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Key Points 

 Observed thermokarst development in very cold permafrost at 3 monitoring sites 

along a 700 km transect in the Canadian High Arctic.  

 Rapid landscape response to above average summer warmth is due to limited thermal 

buffering from overlying ecosystem components and near-surface ground ice.  

 Change was greatest at Mould Bay where thawing index values were 240 % above 

historic normals causing ~90 cm of subsidence in 12 years. 
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Abstract 

Climate warming in regions of ice-rich permafrost can result in widespread thermokarst 

development, which reconfigures the landscape and damages infrastructure. We present 

multi-site time-series observations which couple ground temperature measurements with 

thermokarst development in a region of very cold permafrost. In the Canadian High Arctic 

between 2003 and 2016, a series of anomalously warm summers caused mean thawing 

indices to be 150 – 240 % above the 1979-2000 normal resulting in up to 90 cm of 

subsidence over the 12-year observation period. Our data illustrate that despite low mean 

annual ground temperatures, very cold permafrost (<-10°C) with massive ground ice close to 

the surface is highly vulnerable to rapid permafrost degradation and thermokarst 

development. We suggest that this is due to little thermal buffering from soil organic layers and 

near surface vegetation, and the presence of near surface ground ice. Observed maximum 

thaw depths at our sites are already exceeding those projected to occur by 2090 under RCP 

4.5. 

Plain Language Summary 

Permafrost is ground that remains at or below 0C for two years or longer and it underlies 

much of the Arctic. Permafrost in Arctic lowland regions is frequently characterized by large 

volumes of ground ice which causes the ground surface to collapse when it melts. As the 

Arctic warms, ice-rich permafrost degradation is expected to be widespread. Our data 

illustrates that very cold permafrost, which has a mean annual ground temperature of -10C 

or lower, is experiencing a rapid increase in active layer thickness at annual time scales. At 

three permafrost monitoring sites in the Canadian Arctic we have observed that warmer than 

average summer air temperatures have caused the active layer to deepen, near-surface ground 

ice to melt, and the overlying ground surface to subside, in some cases leading to the 

formation of small thaw ponds.  Our results show that very cold permafrost terrain is 

responding rapidly to ongoing warming.  
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1. Introduction  

Arctic permafrost is rapidly responding to climate change (Kokelj et al., 2017; Liljedahl et 

al., 2016; Romanovsky et al., 2017). Between 1990 and 2016, an increase of up to 4°C has 

been observed in terrestrial permafrost (Romanovsky et al., 2017) and this trend is expected 

to continue as Arctic mean annual air temperatures increase at a rate twice that of lower 

latitudes (IPCC, 2013). At many locations this warming has caused the initial thaw of near-

surface permafrost and melting of near-surface ground ice, primarily ice wedge ice (Fraser et 

al., 2018; Kanevskiy et al., 2017; Liljedahl et al., 2016). Where ground ice is present, 

permafrost degradation can alter the geomorphological configuration of landscapes 

(Kanevskiy et al., 2017; Kokelj et al., 2017), in turn impacting  sediment flux (Kokelj et al., 

2013; Lamoureux and Lafrenière, 2009; Rudy et al., 2017), hydrology (Woo et al., 2008), 

nutrient and carbon cycling (Littlefair et al., 2017; Vonk et al., 2015), and overlying 

infrastructure (Raynolds et al., 2014). As such, documenting observations that illustrate how 

changes in air temperature are closely coupled to those below ground is critical in order to 

validate predictions about the rate, magnitude, and impacts of permafrost degradation in 

coming decades and centuries. 

The majority of top-down permafrost degradation studies focus on the geomorphic response 

of ice-rich permafrost to warming through the application of field surveys (Kanevskiy et al., 

2017; Kokelj et al., 2015; Lewkowicz, 2007; Ward Jones et al., 2019), remote sensing (Frost 

et al., 2018; Kokelj et al., 2017; Lewkowicz and Way, 2019; Raynolds et al., 2014) and 

susceptibility mapping (Rudy et al., 2013). In such studies, regional climate records are 

frequently utilized in lieu of direct, local, ground and air temperature measurements, to infer 

the cause of permafrost degradation. Consequently, there is a scarcity of well documented 

examples that combine measured ground temperature data and field observations illustrating 

climate-driven top-down permafrost degradation and thermokarst development. As such the 

projected extent of top-down degradation, both in terms of how much thaw at any given site 

and also to what spatial extent, remains poorly constrained in part due to a lack of field 

observations. 

To date, the vulnerability of High-Arctic landscapes to climate change driven permafrost 

degradation has been illustrated primarily through its impact on hydrology (Lamoureux and 

Lafrenière, 2009; Lewis et al., 2012), hillslope processes (Lewkowicz, 2007; Lewkowicz and 

Way, 2019; Segal et al., 2016), and downstream impacts on sedimentology and geochemistry 
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(Rudy et al., 2017). Such permafrost related disturbance events have been attributed to a 

higher than normal summer air temperature (Biskaborn et al., 2019; Kokelj et al., 2017; 

Lewkowicz, 2007; Ward Jones et al., 2019). Despite these observations, the documented 

changes are not directly linked to, or directly supported by, in-situ time series data to link 

warm summer air temperatures, corresponding changes in active layer thickness, and terrain 

response. Filling this knowledge gap will greatly improve our understanding of, and ability to 

project, how pan-Arctic warming and subsequent permafrost degradation will impact 

infrastructure, hydrology, biogeochemistry and ecology.  

This study combines time series measurements of local ground and air measurements 

spanning a decade of rapid change with observations of terrain subsidence in the High-Arctic. 

We use this unique data set to demonstrate that the combination of near-surface ground-ice, 

and limited to low thermal buffering from overlying soil organic layers and vegetation make 

extensive lowland areas across the High-Arctic extremely vulnerable to rapid, top-down 

degradation of ice-rich permafrost and associated subsidence driven terrain alteration. We 

combine time-series ground temperature measurements with field observations of rapid 

thermokarst development to: 1) link climate change with physical processes that are 

impacting vast areas of ice-rich polygonal Arctic terrain (Fraser et al., 2018; Liljedahl et al., 

2016), and 2) document observations that link an increase in summer warmth with top down 

thaw, and rates and magnitude of thermokarst development. 

2. Study site and methods 

Permafrost monitoring sites were established along a south to north environmental gradient at 

Green Cabin on Banks Island 73°N, Mould Bay on Prince Patrick Island 77°N, and Isachsen 

on Ellef Ringnes Island 78°N (Fig. 1A). At each site permafrost temperature and active layer 

depths were monitored between 2003 and 2017. The locations were chosen as representative 

of regional vegetation and soil conditions as part of the North American Arctic Transect 

project (Walker et al., 2008). Soil grain size at Green Cabin is sandy silt while soil at Mould 

Bay and Isachsen is silty clay (Everett, 1968; Ping et al., 2008; Walker et al., 2008) (Table 

S1). Massive ice is present primarily in the form of ice-wedges in polygon networks, which 

are prevalent in the region adjacent to each study site (Figs. S1-S4) (French and Egginton, 

1973; St-Onge and Gullentops, 2005). Subtle ice-wedge polygon patterning was evident in 

each region from aerial observations conducted between 2003-2006. Sediment present 

between ice wedges also contains excess ice in the form of ice lenses and pore-ice, reaching 

ca. 18 %, 67 %, and 68% in volume for Green Cabin, Mould Bay, and Isachsen, respectively 
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(Michaelson et al., 2008).  At the start of our observations the land surface at each field site 

exhibited little to no topographic variability due to thermokarst processes.  

Boreholes were located adjacent to ice-wedges to minimize disturbance. Ground temperature 

profiles, in the surface boreholes, were measured using 1.2 meter long, 28mm diameter 

probes consisting of 11 thermistors encapsulated in an epoxy filled clear PVC tube and a 

separate surface temperature sensor (Measurement Research Corporation, Gig Harbor, WA). 

The spacing of the thermistors within the MRC probes was 3, 9, 18, 24, 32, 40, 47, 55, 70, 85 

and 106 cm below the ground surface at the time of installation. The actual depth of the 

thermistors was recalculated yearly as the vertical position of the probe changed due to frost 

jacking and ground settlement. A CR10-X data logger (Campbell Scientific, Logan, UT) at 

each site measured the sensors every five minutes. In the summer of 2010, a shallow borehole 

was drilled at each site and instrumented with temperature sensors (107-temperature probes, 

Campbell Scientific, Logan, UT) positioned 1.5, 2 and 3 meters below the ground surface. 

Depth between the ground surface and ice-wedge top was measured at the start of the 

observation period by digging soil pits at sites adjacent to our monitoring stations (Fig S1-

S3). Air temperature measurements for thawing index (Ti) (the cumulative number of 

thawing degree-days above 0°Celsius per year) calculations were collected using thermistor 

temperature sensors (107-temperature probe, Campbell Scientific, Logan, UT).  Thawing 

index normals were calculated for 1979 – 2000 from historic climate records obtained from 

weather stations at Sachs Harbor, Isachsen, and Mould Bay 

(http://climate.weather.gc.ca/historical_data). The extent of thermokarst development was 

determined from repeat field surveys, oblique ground photographs, and structure from motion 

(SfM) derived digital elevation models (DEMs).  

Observed maximum thaw depths (MTD) were compared to those derived from the Stefan 

equation, a simple analytical solution of heat transfer used to model active layer thickness: 

MTD = √
2𝑘𝑡⋅𝑇𝐼∗86400

𝜕∙𝐿
   (1) 

Where kt is the thawed thermal conductivity, TI is the thawing index value at the ground 

surface, 𝜕 is the volumetric ice content prior to thaw, L is the latent heat constant, and 86400 

is the multiplier necessary to convert degree-days into degree-seconds to keep all units in the 

System International (SI). 

The equation (eq. 1) has been used in the form 

http://climate.weather.gc.ca/historical_data
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 MTD= A√𝑇𝐼   (2),   where A=√
2𝑘𝑡⋅∗86400

𝜕∙𝐿
  

Because kt and 𝜕 may vary from year to year due to changes in precipitation and soil 

moisture content, the coefficient A may not stay constant from year to year. We estimated the 

average value of A for each site by plotting the square root of the observed TI (°C-days) at 

each site and calculating the coefficient for the line of best fit. This allowed us to substitute 

2kt, 𝜕, and L, for A and to use the equation (eq. 2) to calculate expected maximum thaw 

depths according to existing basic heat transfer physics. 

To model the impact of increasing air temperature on the maximum thaw depth at each of our 

sites over coming decades we combined field observations of maximum thaw depth and TI 

(°C-days) with the 50th percentile of the multi-model ensemble for climate projections from 

the Coupled Model Intercomparison Project Phase 5 global climate model (CMIP5 GCM) 

(https://climate-change.canada.ca/climate-data/#/cmip5-data). To identify discrepancies 

between observed and modelled air temperature at each site, we compared ten years of field 

observations with GCM values between 2003 – 2016 and calibrated the model according to 

the offsets observed. The seasonal variations were adjusted by about 10% to match the 

observed air temperature. We combined calibrated GCM air temperature projections with 

coefficients (A) obtained from equation (eq. 2) to calculate mean decadal future TI (C-day) 

values for 2020 - 2090 under representative concentration pathways (RCPs) 4.5 (moderate 

warming scenario) and 8.5 (extreme warming scenario) (IPCC, 2013) and to project active 

layer thickness (or “maximum thaw depth”). 

3. Results and discussion 

3.1 Widespread and rapid thermokarst development driven by above normal summer 

air temperatures 

We observed permafrost degradation and thermokarst development in the form of top down 

melt of ice-wedge ice across all three study sites during the period 2003-2016 (Fig. 1B, C). 

Active layer deepening and resultant thermokarst development occurred during summers with 

TI values higher than historical norms (Fig. 2A, Table S3) most notably during 2007, 2011 

and 2012, when the thaw front intersected massive ice remarkably early in the season (Fig. 

3). Mean TI values were 154 %, 239 % and 192 % of the historic normal (1979-2000) for 

GC, MB and IS respectively (Fig. 2A, for years used to calculate mean see Table S3). Thaw 

onset (illustrated in Fig. 4) began between late May and late June (on average starting on 

https://climate-change.canada.ca/climate-data/#/cmip5-data
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June 7th, June 11th and June 14th for GC, MB, and IS, respectively). The thawing front 

intersected ice wedge tops (Figs. S1-3), on average, 50, 38, and 41 days after thaw onset and 

continued on average for 60, 44, and 31 days for GC, MB, and IS, respectively (Table S4). 

Adjacent to ice wedges, average maximum thaw depth was 85 cm, 54 cm, and 48 cm for GC, 

MB, and IS, respectively. Upwards freeze back of mineral soil adjacent to the ice wedges 

began shortly after the maximum thaw depth was reached and was earliest at IS (on average 

August 12
th

) and the latest at GC (on average August 27th). These average dates of mineral 

soil freeze back can be used as a good estimate for when ice melt stopped (Wainwright et al., 

2015). Our data show that complete refreezing of the active layer took place on average by 

October 3
rd

,
  

September 25
th

, and September 17
th

, for GC, MB, and IS, respectively (Table 

S4).   

Deepening of the thaw front and subsequent ground-ice melt lead to surface subsidence, 

which was seen most acutely in the form of ice-wedge polygon trough deepening (Fig. 1B, C, 

Fig S4). The melting of ice-wedges resulted in up to 60 cm, 90 cm, and 40 cm of subsidence 

at GC, MB, and IS, respectively over the observation period (Figs. 1B, C, S4). Differential 

settlement occurred due to variation in ground ice content across ice-wedge polygons, with 

the greatest change in surface elevation occurring over ice wedges. As such, observed 

subsidence values for IS and MB should be considered as minimum values because the 

perennially frozen mineral soil in polygon centers contain between 18 % (GC) and 68 % (IS) 

of ice by volume (Michaelson et al., 2008) and may have also been subjected to subsidence 

upon thawing.  

While patterns of topographic change were similar across all sites, the impact on hydrology 

varied. At GC no ponding occurred, possibly due to coarser grained soil facilitating the 

drainage of melt water (Fig. 1B, C). In contrast at MB and IS finer grain soils impeded 

drainage and resulted in the formation of shallow ponds with standing water up to 40 cm deep 

(Fig. 1B, C). 

3.2 Key drivers of rapid top-down thaw of very cold permafrost 

From our results, we identify three key factors which are responsible for widespread thaw at 

each of our study sites: an increase in summer warmth, limited thermal buffering from 

overlying soil organic layers and vegetation, and near surface massive ice.   

Increased summer warmth: The rapid transfer of heat from air to soil in High-Arctic 

environments has been observed previously where short-lived but intense warm events are 
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thought to have forced widespread active layer deepening during a single warm summer of 

deeper thaw (Fraser et al., 2018; Lamoureux and Lafrenière, 2009; Lewis et al., 2012; 

Lewkowicz, 2007). Recent observations from the Canadian High-Arctic link higher than 

normal summer warmth to a rapid increase in thaw related processes including active layer 

detachment slide, retrogressive thaw slumps, and ice wedge melt (Fraser et al., 2018; 

Lewkowicz and Way, 2019; Ward Jones et al., 2019). Across all of our sites TI values were 

2x to 3x higher than historical norms (1979 – 2000) throughout our observation period (2003 

– 2016) (Fig. 2A, Table S3), and as established through basic analytical solutions for heat 

transfer such as the Stefan equation (eq. 1),  there was a strong relationship between TI and 

active layer thickness (Nelson et al., 1997; Romanovsky and Osterkamp, 1997) (Fig. 2A). 

Interestingly, at IS,  higher TI did not consistently produce the greatest thaw depths which 

suggests that other factors, such as ground ice content, interannual variations in soil moisture, 

and hours of direct sunlight (Lewkowicz, 2007) also play an important role in maximum thaw 

depth.  

 

Sparse vegetation cover and no organic horizon of thermal significance: The presence of 

plant organic matter exerts an important control over how permafrost responds to climate 

warming. The accumulation of both living and dead vegetation can act as an important buffer 

for permafrost against changing air temperatures (Baughman et al., 2015; Raynolds et al., 

2008; Shur and Jorgenson, 2007; Yi et al., 2007). All of our sites were characterized by 

limited to low thermal buffering from overlying ecosystem components due to the sparse 

vegetation cover in the form of graminoid tundra and cryptogamic crusts (Walker et al., 

2005) (Table S2). While these vegetation classes act to provide a limited buffer for the 

underlying permafrost from warm summer air temperatures, their buffering effects are much 

less than those afforded by the thick moss and peat units which mantle much of the 

permafrost affected landscapes of the Low-Arctic (Baughman et al., 2015; Walker et al., 

2005).  Consequently, the gain and loss of heat in summer and winter respectively is more 

rapid at sites characterized by limited soil organic accumulation and vegetation (Fraser et al., 

2018).  

Near surface ground ice: At all of our sites, massive ground ice was present at the base of the 

active layer (Figs. S1-3) due to the permafrost being, until recently, in equilibrium with the 

climate. This facilitated a rapid geomorphological response to active layer deepening. During 

the summer months, once the depth of thaw exceeded the overlying protective sediment 

layer, continuous ice melt could occur and the extent of subsidence was limited primarily by 
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the duration of the thaw season (Fig. 4). For example, between 2005 and 2016 at IS, the 

active layer increased by ca. 0.2 m but the cumulative subsidence reached 0.4 m. 

3.3 Comparing observed and modelled maximum thaw depth 

As expected, our observations align fairly well with modelled MTD values derived from the 

Stefan equation (eq. 1) (Fig. 2B).  However, we observed interannual variability that 

highlights the limitations of this model. The difference between observed and modelled 

values in any given year is due to the interannual variability of soil properties, namely the 

thawed thermal conductivity due to moisture content, and latent heat effects due to variations 

in the volume of any ice present prior to thaw. Interannual variations in soil moisture content 

occur in part due to the timing and volume of late summer and fall precipitation events, 

which can vary greatly from year to year.  Modelled maximum thaw depth values fit best 

with our observations at Mould Bay and Green Cabin. In contrast, the difference between 

modelled and observed thaw depths vary more at Isachsen, possibly due to higher interannual 

variability in soil moisture and ice content in the active layer. Multivariate regression analysis 

showed that maximum winter snow depth had  limited influence over maximum thaw depth 

when compared to the TI (°C-days) (Table S5). It is also important to note that due to the 

mechanisms described in Figure 4, simple analytical solutions such as the Stefan equation fail 

to capture the total depth of ice melt and associated subsidence, as cumulative subsidence can 

far exceed any increase in active layer depth even during a single summer.  

3.4 Future change in a warmer High-Arctic 

The rapid top down thaw process that we have documented across our three High-Arctic sites 

is likely to continue in coming decades to centuries. We combined our field observations and 

climate projections from the Coupled Model Intercomparison Project Phase 5  global climate 

model (CMIP5 GCM) (https://climate-change.canada.ca/climate-data/#/cmip5-data) to 

explore future thaw depths under IPCC RCP 4.5 and 8.5. Maximum thaw depths by 2090 

were projected to be 108 cm and 129 cm at Green Cabin for RCP 4.5 and 8.5 respectively; 58 

cm and 72 cm at Mould Bay for RCP 4.5 and 8.5 respectively; and 59 cm and 73 cm at 

Isachsen for RCP 4.5 and 8.5 respectively. For all sites, the maximum observed thaw depths 

observed since 2003 met or exceeded the projected thaw depths for 2090 under RCP 4.5, 

indicating that the depth of thaw is already routinely exceeding the thaw expected under 

temperatures projections from this scenario (Figure 2).  

4. Conclusions 

https://climate-change.canada.ca/climate-data/#/cmip5-data
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In this study we couple continuous time-series measurements of warming air and ground 

temperature with top-down permafrost thaw, ice-wedge melt, and formation of thermokarst 

terrain. We observe that High-Arctic landscapes respond rapidly to warmer summer 

temperatures and we demonstrate that in regions where ground ice was, until recently in 

equilibrium with climate, even a small increase in active layer depth is sufficient to cause 

ground subsidence totaling tens of centimeters. We find that limited thermal protection from 

soil organic layers and vegetation facilitates a rapid response to air warming. Our 

observations provide field-based evidence to explain observations reported by recent remote-

sensing based investigations (Fraser et al., 2018; Liljedahl et al., 2016) and highlight the 

limitations of modelling active layer depth and near surface ice melt without ground truthing 

in the from field observations. We find that observed maximum thaw depths at all sites are 

already regularly exceeding modelled future thaw depths for 2090 under IPCC RCP 4.5. Our 

data show that very cold permafrost (<-10°C) at high latitudes is highly vulnerable to rapid 

near-surface permafrost degradation due to climate change. 
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Figure 1. A. Map of the study area showing permafrost monitoring site locations. B. 

Examples of the even terrain at each site at the start of monitoring (2003, 2004, 2005) and the 

terrain after a decade of monitoring (2016). Thermokarst development was observed at all 

sites. C. Examples of thermokarst topography and landforms observed at each site in 2016: i), 

ii) subsidence and trough formation at Isachsen, iii) trough formation and pond development 

at Mould Bay, iv) subsidence and trough formation at Green Cabin. All images are taken 

from within 500 m of the permafrost monitoring station with the exception of iv which was 

taken aerially but includes the monitoring station within the frame. 
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Figure 2. A. Top graph: TI (°C-days) through time for the three study sites. The dotted lines 

represent the thawing index normals (1979 to 2000, 

http://climate.weather.gc.ca/historical_data, Everett, 1968) for each site. Time on the x-axes 

is in calendar years. Bottom graph: Maximum thaw depth (cm) for each year at the three 

study sites. The dotted lines represent modelled historic maximum thaw depths calculated 

using the Stefan equation (eq. 1) and values derived from the TI normals shown in the top 

graph. B. Comparison of observed maximum thaw depths and thaw depths modelled using 

the Stefan equation and A values (eq. 2) derived from observed maximum thaw depths.  C. 

Projected thaw depths for our three study sites under RCP 4.5 and 8.5. For all diagrams the 

symbology is as follows: Isachsen, green; Mould Bay, blue; Green Cabin, orange. 
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Figure 3.  Thaw depth and temperature diagrams for: A. Isachsen, B. Mould Bay, and C. 

Green Cabin. Red dotted line shows ground ice depth at the start of the observation period. 

Black arrows indicate years where maximum thaw depth exceeds ground ice depth. The black 

continuous line is the 0°C isotherm in the ground. 
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Figure 4. A schematic diagram of how summer thaw leads to rapid ice-wedge degradation. 

A. An illustration of our monitoring station set-up and source of ground temperature data in 

relation to near-surface massive ice. B. A conceptual diagram illustrating thaw front 

dynamics based on measurements taken at our study sites.  C. A cross section of massive ice 

melt through time showing how protective sediment thickness remains the same despite 

active layer deepening, leading to cumulative melt throughout the thaw season. D. A cross 

section of ice wedge thaw through three summers where the depth of thaw exceeded the 

sediment overburden above ice-wedge ice, and one cool summer where no additional 

subsidence occurs. 

 


