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Abstract Thicker snow cover in permafrost areas causes deeper active layers and thaw subsidence, which
alter local hydrology and may amplify the loss of soil carbon. However, the potential for changes in snow cover
and surface runoff to mobilize permafrost carbon remains poorly quantified. In this study, we show that a snow
fence experiment on High‐Arctic Svalbard inadvertently led to surface subsidence through warming, and
extensive downstream erosion due to increased surface runoff. Within a decade of artificially raised snow
depths, several ice wedges collapsed, forming a 50 m long and 1.5 m deep thermo‐erosion gully in the
landscape. We estimate that 1.1–3.3 tons C may have eroded, and that the gully is a hotspot for processing of
mobilized aquatic carbon. Our results show that interactions among snow, runoff and permafrost thaw form an
important driver of soil carbon loss, highlighting the need for improved model representation.

Plain Language Summary Snow cover is steadily disappearing as a result of climate change, but in
areas that remain below 0°C we can still expect an increase in snow depth in the middle of winter. Since snow
acts akin to a blanket, this warms the soil and accelerates the thaw of permafrost—thereby potentially
contributing to carbon release from these frozen soils. Ice wedges, which are typical for permafrost landscapes,
are particularly vulnerable to thaw because they hold a large amount of ice. When this ice melts, the surface
sinks down, and soil carbon may be lost. In this study, we show how experimentally raised snow cover triggered
the collapse of several ice wedges, not only through a warming effect of the snow but also due to an increase in
the flow of water through the ice wedge network. As a result, we estimate that 1.1–3.3 tons of carbon were
removed from this location, of which a portion could have entered the atmosphere as CO2. We emphasize the
importance of studying the interactions among snow, runoff, and permafrost thaw to better understand how this
may affect the release of greenhouse gases to the atmosphere.

1. Introduction
Precipitation is projected to increase across extensive parts of the Arctic (AMAP, 2017) since both enhanced
poleward transport and an increasingly sea ice‐free Arctic Ocean lead to more atmospheric moisture (Bintanja &
Selten, 2014; Zhang et al., 2013). In regions where temperatures remain below 0°C, this will increase mid‐winter
snowpacks despite an overall warming and shortening of the snow‐covered season (Pulliainen et al., 2020).
Thicker, insulating snowpacks shield the ground from the coldest winter temperatures, which leads to a net
warming of the soil beneath (Stieglitz et al., 2003). In the permafrost region, this causes a thickening of the active
layer, and ultimately talik formation if the soil remains unfrozen, which may trigger surface subsidence called
thermokarst (Farquharson et al., 2022; Johansson et al., 2013). Thermokarst features such as active layer
detachment slides, retrogressive thaw slumps, and thermo‐erosion gullies have the potential to mobilize
permafrost carbon (Jorgenson & Osterkamp, 2005; Lantuit & Pollard, 2008). How much of the carbon is
transported, and possibly released to the atmosphere as greenhouse gases, strongly depends on local hydrological
conditions (Liljedahl et al., 2016). It is therefore important to understand how the interplay of snow, water, and
permafrost may act as a driver of carbon‐climate feedbacks.
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Permafrost environments may be impacted non‐uniformly by snow cover changes, given their high heterogeneity.
Of the many types of periglacial landscape features, ice wedge landscapes are particularly vulnerable to subsi-
dence due to their high ice content (Jorgenson et al., 2022). Ice wedges form when, year after year, frost cracks fill
with melt water in spring and refreeze (Lachenbruch, 1962). The thermal contraction and expansion from
numerous freeze‐thaw cycles, across centuries to millennia, leads to the development of troughs and elevated rims
that connect to form the polygonal patterns characteristic of arctic landscapes. While ice wedges take a long time
to form, climate change can degrade them relatively quickly, causing a transition from low to high center
polygons (Liljedahl et al., 2016). This enhances surface drainage, concentrating runoff through deepened troughs,
and promotes thermal and mechanical erosion. In extreme cases, this causes the collapse of ice wedges (Fortier
et al., 2007). An improved understanding of the formation of such thermo‐erosion gullies is key to quantify the
loss of permafrost carbon due to abrupt thaw.

While only a fifth of the northern permafrost region is susceptible to abrupt thaw processes, these areas hold about
half of the total below‐ground carbon pool (Olefeldt et al., 2016). For example, ice wedges can represent up to
50% of the volume in carbon‐rich Yedoma deposits (Ulrich et al., 2014), and are an important reservoir of
biodegradable carbon (Fritz et al., 2015; Vonk, Mann, Dowdy, et al., 2013). Despite the importance of ther-
mokarst for the permafrost carbon feedback, no Earth system model is able to represent this despite recent ad-
vances in landscape‐scale process models (Aas et al., 2019; Nitzbon et al., 2020). As a result, lateral carbon export
from the permafrost region is one of the most uncertain components of the arctic carbon cycle (Turetsky
et al., 2020), highlighting the need for more process understanding.

In this study, we investigate the unforeseen side effects of a snow fence experiment on Svalbard. This experiment,
consisting of four clusters of three fences each, was originally designed to study the effects of snow cover change
on vegetation. However, at one snow fence it inadvertently led to strong surface subsidence and the collapse of ice
wedges situated downstream—within a decade from initiation of the experiment (Figure 1). This created a unique
opportunity to show—in a controlled setting—how increased snow cover can have both a direct and remote effect
on abrupt permafrost thaw and carbon mobilization. We use remote sensing to pinpoint the timing of abrupt thaw,
characterize mobilized soil carbon in water samples, and hypothesize how a change in snow cover across a
relatively small area triggered the rapid downstream change in the landscape.

2. Methods
2.1. Snow Fence Experiment

Snow fences are practical tools to passively increase snow cover thickness, by decreasing windspeed on their
leeward side, and to study subsequent impacts on ecosystems and soils (see e.g., Johansson et al., 2013; Natali
et al., 2011; Plaza et al., 2019). The snow fences of this study are placed in the High‐Arctic valley of Adventdalen
on Svalbard (78°10′N, 16° 06′E). Since 2006, 12 snow fences, each 6.2 m long and 1.5 m high, have been spread
out in four groups of three, within ∼1 km from each other (Figure S1 in Supporting Information S1). The fences
are situated on a slight north‐facing slope (<3%), cut by several streams originating from amountain plateau to the
south. This area is characterized by continuous permafrost formed in aeolian deposits on top of alluvial terraces of
Holocene age (Gilbert et al., 2018). The varying geomorphology at each snow fence cluster led to a variable
potential for surface subsidence. Nine fences (clusters A, B, and D) were in areas with well‐drained cryoturbated
soils and/or a high boulder content, with low and rather uniform excess ice contents that do not cause strong
contrasts in surface subsidence—which is common throughout the valley (Cable et al., 2018). However, the three
fences of cluster C were located in a high center polygon field, a feature absent at the other clusters (Figure S1 in
Supporting Information S1). The high ice content of these ice wedges mediated subsidence following warming
from increased snow cover. Typical snow depth behind the fences is 130 ± 25 cm at the end of the winter, and
32± 14 cm for the control plots. Snow accumulates >20 m to the west of the fences, but the greatest depths occur
3–12 m behind the fences (Figure S2 in Supporting Information S1). Compared to the control plots, snow behind
the fences is melting 6–14 days later. More details about the experiment are included in Cooper et al. (2011).

2.2. Remotely Sensed Imagery

The snow fence experiment was initiated to study snow‐vegetation interactions, and not systematically monitored
for indications of abrupt permafrost thaw. Therefore, we use remote sensing to track changes in the landscape.
Due to the infrequent overpasses of high resolution satellites (<1 m), combined with prevalent cloud cover and
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Figure 1. Large downstream effects of increased snow cover. (a) July 2008, showing an undisturbed ground surface. The snow fence was down for repair. (b) July 2015,
when ice wedge troughs had deepened. The start of the gully is visible in the background. (c–f) August 2017, showing (c) a deep thaw pond behind the snow fence (d), a
deepened trough leading into the gully, (e), the continuation of the same gully. The gullyhead is to the bottom right of this picture. (f) The nearby stream in which the
gully exits. The gullyhead is to the left.

Geophysical Research Letters 10.1029/2023GL108020

PARMENTIER ET AL. 3 of 10

 19448007, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
108020 by N

O
R

W
E

G
IA

N
 IN

ST
IT

U
T

E
 FO

R
 N

A
T

U
R

E
 R

esearch, N
IN

A
, W

iley O
nline L

ibrary on [10/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



short snow‐free summers on Svalbard, only four high quality images spanned the formation of the thermo‐erosion
gully: an aerial survey by the Norwegian Polar Institute in 2009 (resolution: ∼20 cm), and imagery from the
Digital Globe constellation of satellites for 2011, 2013, and 2015 (pansharpened to ∼0.5 m). In addition, we
acquired three monochrome Formosat‐2 images for 2011 and 2012 (pansharpened to∼2 m) and surveyed the area
with a MicaSense RedEdge on a drone on 5 September 2017. Further details are in Supporting Information S1.

2.3. Water Sample Analysis

Water samples were collected on 5 and 6 August 2017, from various water features near the snow fence
(Figure 2a): one from a natural thaw pond (P1), two samples from the thaw pond behind the affected snow fence
(F1 and F2), and five from the water standing still in the gully (G1–G5). As a background signal, we collected a
sample from a nearby stream that flows northwards from the mountain to the south, at a point hydrologically
isolated from the other locations (S1). These water samples were analyzed for dissolved organic carbon (DOC),
particulate organic carbon (POC), particulate nitrogen (PN) content, and stable carbon isotope ratios δ13C‐DOC
and δ13C‐POC. A full description of the analysis is included in Supporting Information S1. Temperature, pH,
oxygen, and electrical conductivity were measured in the field on the day of sampling.

3. Results
3.1. Transformation of the Landscape

The snow fence experiment raised soil temperatures by 2–5°C during the cold season (Semenchuk et al., 2016).
Because of this warming, the ice wedges close to the fences of cluster C had developed deep troughs (Figure 1 and
Figure S3 in Supporting Information S1), with the largest changes at fence C7. In the summer of 2017, about
10 years after the experiment started, troughs behind this fence were 40–60 cm deep as opposed to 20–30 cm for
unaffected troughs located nearby and upslope from the experiment. At an intersection of several ice wedges,
thaw subsidence became so severe that a large pond formed (Figure 1c).

Figure 2. (a)Overview of sample locations and (b–e)water samples analysis. Left: sample locations for a nearby thaw pond (P1), the thaw pond behind fence C7 (F1 and
F2), the gully (G1–G5) and a nearby stream for background values (S1). The red arrows extending from the fences (C7–C9) showwhere snow depth was raised, the light
blue arrow indicates the direction of overland flow through ice wedge troughs, the white arrow the gullyhead. (b) Right: scatterplots showing a spatial pattern in
dissolved organic carbon (DOC), (c) a strong inverse correlation between POC:DOC and O2, (d) an inverse correlation between DOC and δ13C‐DOC, and (e) a
clustering for δ13C‐POC. All data are shown in Table S1 in Supporting Information S1.
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In contrast to previous snow fence experiments, the largest impact of this experiment occurred downstream: a
series of ice wedges collapsed 25–75 m away and formed a gully ∼1.5 m deep, ∼3 m wide, and 50 m long
(Figures 1d, 1e, and 2a). This thermo‐erosion gully (hereafter gully) exited into a nearby stream, ∼5 m lower in
the landscape than the top of the polygon centers (Figure 1f).

No runoff was observed during visits in August 2017 and July 2019. The gullyhead had collapsed, causing a
barrier to outflow into the stream, and about 20–30 cm of water was standing still on the bottom of the gully.
Water primarily flows through this gully around the time of snowmelt, when a large amount of meltwater flows
from the upslope area, or in the direct aftermath of rain. Little rain falls on Svalbard but, when showers occur,
surface runoff is funneled through the stream channels formed by the polygon troughs (Figure S4 in Supporting
Information S1).

3.2. Sudden Collapse of Ice Wedges Detected With Remote Sensing

A timeline of the collapse of the ice wedges was reconstructed with remote sensing. In 2009, after three winters of
increased snow depth, no notable change of the ice wedges was detected (Figure 3). Satellite data from 2011
shows that Normalized Difference Vegetation Index (NDVI) is reduced on the leeward side (west) of the snow
fences. An increase in snow depth with subsequent delay in snowmelt causes lower live biomass—a feature
common to all snow fences (Cooper et al., 2019). A concurrent increase in Normalized Difference Water Index
(NDWI) indicates that the soil also became wetter. Photos from an automated camera setup on a nearby mountain
(Parmentier et al., 2021) show standing water behind fence C7 for extended periods in August and September
2011, but not yet permanently (Figure S4 in Supporting Information S1).

The most apparent shift occurred between 2011 and 2013 near fence C7 (Figure 3). NDWI strongely increased,
while NDVI strongly decreased. The pond behind the fence is clearly visible, and the downstream ice wedges, to
the northwest, had collapsed. In 2015, NDWI and NDVI show further shifts along the collapsed ice wedge, as well
as a widening of the gully. Large parts of the sides of the gully collapsed in between July and August 2017 (Figure
S5 in Supporting Information S1), while a subsequent visit in 2021 did not showmuch additional collapse (Figure
S6 in Supporting Information S1). Meanwhile, lower resolution imagery from Formosat‐2 indicates that the gully
was already present in 2012 (Figure S7 in Supporting Information S1). This means that gully formation was
spread out over several years, with additional soil material entering the gully in the weeks before collection of the
water samples.

3.3. Characterization of Water Samples

On average, the water in the gully was colder, more acidic, and lower in oxygen than in the ponds, while con-
taining 4 ± 0.7 times as much POC and 3.4 ± 0.7 times as much PN (Figures 2b–2e, Table S1 in Supporting
Information S1). The values for δ13C‐POC were higher and more consistent in the gully than in the thaw ponds
(− 28.3‰± 0.3 vs. − 32.5‰± 2.9, respectively). Also, the C:N ratios between the two were different (p < 0.02):
9.8 ± 0.7 in the thaw ponds, and 11.8 ± 0.9 in the gully. Soil cores from this area showed C:N ratios of 13.9 ± 2.0
in the top of the active layer and a pH of 5.1 ± 0.3 for pore water (Schostag et al., 2015).

DOC levels in the ponds and the gully were an order of magnitude higher (17.4 ± 4 vs. 2.0 ± 0.5 mg/l) than
background values (2 ± 0.5 mg/l) in the nearby stream. The highest values were measured in the natural thaw
pond (25.3 ± 0.5 mg/l), and in one of the two samples collected behind the snow fence (21.4 ± 1.2 mg/l).
Figure 2b shows that there was a general downward trend in DOC from the thaw ponds (P1, F1, and F2) and
further down the gully (G1–G5). Along the same gradient, POC:DOC shows a strong inverse relationship with O2
(Figure 2c).

3.4. Total Mobilized Soil Carbon

To achieve a rough estimate of the total amount of mobilized soil carbon, we combined the approximate volume
of the eroded ice wedge with previously measured soil carbon content fromAdventdalen. Samples collected in the
upper∼15 cm of soil within the snow fence experiment had average C contents of 41.7–66 kg Cm− 3 (Semenchuk
et al., 2019) while 1‐m‐deep soil cores collected from the rims of ice wedges and next to a polygon in Adventdalen
show an average carbon content of 33.3 ± 11.2 kg C m− 3 (Palmtag et al., 2022). The size of the gully was 50 m
long, on average 1.5 m deep, 3 m wide at the top, and 1 m wide at the bottom, which translates to a volume of
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Figure 3. Chronology of ice wedge collapse in high resolution remotely sensed data. (a) Visible light imagery (RGB). The shading differs between images due to varying
solar angles. (b) Normalized Difference Vegetation Index shows a large decrease west of fence C7 from 2011 to 2013, indicating less biomass. (c) Normalized
Difference Water Index shows a strong increase west of fence C7 from 2011 to 2013, indicating wet conditions. The snow fences are indicated with white lines.
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150 m3. If just one third of this volume consisted of sediment, rather than ice (i.e., 50 m3), and considering above‐
mentioned soil carbon contents, about 1.1–3.3 tons of carbon would have eroded due to the collapse of the ice
wedges, although this estimate is uncertain and excludes any carbon contained in the ice itself.

4. Discussion
4.1. Climate Change Versus Snow Cover Change

Svalbard has a highly variable maritime climate, resulting in a relatively deep active layer despite its High‐Arctic
location (Strand et al., 2021). The archipelago also lies in the fastest warming region of the planet, with a total
annual warming of ∼4°C in the three decades preceding the collapse of the ice wedges (Nordli et al., 2014). This
raises the question whether the observed changes are due to ambient climate change, rather than the snow fence
experiment. Measurements of temperature, precipitation, and snow depth at the local airport, ∼15 km away, show
a large degree of interannual variation, but annual average temperatures stayed well below zero before the initial
collapse of the ice wedges (Table S2 and Figure S8 in Supporting Information S1). Measurements of the active
layer, ∼3.5 km away in the same valley, show a thickening of 0.8 cm yr− 1 in response to increasing winter ground
surface temperatures, but not summer warming (Schuh et al., 2017). An increase in winter‐time soil temperatures
is the primary climate effect that the snow fences emulate, enhancing the susceptibility of the landscape to
thermokarst. Changes in the timing and thickness of snow cover can be regionally more important for permafrost
warming than changes in air temperature (Biskaborn et al., 2019), and the subsidence directly behind the fences is
comparable to other snow fence experiments (see e.g., Johansson et al., 2013). Moreover, subsidence due to
increased snow cover has also been reported from much colder permafrost environments, for example, Northeast
Siberia (Nauta et al., 2014).

In recent years, Svalbard has experienced a number of high precipitation events related to mid‐winter warm spells
(Hansen et al., 2014). Nonetheless, there were no other large changes in NDWI across the wider region similar to
those observed near the snow fences—apart from pre‐existing and seasonally varying streams (Figure S9 in
Supporting Information S1). Strong subsidence was observed close to all three fences in the polygon field (Figure
S3 in Supporting Information S1), while downstream effects were only observed at fence C7. This is most likely
due to the fact that there were no large stream channels located up or downslope from fence C8 and C9, showing
that these areas were more hydrologically isolated (Figure 2 and Figure S4 in Supporting Information S1). The
formation of thermo‐erosion gullies is generally not only caused by raised snow cover, but also by increased
surface runoff (Godin et al., 2014). Considering all of the above, it is likely that the fast and highly localized
changes observed behind, and downstream from, the C7 snow fence were primarily influenced by the experiment
by accelerating the background climate change signal.

4.2. Chain of Events Triggering Permafrost Carbon Loss

The polygon troughs, acting as stream channels, are the main drainage point for the snow fence experiment, and
water flowed through or remained standing in them, increasing erosion. During snowmelt, the thaw depth is still
shallow and the soil is less prone to mechanical erosion from runoff (Quinton et al., 2009). However, the large
amount of snow accumulated behind the fence took up to two more weeks to melt, leading to additional runoff
during a time when the active layer in the downstream troughs has deepened. The deep thaw pond behind the C7
fence also acted as an additional water source—promoting channel erosion and thermal degradation (Chartrand
et al., 2023). Runoff across the gullyhead may also have led to headward erosion of the polygon troughs (Fortier
et al., 2007). The subsequent subsidence of the surface triggered a reinforcing mechanism: the deepening of the
troughs meant that more ambient snow was trapped during winter, while concentrating runoff in summer. This
raised soil temperatures even further, causing more subsidence and again deeper troughs (Figure 4). Ultimately,
this led to the collapse of the ice wedges, followed by a new stable state (Figure S6 in Supporting Information S1).
Gully systems can stabilize within years when well‐drained and low‐thermal conductivity soils develop (Fortier
et al., 2007), while vegetation growth may stabilize still‐intact ice wedges (Kanevskiy et al., 2017).

POC content and δ13C‐POC values in the gully were clearly different from the thaw ponds (Figure 2e). The
terrestrial signature of gully POC suggests that this is from eroding gully walls, while POC in the thaw ponds may
mostly be derived from aquatic communities, since δ13C values are about − 31‰ or lower (Shakil et al., 2020).
The δ13C values of gully DOC also clearly point toward a terrestrial source either from soil/gully erosion directly,
or indirectly via leaching of particulate matter. Despite input of material in the weeks before sampling (Figure S5

Geophysical Research Letters 10.1029/2023GL108020
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in Supporting Information S1), DOC levels were lower in the gully than in the natural thaw pond (P1) and one of
the two samples from behind the snow fence (F1). Together with the decrease in O2 and increase in POC:DOC
while going downstream through the gully (G1–G5), this suggests that the collapsed ice wedge is a hotspot for
DOC degradation, and carbon is likely lost to the atmosphere as CO2. Studies from Siberia and Alaska have also
shown that DOC in water originating from collapsed ice wedges is consistently more biodegradable than surface‐
derived DOC, and that a third can be lost within 2 weeks after thaw (Abbott et al., 2014; Vonk, Mann, Davydov,
et al., 2013). In addition, we estimate that 1.1–3.3 tons of C may have eroded from the thermo‐erosion gully, but
parts of this soil carbon will have settled in aquatic sediments or entered the nearby fjord. The relative importance
of sediment burial versus mineralization ultimately determines how much carbon mobilized by abrupt thaw
processes can cascade through stream networks into the fjord (Kokelj et al., 2021), and enter the atmosphere
(Vonk et al., 2015).

Ice wedges are particularly vulnerable to changes in snow cover and runoff (Godin et al., 2014), possibly
enhancing permafrost carbon loss as depicted in Figure 4. Increased snow cover raises soil temperatures, which
leads to subsidence in ice‐rich terrain, and even more trapping of snow. Subsidence, however, also leads to a
second feedback loop through enhanced drainage, thermal erosion, and further subsidence. When snow thickness
increases naturally throughout the landscape, and not only locally behind snow fences, this second feedback loop
is enhanced even further through increased surface runoff following snowmelt. Together, these two positive
feedbacks have the potential to trigger abrupt, irreversible permafrost thaw, such as the collapse of ice wedges.

5. Conclusions
This study shows that the hydrological drainage from ice‐wedge dominated permafrost environments can be
highly sensitive to changes in snow thickness, not only through localized thaw subsidence and pond‐formation,
but also due to increased surface runoff. This can cause a collapse of ice wedges over short timescales, within a
decade, triggering a loss of soil carbon that continues for years after the initial collapse through lateral export, and
in situ decomposition of DOC.

Despite increases in precipitation across the Arctic, it remains uncertain how sensitive thermokarst processes are
to changes in snow cover and surface runoff. Most land surface models only simulate gradual thaw, not the abrupt

Figure 4. Thicker snow cover can trigger permafrost carbon loss through interconnected feedback loops. The red arrow
indicates that thicker snow cover causes soil warming, triggering subsidence, more trapping of snow, and again more
warming. The blue arrow shows how increased runoff promotes erosion, followed by subsidence, increased drainage, and
again more runoff. The combined effect may ultimately trigger abrupt permafrost thaw, mobilizing soil and carbon.

Geophysical Research Letters 10.1029/2023GL108020
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thaw processes and lateral carbon flows we describe. Current projections of the strength of the permafrost carbon
feedback may therefore be severely underestimated. Continued monitoring, more experimental studies, and ac-
curate simulations of interactions with snow cover and surface runoff are urgently needed to achieve better
projections of abrupt permafrost thaw and associated lateral carbon transport, and their potential to act as a
positive feedback on the global climate.

Data Availability Statement
The 2009 aerial survey of the thermo‐erosion gully and its surroundings is freely available copyright© Norwegian
Polar Institute under CC BY‐NC 4.0 (Norwegian Polar Institute, 2023). The satellite data from 2011, 2013, and
2015 are copyright© 2018 DigitalGlobe Foundation, and the processed data is available in Parmentier et al. (2024)
under CC BY‐NC 4.0. This public data set also includes all data from the water samples as an Excel sheet, in
addition to being shown in the Table S1 in Supporting Information S1. The soil carbon data for estimating the
amount of mobilized carbon are freely available from Palmtag et al. (2022) and Semenchuk et al. (2019). The
weather data from Svalbard Airport, shown in Figure S8 and Table S2 in Supporting Information S1, come
courtesy of the Norwegian Meteorological institute under CC BY 4.0 (MET Norway, 2024).
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