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Sub-aerial talik formation observed across the
discontinuous permafrost zone of Alaska
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Talik formation has long been acknowledged as an important mechanism of permafrost degradation. Currently, a lack of In situ
observations has left a critical gap in our understanding of how ongoing climate change may influence future sub-aerial talik
formation in areas unaffected by water bodies or wildfire. Here we present In situ ground temperature measurements from
undisturbed sub-aerlal sites across the discontinuous permafrost zone of Alaska between 1999 and 2020. We find that novel
taliks formed at 24 sites across the reglon, with widespread Initiation occurring during the winter of 2018 due to higher air
temperatures and above-average snowfall insulating the soll. Future projections under a high emissions scenario show that by
2030, talik formation will initlate across up to 70% of the discontinuous permafrost zone, regardless of snow conditions. By
2090, talik in areas of black spruce forest, and warmer ecosystems, may reach a thickness of 12 m. The establishment of wide-
spread sub-aerial tallks has major implications for permafrost thaw, thermokarst development, carbon cycling, hydrological

connectivity and engineering.

Arctic due, in part, to an increase in air temperature and

changes in snow distribution'”. To date, the impacts of per-
mafrost degradation have been observed most widely in regions of
ice-rich permafrost, including continuous low-temperature per-
mafrost, where active-layer deepening results in near-surface mas-
sive ice melt and thermokarst development®*. Another widespread
mechanism of permafrost degradation is talik formation, which
has important implications for carbon and nutrient cycling’ and
hydrological connectivity™'". Talik development is most commonly
associated with sub-aqueous environments, including thaw lakes,
lagoons and rivers™'-", and recent work has begun to highlight the
occurrence and importance of talik formation in sub-aerial con-
ditions due to disturbances such as wildfire™'“. This process is
poised to become more widespread as summer and winter temper-
atures increase'” and the depth of summer thaw begins to exceed
the depth of winter freeze, resulting in the formation of sub-aerial
taliks in areas unaffected by wildfire. Once widespread, sub-aerial
talik formation will become a critical mechanism for widespread
thaw across the discontinuous, and eventually continuous, perma-
frost zones'*'", At present, current estimates and future projections
of the rate, magnitude and extent of future permafrost thaw™"*
do not include sub-aerial talik formation, probably resulting in
substantial underestimates.

Taliks are defined as unfrozen zones above or within permafrost,
termed supra- and intra-permafrost taliks, respectively™. Due to lig-
uid water sometimes being present in below-zero conditions, taliks
can be either cryotic and located within permafrost or non-cryotic,
where ground temperature is above 0°C (ref. **). Taliks are defined
by their physical state (unfrozen) and not a specific temperature
threshold although observations of ground temperature dynam-
ics through time coupled with soil freezing characteristic curves
can also be used to determine their presence. Within taliks, the
zero-curtain period™™ can comprise the entire winter, whereby soil
temperature cools as sensible heat is lost but latent heat remains due

P ermafrost degradation is being observed across much of the

to the presence of a substantial amount of unfrozen water. Within
this paper, permafrost is defined by the thermal threshold of 0°C,
and taliks are defined by their physical state.

We present continuous ground temperature data that docu-
ments sub-aerial supra-permafrost talik formation during the
winters of 1999-2020 at 24 sites (44% of permafrost monitoring
sites, with widespread initiation occurring in the winter of 2018)
located across a >300,000km? region of discontinuous permafrost
zone in Alaska, much of which is underlain by ice-rich permafrost
(Fig. 1). We illustrate how changes in freezing degree days (FDDs)
and snow depth and duration are the main factors influencing talik
formation to date, at locations that are undisturbed and where the
direct involvement of surface or ground water is not observed.
We then combine continuous ground temperature measurements,
numerical modelling of the ground thermal regime and future cli-
mate under Intergovernmental Panel on Climate Change (IPCC)
representative concentration pathway 8.5 (RCP 8.5) to (1) explore
climate-driven changes in potential freeze (PF) and potential thaw
(PT; see Methods for definitions) that explain talik formation and
that can be used to estimate talik formation at sites lacking ground
temperature observations and (2) project the timing and thickness
of sub-aerial supra-permafrost talik formation in the boreal forest of
the discontinuous permafrost zone in Alaska.

We selected study sites by reviewing ground temperature data
for 69 undisturbed monitoring locations in Interior Alaska that are
part of the Geophysical Institute Permafrost Laboratory network
(https://permafrost.gi.alaska.edw/). We identified 54 sites in total
that met our selection criteria (Methods). We found that incom-
plete refreeze and the early stages of talik formation occurred at 24
sites, permafrost was present and talik was absent at 18 sites, 1 site
had a talik underlain by permafrost at the start of our observation
period and 11 sites had no permafrost present (Fig. 1). Sites were
distributed across the discontinuous permafrost zone and underlain
by a range of surficial geology, soil and vegetation types (Fig. 1 and
Supplementary Table 1).
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Fig. 1| An overview of monitoring locations and timing of talik development. a, Distribution of study sites showing where talik formation has been observed
(orange), where no talik has been observed and permafrost remains unaffected (blue), where no permafrost is present within the upper 5m (red) and where
a talik was pre-existing (brown). The blue circle with a black dot indicates the location of the SL#2 site, and the BC site is denoted by the orange circle with
the number 22 in Fig. 13, where FT, PF and talik thickness were modelled. FDD and TDD values shown in Fig. 2a-c were calculated using climate records
from Fairbanks, Mome and Kotzebue airports, indicated by solid black circles. Permafrost extent forms the base layer of the map“e. b, Photo of the Council
(COT) borehole site in the Seward Peninsula region. €, Photo of the Kugaruk Cabin site in the Salawik region. d, Photo of the Bonanza Creek borehole site

in the Interior Alaska region. a, Table showing all sites where talik was observed, the observation period and years of permafrost unaffected by talik (blue),
new talik formation (orange), talik refreezing (green) and no data (grey). Map in a reproduced from ref. #, Institute of Morthern Engineering. Credit; b-d, V.
Romanovsky. See Supplementary Table 1 for more information on sites classified as ‘permafrost, no-talik’, ‘pre-existing talik’ and ‘no permafrost’.
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Fig. 2 | FDD, TDD and snow-depth values at key sites. a-¢, TDD (red circles) and FOD (blue drcles) values for Fairbanks International Airport (&), Mome (b)
and Kotzebue airport (€] (locations shown in Fig. 1a). TDD values were calculated by summing all positive values during the summer, which we defined as 15
May to 31 October. FDD values were calculated by summing all negative values batween 1 Movemnber and 14 May. A comparison of long-term (1950-2018)
and recent (2010-2018) FOD and TDD values can be seen in Supplementary Table 2. d-f, Observed snow-depth values from three monitoring sites: Bonanza
Creek in the Fairbanks region (d}, Pilgrim Hot Springs in the Seward Peninsula region (&) and Selawik (F). The dotted line indicates when talik formation
became widespread (the winter of 2017-2018). While Bonanza Creek and Pilgrim Hot Springs are sites of talik formation, the Selawik site is not a site of talik
formation but is provided as a representative site for sites of talik formation in the Selawik region (Fig. 13.

Modelling was conducted for Bonanza Creek (BC) and Smith
Lake #2 (5L#2), both located in the Fairbanks region. BC is a site
where recent talik formation has been observed and is character-
ized by black spruce forest vegetation cover with a 110cm organic
layer. By contrast, no talik formation has been observed at 5L#2,
which is characterized by colder ground temperatures and black
spruce forest with some tussocks. Lower ground temperatures and
more stable permafrost at the SL#2 site can be explained by slightly
lower air temperatures at this site due to inversion produced by local
topography and by higher frozen conductivity of soil in the upper
one metre.

Air temperature and snow conditions drive talik formation
Movel climate change-driven sub-aerial supra-permafrost talik
formation is occurring across the discontinuous zone of Alaska
(Fig. 1 and Supplementary Table 1) due to an increase in thaw-
ing and FDDs combined with average to above-average snowfall
(Fig. 2, Supplementary Fig. 1 and Supplementary Table 2). In both
the Interior and the western study region, recent (2010-2018) thaw-
ing degree day (TDD) values and FDD values were warmer than his-
torical normals (1950-2009) (Supplementary Table 2). The increase
in TDD and FDD values for the period 2010-2018 compared with
1950-2009 was statistically significant for all locations with the
exception of FDD in Fairbanks (Supplementary Table 2). Despite
this, long-term records illustrate a warming trend for both summer
and winter temperatures across Interior Alaska™ (Fig. 2a—c).

Snow insulates the ground in winter and reduces the rate at
which heat is transferred from the ground to the atmosphere™=,
with thermal conductivity values of 0.08 Wm™'K-! for fresh snow
and 0.29Wm~'K-! for wind-compacted slab snow™. In the winter
of 2017-2018, when talik formation became widespread, snowfall
at Bonanza Creek, Pilgrim Hot Springs and Selawik Village (rep-
resentative of sites in the Selawik region) was high compared with
average levels for each site’s respective observation period: 0.72m
for Bonanza, 0.57m for Pilgrim and 0.72m at Selawik compared
with averages of 0.51m (2010-2020), 0.39m (2013-2019) and
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0.35m (2013-2019), respectively (Fig. 2d-f). In the case of Pilgrim
Hot Springs, high snowfall (0.64m) in 2016 (Fig. 2¢) also resulted
in warm winter ground temperatures but not quite talik formation.
The timing of snowfall is especially important as this is when latent
heat is released from the ground to the atmosphere, and thick, early
snowfall can slow the rate of this process™'. Early snowfall also
characterized the winter of 2017-2018, with snowfall > 10 cm thick
by 26 October at Bonanza Creek, Pilgrim Hot Springs and in the
Selawik region, a threshold normally crossed during November or
later (Supplementary Table 3). Last, the duration of the 2017-2018
snow season was longer than average at all sites by 20, 78 and 44
days for Bonanza, Pilgrim Hot Springs and Selawik, respectively
(Supplementary Table 3).

Observing permafrost warming and talik formation

Between 2013 and 2019, we observed an increase in mean annual
ground temperature (MAGT) (Supplementary Fig. 12) and the
development of taliks at sites across the discontinuous perma-
frost zone of Alaska (Figs. | and 3, Supplementary Figs. 13-30
and Supplementary Table 1). Between the winter of 2012-2013
and the winter of 2018-2019, 23 sites (57% of what were initially
permafrost-affected non-talik sites) experienced new talik forma-
tion (Figs. 1 and 3, Supplementary Figs. 13-30 and Supplementary
Table 1). Mew talik formation was observed first in Interior Alaska
at the SL#3 site in the winter of 1999-2000 (Supplementary Fig. 29
and Supplementary Table 1) and second in the winter of 2013-2014
in northwest Alaska in the Selawik region at site S1-W5 (Fig. 1.
Supplementary Fig. 22 and Supplementary Table 1), which lies
within 50km of what is currently mapped as the southern bound-
ary of the continuous permafrost zone (Fig. 1a). Talik formation
became prevalent across the study region in the winter of 2017-
2018, when the number of sites increased from three during the pre-
vious winter to 24 (Fig. 1e and Supplementary Table 1). Widespread
talik formation during this winter is probably due to a progressive
increase in TDD and FDD values (Fig. 2a-c and Supplementary
Table 2) and deep and early snowfall (Fig. 2d-f and Supplementary
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Fig. 3 | Example of talik formation at six sites from across the study region. a, Kuzitrin River, in the Seward Peninsula region in northwest Alaska. b, Council
(COT), in the Seward Peninsula region. €, Kugaruk Cabin, in the Selawik region in northwest Alaska. d, Bonanza Creek, in the Fairbanks region. e, Fox, inthe
Fairbanks region. f, Healy, in the Alaska Range foothills, Interior Alaska. Yellow bowes represent periods of talik formation and follow the legend in Fig. 4. Red
lines indicate that the temperature sensor was in the active layer, or seasonally frozen layer, and a blue line indicates that the sensor was within permafrost.
The x axis indicates the calendar year, beginning in January. To illustrate talik development mare clearly, not all sensor depths are shown. * indicates the
deepest sensor is shown.
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Fig. 4 | PT, PF and talik thickness through time. a, Hindcast (1960-2019) and projected (2020-2050) PF and PT at the BC site, whare talik development
has occurred. b, Hindcast (1970-2019) and projected (2020-2050) PF and PT at the 5L#2 site, where talik development has not yet been observed. Error
bars for both sites are based on the coefficient of variance determined by a comparison between observed and modelled active-layer depths at BC. For
both a and b, the black dotted line shows PF depth under low snow conditions, the black line shows PF under normal historical and normal projected snow
conditions and the red line represents potential summer thaw. €, Conceptual diagram illustrating the relationship between PT, PF and talik development

through time. d, Talik development through 1970-2100.

Table 3). Talik patterns varied greatly with regard to depth of thaw
and years of talik formation (Fig. 3, Supplementary Figs. 13-30
and Supplementary Table 1). While most sites have short records
of talik formation and persistence, SL#3 (Supplementary Fig. 29)
illustrates that talik formation can be intermittent over annual to
decadal timescales as summer and winter air temperatures and
snow conditions fluctuate.

Timing of talik formation and growth rates

Modelling PT and PF from a combination of historical climate
data, ground temperature observations and modelled future cli-
mate provided an accurate estimate for the timing of talik for-
mation at the Bonanza Creek (Fig. 4a). At SL#2, the current lack
of talik agrees with observations, and talik is projected to begin
forming intermittently by 2030 (Fig. 4b). Comparisons between
observed and modelled ground temperature at both SL#2 and
BC had root mean square errors (RMSEs) of 0.84"C and 1.2°C,
respectively (Extended Data Figs. 1 and 2). Modelled periods of
talik formation aligned well with observations. For the Bonanza
Creek site at depths over 0.6 m, where talik formation predomi-
nantly occurred, model estimates produced slightly cooler ground
temperatures than those observed (Supplementary Fig. 32), sug-
gesting that our projections of future talik formation may be con-
servative. As such, the PT/PF method could be applied to estimate
the timing of talik formation for sites that lack in situ ground
temperature data.
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At Bonanza Creek, between 2008 and 2019, PT repeatedly
exceeds the depth of PE, crossing threshold 1 (T1, Fig. 4a). During
this time, talik formation occurs but is intermittent due to a depen-
dency on normal or above-normal snow thickness. The model sug-
gests that when low snowfall occurs, then complete freeze can also
still occur although this is likely to be dependent on the cumula-
tive thickness of any previously developed talik and any additional
summer thaw. Future projections using the National Center for
Atmospheric Research (NCAR) general circulation model (GCM)
and IPCC RCP 8.5 indicate that by 2035, Bonanza Creek will cross
a second threshold (threshold 2 (T2), Fig. 4a), where PT will consis-
tently exceed expected PE, promoting talik stabilization and growth.
After 2035, according to our projections, there may be a few occa-
sions when potental freeze under low snow conditions (PE) will
exceed PT (2036, 2043 and 2047). However, our projections suggest
that by this time, talik thickness will be large enough to prevent any
chance of complete refreeze.

Talik formation has not yet been observed at SL#2, and as such,
modelling results provide some indication of how talik formation
may progress at colder sites. SL#2 crosses threshold 1 13 years after
Bonanza Creek, and talik formation begins to occur but is depen-
dent on normal or thick snow conditions. By 2050, PT still does
not exceed PF, indicating a continued dependence on normal or
greater than normal snow depths for a talik to form and persist. The
delay in talik formation at SL#2 is due primarily to slightly lower
air temperatures, higher soil thermal conductivity in its frozen state
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and the presence of some tussocks, which allow for rapid heat loss
during the fall and early winter due to the architecture of the plant
and its influence on snow distribution.

Talik thickness modelling for Bonanza Creek between 1970
and 2090 illustrates how the development of talik can occur under
average snow conditions despite the occasional winters when PF
exceeds PT (Fig. 4d). Our model projection shows a transition from
a seasonally thawed layer (active layer) to a seasonally frozen layer
and initial talik occurrence in 2017 (Fig. 4d), a process that is also
reflected in our observations (Figs. | and 3 and Supplementary
Figs. 13-30). The rate of talik thickening varies depending on ice
content (Fig. 4d). From 2017, permafrost thaw begins to take place
and talik thickness increases at approximately 2.5m, 1.7m and
1.3m per decade for ice contents of 30, 50 and 70%, respectively
(Fig. 4d). This rate is similar to observed rates of talik formation:
1.2m in 9 years at an agricultural site in Fairbanks™.

Observations and modelling at the Bonanza Creek site can be
used to infer that talik formation is occurring across much of the
discontimuous permafrost zone. Bonanza Creek is characterized by
one of the coldest ecosystems, black spruce forest, with only tussock
tundra exhibiting colder ground temperatures within Alaskas dis-
continuous permafrost zone”*. Lower ground temperatures within
black spruce forest are driven primarily by the presence of thick
protective organic layers that buffer the underlying permafrost from
warm summer air*>*, Furthermore, since the organic layer within
black spruce forest tends to be moist, heat flux between summer
and winter is asymmetrical™. Ecotypes that characterize permafrost
ground temperature equal to or warmer than black spruce forest
make approximately 70% of the discontinuous permafrost zone of
Alaska™**" (Supplementary Table 4). As such, sub-aerial talik for-
mation will eventually exceed the extent of sub-agqueous talik for-
mation and permafrost thaw and carbon mobilization caused by
lakes, which affect only 0.54% of the landscape™. In light of this
discrepancy in coverage, our findings highlight a critical threshold
for future permafrost degradation that is currently overlooked in
both current estimates and future projections™', a finding that
corroborates previous talik studies'®'". Projections of ground tem-
perature change under IPCC RCP 8.5" indicate that as permafrost
continues to warm’, talik formation will probably propagate into
the continuous permafrost zone across the Pan-Arctic by 21007,
with talik formation affecting most of the Northern Hemisphere
permafrost region by 2300,

Implications of talik formation

Talik formation will have widespread implications for land-
scape dynamics by impacting hydrological connectivity, nutrient
cycling, vegetation cover, thermokarst development and engineer-
ing. Increased hydrological connectivity due to supra-permafrost
talik formation has been observed in wetland regions and areas
affected by wildfire'™'**. Such changes in hydrology have potential
to increase the mobilization of dissolved organic carbon, total dis-
solved nitrogen and contaminants such as mercury from the soil
into streams and rivers'”. Increased hydrological connectivity will
probably catalyze permafrost thaw through the advective transfer
of heat with increased water flow™". Since soils are thawed for
longer compared with non-talik conditions, carbon decomposi-
tion and nutrient cycling will be able to take place for longer each
year'®. Modelling projections for the Northern Hemisphere perma-
frost region suggest that talik formation could be responsible for
the release of 120 PgC by 2300", an estimate that may be conserva-
tive due to the omission of deep carbon stores in yedoma (ice-rich
syngenetic permafrost’) soils. Sub-aerial talik formation will even-
tually lead to the melt of deep massive ice and associated thermo-
karst development. Three of the sites discussed in this paper, Fox,
Goldstream #4 and Goldstream #8, are located within yedoma,
which is characterized by massive syngenetic ice wedges, tens of

metres in thickness, that lie up to 10m below the surface beneath
a palaeo-thaw unconformity®. As talik formation progresses, the
base of the talik will intersect with the top of ice wedges, resulting
in a delayed but catastrophic thermokarst formation across much
of Alaska™™*,

In conclusion, we present in situ ground temperature measure-
ments from 24 sites across the discontinuous permafrost zone of
Alaska that show recent talik formation. An increase in FDD and
TDD values is causing summer thaw to exceed winter freeze across
much of the discontinuous permafrost zone of Alaska, leading to
talik formation. A combination of numerical modelling and obser-
vations shows that talik formation at described research sites has
occurred only briefly in the past due to either anomalously deep
summer thaw or deep snow pack that has limited the rate of refreeze.
Future projections suggest that we have recently transitioned across
a threshold (T1, Fig. 4a.c) where incomplete refreeze will occur
unless snowfall and/or winter temperatures are substantially lower
than average. As TDD and FDD wvalues continue to increase, we
expect that a second threshold (T2, Fig. 4a,c) will be crossed at some
point soon after 2030 in regions of black spruce forest, deciduous
forest and shrub tundra, where incomplete freeze occurs regardless
of snowfall. In cooler ecotypes, the second threshold will be crossed
after 2050 (Fig. 4b). Within black spruce lowland areas, talik thick-
ness is projected to increase at between 1.3 m and 2.5m per decade,
depending on ice content, reaching a thickness of 12 m or greater by
2090. Since the black spruce ecotype is the second coldest ecotype
in the discontimuous permafrost zone of Alaska, this process could
influence up to 70% of the Interior and northwestern Alaska regions
(Supplementary Table 4). By the mid-century, talik formation will
probably lead to rapid permafrost degradation across the discon-
tinuous zone of Alaska and possibly the pan-Arctic. This will have
major implications for thermokarst development, carbon cycling,
hydrological connectivity and infrastructure.
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Methods

Site selection and temperature- and moisture-sensor deployment. We assessed
69 ground temperature monitoring sites installed by the Geophysical Institute
Permafrost Laboratory to identify sites where we had continuous measurements for
two years or longer and that were undisturbed by infrastructure and wildfire and
unimpacted by water bodies (lakes, rivers and wetlands). Of the 69 sites, 54 met
these criteria- 18 were sites underlain by permafrost with no recent talik formation,
11 sites had no permafrost present and 1 site had a pre-existing talik at the start

of the observation period; 24 sites were locations where supra-permafrost talik
formation had begun after the start of observations.

At each site, the active-layer and near-surface permafrost temperature and
active-layer depths were monitored between 1995 and 2020 (observation duration
varies by monitoring location; Fig. 1¢ and Supplementary Table 1). Monitoring was
conducted by the installation of 1- to 8.5-m-deep boreholes located in ecotypes
that best represented the regional terrain™-*'.

At eight sites (BC, Fox, SL#1, SL#2, SL#3, Kuzitrin River, Pilgrim Hot Spring
and Kugaruk Cahin), ground temperature profiles in shallow boreholes were
measured using up to 1.5m long, 28 mm diameter probes consisting of 11-13
thermistors encapsulated in an epoxy-filled clear PVC tube and a separate surface
temperature sensor (Measurement Research Corporation). The depth of the
thermistors was accounted for yearly as the vertical position of the probe changed
due to frost jacking and ground settlement. A CR10-X data logger (Campbell
Scientific) measured the sensors every five minutes and stored averages every hour.
At the rest of the sites, Hobo data loggers were employed. Two basic configurations
were used. One type consisted of the one or two U12-006 or UX120-006M
4-channel HOBO data loggers and four or eight TMCx-HD thermistor
temperature sensors (Onset Computer Corp) that were installed at different depths
between the ground surface and 1.5m depth®. The second configuration consists
of one U30-NRC HOBO data logger, five temperature 5-TMB-M and three soil
moisture 5-5MD-M05 sensors (Onset Computer Corp) installed in the ground
between the ground surface and 1.5m depth™*. The reported accuracy of both
the Campbell and Hobo temperature sensors is 0.10*C; however, an ice bath
calibration was carried out before sensor installation, improving the accuracy for
temperatures near 0°C to approximately 0.02C. Air temperature measurements
were collected using thermistor temperature sensors (107 temperature probe,
Camphbell Scientific) installed in a radiation shelter at 1.8 m above the ground
surface. Volumetric water content was measured using the Stevens Water
Monitoring Systems Hydraprobe, which has an accuracy of £0.01-0.03 wiv
(m® m~*) depending on soil conditions and a precision of £0.001 wiv (m*m-).

Soil modsture sensors were calibrated in the lab using sediment with known
water contents. The sensors are designed for mineral soil by Hydraprobe and are
calibrated for clay, silt and sand by the company.

Identification of taliks. Taliks were identified using a case-by-case visual analysis
of ground thermal regime (Supplementary Fig. 31), a combination of temperature
threshaolds and, in the case of BC, moisture content {Extended Data Fig. 3). The
primary indicator of talik existence is based on the presence of latent heat, which
manifests itself as specific patterns in ground temperature. Taliks were deemed
present when a pronounced temperature drop to <—1°C (Supplementary Fig. 31)
was absent since this indicates that the loss of latent heat transfer was incomplete,
that water had not frozen completely in the forming talik™ and that a “sero-curtain®
still persists. This visual assessment was accompanied by the selection of a freezing
threshold. Variations in liquid water content can occur at the same temperature
but across different substrates* (Supplementary Figs. 2-11) due to the presence
of fine-grained soil particles and/or dissolved solids. To address variations in
freezing-point depression, we used soil characteristic freezing curves for ten sites
to assign a refreeze temperature threshold. After analysing soil characteristic
freezing curves (Supplementary Figs. 2-11) for eight of our study sites at depths
ranging from 0.28m to 0.65m, we selected a talik refreeze temperature threshold
of —0.3°C to be used for our network-wide assessment. This value is similar to
previously published freering-point depression values for silty soils™. Within
the seasonally frozen layer (active layer), we classified material as talik if ground
temperature transitioned from above 0°C in the summer to —0.3°C or warmer
in the winter in any given year. At sites where we lacked sensors at small intervals
{=50cm), we used annual fluctuations in ground temperature of the deep sensors
(=1 m depth); in years when no talik was present, deep sensors show a pronounced
temperature drop to =—1°C (Supplementary Fig. 31), indicating that the loss of
latent heat transfer was complete. In years when this drop is absent and the ground
ure hovers at the same temperature as during the summer (—0.1C or

slightly below) (Supplementary Fig. 31), it suggests the continuous presence of
unfrozen material with the latent heat of freezing not completely lost at some depth
ahove the sensor™. When the deepest sensor was located above the permafrost
table, the presence of permafrost was inferred from a rapid temperature drop to
=—1°C (Supplementary Fig. 31} in the winter

Because of a hysteresis in the unfrozen water dynamics during the freezing
and thawing phases of the freeze—thaw cycles ohserved in fine-grain materials (silt
and clay), the threshold for long-term frozen material transitioning to unfrozen is
higher than for unfrozen material transitioning to frozen: —0.1 °C versus —0.3°C,
respectively™. At the BC site, a volumetric liquid water content threshold of 20%

was used to identify talik presence. All other monitoring sites lacked liquid water
content data at appropriate depths during years of talik formation.

Calculating FDT and TDD values and snow depth and duration. FDND and
TDD values were calculated using historical air temperature data from Fairbanks
International Airport, Ralph Wien Memorial Airport in Kotzebue and Nome
Airport (for location, see Fig. 1a) (https://www.nodc.noas.gov/). TDD values were
calculated by summing all positive mean daily values during the summer, which
we defined as 15 May to 31 October. FDD values were calculated by summing all
negative values between | Movember and 14 May. Future FDD and TDD values
were calculated on the basis of projections from the NCAR dimate mode] under
IPCC RCP 8.5. Snow depth at each site was measured using SR50A-L Sonic
Distance Sensor (Campbell Scientific). The first and last day of thermally effective
snow pack was identified by using a threshold of 0.05m.

Defining PT and PE. We use the concepts of PF and PT to determine the point in
time when a sub-aerial supra-permafrost talik may begin to develop. This approach
enables us to understand the physics of talik formation and to predict this process
at sites that lack ground observations but instead have readily available climatic
data on air temperature and snow depth. Talik formation begins when PT exceeds
PE. The depth of PF is defined as the maximum depth of freeze at the end of the
freering period with the assumption that the entire subsurface material is thawed
at the beginning of the freezing process™. Similardy, the depth of PT is defined as
the maximum depth of thaw at the end of the thawing period with the assumption
that the entire subsurface is frozen at the beginning of thawing™.

Mumerical modelling. The Geophysical Institute Permafrost Model version
2.0(GIPLZ)™* numerically simulates soil temperature dynamics by solving a
one-dimensional nonlinear heat equation that incledes phase change processes.
Within the model, soil freezing and thawing occur in accordance with the unfrozen
water content curve and soil thermal properties. An enthalpy formulation that
accounts for the energy conservation law makes it possible to use a coarse vertical
resolution without loss of latent heat effects in the phase transition zone”. Within
the model, latent heat is accounted for in the form of the apparent heat capacity
approach™. A quasi-linear heat conduction equation that expresses the energy
conservation law was used, which incorporates enthalpy, heat capacity, latent heat,
thermal conductivity and volumetric unfrozen water content. Soil characterization
used in the GIPL2 model is based on extensive empirical observations, conducted
in representative locations that are characteristic for the major physiographic units
in Alaska. Mathematically, the model is based on using the enthalpy formulation
of the Stefan problem, which determines how the boundary between water and ice
phases moves with time. For geothermal heat flux, an empirical method was used
after ref. ** and was applied to each site at the lower boundary, which was at 100m
depth for each site. The lower boundary was set much deeper than the permafrost
lower boundary, which is located at about 60 m depth for both sites. To obtain a
finite difference scheme a fractional step approach was taken™. Each time step
was divided into two, resulting in a system of nonlinear finite difference equations
which were solved using Newtons method at each time step.

Mumerical modelling of past and future PT and PF depths for the BC and
SL#2 sites was calibrated to the BC and SL#2 sites’ ground thermal regime, soil
texture and ground surface conditions. In the model, ground ice by volume was
set to 63% in the upper 1 m and 50% by volume at the depth between 1 and 15m
to reflect average conditions within clastic sediment across the study region. Frost
heave was not included in the model, and as such, our estimations are conservative
although heave at all sites would be less than 5com. To model the past ground
temperature regime { 1960/1970-201%], observed air temperature and snow
depth at the Fairbanks International Airport National Oceanic and Atmospheric
Administration (NOAA) weather station (http://akclimate org/acis_data) was
used for the BC simulations. The same data were adapted to the SL#2 site using air
temperature records {1997-2000) at this site. To model the impact of increasing
air temperature on talik formation at the BC and SL#2 sites over coming decades
(2020-2090), we applied our calibrated GIPL2 model forced by air temperature
and precipitation produced by the NCAR, the best model ing the
Alaskan climate (http://ckan.snap.uaf.edw’) and chose IPCC scenario 8.5 for
future projections. To calculate the depth of PF for the time of a stable permafrost
presence, the initial ground temperatures were set just above freezing (+0.05°C)
for the upper 6m for each year. When calculating the depth of PT after talik
formation, the initial ground temperature in the upper 6 m was set to —0.5%C for
each year to ensure that the majority of the liguid water is frozen at the beginning
of PT calculations. Using an initial ground temperature of —0.5°C reflects the
natural conditions at both BC and 5152 and the thermal conditions that exist
before talik formation.

To calculate PT and PF for the boreal forest region, the GIFL2 permafrost
masdel was calibrated for the BC and 51#2 sites using observational data for
1995-1999 and respectively and run from 1929 to 2019 using historical cdimate
forcing from the Fairbanks International Airport NOAA meteorological station
at a daily resolution. For model spin-up, we began our model runs on 1 October
1929, when taliks were ahsent and ground temperature was in equilibrium with the
climate. Spin-up ran until 1960, after which we began to analyse results change in
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PT and PE The vertical resolution of the GIPL2E model run and daily output was
set to 0.01 m for the 1 m of the subsurface, becoming progressively coarser
with depth (.02 m for 1.00-2.00 m, 0.05m for 2.01-3.00m, 0.1 m for 3.01-5.00m,
0.2m for 5.00-8.00m and 0.5m to 15m). Daily ground temperature was wsed

to estimate the depth of maximum thaw (active-layer thickness) for each year.

The frozen/thawed threshold for this estimation was —0.1 *C (material with a
temperature above —0.1°C was considered unfrozen as described in the preceding)
for both BC and 51#2, according to soil characteristic freezing curves for these
specific sites (Supplementary Figs. 3, 7 and 8), differing from the broader —0.3°C
threshold that we used to determine talik presence across all sites. Maxdimum

thaw depths were considered the same as PT for the periods when the complete
freeze-up of the active layer was modelled and talik was not present (1960-1990
and 1995-2015). During these periods, model runs were conducted continuously.
Dwuring years that model output showed the presence of talik, individual years were
modelled separately. For each year that talik was thought to be present, the initial
ground ure was set below the freezing point (—0.5%C) for the upper 6m
in the beginning of April (the average start of the thaw period) of each year, and
the model was run to the end of March using real historical forcing for each year.
The estimated maximum thaw depth for each year was the PT. To estimate PF for
the 1960-2019 time interval, each year was also modelled separately. Each year, the
run started at the beginning of the freeze period, in October of the previous year,
with initial conditions set at +0.05*C for the upper 6 m running to the end of the
following year's September.

To explore the influence of snow, we conducted each of the aforementioned
runs twice: once under normal snow conditions (PF) and once under historically
low conditions (PF,). For the low snow conditions, historical climate forcing
was modified by the replacement of observed snow depth with the snow-depth
dynamics observed during the lowest snow year that occurred during the winter of
1969-1970. The same frozen/thawed threshold of —0.1 °C was used to estimate the
maximum depth of freering.

For the prognostic estimations {2020-2050) of PT, PF and PE, the same
calibrated GIPL2 model was used. First, the model was run with prognostic
forcing described in the preceding (MCAR GCM under IPCC RCP 8.5 scenario).
The initial temperature distribution was accepted from the last time step in the
historical run under natural climate conditions. At BC, due to the continuous
presence of a talik between 2020 and 2050, the calculated maximum depth of the
seasonally frozen layer for each vear was equal to the PF To estimate the PF, the
same as described for the historical run was used. In prognostic runs
(2020-20%0), once a talik had formed, the model was run separately for each year
to calculate PT.

To estimate talik thickness through time, we used the same model inputs
as described, with normal snow conditions, and allowed the model to run
continuously through all consecutive years (1970-2090). To explore the influence
of ice volume on talik propagation, we ran the model with three different
volumetric ice contents: 30%, 50% and 70%. The top of the talik was caloulated
using PF values from the prognostic model runs while the depth to the top of the
permafrost table (using the same —0.1 °C threshold) was used to determine the
lower boundary of the talik through time.

Model validation, error estimation and statistical significance. GIPL model
validation was conducted by calculating the RMSE between observed and
modelled ground temperature at BC and SL#2 (Extended Data Figs. | and ). At
5L#2, the RMSE was calculated for the period 2013-2018 by comparing modelled
and observed mean daily ground temperature for depths of 0.32 m, 0.4 m, 0.55m,
1.06m, 1.5m, 2.0m and 3.0 m and achieved the value 0.84°C. At BC, the RMSE
was calculated for the period 2012-2018 using daily mean temperatures at depths
of 0.07 m, 0.19m, 036m, 0.37m, 0.67 m, (.82 m and 1.08m and achieved the
value 1.2°C.

Error bars for hindcast and projected PF and PT values (Fig. 42 (BC) and
4b (5L#2)) are based on relative variability of differences between observed and
modelled active-layer depths at BC (Extended Data Fig. 4). Active-layer depths
were measured manually at BC in late August between 1995 and 2020 using
an active-layer probe. Active-layer field measurements were not taken at SL#2.
Modelled ground temperature values for BC were calculated using the GIPL
madel, with soil conditions calibrated to those observed locally. A comparison
between observed and modelled active-layer depths at BC (n=18) resulted
F*=10.99. The coefficient of variation (0,07 m) between observed and modelled
values was calculated by comparing the offset between measured and modelled
values. The coefficient of variation value was then used to calculate the error
{+) for all data points in Fig. 42,b by multiplying each value by 0.07 m.

The statistical significance between pre-talik (1950-2010) and talik (2001-
2{118) FOD and TDD values for Fairbanks, Kotzebue and Nome were caloulated
by performing f and ¢ tests on long-term historical climate records from NOAA
meteorological stations (hitps:/ fwww.nodc noaa.gov/cdo-web/). The f tests were
performed initially to determine whether the variances of the two populations were
equal. The output from this test determined whether a ¢ test of equal or unequal
variance was performed. A statistically significant difference between FDIY and
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TDI values in 1950-2009 was found when compared with 2010-2013 in all cases
except for FDDD in Fairbanks.

Data availability

Ground temperature can be obtained from hittp:/lapland gi_alaska edufvdvy,
through the data repositories cited within Supplementary Table 1 or from the
authors upon request. Source data are provided with this paper.

Code availability
The GIPL model used to estimate potential thaw, potential freeze and talik
thickness is freely available via GitHub at https//github.com/Elchin/GIPL.
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Extended Data Fig. 1 | GIPL model validation for Smith Lake #2 site. Model output is plotted zgainst observations from ground temperature sensors in
permafrost boreholes. RMSE error, 0.84 °C.
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Extended Data Fig. 2 | GIPL model validation for the Bonanza Creek site. Model output is plotted against observations from ground temperature sensors
in permafrost boreholes. RMSE errar, 1.2 °C.
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Extended Data Fig. 3 | Bonanza Creek volumetric liquid water content (%) and ground temperatura (*C) at 0.54 m depth between fall 2009 and
summer 2019, Mote the lack of freezing during the winters of 2017-2018 and 2018-2019.
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Extended Data Fig. 4 | A comparison of measured active layer depths and those modeled by the GIPL model for Bonanza Creek. Active layer depths
were measured using an active layer probe at the end of the summer (late August) over an 18-year period. The labels indicate the year of measurement.
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