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Introduction 

The term active layer refers to the layer of earth materials between the ground surface and 

the top of permafrost (perennially frozen ground) that thaws annually. This dynamic freeze/ 

thaw cycling makes the active layer of particular importance to a wide variety of geomor- 

phologic, hydrologic, ecological, and anthropogenic systems and processes across perma- 

frost regions which occupy nearly a quarter of the Earth’s land surface (Zhang et al., 

2008). Given the current rapid Arctic climate warming, active-layer thickness (ALT) has 

been observed increasing in many regions (e.g. Abramov et al., 2019; Strand et al., 2021; 

Vasiliev et al., 2020). Increasing ALT can induce thermokarst processes, promote the 
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ABSTRACT 

The Circumpolar Active Layer Monitoring (CALM) network is an 
ongoing international effort to collect and disseminate standardized 
measurements of active-layer dynamics to monitor the response of 
near-surface permafrost parameters to climate change. This work 
presents a distillation of 25 years (1995–2019) of observations from 
three north–south transects of CALM sites in tundra environments of 
Alaska. Transects examined in this work bisect tundra regions of 
discontinuous permafrost on the Seward Peninsula, and the 
continuous permafrost zone on the western and eastern sections of 
the Arctic Foothills and Arctic Coastal Plain. These transects 
represent regional climatic gradients, several physiographic 
provinces, and regionally characteristic landcover associations. Total 
active-layer thickening at observed sites ranged from 7 to 26 cm; 
more significant thaw occurred in the foothills despite less 
pronounced warming air temperature trends. This summary 
highlights several regional active layer responses  to  climate 
warming, complicated by distinct thermal landscape sensitivities, 
landscape variability, and documented thaw subsidence. Data 
summarized in this report are publicly available and represent an 
important validation resource for earth-system models that include 
regions in the continuous and discontinuous permafrost zones of 

northern and western Alaska. 
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proliferation of woody plant species, and enhance microbial activity and decomposition 

processes that release greenhouse gasses into the atmosphere (e.g. IPCC, 2019). 

The Circumpolar Active Layer Monitoring (CALM) program was founded in the early 

1990s. One of CALM’s initial functions was to operate as a data-rescue program following 

the dissolution of the Soviet Union. In its initial phases CALM focused on preserving 

records of ALT from the territory of the USSR and North America. Records from Alaska 

were surprisingly few and, with few exceptions, were of relatively short duration and had 

been collected primarily in support of ecological, hydrological, and engineering investi- 

gations. An important concomitant goal of the fledgling CALM program in Alaska was 

to extend the few existing records and to establish new long-term monitoring sites that 

could serve the variety of original study purposes. Several of these sites were used to 

develop and test field procedures, sampling designs, data-analysis procedures, and data 

management. The Alaska component of the CALM program has been funded continuously 

by the U.S. National Science Foundation (NSF) since 1998. A short history of the CALM 

program forms the introduction to this special issue of Polar Geography. 

Presented here is a summary of climatic and active layer observations and discussion of 

the reaction of the near-surface permafrost system to regional climate variation at the 24 

Alaskan CALM tundra sites with a minimum of 10 consecutive years of direct ALT 

measurements and sufficient on-site meteorological data for climate analysis. Sites exam- 

ined in this work are arranged into three north–south transects representative of (1) 

varying degrees of continentality; (2) several different physiographic provinces; and (3) 

representative landcover types. Trends exhibited at these different spatial scales provide 

the basis for a discussion about observed regional active-layer dynamics in response to 

climate variability under different landscapes across northern and western Alaska. The 

data description and analyses provided here illustrate fulfillment of the ongoing objectives 

of the CALM program: 

 
(1) Maintain established programs of long-term active layer, near-surface permafrost, 

landscape, and geomorphic observations in existing regional networks; 

(2) Expand CALM observational networks to representative cold-region sites with strategic 

emphasis on currently unrepresented regions and on co-location with sites in the 

Thermal State of Permafrost (TSP) borehole network; 

(3) Continue development and refinement of data management and archiving activities 

and strategies, and provide data management and archiving support. 

 
 

Study area and data 

The Alaskan component of the CALM program consists of a total of 67 sites either directly 

supported by NSF or providing data on a volunteer basis. Of the currently active sites (those 

that have data reported within the last three years, i.e. since 2017), 24 offer long-term 

records (>10 consecutive years of reported data) that employ direct ALT measurement 

methods in tundra landscapes (Figure 1). The different sampling strategies employed at 

these sites are elaborated on in the following section. Using the international CALM site 

code provided in Figure 1 inset maps and in the following descriptions of site transects, 

additional metadata, including local place names, site photos, and detailed site descriptions, 

can be found online at the CALM website (www2.gwu.edu/~calm), the Global Terrestrial 

http://www2.gwu.edu/~calm
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Figure 1. Alaskan CALM site locations, physiographic provinces (Wahrhaftig, 1965), and permafrost zones 

(Brown et al., 2002). Graduated symbols indicate length of observation records. Active sites have data 

available from within the last three years (since 2017). Inset maps show site sampling designs included 

in this report. Sites are labeled with international CALM site codes. Transect 1 sites are grouped by phy- 

siographic subregions: Outer Coastal Plain (sites U4, U5 and U6 U7A/B/C), Inner Coastal Plain (U8 and 

U31), Northern Arctic Foothills (U32A/B), Unglaciated Arctic Foothills (U9A/B and U10), and Glaciated 

Arctic Foothills (U11A/B/C, U12A/B, and U14). 

 

Network for Permafrost database (gtnp.arcticportal.org), or the Arctic Data Center (arctic- 

data.io). Sites form roughly north–south transects spanning the eastern North Slope (area 

north of the Brooks Range) (Transect 1), the western North Slope (Transect 2), and the 

Seward Peninsula (Transect 3). From west to east these transects represent increasingly con- 

tinental climatic conditions. 

Transects 1 and 2 are entirely within the zone of continuous permafrost on the North 

Slope (Brown et al., 2002). Both Transects 1 and 2 intersect tundra and subpolar climates, 

or ET and Dfc according to the Köppen-Geiger climate classification system, respectively 

(Peel et al., 2007). 

Transect 1 has the greatest density of sites and variety of observations, including on-site 

thermal and subsidence monitoring, in addition to ALT. Most of the 19 sites in Transect 1 

were established by the CALM and TSP programs or adopted from NSF Arctic System 

Science (ARCSS) projects. Two of the 1 km2 grid sites (U12A, at Toolik Lake, and U11A, 

at Imnavait Creek) were established under the U.S. Department of Energy’s Response, 

Resistance, Resilience, and Recovery (R4D) program in the late 1980s (Hinzman et al., 

1991; Kane et al., 1991; Walker et al., 1989). The 1 ha plots were originally part of the 

Arctic Flux Study within the larger ARCSS program, established to monitor trace gas 

release in tundra environments (Kane & Reeburgh, 1998; Klene et al., 2001; Nelson et al., 

1997; Weller et al., 1995). 

Physiographic sub-regions covered by Transect 1 include, from north to south, the Outer 

Arctic Coastal Plain (sites U4, U5, U6, and U7A/B/C), the Inner Arctic Coastal Plain (sites 

U8 and U56), the northern Arctic Foothills (sites U32A/B), the unglaciated southern Arctic 
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Foothills (sites U9A/B, U10), and the glaciated southern Arctic Foothills (sites U11A/B/C, 

U12A/B, U14). The Arctic Coastal Plain has low relief, with localized polygonal uplands and 

thermokarst features with poor drainage. The outer Arctic Coastal Plain has ubiquitous 

ponds and lakes, while the inner Arctic Coastal Plain has fewer lakes due to the gradual 

southward elevation increase toward its junction with the Arctic Foothills. The Arctic Foot- 

hills province has significantly more relief and better-developed drainage than the Arctic 

Coastal Plain, with hills and ridges throughout. The Arctic Foothills physiographic province 

was subdivided based on glacial history and relative elevation as it grades between the Arctic 

Coastal Plain to the north and Brooks Range to the south. Many of these sites were 

described in detail in an appendix to Brown et al. (2000). 

Transect 2 extends from site U1 at Utqiaġvik (village formerly known as Barrow; the site 

name Barrow is retained here for record consistency) at the confluence of the Chukchi and 

Beaufort Seas on the Arctic Coastal Plain, south to the village of Atqasuk (U3), also on the 

Arctic Coastal Plain, then to the base of the Ivotuk Hills within the glaciated Arctic Foothills 

(U26). The 1 km2 grids at sites U1 and U3 were originally established by the ARCSS 

program after extensive study in the vicinity of the sites by the Tundra Biome Program 

in the early 1970s (Brown et al., 1980). U1 is located on reworked marine silt deposits of 

the outer Arctic Coastal Plain (Hinkel & Nelson, 2003) and U3 is on the west bank of 

the Meade River on an ancient sand sea of the inner Arctic Coastal Plain (Carter, 1981; 

Everett, 1980). Site U26, originally established by the NSF-funded Arctic Transitions in 

the Land-Atmosphere System (ATLAS) project (McGuire et al., 2003), occupies terraces 

of Otuk Creek and contains several water tracks. 

The two sites making up the westernmost transect (Transect 3) are former ATLAS sites 

in glaciated terrain of the southern Seward Peninsula. Landcover at these sites consists of 

tussock tundra interspersed with dense, tall shrubs (2–4 m in height). Site U28 is located 

near  the Kougarok  River on a  south-facing slope in  discontinuous permafrost (Brown 

et al., 2002) and site U27, near the village of Council, is on a relatively flat area underlain 

by sporadic permafrost (Brown et al., 2002). The entire Seward Peninsula physiographic 

province is classified as having a subpolar climate, or Dfc climate type (Peel et al., 2007). 

Dfc climates experience mean monthly air temperatures above 10°C for one to three 

months of the year and little seasonal differences in precipitation. 

 

Data collection and analytical methods 

Active-layer monitoring 

The standard CALM protocol for direct measurement of ALT by mechanical probing is per- 

formed at all sites examined in this report. A metal rod, calibrated in cm, is inserted into the 

thawed ground to the point of refusal, interpreted in most instances as the frost table (yields 

measurements with 2 cm accuracy and ±0.5 cm precision) (Mackay, 1977). It is important 

to note that the date of maximum annual thaw can vary from year to year and between sites, 

making it difficult to detect the precise maximum annual active-layer thickness by mechan- 

ical probing. To ensure relative consistency throughout records, site-specific measurements 

are performed within the same Julian calendar week at least once a year within the 

maximum thaw season (mid-August to mid-September) (Brown et al., 2000; Hinkel & 

Nelson, 2003; Shiklomanov et al., 2008, 2012). Measurements at all sites included in this 

work are performed before August 31st of each year. Some sites have additional years of 
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data before 1995 excluded from subsequent analyses because measurement dates were 

outside the season of maximum thaw. 

Sites included in this study feature one of three spatial sampling designs: 1 km2 and 1 ha 

grids, and 1 ha plots. The 1 km2 grids encompass generalized conditions and multiple land- 

forms characteristic of a given physiographic province. The 1 ha grids and plots are situated 

in homogenous vegetation and soil associations. Within the ten 1 km2 grids (U1, U3, U5, 

U7A, U9B, U11A, U12A, U26, U27, and U28) the average of two measurements taken by 

mechanical probing are recorded over a grid of fixed, regularly spaced point locations at 

100 m intervals and 10 m intervals for the five 1 ha grids (U4, U6, U8, U9A, and U14). 

This systematic sampling design yields a total of 121 recorded measurements used to calcu- 

late the annual average ALT for each site. 

The gridded (systematic) sampling design was tested against several other sampling 

designs during the initial (pre-1995) stage of the CALM program and was found to accu- 

rately capture population mean and frequency-distribution characteristics while remaining 

logistically feasible and time efficient (Fagan & Nelson, 2017). Gridded arrays of evenly 

spaced fixed-point locations have become the most common CALM sampling design 

used in Alaska and Russia to monitor broad-scale ecological change (Brown et al., 2000; 

Hinkel & Nelson, 2003; Shiklomanov et al., 2008, 2012). Spatial autocorrelation, scales of 

variability, and spatial patterns of ALT on the 1 km2 grids were addressed in a series of 

papers published in the early stages of the CALM program (Hinkel & Nelson, 2003; 

Nelson et al., 1997, 1998a, 1999). 

The 1 ha plots were established in homogenous landcover categories specific to the 

Kuparuk River watershed identified by Auerbach et al. (1997). The units include wet 

tundra (Wet), moist nonacidic tundra (MNT), moist acidic tundra (MAT), and shrublands 

(Klene et al., 2001; Nelson et al., 1997; Nyland et al., 2012; Streletskiy et al., 2008). Veg- 

etation, soils, and ALT data in these plots were used as the basis for regional mapping of 

ALT over a 26,278 km2 area of the North Slope containing the Kuparuk River basin 

(Muller et al., 1998; Nelson et al., 1997; Shiklomanov & Nelson, 1999). 

Examining areas of well-defined landcover units was previously found to be an effective 

indicator of subsurface conditions including soil types, soil acidity, and glaciation history 

(Walker et al., 1998). At the nine 1 ha plot sites in Transect 1 (U7B/C, U10, U11B/C, 

U12B, U56, U32A/B), ALT is measured by mechanical probing at 5 m intervals  along 

two perpendicular and one diagonal transect. This transect-based sampling design, which 

was developed for Flux Study vegetation and soil surveys at each plot, yields 71 measure- 

ments and adequate spatial coverage. All 71 point measurements are used to calculate 

the annual average ALT at each plot. 

 

Regional climate monitoring 

To complement spatially oriented ALT measurements, all of the 1 ha plots and several of the 

1 km2 grids in Transect 1 are outfitted with thermal monitoring equipment. Temperature 

measurements were collected at one or two hour intervals, depending on the site, using 

Onset™ miniature temperature data loggers with thermistors installed  in  radiation 

shields at standard meteorological instrument height (1.6–2.0 m above the ground 

surface). The current generation of Onset™ miniature temperature data loggers (HOBO 

Pro v2) has an effective range from −50°C to +30°C with ± 0.2°C accuracy and 0.02°C pre- 

cision at freezing (Onset Computer Corporation, Pocasset, Massachusetts). Three 
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generations of Onset loggers have been used at the sites; each time a new generation was 

introduced the new loggers and a subset of their predecessors were operated simultaneously 

at each site for at least one year to ensure continuity in measurement accuracy. 

Climate records and edaphic information from geographically proximal or similar 

meteorological station locations were used for sites without CALM air temperature moni- 

toring or to correlate with sites that have missing data in air temperature records. 

Additional climate databases utilized included those maintained by the Thermal State of 

Permafrost (TSP), the International Tundra Experiment (ITEX), the Water and Environ- 

mental Research Center (WERC), the US Department of Agriculture Natural Resources 

Conservation Service (NRCS), and the National Oceanic and Atmospheric Adminis- 

tration’s National Centers for Environmental Information (NCEI). All records were stan- 

dardized to daily mean values for each site, from which mean annual air temperature 

(MAAT) and degree days of thawing (DDT) were calculated. ALT and MAAT anomalies 

were calculated relative to the 10 year average of the 2006–2015 observation period. 

Degree Days of Thawing (DDT) were estimated by summing mean daily temperatures 

above 0°C until the particular date of measurement for each site (Klene et al., 2001; Shik- 

lomanov & Nelson, 2003). 

 

 
Subsidence monitoring 

Beginning in 2001, frost heave and thaw subsidence observations were made in addition to 

ALT and air temperature measurements at sites U1 (Barrow 1 km2 grid on the outer coastal 

plain in Transect 2), U5 (West Dock 1 km2 grid on the outer coastal plan in Transect 1) and 

U32A (Sagwon Hills 1 ha plot in the northern foothills in Transect 1). The ground surface 

position is measured by rapid static Differential Global Positioning System (DGPS) survey- 

ing. DGPS surveying was performed using Trimble 4700/5700/R7 receivers with Zephyr 

antennas (Trimble Navigation Ltd, Sunnyvale, California) mounted on permanently 

installed targets in a hierarchical nested arrangement within each site (Little et al., 2003). 

The systematic vertical accuracy is estimated to be less than 0.02 m and depend on the dis- 

tances between sites and the base stations (Shiklomanov et al., 2013). Post-processing of 

DGPS measurements to determine absolute vertical positions of the ground surface was 

performed using Trimble Geomatics Office software. 

 
 

Results 

Regional active-layer trends 

To assess regional active-layer trends only gridded 1 km2 and 1 ha sites were considered. 

Figure 2 shows anomalies in mean annual ALT relative to a 10-year reference period 

from the middle of the record (2006–2015) and MAAT for 1 km2 and 1 ha grid sites 

along the three long-term CALM transects for the 1995–2019 observation period. Due to 

the density of sites in Transect 1 annual anomalies were averaged for proximal sites 

defined by the physiographic sub-regions in Figure 1. Changes in ALT were evaluated by 

fitting linear regression models for sites with at least10 consecutive years of data available. 

Descriptive statistics for all individual sites and site groupings in Transect 1 are shown in 

Table 1, along with significance (p-values) associated with all linear trends. 
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Figure 2. Three long-term, north-south, CALM transects. Graphs show anomalies in annual active layer 

thickness (ALT, orange lines, left y-axes) and mean annual air temperatures (MAAT, blue lines, right y- 

axes). Shaded areas show the range of values for grouped sites (refer to inset map). Dashed linear 

regression trend lines and associated R2 values were generated in Grapher 10 Software for records 

from gridded sites with >10 years of consecutive data. 

 

All regional groups of sites in Transect 1 show increasing MAAT trends. Rates of air 

temperature increase range from 0.07°C to 0.11°C/yr along this transect.  Increasing 

trends in ALT for sites in these grouping, however, are much more variable. Generally 

higher and more statistically significant increasing ALT trends of 0.42–0.54 cm/yr were 

observed at sites in the southernmost glaciated Arctic Foothills in Transect 1, despite less 

warming observed there (0.07°C/yr). 

Climate data from the coastal plain on Transect 2 (U1 and U3) show generally increasing 

MAAT over the 25 years (1995–2019) (Figure 2). However, the MAAT linear trend of 0.11° 

C/yr at site U1 displays greater significance (Table 1). The discontinuous air temperature 

records available near U26 precludes definitive long-term trend analysis. Similar to the 
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Table 1. Summary statistics for individual site records. Figure 3 inset map shows locations of sites in 

Transect 3 regional groups. 

Observation 

Geographic Name 

Transect 1 

Type Data Source Site n Min. x Max. σ Trend 

 

 

 

 

 

 
 

Plain) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: *p<0.1; **p<0.05; ***p<0.01 

 

increasing MAAT trends, ALT at all three sites is also generally increasing. The greatest 

ALT trend was observed at U3, despite less pronounced warming compared to U1. This 

is likely due to differences in edaphic conditions. Site U3 is underlain by a large, well- 

drained sand deposit that promotes thaw and greater response to the climatic signal com- 

pared to U1 within polygonal peatland. 

MAAT at Kougarok Creek displays an increasing linear trend of 0.13°C/yr. The relatively 

short air temperature record available for Council precludes any definitive analysis of long- 

term trends. ALT records for both sites do not show significant change over the period from 

2008 to 2019. However, both sites show marked increases in thaw propagation since 2012. 

The warmest year (2019) resulted in the maximum ALT recorded at both sites, with 85.5 cm 

at U28, and 70.1 cm at U27. In the Garfield Creek fire in July of 2019 (Hovey, 2019), 54 out 

of the total 121 grid nodes (45%) within the site array were burned, likely contributing to 

the increase in thaw propagation. 

Prudhoe Bay MAAT CALM/NRCS U5 U7B/C 24 −13.02 −10.43 −7.54 1.39 0.11*** 
(Outer Coastal ALT CALM U4 23 24.71 31.49 37.27 3.58 0.83** 
Plain) ALT CALM U5 25 43.94 50.72 57.70 4.23 0.11 

ALT CALM U6 22 55.50 65.70 72.81 5.18 0.31* 
ALT CALM U7A 25 46.27 52.71 59.73 3.89 0.01 

  Regional 25 42.61 50.16 56.88 6.99 0.36* 

Franklin Bluffs MAAT 
 

CALM/TSP 
ALT x  

U8 U31 

 

24 −12.96 −10.22 −7.81 
 

1.25 

 

0.09*** 

(Inner Coastal ALT CALM U8 23 52.82 63.05 71.85 5.68 0.27 

Happy Valley MAAT CALM/TSP U9A/B 23 −12.75 −9.82 −7.45 1.27 0.11*** 
(Unglaciated ALT CALM U9A 19 32.91 40.83 47.18 4.21 1.03** 
Foothills) ALT CALM U9B 25 39.56 44.32 48.75 2.76 0.09 

   Regional 25 36.24 42.58 47.97 8.65 0.47** 
 

Upper Kuparuk 
 

MAAT 
 

CALM/NRCS 
ALT x  

U11B U12B 
 

24 −9.81 −7.56 −5.70 
 

1.12 
 

0.07** 
Watershed   U14       

(Glaciated ALT CALM U11A 25 38.81 52.22 62.89 6.04 0.54*** 
Foothills) ALT CALM U12A 25 38.27 49.45 60.99 5.53 0.43*** 

 ALT CALM U14 20 39.00 52.85 60.00 5.60 0.20 
   Regional 25 38.69 51.51 61.29 5.08 0.42** 
   ALT x        

Transect 2          

Utqiaġvik/Barrow MAAT NCEI U1 24 −12.73 −10.15 −7.99 1.21 0.11*** 
(Outer Coastal ALT CALM  25 28.61 36.66 47.32 4.46 0.28** 
Plain)          

Atqasuk MAAT NRCS/ITEX U3 22 −12.28 −9.71 −6.99 1.43 0.09* 
(Inner Coastal ALT CALM  25 37.38 49.04 58.73 5.47 0.46*** 
Plain)          

Ivotuk MAAT ATLAS/TSP/ *<10 consecutive years of data 
NCEI 

(Glaciated Foothills) ALT CALM U26 16 42.75 52.61 57.38 3.45 0.27* 
Transect 3          

Kougarok MAAT (C) ATLAS/NCEI  17 −5.90 −3.51 −0.91 1.57 0.13 
 ALT (cm) CALM U28 12 56.19 61.43 70.14 4.26 0.15 
Council MAAT TSP *<10 consecutive years of data     

 ALT CALM U27 12 54.52 67.24 85.46 8.53 0.77 
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Landscape-specific active-layer trends 

The 1 ha plots within Transect 1 were selected to be representative of a variety of surface 

and subsurface conditions representative of the Kuparuk Basin (Nelson et al., 1997, 

p. 370). ALT trends from these 1 ha plots allow for a more detailed analysis of edaphic 

effects, specifically landcover and soil thermal properties, in relation to the square root of 

accumulated seasonal degree-days of thaw based variations of the Stefan Solution (e.g. 

Brown et al., 2000, p. 176; Nelson & Outcalt, 1987). Figure 3 shows the relations between 

ALT and DDT temporally and with DDT1/2. 

Similar to the temporal trends observed from gridded sites in the previous section, the 

more pronounced ALT increases observed in the 1 ha plots are apparent in the southern 

portions of Transect 1 despite a lack of distinct warming trends at these sites. Moving pro- 

gressively south, the degree of ALT variability explained solely by climate forcing (DDT1/2) 

decreases drastically, suggesting greater influences exerted by non-climatic, or edaphic, 

factors. As shown in Figure 3, in moist non-acidic tundra, summer climatic variability 

(DDT1/2) accounts for 50% of ALT variability on the outer Coastal Plain (U7B) and 30% 

 
 
 

 

Figure 3. 1 ha plot records are arranged geographically where proximal sites are shown on the same 

graph and by location from north to south (top to bottom). The left column of graphs show annual 

degree days of thaw (DDT) (blue) and mean annual active layer thickness (ALT) (orange shades). The 

right column are correlations between mean annual ALT and DDT1/2. All dashed lines are linear regression 

trend lines. 
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in the northern Foothills (U32A). In wet tundra, 38% of the variability observed is explained 

by climate on the outer Coastal Plain (U7C), 22% on the inner Coastal Plain (U56), and just 

7% in the glaciated Foothills (U11B). In moist acidic tundra climate forcing accounts for 

just 9% of observed ALT variability in the northern Foothills (U32B) and 0% in the glaciated 

Foothills (U11C). Similarly, in shrubland (U10) none of the observed ALT variability could 

be explained solely by summer climate forcing. 

 

Ground surface displacement 

Compared to previous reports that examined the correspondence between ALT and annual 

DDT (Shiklomanov, 2001; Streletskiy et al., 2008), these sites, now with 25-year records, 

exhibit still weaker correspondences between ALT and climate. This weaker correspon- 

dence can be attributed to the transient layer thaw and thaw consolidation at the decadal 

scale (Shiklomanov et al., 2013). Thaw consolidation due to thaw penetration into the ice-

rich transient layer at the boundary between the active layer and the permafrost table 

complicates ALT measurements obtained by mechanical probing. To correct for any 

frost heave or thaw subsidence at the ground surface, DGPS surveying was performed on 

the outer Arctic Coastal Plain at sites U1 near Utqiaġvik (formerly Barrow) and U5 near 

West Dock on the Prudhoe Bay Oilfield, and in the northern Arctic Foothills at site 

U32A near Sagwon. Figure 4 shows ALT measurements by mechanical probing corrected 

for changes in ground surface position relative to the ground surface elevation in 2000. 

Positive change is indicative of frost heave and negative change is indicative of subsidence 

related to thaw consolidation. A net negative change, or subsidence, of 12 cm at sites U1 and 

U5, and 15 cm at site U32A was observed over the 18 years of observation. 

Correlation graphs included in Figure 4 relating DDT1/2 to both ALT, as measured from 

mechanical probing, and ALT adjusted for subsidence, suggest only limited influence of 

climate forcing, even when accounting for subsidence. While the  relation  between 

climate and ALT was strengthened after accounting for subsidence at site U1 the opposite 

impact was observed after correcting records from sites U5 and U32A. These results are 

similar to those from the 1 ha plots in Transect 1, suggesting greater influences of non-cli- 

matic, or edaphic, factors. 

 

Discussion 

Regional climate and active-layer trends 

All three transects contained sites with records showing statistically significant increases in 

air temperature. This is reflective of the regional +1.8°C air temperature anomaly detected 

for the entire Alaskan North Slope and the Seward Peninsula over the 2000–2016 period 

relative to the 1981–2010 mean based on climate reanalysis (Romanovsky et al., 2020). In 

response to climate warming, mean annual ground temperatures on the Arctic Coastal 

Plain and Arctic Foothills have increased 0.42°C to 0.69°C and 0.33°C to 0.42°C per 

decade, respectively, as reported from TSP borehole records proximal to CALM sites for 

the 2000–2018 period (Romanovsky et al., 2020). Statistically significant increases in ALT 

were, however, detected only on the inner Arctic Coastal Plain in Transect 2 and in the 

southern glaciated Arctic Foothills in Transect 1 (Figure 2). Many ecosystem factors con- 

tribute to the regional and local heterogeneity, including the variable reaction of various 
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Figure 4. Annual change in ground surface position (left column graphs) on the Arctic Coastal Plain (U1 

and U5) and Arctic Foothills (U32A). Shaded areas represent active layer thickness (ALT) as measured by 

mechanical probing (I), ALT corrected for ground subsidence (II), and permafrost (III). The datum position 

of the ground surface at the start of the measurement period is indicated by a dashed line. The middle 

column are correlations between mean annual ALT from mechanical probing and DDT1/2. The right 

column are correlations between ALT adjusted for subsidence and DDT1/2. All dashed lines are linear 

regression trend lines. 

 

landcover types to summer climate and isotropic, or regional, thaw subsidence. While the 1 

km2 grids provide generalized trends by encompassing multiple landscape units, more 

detailed and finer spatial scale measurements and analysis are required to assess the 

complex relations between climatic and non-climatic factors and ALT. 

 

Climatic and edaphic influences on active-layer variability 

Also contributing to the regional and local heterogeneity of ALT are landcover-specific 

thermal sensitivities. The decreased explanatory power of climate for observed ALT varia- 

bility moving south along Transect 1 (Figure 3) indicates that landcover types with rela- 

tively taller deciduous shrub species modulate the warm air climate signal to  the 

underlying ground during the summer season. The apparent disconnect between climate 

and ALT reaction can then be attributed to increasing variability of landscapes in the 
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Arctic Foothills, and particularly the relative abundance of taller woody species such as 

those found in moist acidic tundra (MAT) and shrublands (Shrub). Table 2 shows the 

greater variability in topography and landcovers within the 1 km2 grid sites in Transect 

1. Additionally, changes to and transitions between these landcover types can potentially 

represent shifts between negative to positive vegetation-permafrost feedback mechanisms 

(Shur & Jorgenson, 2007). 

Remote sensing studies have indicated that widespread Arctic vegetation ‘greening’ and 

‘browning’ are occurring in response to climatic change (e.g. Bhatt et al., 2017; Frost & 

Epstein, 2014; Raynolds & Walker, 2016). Both are supported by in situ studies that have 

documented significant increases in biomass accumulation at the ground surface (e.g. 

Elmendorf et al., 2012; Zamin et al., 2014), changes in water and disturbance regimes 

(Lara et al., 2018; Raynolds & Walker, 2016), spatial heterogeneity (Assmann et al., 2020; 

Lara et al., 2018) and the expansion and proliferation of deciduous shrubs (e.g. Forbes 

et al., 2010; Myers-Smith et al., 2011; Tape et al., 2006). Both positive and negative feedback 

mechanisms are associated with greening and browning trends that impose long-term 

(multi-decadal time scale) non-linear effects on the active layer and permafrost below. 

Increasing vegetation density and height can produce a positive feedback by warming the 

ground, causing permafrost degradation through reduced surface albedo and increased 

snow retention in winter (Ng & Miller, 1975; Sturm et al., 2001). Simultaneously, a prolifer- 

ation of vegetation can also cool the ground, contributing to permafrost aggradation, 

through increased  insulation  and  shading  during  the  summer  months  (e.g.  Domine 

et al., 2016; Lawrence & Swenson, 2011). 

At present, the overall effect of landcover changes on permafrost is largely unquantified, 

resulting in significant uncertainties regarding any long-term responses of the permafrost 

system. While the initial results of long-term monitoring presented  here  point  to 

complex relationships through simple regressions, a number of exogenous factors, includ- 

ing the insulation afforded by different vegetation communities and snow conditions, 

require further explicit investigation. The existence of feedback mechanisms impacting 

ALT and near-surface permafrost involves many ecosystem factors that can significantly 

affect the sensitivity of permafrost landscapes to climatic variability and change. 

 
 

Transient layer thaw and ground surface subsidence 

Relative ALT stability at sites not exhibiting significant change over the observation period, 

as shown in Figure 2, may also be partially explained by long-term subsidence as the active 

and transient layers are highly integrated components of the permafrost system 

 

Table 2. Topographic and landcover characteristics of 1 km2 grid sites in Transect 1. 

Landcover (% of 1 km2) 

1 km2 Site Elevation Range (masl) 

Outer Coastal Plain (Prudhoe Bay) 

 

MNT MAT Wet Shrub Water/Barren 

U7A 10–15 40.5 0.0 35.0 0.0 24.5 
U5 2–5 37.0 0.0 36.0 0.0 27.0 

Unglaciated Foothills (Happy Valley) 
U9B 295–342 18.0 26.5 0.5 54.0 1.5 
Glaciated Foothills (Upper Kuparuk Watershed) 
U11A 875–941 19.0 48.0 2.0 31.0 0.0 

U12A 715–775 21.0 43.0 0.5 26.5 9.0 



POLAR GEOGRAPHY 13 
 

(Shiklomanov et al., 2013; Shur et al., 2005; Streletskiy et al., 2017). Periodic ice aggradation 

and degradation within the transient layer at the interface between the active layer and per- 

mafrost can produce heave or thaw, respectively (Nelson et al., 2008; Shur et al., 2005). In 

ice-rich terrain such as sites U5 and U32A (Figure 4) the active layer appears to be relatively 

stable until measurements from mechanical probing are corrected for long-term, progress- 

ive thaw penetration and downward displacement of the ground surface (Shiklomanov 

et al., 2013; Streletskiy et al., 2017). This result indicates that entire natural landscapes 

underlain by ice-rich permafrost may be subsiding in response to climate warming. The 

relatively homogeneous, slow, geographically widespread, and low-magnitude subsidence 

observed is referred to as isotropic thaw subsidence, to distinguish it from the more loca- 

lized, irregular, and relatively large-magnitude subsidence associated with thermokarst pro- 

cesses (Liu et al., 2010; 2012; Shiklomanov et al., 2013). 

The active layer has also been shown to exhibit Markovian-like behavior (Nelson et al., 

1998b, 2008; Streletskiy et al., 2017). An abnormally warm summer can cause frost pen- 

etration into the transient layer, resetting active-layer thickness (ALT) to a tightly con- 

strained range about a new mean value over a consecutive series of ensuing years. 

Conversely, climatically extreme cool summers can reset ALT to lower values for sub- 

sequent years. The data sets used to test this hypothesis have been expanded substantially 

relative to those used in the studies cited above through use of long-term CALM records. 

Unlike the earlier studies, these include subsidence records in addition to the meteorologi- 

cal and ALT observations. As records from CALM sites have lengthened to multi-decadal 

series, departures from the standard bivariate Stefan relation between ALT and annual 

degree days of thaw have become more apparent (Streletskiy et al., 2017). The frequency 

of ALT ‘resets’, which may increase with climate variability, may account for the lack of cor- 

respondence observed considering the entire record on the correlation plots corrected for 

subsidence in Figure 4 (see plots for sites U5 and U32A). This topic is receiving high pri- 

ority in the most recent iteration of funded work (CALM V) in Alaska (Nyland et al., 2020). 

 

Conclusions 

Collectively, the quarter-century of continuous, standardized observation records from the 

Alaskan CALM sites presented here constitute a brief summary of long-term active-layer 

dynamics in tundra landscapes characteristic of many Arctic regions. The greatest air temp- 

erature increases observed were at sites on the Arctic Coastal Plain where MAAT cumulat- 

ively increased by 2.75°C over the past 25 years (1995–2019). Significant changes in ALT 

over the same period, however, occurred at sites in the Arctic Foothills. Along Transect 

2 (western North Slope), cumulative increases in mean annual ALT ranged from 7.00 to 

11.5 cm, while thickening from 10.50 to 25.75 cm was detected at sites in Transect 1 

(eastern North Slope) in the Arctic Foothills. 

Northern Alaska is experiencing some of the lowest rates of ALT increase of any region 

represented in the CALM program (Romanovsky et al., 2020). Differences in landscape 

complexity and thaw subsidence only partially explain the relatively moderate trends and 

reduced response of ALT to regional summer warming trends. ALT measured by mechan- 

ical probing, corrected for thaw subsidence, also indicated long-term thaw propagation into 

the transient layer and ALT thickening not immediately apparent from mechanical probing 

records alone. However, even when subsidence is accounted for such as at sites U1, U5, and 

U32A, the relationship between ALT and degree days of thaw improves only slightly. 
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Additional edaphic factors require particular attention in light of the observed long-term 

discrepancies, particularly in more continental locations such as the Arctic Foothills where, 

although the climate is a primary driving factor for ALT, other factors increasingly modify 

these signals. These inland sites also require subsidence monitoring. Trends observed to 

date may be indicative of a transition from ‘climate-driven’ to ‘climate-driven, ecosys- 

tem-modified’ permafrost landscapes with continued warming and disturbance as outlined 

by Shur and Jorgenson (2007). Such a landscape functional transition underscores the 

importance of maintaining and expanding long-term, standardized CALM program site 

measurements. Ultimately, with significantly more data on subsidence and other edaphic 

factors at a wider variety of sites, landscape-based correction factors for ALT measurements 

from mechanical probing could be applied across the full data series. 

Positive global climate feedbacks associated with permafrost change were recognized by 

the World Meterological Organization’s (WMO) Global Climate Observing System 

(GCOS) when it identified permafrost temperature and active layer thickness (ALT) as 

essential climate variables (ECVs) (GCOS, 2003). The recognition of permafrost tempera- 

ture and active-layer thickness as ECVs has fueled increasing numbers of permafrost mod- 

eling studies and applications. CALM data offer opportunities for model validation in a 

geographically comprehensive manner. Continuing and expanding on  the  CALM 

program objectives is therefore crucial for representing permafrost processes being incor- 

porated into coupled general circulation (e.g. Fisher et al., 2018; Koven et al., 2013; Lawr- 

ence et al., 2012), hydrologic (e.g. Krogh et al., 2017), and ecosystem model (e.g. Chaudhary 

et al., 2017; Wania et al., 2009; Xia et al., 2017) projections of Arctic natural system 

responses to long-term climate change. Data for the entire CALM program are publically 

available through several public data platforms: the CALM website hosted by the George 

Washington University’s Department of Geography, the NSF Arctic Data Center, and 

the Global Terrestrial Network for Permafrost (GTN-P). 
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