forest (birch), and upland needleleaf forest‐north facing (black spruce) all had 

MAGTs near 0°C. This indicates that the permafrost was starting to partially degrade with temperatures con- 

strained by partially unfrozen water contents. At one site in lowland broadleaf forest, MAGTs during the last 

decade increased from 0.6 to 2.8°C and a shallow closed talik (unfrozen zone above the lowered permafrost table) 

had developed. When examining long‐term trends, lowland needleleaf woodland had MAGTs in the −0.5 to 
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Figure 3. Mean annual ground temperatures (∼1 m depth) by site and year within eight common ecotypes in central Alaska. 

 

−1.5°C range during the 2000s, but during the 2010s most MAGTs approached zero. Similarly, upland needleleaf 

forest‐north facing had permafrost at ∼1 m depth during initial monitoring years, but by 2015, MAGTs had risen 

to above zero and taliks had developed. 
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Figure 4. Mean (±SD) annual ground temperatures (MAGT) at 1–1.3 m depth and thermal offsets for common ecotypes in 

central Alaska. MAGTs were calculated using individual annual means for each site within an ecotype, and sample sizes are 
provided with each bar. Thermal offset is the difference between MAGT and mean annual air temperatures calculated for 

each year and site. 

 

When individual MAGTs were grouped across years and sites within ecotypes, MAGTs varied by 8.4°C among 

ecotypes. MAGTs in upland ecotypes ranged from 0.3°C in upland needleleaf forest to 3.6°C in upland partially 

vegetated, and in lowland ecotypes ranged from −2.2°C in lowland tussock bog to 6.2°C in lowland lakes. Only 

two of the permafrost‐affected ecotypes, lowland tussock bog and lowland low scrub, had MAGTs below −1°C 

that were indicative of stable permafrost. Three permafrost‐affected ecotypes, lowland grass meadow (with 

stabilized ice wedges), lowland broadleaf forest, and lowland needleleaf woodland, had MAGTs close to 0°C, 

indicating that they were in thermal transition. Five permafrost‐affected ecotypes, lowland partially vegetated 

(drained thermokarst troughs), lowland post‐fire scrub, upland needleleaf forest (north‐facing), upland broadleaf 

forest (north‐facing), and upland post‐fire scrub (north‐facing) had MAGTs above zero and had developed taliks. 

For the three terrestrial ecotypes occurring in old thermokarst features, lowland bog meadow (sphagnum 

dominated), lowland herb fen (buckbean dominated), and lacustrine grass meadow (bluejoint dominated), 

MAGTs ranged from 3.2 to 8.9°C. In comparison, the mean annual air temperature (MAAT) was −2.6°C for 10 

lowland monitoring sites and −0.4°C for 4 upland locations during the 1999–2022 period (discontinuous records). 

When examining variability, the maximum standard deviation was 1.5°C, indicating relatively small variations 

across years and sites within ecotypes. 

Thermal offsets, the difference between MAAT and MAGT (soil‐air temperature), are useful for indicating how 

soils may respond to future increasing soil temperatures (Figure 4). Overall, thermal offsets ranged from −0.5°C 

(upper permafrost colder than air) in lowland tussock bogs to 9.4°C (sediments warmer than air) in lowland lakes. 

Offsets for permafrost‐affected ecotypes with lowland forests ranged from 1.4 to 2.4°C. In comparison, upland 

south‐facing forested ecotypes had offsets ranging from 2.0 to 2.9°C. As a broad generalization, MAGT were 

around 2°C warmer than MAATs, a useful metric for assessing responses to climate change. 

Overall, temperature monitoring indicated 8 out of 10 permafrost‐affected ecotypes were highly vulnerable to 

permafrost degradation and have recently started thawing in response to soil temperature increases during the last 

decade. Many sites have developed taliks. The data also show the strong effects of vegetation succession and 

surface water. The contrast between post‐fire scrub and late‐succession spruce shows that vegetation succession 

in both upland and lowland ecotypes can decrease MAGT by 3–4°C and drive permafrost formation. Surface 

water increased ground temperatures by ∼8°C relative to late‐successional ecosystems and is thus a leading driver 

of permafrost degradation. Based on our analysis of temperature differences among ecotypes, our results are 

sufficient to conclude that permafrost in all geomorphic units is actively thawing or is highly vulnerable to 
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Figure 5. Representative permafrost profiles for loess, glacial till, abandoned floodplains, and hillslope colluvium over weathered bedrock. Profiles show soil texture, 

ground ice, and volumetric ice content (%). Note differences in scale among profiles. 

 

thawing from increasing soil temperatures in this central boreal region. The only exceptions are alpine areas with 

colder air temperatures and peaty‐silty lowlands with tussock low scrub bogs. Tussock low scrub bogs, however, 

could not be differentiated at the soil landscape level. 

 

3.2. Soil Properties and Ground Ice 

We compiled soil stratigraphy from 113 permafrost profiles in the Yukon‐Tanana Uplands, Yukon‐Kuskokwim 

Lowlands, and Alaska Range ecoregions. Most of the profiles represented loess (38), abandoned floodplains (40), 

hillslope colluvium (10), and glacial till (11). The permafrost‐affected geomorphic units have a wide range of soil 

textures and ground ice conditions, as illustrated by select profiles in Figure 5. The borehole profiles illustrate the 

complexity of soil stratigraphy and ground ice distribution both within a single profile and across geomorphic 

units. The cumulative lengths of soil textures and cryostructures associated with each geomorphic unit are cross‐ 

tabulated in Tables S13 and S14 in Supporting Information S1. Below, we summarize the range of permafrost 

characteristics for these common geomorphic units. 

Eolian silt (loess) is prevalent on flats and hillsides up to 400 m elevation that were not glaciated in the Pleis- 

tocene, and was derived from large glacial river valleys and glacial deposits. A substantial portion of the loess has 
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Figure 6. Ice content (% vol.) profiles for four prevalent geomorphic units with permafrost. Note differences in depths for the first and last two charts. 

 

extremely ice‐rich soils with large syngenetic ice wedges (10s of meters high) formed during the late Pleistocene. 

Soil texture varies from silts to silty fine sand to organic‐rich silty soil (Table S3 in Supporting Information S1). 

Permafrost‐affected loess (yedoma) frequently had high ice contents (60%–90%) throughout most of the profile, 

extending down 15 m or more (Figure 6). It notably has a range of cryostructures typical of syngenetic permafrost 

(Table S4 in Supporting Information S1), such as micro‐lenticular, micro‐braided, and micro‐ataxitic that are 

associated with extremely high ice contents (>70% vol.), which are uncommon in other permafrost deposits. It 

also has large syngenetic ice wedges, which often comprise a large volume (40%–70%) of the deposits. At 1.5– 

4 m depth, there was a higher frequency of ice‐poor soils (<50%) associated with a commonly occurring zone of 

thawed and refrozen epigenetic permafrost, presumably the result of thawing after past fires. In the upper layer of 

permafrost, there typically was an ice‐rich intermediate layer formed during active‐layer thinning as late‐ 

successional ecosystems developed with thick organic mats. Retransported deposits, constrained to the lower 

slopes of hillsides, are closely related to loess deposits, but differ in also having sediments accumulated from 

slopewash and colluvial processes, although eolian silt likely comprises the majority of the material. The valley 

bottom deposits also can be much older and experienced more varied paleoclimates. On aerial imagery, these 

deposits were differentiated by the prevalence of a feathery microtopographic pattern related to water tracks that 

channel water across the surface of the frozen ground. Because these deposits are also extremely ice‐rich and 

include late Pleistocene age sediments, we characterize them as “yedoma‐like.” 

Glacial deposits were differentiated by age into young, old, and very old glacial moraines. Young moraines 

formed during the Little Ice Age (150–400 years before present) in the Alaska Range and have abundant buried 

glacial ice. The soil surface can vary from barren bouldery silts to occasionally having thin organic mats. Because 

of the complex depositional environments subject to glacial meltwater, the deposits can vary from bouldery clay 

to gravel, to poorly graded bouldery kame deposits. Old glacial deposits had mostly low ice contents (<40%) with 

depth, with occasional occurrences of ice‐rich layers with ice contents 50%–70% (Figure 6). Most of the young 

moraines still maintain glacial ice, which can vary from nearly clear ice with suspended silt inclusions to 

sediment‐rich basal ice, where the glacier has entrained substantial sediments as it overrode surficial deposits. In 

our study area, young moraines were limited to a small mountainous area in the Donnelly Uplands. Old moraines 

are associated with the Donnelly Glaciation (late Wisconsin) and may have isolated inclusions of buried glacial 

ice although we lack direct evidence of such ice. Very old moraines associated with the Delta Glaciation (Pre‐ 

Wisconsin) appear to lack buried glacial ice as this ice was eliminated during warm interglacial periods. In many 

places, epigenetic permafrost has formed under colder temperatures at higher elevations. Permafrost in older 

moraines is typically ice‐poor but is poorly described due to the difficulty in obtaining intact cores in bouldery 

sediments (Figure 5). 
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Abandoned floodplains are abundant throughout the Yukon‐Kuskokwim Lowlands and are particularly extensive 

on the Tanana Flats (Jorgenson et al., 1999). We differentiated meandering floodplains, which typically have 

thick overbank deposits of silt and peat (Figure 5), from braided floodplains, which typically have thin peat and 

silt layers over thick gravel deposits. These abandoned meander floodplains, which rarely flood, as indicated by 

uninterrupted surface peat accumulations, have highly variable surficial deposits owing to earlier overbank 

sedimentation, eolian silt and sand accumulated from nearby wind‐blown barren channels, lacustrine sediment 

accumulated in oxbow lakes, and thick peat accumulated after surface stabilization. Frequently, soil profiles 

indicate that all four of these geomorphic processes have occurred during floodplain development. A common 

sequence transition from fluvial sands and gravels to interbedded silts and organics, with occasional thicker eolian 

silt layers, to a thick surface peat. In most of our cores, there was plant macrofossil evidence of repeated 

permafrost formation and degradation. Abandoned floodplains frequently had high ice contents (>60%) at 1–3 m 

depths, with a decreasing trend below the ice‐rich zone (Figure 5). During permafrost formation, permafrost 

initially starts forming at 0.9–1.2 m depth. From this initial freezeback depth, epigenetic permafrost progresses 

downward, while quasi‐syngenetic permafrost expands upward during the process of active‐layer thinning caused 

by peat accumulation. Because groundwater is frequently at shallow depths, the epigenetic permafrost can often 

become very ice‐rich by forming thick clear ice layers derived from water migrating to the downward freezing 

front. The quasi‐syngenetic permafrost typically was ice‐rich, with prevalent braided and organic matrix cry- 

ostructures, due to water freezing at the bottom of the active layer and the presence of peat. In contrast, braided 

floodplains dominated by gravelly soils tend to have ice‐poor soils and cryostructures are mainly comprised of 

pore and crustal ice, although data on these gravelly soils are sparse. They often have thin (<1 m) surface layers of 

overbank fines and eolian silt. 

Hillslope colluvium and residual soils are common over weathered bedrock on upper slopes of the Yukon‐Tanana 

Uplands. We differentiate most of these upper slope deposits as hillslope colluvium because they have a thin 

mantle of mixed silty rubble formed by downslope creep of surficial materials caused by annual freezing and 

thawing of the soil and they generally lack the distinctive downward gradient in particle sizes evident in residual 

soils and weathered bedrock. Permafrost soils are mostly limited to north‐facing slopes, or higher elevations, and 

frequently have thick organic accumulations. Hillside colluvium frequently had high ice contents (>60%) at 1– 

2 m depths (Figure 6) as a result of intermediate‐layer development related to active‐layer thinning and peat 

accumulation during late succession. Unfortunately, sampling of these soils was mostly limited to shallow pits 

created by jack‐hammering. Below this relatively thin intermediate layer, our limited data indicate that the rocky 

soils are ice‐poor. We assume it decreases rapidly with depth as we have not seen thermokarst features indicative 

of substantial thaw settlement in the hillslope deposits. 

 

3.3. Geomorphic Units and Permafrost Extent 

We differentiated 65 surface/subsurface combinations of geomorphic units across the three mapping areas, 18 of 

which included surficial bog or fen deposits. Six of the units were complexes of thermokarst bogs and fens over 

fluvial deposits where thermokarst created a high interspersion of surficial deposits. This high diversity in 

geomorphic units was associated with a wide range of earth processes. When grouped by broad surficial processes 

in decreasing extent, geomorphic units included fluvial (25.8%), colluvial (17.7%), organic (16.3%), eolian 

(13.4%), glacial (10.3%), glaciofluvial (10.0%), retransported (5.7%), lacustrine (<0.1%), rivers (0.4%), lakes 

(0.2%), and human‐made deposits (<0.1%). Overall, the most abundant individual geomorphic units were hill- 

slope colluvium (12.5%), meander abandoned overbank alluvium (9.9%), old glacial till (8.1%), old glaciofluvial 

outwash (6.7%), and lowland loess/abandoned glaciofluvial outwash (6.7%). A geomorphic unit map for the 

Donnelly Uplands is provided in Figure 7, while maps for the other two areas are provided in Figures S1 and S2 in 

Supporting Information S1; a tabular summary of areas is provided in Table S5 in Supporting Information S1. The 

mapping shows large differences in geomorphic units among areas (ecoregions), which fundamentally control the 

variation in permafrost vulnerability across landscapes. 

Permafrost extent at the landscape scale was differentiated within each map polygon using conventional abun- 

dance classes (unfrozen to continuous) based on their association with the various geomorphic units (Figure 8). 

Across the three mapping areas, continuous permafrost was the most prevalent (36.3%), compared to discon- 

tinuous (23.0%) and sporadic (14.2%). On the Tanana Flats, continuous permafrost was more abundant (43.5%) 

than in other areas, and was commonly associated with abandoned floodplains and old glaciofluvial deposits with 

thick organic accumulations (Figure 9). Discontinuous permafrost (19.9%) was most commonly associated with 
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Figure 7. Map of geomorphic units for the Donnelly Uplands area. 

 

 

 

 
 

Figure 8. Extent (% area) of four permafrost and three non‐permafrost classes 

across three mapping areas in central Alaska. Classes are G‐Glacier, C‐ 

Continuous (>90%), D‐Discontinuous (50%–90%), S‐Sporadic (10 to 

<50%), U‐Unfrozen land (<10%, including isolated patches), and W‐Water. 

braided abandoned channel deposits. In the Yukon Uplands, continuous 

permafrost (14.2%) was mostly associated with lowland retransported and 

lowland loess deposits, while discontinuous permafrost (23.5%) was pri- 

marily associated with rocky hillslope colluvium on north‐facing slopes 

(Figure S3 in Supporting Information S1). The highest prevalence of unfrozen 

ground (62.1%) occurred on hillslope colluvium on south‐, east‐, and west‐ 

facing slopes. In the Donnelly Uplands, continuous permafrost (37.9%) was 

mostly associated with old and very old glacial till, lowland loess, and organic 

deposits in depressions and drained‐lake basins in very old glacial till, while 

discontinuous permafrost (25.8%) was primarily associated with hillslope 

colluvium and old glaciofluvial outwash (Figure S4 in Supporting Informa- 

tion S1). The Donnelly Uplands had more permafrost overall because of its 

higher elevations. When calculated on an area‐weighted basis (C–95%, D– 

72.5%, S–22.5%, U–5%), permafrost overall covered 54.3% of the com- 

bined mapped areas. 

 

3.4. Permafrost Vulnerability 

3.4.1. Biophysical Factors 

The integration of temperature measurements, soil stratigraphy, and detailed 

geomorphic unit and permafrost extent mapping formed the basis for 

modeling of permafrost vulnerability in relation to rate of thaw, amount of 

thaw settlement, and patterns of thermokarst landforms. Numerous factors 
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Figure 9. Permafrost distribution on the Tanana Lowlands is based on its association with geomorphic units. The degrading subclass differentiate areas where the extent 

of permafrost is affected by widespread permafrost degradation. 

 

affect the rate of thaw and potential thaw settlement, including climate, topography, soil texture and associated 

geomorphic units, soil thermal regimes, ground‐ice content and its forms, disturbance, and terrain stability related 

to existing thermokarst features (Table 1). For each of these factors we provided quantitative or qualitative levels 

for ranking their relative effect size and weighted these factors for their relative contribution to permafrost 

vulnerability to rank thaw rate and potential thaw settlement (levels 1‐low to 3‐high, Table S2 in Supporting 

Information S1). 

We differentiated three main responses of permafrost to the driving factors: the rate of thaw, the magnitude of 

surface collapse (thaw settlement), and the type of thermokarst feature formed when the permafrost thaws. The 

thaw rate is commonly used to portray overall permafrost loss, but even this is complicated for three‐dimensional 

bodies. Vertical thaw can be monitored through probing or geophysical techniques, while lateral thaw and areal 

extent changes can be measured by field surveys or remote sensing using LiDAR or optical imagery. All these 

techniques are limited to fine‐grained soils with discernible thaw settlement. In our rule‐based model, thaw rate 

was sensitive to MAGTs, disturbance (fire and anthropogenic) that affects vegetation cover and soil organic 

thickness, surface topography that affects solar insolation and water impoundment, and ice content that affects 

latent heat contents. 

The map model of MAGTs that we used as input for calculating a TVI was based on MAATs (1981–2010 

normals), thermal offsets assigned to geomorphic units (mostly 2010–2023 data), topography (equivalent lati- 

tude) that increased or decreased thermal offsets in relation to slope and aspect, and fire and anthropogenic 

disturbance. The temperature model showed that MAGT (about 2020) varied from −3.9°C in alpine areas to 

8.1°C below waterbodies (Figure 10). By far, most areas had MAGTs between −0.9 and 1.0°C, indicating that 

most of the region is thermally vulnerable to increasing soil temperatures. MAGTs were used as one component 

of the thaw‐rate ranking. 
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Figure 10. Modeled mean annual ground temperatures at ∼1‐m depth for about 2020 period for three regions in central Alaska with differing soil landscapes. Fire 

perimeters for the 2000–2023 period (merged) are shown in red. 

 

The magnitude of collapse upon thaw is dependent mainly on ice content, but also is affected by slope and 

surface‐water flow, which can affect the type of thermokarst features that form (e.g., thermokarst lake vs. thermal 

erosion gully). In our approach, we focused solely on thaw settlement and did not incorporate the effects of 

thawing on slope processes, such as retrogressive thaw slumps and thermal erosion gullies, as they are relatively 

uncommon in central Alaska. We also did not take into account differential thaw settlement caused by melting of 

ice wedges, although the central parts of ice‐wedge polygons may remain relatively stable. We used the thaw rate 

and thaw settlement potential as the main responses to differentiate permafrost vulnerability. These are often 

related, as rocky soils with low ice contents are susceptible to high thaw rates and low thaw settlement, whereas 

extremely ice‐rich soils generally have low thaw rates and high thaw settlement potential. Between these end- 

points, permafrost responses are gradational depending on variations in driving factors. Finally, the type of 

thermokarst is important for characterizing how the land surface ultimately responds to permafrost thaw, and for 

assessing the impacts to ecosystems and human infrastructure. 

 

3.4.2. Vulnerability Mapping 

The vulnerability of permafrost across the three mapping areas was differentiated into 10 classes based on the 

ranking of expected thaw rates and potential thaw settlement (Figure 11). Overall, the most abundant vulnerability 

classes were low settlement‐high rate (LS‐HR, 22.7%), moderate settlement‐moderate rate (MS‐MR, 17.3%), 

moderate settlement‐high rate (MS‐HR, 10.0%), and high settlement‐moderate rate (HS‐MR, 8.4%) (Figure 12). 

Areal extents of vulnerability classes by region and geomorphic unit are provided in Table S6 in Supporting 
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Figure 11. Map of permafrost vulnerability in relation to potential thaw settlement and rates of thaw for the three study areas in central Alaska. Ecoregion boundaries are 

displayed in brown. 

 

Information S1. HLS‐HLR is a special class used for glacial till, where both thaw settlement and thaw rate vary 

from high to low depending on the presence of isolated patches of buried glacial ice. Unfrozen (U) land covered 

26.0% and water (W, unfrozen below) covered 0.5% of the area. There were also large differences in the dis- 

tribution of classes among regions: HS‐HR, HS‐LR and U were predominantly found in the Yukon Uplands; MS‐ 

HR, MS‐MR, LS‐HR, and W predominated in the Tanana Lowlands; and HS‐MR, HLS‐HLR, and LS‐MR 

predominated in the Donnelly Uplands. Variations in permafrost vulnerability within regions and associations 

with geomorphic units are discussed below. 

In the Yukon Uplands representative of the Yukon‐Tanana Uplands ecoregion, six vulnerability classes were 

differentiated (Figure S5 and Table S6 in Supporting Information S1). LS‐HR (14.7%) was related mostly to 

rocky hillslope colluvium on north‐facing slopes, and to a lesser extent gravelly abandoned floodplains, which 

have ice‐poor rocky soils. While deep sampling of the hillslope colluvium is sparse, we assume that the 

moderately ice‐rich layer in the upper permafrost is relatively thin and susceptible to rapid thaw. Downslope water 

movement in the thawing soils likely contributes to the higher thaw rate. HS‐MR (10.1%) was mostly associated 

with lowland retransported deposits, which generally have thick surface organics and ice‐rich soils. HS‐LS (6.5%) 

was associated with extremely ice‐rich eolian deposits (yedoma). We assigned a low thaw rate due to the 

extremely high ice contents (high latent heat) and the frequent presence of an ice‐poor zone in the upper 1–4 m 

that has developed in response to past post‐fire thaw. HS‐HR (4.1%) was associated with ice‐rich lowland 

retransported deposits on south‐facing slopes due to warmer temperatures and susceptibility to both surface and 

groundwater effects. LS‐MR (1.5%) was associated with ice‐poor weathered bedrock at high elevation, for which 

 

 

JORGENSON ET AL. 19 of 31 

2
1
6
9
9
0
1
1
, 2

0
2
5
, 6, D

o
w

n
lo

ad
ed

 from
 http

s://ag
u
p
u
b
s.o

n
linelib

rary
.w

iley.co
m

/d
o
i/1

0.1
0
2
9
/2

0
2
4
JF

0
0
8
0
3
0
 b

y
 U

n
iv

ersity O
f A

lask
a F

airban
k
s, W

iley O
n
lin

e L
ib

rary
 o

n [1
5
/0

1
/2

0
2
6
]. S

ee th
e T

erm
s an

d C
o
n
d
itio

n
s (h

ttp
s://o

nlin
elib

rary
.w

iley
.co

m
/term

s-an
d
-co

n
d
itio

n
s) o

n
 W

iley O
n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed b
y th

e ap
p
licab

le C
reativ

e C
om

m
o
ns L

icen
se 



Journal of Geophysical Research: Earth Surface 10.1029/2024JF008030 

 

 

 

 

 

Figure 12. Extent of permafrost vulnerability classes by region. Vulnerability is a combination of potential thaw settlement (S) and thaw rate (R), ranked as high (H), 

medium (M), and low (L) for each component. The HLS‐HLR is for glacial till where both settlement and thaw rates can be highly variable. Unfrozen (U) and Water 

(W) are also included. 

 

we assigned moderate thaw rates due to colder temperatures. MS‐MR (0.8%) was uncommon and mostly 

associated with flat peatlands over abandoned floodplain deposits. 

On the Tanana Flats representative of the Tanana‐Kuskokwim ecoregion, six permafrost vulnerability classes 

were differentiated (Figure S5 and Table S6 in Supporting Information S1). The most common type was MS‐MR 

(34.7%), which was primarily associated with abandoned overbank floodplain deposits with thick surface peats 

that typically had 2–3 m thick ice‐rich layer in the upper permafrost. The flat terrain, susceptibility to impounded 

surface water, and nearby presence of shallow groundwater flow contribute to the moderately rapid degradation of 

the permafrost. The LS‐HR class (26.9%) was primarily associated with abandoned alluvial fans and old gla- 

ciofluvial deposits with moderately thick surface organics over gravels. While we have no soil data for this class, 

we presume it to be ice poor. We attribute the high thaw rate to the presence of thicker organics and the potential 

for groundwater flow through underlying gravels. MS‐HR (15.8%) was associated with areas of active collapse‐ 

scar fen development with substantial lateral degradation and groundwater flow. 

In the Donnelly Uplands, a portion of which represents the Alaska Range ecoregion, eight vulnerability classes 

were mapped (Figure S6 and Table S6 in Supporting Information S1). HLS‐HLR (18.0%) is associated with old 

glacial till where isolated patches of buried glacial ice cause highly variable rates in both thaw rates and set- 

tlement. Most of the glacial ice has already melted through the Holocene, causing an abundance of deep kettle 

lakes (ancient thermokarst). HS‐MR (15.5%) was mostly associated with moderately thick loess over glacio- 

fluvial deposits. HS‐LR (2.8%) was mostly associated with peatlands over lowland loess deposits. MS‐HR (8.1%) 

was mostly associated with thin eolian deposits over warmer old glacial till on south‐facing slopes, while MS‐MR 

(6.5%) was mostly associated with thin eolian deposits over glacial till on flat terrain. LS‐HR (21.5%) was 

associated with ice‐poor hillslope colluvium, abandoned braided floodplains, glaciofluvial deposits, and very old 

glacial till that probably lack buried glacial ice. A high thaw rate was assigned due to the rocky soils, low ice 

contents and thin surface organics. LS‐MR (10.5%) was primarily associated with hillslope colluvium at high 

elevations in alpine areas where MAGT is much colder. 

To better understand the complexity of permafrost vulnerability, we identified eight main types of boreal 

permafrost associated with the various classes. In Figure 13, we provide cross‐sectional profiles for the dominant 

types of permafrost‐soil landscapes that conceptualize the relationships among topography, soil texture and 
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Figure 13. Conceptual diagrams of the permafrost vulnerability across rocky uplands, silty upland and lowlands, glaciated uplands, gravelly lowlands (abandoned 

floodplains), and peaty‐silty lowlands (abandoned floodplains). Vulnerability codes are HS‐LR, high thaw settlement/low thaw rate; HLS‐HLR, high‐low thaw 

settlement/high‐low thaw rate; LS‐HR, low thaw settlement/high thaw rate; MS‐MR, moderate thaw settlement/moderate thaw rate. 

 

geomorphic units, hydrologic flow paths, and permafrost. First, north‐facing rocky uplands (LS‐HR) have ice‐ 

poor rocky hillslope colluvium and weathered bedrock that are overlain by thick peat accumulations. A high 

thaw rate is aided by the low ice content, high soil permeability and near‐surface, supra‐permafrost water flow 

during storm events. Second, extremely ice‐rich silty uplands (HS‐LR) with loess (yedoma) have large syngenetic 
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ice wedges formed during the late Pleistocene. The extremely high ice content, silty soils with very low 

permeability, and piping of water through ice wedge networks that reduce surface water, all contribute to low 

vertical thaw rates. Buried ice wedges, however, can contribute to rapid thermal erosion gullies and underground 

channels. When yedoma occurs on flatter lowland terrain, we assigned a moderate thaw rate due to impoundment 

of water. Third, ice‐rich lowland slopes (HS‐MR) with retransported deposits in valley bottoms have a mixture of 

peaty, silty, and rocky soils. They are subject to abundant suprapermafrost water flow as indicated by prevalent 

water tracks and can be subject to water piping and sub‐permafrost water flow that contributes to a moderate thaw 

rate. We consider them to be yedoma‐like, as they have more complex depositional histories (mixed eolian, 

fluvial, colluvial environments), variable ice wedge contents, and greater age associated with millions of years of 

sediment deposition in non‐glaciated valleys. Fourth, older bouldery glaciated uplands (HLS‐HLR) have a history 

of buried Pleistocene glacial ice that has resulted in glacial thermokarst landforms (kettle lakes). Due to the 

mainly ice‐poor bouldery soils with sporadic patches of remnant buried glacial ice, we assigned a mix of high and 

low thaw settlement potential and high and low rates of thaw. Fifth, ice‐poor gravelly lowlands (LS‐HR) are 

associated with abandoned braided floodplains, glaciofluvial outwash, alluvial fans, and terraces. Rainfall 

infiltration on the flat gravelly soils and groundwater flow through porous gravels contribute to high thaw rates. 

Low thaw settlement, however, makes tracking of permafrost degradation through remote sensing infeasible. 

Sixth, moderately ice‐rich, peaty‐silty lowlands (MS‐MR) are associated with abandoned floodplains, lacustrine 

deposits (sometimes with reworked lowland yedoma), and drained‐lake basins (often in moraines). They are 

subject to both surface water impoundment due to flat topography and to groundwater flow at shallow depths, 

resulting in moderate thaw rates. The abandoned floodplains have occasionally scattered small Holocene ice 

wedges. Seventh, young glacial uplands (HS‐HR, not shown in diagram) were deposited during the late Holocene 

and high amounts of buried glacial ice that can quickly degrade. Significant massive thermokarst has been evident 

during the last few decades. Eighth, rocky alpine areas (LS‐MR, not shown in diagram) are presumed to be ice‐ 

poor because of the rocky soils, but data are lacking. The permafrost was assigned a moderate thaw rate, despite 

the presumed low ice content that typically facilitates high thaw rates, because of the colder air temperatures. 

 

3.4.3. Thermokarst Landforms 

The geomorphic units formed the basis for mapping thermokarst landforms as thermokarst is strongly associated 

with differences in ice content and morphology. We identified 14 landform combinations that included 10 types 

of thermokarst landforms. These permafrost‐affected areas with existing and potential thermokarst cover 76% of 

the three study areas (Figure 14). The most abundant thermokarst landforms include: bogs/fens (with uncommon 

shallow lakes) (26.1% area) that are mostly associated with meander abandoned floodplain deposits on peaty‐silty 

lowlands; irregular mounds (with rare detachment slides, 10.8%) that are mostly associated with hillslope col- 

luvium on steep north‐facing rocky uplands; irregular mounds (with uncommon bogs, 10.6%) primarily asso- 

ciated with old glaciofluvial deposits with thin overbank cover deposits on gravelly lowlands; deep lakes/conical 

mounds/bogs (8.6%) that occur on thawing ice‐rich loess; and irregular mounds/deep lakes (8.5%) associated with 

till deposits on glaciated uplands. Deep kettle lakes may still form in degrading young glacial till, but the lakes in 

old and very old glacial till are legacies of ancient thermokarst. 

When comparing regions, the Tanana Lowlands have the greatest potential for development of bogs and fens 

associated with the moderately widespread meander abandoned floodplain deposits with moderate thaw settle- 

ment potential, and irregular mounds and bogs on old gravelly alluvial fan and glaciofluvial deposits (Figure S7 in 

Supporting Information S1). The Yukon Uplands (Figure 15) are mostly likely to develop irregular mounds 

(rarely detachment slides) on ice‐poor hillside colluvium on north‐facing rocky uplands, bogs and channel fens 

(rarely shallow lakes) on ice‐rich retransported deposits (yedoma‐like) on lower slopes, and deep lakes, conical 

mounds, and bogs on ice‐rich lowland loess (yedoma). The glaciated Donnelly Uplands are most likely to develop 

irregular mounds on ice‐poor moraines and deep lakes in areas of buried glacial ice (Figure S8 in Supporting 

Information S1). 

While the maps show 76% of the area is subject to potential thermokarst, the photo‐interpreted grid sampling of 

2,200 points on ∼2015 era imagery found permafrost occurred in 60% of three regions (Jorgenson, Brown, 

et al., 2022). This indicates that the thermokarst already occurs within these mapped areas of potential 

thermokarst. 
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Figure 14. Potential extent (% area) of thermokarst landforms that could 

develop based on associations with geomorphic units. 

3.5. Model Validation 

To help evaluate the permafrost vulnerability model, we used data on the 

occurrence of old thermokarst evident in ∼1949 and new thermokarst features 

evident in ∼2017 that were photo‐interpreted at 2,200 points for a landscape 

change assessment for the same map area (Jorgenson, Brown, et al., 2022). 

For thermokarst evident in 1949, meander abandoned overbank deposits 

already exhibited 13.2%, when including the surficial thermokarst bogs and 

fens over the subsurface deposits. Old moraine deposits exhibited 4.6% 

ancient thermokarst due to permafrost degradation during the early to mid‐ 

Holocene, when old and young morainal drained‐lake basins and deep 

morainal lakes developed over the surface old moraine deposits. When 

totaling the occurrence of new thermokarst features that were evident in 

2013–2020 imagery (median 2017), but not present in 1949, only 4 of 16 

permafrost‐affected geomorphic units showed evidence of permafrost 

degradation over the 68‐year span (Table 2). Meander abandoned overbank 

deposits (10.4%) were by far the most affected (thermokarst bogs and fens), 

whereas, hillside colluvium (0.6%, water‐tracks), alluvial fan‐abandoned 

(1.0%, thermokarst fen), and old moraine (0.3%, thaw slump) showed small 

amounts of degradation. 

When comparing historical trends in permafrost degradation with permafrost 

vulnerability of the various geomorphic units, historical rates of thaw were for 

the most part consistent with the predicted permafrost vulnerability. For the 

seven loess types and retransported deposits classified as having low thaw 

rates (HS/LR), there were no new occurrences of thermokarst at 571 locations 

(0%) over 68 years. For units classified as having moderate thaw rates, 

meander abandoned overbank deposits were already 13.2% degraded by 

1949, and had 28 thermokarst bogs and 30 thermokarst fens newly occurring 

at 556 locations (10.4%). For these deposits, thaw settlement was sufficient to 

be easily evident on the imagery. For units classified as having high thaw 

rates, new thermokarst features covered relatively small areas in alluvial fan, 

abandoned floodplains (1.0%), hillslope colluvium (0.6%), old glaciofluvial outwash (0.0%), and old moraine 

(0.3%). Note that old moraines had 4.6% cover of old/ancient thermokarst features by 1949, indicating past 

presence of buried glacial ice; the current extent of buried glacial ice is unknown but we presume a small amount 

persists. We attribute the lack of thermokarst features to rocky soils (other than old moraines) with low potential 

for thaw settlement. This inconsistency between areas with expected high thaw rates and areas with little evident 

thermokarst development highlights the difficulty in monitoring permafrost degradation in ice‐poor rocky 

landscapes, where thaw probing, borehole monitoring, geophysical techniques, and remote sensing are not as 

effective in assessing subsurface conditions. 

 

4. Discussion 

4.1. Interacting Factors 

Permafrost vulnerability is dependent on complicated interactions among a wide range of biophysical factors and 

permafrost degradation results in a transformative patchwork of differing permafrost types responding to climate 

variations and disturbance at differing rates and degrees of collapse. Primary among these factors is the overall 

amount, type, and vertical distribution of ground ice because it affects the rate of thaw owing to its high latent heat 

content and the potential for thaw settlement when ground ice melts (Lee et al., 2014; Mohammadi & Hay- 

ley, 2023; Pullman et al., 2007; Sun et al., 2022). Yet, ice content commonly leads to opposing endpoints in 

vulnerability where rocky soils with little ground ice can thaw rapidly with little thaw settlement, while extremely 

ice‐rich silt tends to thaw slowly with catastrophic thaw settlement. In northern regions, however, where ice‐ 

wedges develop immediately beneath a thin active layer, the terrain can have both high settlement and high 

thaw rates (Jorgenson, Kanevskiy, Jorgenson, et al., 2022). Thus, we gave ice content the highest weight for 

ranking vulnerability outcomes. Within these endpoints, vulnerability is affected by topography, hydrology, and 
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Figure 15. Map of potential thermokarst landforms associated with geomorphic units with varying ground‐ice conditions. Most landforms occur in combinations; when 

classes have only one they denote areas of existing thermokarst that were large enough to delineate singly. Secondary types are noted in parentheses. 

 

soil texture, which are legacies of ancient to modern geomorphic processes, and by disturbance and ecological 

succession. These factors interact to control the thaw rate and settlement. For example, changes in fluvial 

deposition and decreasing flood frequency on unfrozen flat floodplains over millennia led to the upward fining of 

mineral sediment and eventually to thick peat accumulations that promote simultaneous downward epigenetic and 

upward quasi‐syngenetic permafrost formation. During subsequent permafrost degradation, the flat topography 

leads to patchy surface‐water accumulation, and the legacy of underlying gravel sediments forms porous path- 

ways for groundwater movement that can accelerate permafrost thaw (Jorgenson et al., 2020). 

The map modeling of current (circa 2020) MAGT in central Alaska indicates that most of the permafrost in the 

region is near 0°C and thus highly vulnerable to thawing. However, because temperatures are close to zero, the 

modeling based on air temperatures, thermal offsets related to geomorphic units, and topography, is poor at 

resolving current permafrost distribution. Thus, we relied on existing maps of permafrost distribution to assess 

permafrost vulnerability. The MAGT model then serves as only one component for ranking the rate of thaw, with 

ice content, surface water, and groundwater being dominant factors. 

As another example, extremely ice‐rich lowland loess (yedoma) with syngenetic permafrost and flat topography 

can respond to thaw quite differently from yedoma on hillslopes. Again, low‐lying yedoma is subject to positive 

feedback from surface‐water impoundment, but groundwater movement is typically lacking (other than piping) in 

the thick silty deposits, so they are subject to moderate rates of lateral and vertical thaw. In many lowland basins in 

boreal Alaska, much of this lowland yedoma degraded during the early Holocene to form lacustrine dominated 

flats (Kanevskiy et al., 2014). In contrast, on upland yedoma on hillslopes, surface water is typically drained 
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Table 2 

Occurrence of Permafrost and New Thermokarst Features by Geomorphic Unit as Determined Through Photo‐Interpretation at 2,000 Points (Data From Jorgenson, 

Brown, et al., 2022) 

Geomorphic unit Permafrost occurrence 1949 (%) Points Vulner‐ability class Thermo‐karst in 1949 (%)a New thermo‐karst (%) 

Lowland Loess 100.0 95 HS‐LR  0.0 

Lowland Loess/Glaciofluvial Outwash 100.0 73 HS‐MR  0.0 

Lowland Loess/Old Glacial Moraine 100.0 55 MS‐MR  0.0 

Upland Loess/Very Old Glacial Moraine 100.0 12 MS‐MR  0.0 

Upland Loess/Ice‐rich 100.0 46 HS‐LR  0.0 

Retransported 100.0 280 HS‐MR  0.0 

Meander Abandoned Overbankb 99.8 556 MS‐MR 13.2 10.4 

Thermokarst Bog/Fmob 0.0 18 NA 100 NA 

Thermokarst Fen/Fmob 0.0 67 NA 100 NA 

Meander Inactive Overbank 1.3 76 nd  0.0 

Meander Abandoned Channel 18.2 11 nd  0.0 

Terrace 75.0 44 nd  0.0 

Alluvial Fan, Abandoned 100.0 105 LS‐HR  1.0 

Hillslope Colluvium 43.2 217 LS‐HR  0.6 

Old Glaciofluvial Outwash 97.0 33 LS‐HR  0.0 

Old Morainec 16.6 290 HLS‐HLR 4.6 0.3 

Drained Lake Basin, morainal old 100.0 6 MS‐MR 100.0 0.0 

Drained Lake Basin, morainal young 0.0 6 NA 100.0 NA 

Deep morainal lake 0.0 2 NA 100.0 NA 

Note. Units are grouped by the vulnerability classes, and the number of points is given for the frequency of occurrence for the unit in 1949 before new thermokarst 

developed. aTo calculate the extent of thermokarst for geomorphic units in 1949, the geomorphic unit included undegraded deposits and new surficial deposits formed by 

thermokarst over the original unit. bMeander Abandoned Overbank (Fmob) deposits include both surface and subsurface geomorphic units, thus thermokarst bogs and 

fens over Fmob are included in total. cOld Moraine deposits include both surface and subsurface geomorphic units; thus, old and young morainal drained‐lake basins and 

deep moraine lakes over Gmo are included in total. The old morainal drained‐lake basin initial formed through thermokarst and  permafrost reformed and has not 

degraded. 

 

quickly through underground channels (piping) within the ice‐wedge network, thereby reducing positive surface‐ 

water feedback and facilitating slow rates of thaw. Because thaw is sufficiently slow in ice‐rich silty soils after 

fire, the vegetation and organic mat are able to recover before thaw penetrates deeply (typically 3–4 m), allowing 

permafrost near the surface to recover (Jorgenson et al., 2013; Kanevskiy et al., 2012). Most of this upland 

yedoma has persisted since the late Pleistocene and remains widespread across boreal and arctic Alaska, indi- 

cating its resilience to climate change (Kanevskiy et al., 2011; Strauss et al., 2017). In some locations in boreal 

Alaska and Yukon Territory, it has persisted through more than one warm interglacial period (Froese et al., 2008; 

Reyes et al., 2010). 

Thermokarst features are strongly related to ground‐ice conditions, and their abundance is indicative of past thaw 

(Jorgenson, 2021). On ice‐poor rocky colluvium, thermokarst was indistinct and limited to forms of barely 

perceptible irregular depressions and mounds. Our temperature monitoring and that of others working in the area 

(Farquharson et al., 2022) indicates that taliks have developed during the last decade at some monitoring locations 

(Figure 2). In rocky soils, we presume that permafrost thawed and reformed ∼50–100 times during the Holocene 

due to the prevalence of fire‐prone black spruce in late‐successional vegetation, the generally low ice content, and 

frequent occurrence of diapir features (cryoturbation) in the soil profile indicative of past thaw. Thermokarst 

bogs, thermokarst fens, shallow thermokarst lakes, and shore fens are prevalent on moderately ice‐rich peaty‐silty 

abandoned floodplains, where thermokarst features usually show 1–3 m of collapse (Douglas et al., 2015; Quinton 

et al., 2011). Most of the larger features are 100–1000s of years old, often cover a substantial portion of lowland 

landscapes, and have undergone repeated permafrost thawing and recovery up to several times during the Ho- 

locene, indicating that thaw rates are intermediate (Jorgenson, Kanevskiy, et al., 2022). Deep thermokarst lakes 
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and lake basins (alasses) and tall conical thermokarst mounds (baydzherakhs) are associated with extremely ice‐ 

rich loess, or yedoma (Grosse et al., 2013; Shur et al., 2012). In our experience, the tall conical thermokarst 

mounds are still relatively uncommon in undisturbed terrain in central Alaska, indicating that thaw rates are very 

slow. 

 

4.2. Model Limitations 

Our analysis is a first‐order approximation of the spatial heterogeneity in permafrost characteristics and its 

vulnerability to increasing soil temperatures at the landscape scale. We believe that the integration of thermal 

regimes, the rate of thaw as affected by terrain characteristics and hydrology, and potential thaw settlement as 

related to ground ice, into discrete vulnerability classes presents an improvement over single thematic mapping 

that has predominantly been the method of identifying areas of high versus low thaw degradation risk. This is 

substantiated by the relationship of the vulnerability classes with the observed thermokarst extent and rates. There 

are five potential limitations to our approach, however. 

First, we used a simplified rule‐based, ranking approach rather than numerical simulations. While we were able to 

conceptualize and rank the degree of interactions among the drivers of permafrost degradation, this approach uses 

categorical levels that do not adequately capture the gradation and sensitivity of the interactions. However, other 

numerical simulation and statistical spatial extrapolation approaches (Mohammadi & Hayley, 2023; Sun 

et al., 2022) lack many of these critical interactions, especially in their ability to account for ground ice variability 

and surface and groundwater dynamics. 

Second, though our data set includes thousands of measurements of ground‐ice contents, the distribution, the data 

were insufficient to fully analyze differences among all geomorphic units in our region. While large soil data sets 

have been collected along the Trans‐Alaska Pipeline right‐of‐way, they are proprietary. Given the huge costs of 

acquiring deep soils data, we likely will never have sufficient information, and instead need to rely on published 

summaries (Kreig & Reger, 1982) and assumptions based on similar terrain units. Because of the difficulty and 

expense of obtaining sufficient data over large regions, there will remain an important role for expert knowledge 

developed from decades of working in these landscapes that is fundamental to mapping of geomorphic units, 

construction of conceptual models of landscape relationships, and for spatial extrapolation of landscape char- 

acteristics. The sparse data sets and reliance on expert knowledge, however, reduce the reproducibility of the 

results. 

Third, vegetation and snow effects were not included in the rule‐based model because they can be highly dynamic 

over time, the vulnerability assessment was directed toward current conditions, and the issue of scale (discussed 

below). Because vegetation fundamentally affects soil thermal regimes and permafrost stability, partly through 

vegetation‐snow interactions (Douglas & Zhang, 2021), incorporating vegetation into larger‐scale vulnerability 

mapping should be a goal for further model development. Under a warming climate, the delayed onset of snow 

and more frequent winter rains are likely to have large effects on soil thermal regimes (Jan & Painter, 2020; Park 

et al., 2015). While snow is important, note that our model addresses current permafrost vulnerability, and thus 

future changes in snow are beyond the scope of the model. 

Fourth, the spatial scale is important to evaluate permafrost vulnerability (O'Neill et al., 2024). In our study, we 

used landscape‐scale (∼1:250,000 scale) analyses based on geomorphic units that we believe are appropriate for 

quantifying ground‐ice distribution and potential thaw settlement for regional assessments. However, there is 

substantial variability in thermal regimes and ground ice within geomorphic units, such that ecosystem charac- 

teristics at the site level (∼1:50,000 scale) are needed to better evaluate the rate of thaw as affected by vegetation, 

soil organics, snow, and hydrologic dynamics (Hayashi et al., 2011; Jorgenson, Kanevskiy, et al., 2022). Mapping 

at the site level, however, adds additional complexity and integrated‐terrain‐unit mapping that is detailed enough 

or available to perform an analysis over larger regions is rarely available (Wells et al., 2020). The increased 

application of repeat remote sensing measurements, especially repeat Lidar, to identify rates of change will 

hopefully address some of this need (Zhang et al., 2023). 

Finally, there is no practical quantitative means of assessing the accuracy of the vulnerability maps: this would 

take a major sampling effort to verify potential thaw settlement across the 64 geomorphic units that were mapped, 

it would take decades to determine thaw rates, and would likely be overwhelmed by the variability in these 
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response variables. Instead, we used rates of recent thermokarst landform development as proxy indicators for 

evaluating our thaw rate and settlement categories. 

 

4.3. Implications 

Variable patterns of thaw rate and potential thaw settlement have enormous consequences for ecosystem patterns 

and processes (Schuur & Mack, 2018; Turetsky et al., 2019 #12137), and for damage to human infrastructure, 

including roads, airfields, buildings, and agricultural fields (Hjort et al., 2022; Scheer et al., 2024). We estimate 

that within our mapping areas, 45% of the landscape is already unfrozen based on the weighted average of 

permafrost classes (e.g., discontinuous class has 72.5% permafrost). Of the remaining permafrost‐affected areas, 

42% have low potential for thaw settlement. In rocky areas with low potential thaw settlement, the ecological 

shifts after permafrost thaw tend to be minor from coniferous to more deciduous trees (Jorgenson et al., 2013), and 

damage to infrastructure can generally be managed with engineering solutions. The rate at which ice‐poor 

permafrost thaws is fairly inconsequential, and quick loss of ground ice may even be beneficial for infrastruc- 

ture and agricultural development. In contrast, on extremely ice‐rich terrain with high potential thaw settlement 

(10% of mapped areas), ecological transformations and infrastructure damage can be severe (Hjort et al., 2022; 

Kanevskiy et al., 2012). For example, the thaw and collapse of yedoma into a thermokarst lake or sphagnum‐rich 

bog results in a complete reorganization of ecological components (Jorgenson et al., 2013; Olefeldt et al., 2021). 

Similarly, built infrastructure cannot withstand 5–30 m of ground collapse. However, for this terrain, the thaw rate 

is important. When the thaw rate is slow, ecosystem transitions are also slow, and the utility of infrastructure can 

be maintained over decades before abandonment and replacement, albeit with substantial costs. We note, how- 

ever, that there are complex gradations among these endpoints, and a detailed evaluation of the ecological and 

societal consequences of the degradation of the varying types of vulnerable permafrost is beyond the scope of this 

paper. 

While this study focused on boreal landscapes within a limited region in central Alaska that had intermediate scale 

mapping (∼1:250,000), we believe the approach is applicable to broader boreal and arctic regions at larger scales 

(1:1 to 1:5 M). Reliable ground temperature maps have been developed for the northern Hemisphere regions 

(Jafarov et al., 2012; Obu et al., 2019) that can be used within our thermal regime framework that extends to arctic 

climates. Because the approach is based on geomorphic units (surficial geology), it can be scaled up to larger areas 

based on progress in larger‐scale mapping of ground ice contents (Jorgenson et al., 2008; O'Neill et al., 2022; 

Saito et al., 2020), although there will be differences in ground‐ice vertical distribution under boreal and arctic 

climates. Similarly, surface water and groundwater effects were related to geomorphic units. While deep 

groundwater effects will be negligible in arctic regions with continuous permafrost, surface water effects in the 

arctic will become more complicated because of the degradation of near‐surface ice wedges (Jorgenson 

et al., 2015). 

 

5. Conclusions 

The vulnerability of permafrost to climate variability and disturbance depends on complex interactions among 

climate, topography, surface and ground water movement, soil texture, ground ice, vegetation, and disturbance, 

with both positive and negative feedback affecting stability. In a region where ground temperatures are already 

near 0°C and are projected to continue increasing, ground ice is the primary factor affecting the rate of thaw and 

the amount of ground collapse after thaw. As ground ice content cannot be directly determined through remote 

sensing, we used geomorphic units as the basis for spatially extrapolating potential thaw settlement at the 

landscape scale. We differentiated 10 permafrost vulnerability classes ranging from high thaw settlement/low 

thaw rate to low settlement/high rate. These classes were generally consistent with historical patterns and rates of 

observed thermokarst. This study advances our understanding of permafrost vulnerability by integrating thermal 

regimes and ground ice, incorporating a wide range of landscape components, including water, into the mapping 

model, and differentiating a range of distinctive vulnerabilities. The abundance and distribution of these classes 

have large implications for how well ecosystems and society can adapt to the projected permafrost degradation in 

the boreal region of central Alaska. 
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Data Availability Statement 

The data on which this article is based are available through the Arctic Data Portal, including the permafrost soils 

database (Jorgenson & Kanevskiy, 2025), soil temperature database (Jorgenson, 2024), and terrain‐unit mapping 

with permafrost vulnerability ranking (Jorgenson, 2025). Additional smaller data tables (Tables S1–S5 in Sup- 

porting Information S1) are provided in the Supporting Information. 
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