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Figure 4 | Measured snow distribution across polygons representing
undegraded and advanced degradation stages, Barrow, Alaska. The
presence of well-developed troughs at the advanced degradation stage
(high-centred polygons, HCPs) increased the variability in snow depth.
However, the average (horizontal line) end-of-winter snow depth at HCPs
was statistically similar to that of the undegraded stage (low-centred
polygons, LCPs) (50± 15 and 50±7 cm, respectively, t-test, 0.05 level,
equal variance not assumed).

above the ice wedges were observed between the 1988 and 1991
field visits (Figs 1b and 3b and Supplementary Fig. 1). By 1998,
clearly visible troughs had formed and were reflected in the
vegetation patterns. Small trough-ponds had formed after another
four years (2002), whichwere also identified in 2003 high-resolution
imagery, and had further widened by 2009. In summary, the initial
degradation stage with disconnected troughs was initiated within
a 9- to 11-year time period (Prudhoe Bay, Tareya, and Tapkaurak)
and sustained for several decades (Kolyma, Kobuk, Barrow, Seward
Peninsula). The transition to the advanced stage with connected
troughs ranged from 15 years (Tapkaurak) to within four decades
(Chukochy), whereas the newly formed troughs at the slopes
of the Isachsen site presented a well-drained connected trough-
networkwithin 8 years. The observed trough formation at otherwise
undisturbed cold-continuous permafrost landscapes is evidently
a phenomenon taking place at often recent, sub-decadal periods,
although antecedent development (expansion of troughs, drying or
wetting across the landscape), as can been seen from early ground
subsidence (pre-1980), may continue for several decades.

Hydrologic implications
A space-for-time substitution can provide insights into the impact
of ice-wedge degradation on hydrology. Landscapes dominated by
low- (LCP) or high-centred polygons (HCPs) present statistically
similar averaged end-of-winter snow accumulation. In Barrow,
Alaska, landscape-averaged snow depth was 50 cm in early May,
whereas the spatial variability was nearly double at the HCPs
compared to the LCPs in 2012 (s.d.± 15 and 7 cm, respectively,
Fig. 4). Snowmelt produced >20 cm deep inundation at both the
troughs and the LCP centres (Fig. 5). The LCPs experienced the
least variability in seasonal and interannual water table, with a
continuous inundation in 2013 and 2014. Both June 2014 and mid-
summer 2014 had record high rainfall. In 2012, which experienced
below normal early through mid-summer rainfall, the LCP centre
water table was, at most, 5 cm below the ground surface. Centres
of HCPs saw no snowmelt inundation, but rather a rapid rise and
fall in water table in conjunction with larger precipitation events.
The surface water coverage of the trough was discontinuous in
2012, with a nearly 20 cm drawdown during the abnormally low
rainfall in early summer. Throughout this interannual variability,
centres of LCPs and HCPs represented the hydrological extremes
of nearly continuous wetness (LCP) or dryness (HCP), whereas the
inundation of the trough was concentrated to snowmelt and during
periods with typical or above-average summer precipitation.

Numerical model experiments informed by field measurements
and LiDAR-derived topography (0.25-m spatial resolution) can help
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Figure 5 | Measured water levels in di�erent ice-wedge polygon types,
Barrow, Alaska. a, Cumulative summer precipitation (1 June–1 October) in
2012–2014 and the long-term average (1949–2012), where 2012 received
below-average precipitation in early summer and 2013 and 2014 received
above-average precipitation. b–d, Water levels measured manually
(crosses) and with instrumentation (lines) show inundation following
snowmelt in well-developed troughs (d) and LCP centres (b), in which
water tables remain near the surface. The HCP mounds (c) show flashy
responses to individual events. Site photos during snowmelt inundation are
presented in the Supplementary Information (Supplementary Fig. 9).

us distil the known metre-scale complexity to assess the impacts
of ice-wedge degradation on watershed-scale hydrology. Among
the modelled scenarios, it was only the LCP-dominated watershed
that exhibited continuous inundation throughout the summer,
whereas the non-patterned basin was limited to ephemeral ponding
following snowmelt (Fig. 6). A connected trough-network in the
HCP scenario significantly increased the runoff compared to the
LCP-dominated landscape, but only if a realistic, non-homogeneous
snow distribution was used (that is, deep snow in troughs). The
total runoff from the HCP-dominated basin was similar to the non-
patterned domain when the snow was homogeneously distributed.
Accordingly, given identical landscape-scale average snow water
equivalent, which was observed in the field, not accounting for
the heterogeneous snow distribution in HCP tundra can ultimately
result in a significant underestimation of runoff. Our model
simulations suggest that the observed morphological change, in
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Figure 6 | Model experiments of runo� and inundation using di�ering
polygon types and snow distribution. a,b, Simulated runo� (a) and water
covered area (WCA, b) from the four scenarios; a non-patterned ground
basin (solid black line), a watershed dominated by LCPs (solid grey line),
and HCPs with connected troughs, with deeper snow accumulation in
troughs versus mounds (grey dotted line) and a spatially homogeneous
end-of-winter snow distribution (black dotted line). End-of-winter snow
water equivalent is identical (119 mm) among the four scenarios. LCPs
promote lower runo� and extensive inundation, whereas the development
of troughs and the subsequent increased spatial variability in snowcover
increases runo� and decreases WCA. Note the lack of increased runo�
when snow is homogeneously distributed over the HCPs.

particular the development of mounds and laterally connected
troughs and its effect on snow distribution, can alone significantly
increase runoff and reduce water covered area.

Subsidence linked to press and pulse climate forcing
Landscape-scale ice-wedge degradation is evidently a recent
widespread phenomenon at subarctic, Arctic and even High Arc-
tic sites. Our synthesis of field observations, remote sensing and
hydrologic modelling documents trough formation across the Arc-
tic continuous permafrost domain with major hydrological impli-
cations. The connected trough-network formation and the effect of
troughs on snow distribution could potentially intensify the Arctic
hydrological cycle alone by significantly increasing runoff despite
any changes in snow- or rainfall. Unlike the gradual ‘press’ long-term
warming of permafrost temperatures (Supplementary Fig. 8), which
span multiple decades, the ice-wedge degradation appeared as a
relatively temporally constrained, sub-decadal ‘pulse’ phenomenon
occurring at landscapes with cold mean annual permafrost tem-
peratures (down to −14 ◦C, Supplementary Table 1). Accordingly,
the process of crossing the local threshold for ice-wedge stability
may be favoured by a press occurrence (long-term, gradual increases
in air temperatures and/or possibly winter precipitation), but it is
probably initiated by pulse atmospheric forcing such as extreme
summerwarmth and/orwinter precipitation (Fig. 2 and Supplemen-
tary Fig. 8), as also noted by others in Prudhoe Bay (for example,
refs 12,20,28). Increased variability in weather, and in particular
summer warmth, may therefore promote ice-wedge degradation to
a larger extent than a gradual climate warming alone.

Observed hydrological changes associated with ground
subsidence included an increased abundance of trough-ponds and
decrease in polygon centre-ponds, leading to increased wetness

contrasts across the low-gradient landscape (initial degradation
stage with disconnected troughs). The later phase was represented
by an overall landscape drying as troughs formed a drainage
system (advanced degradation stage with connected troughs),
which appear to occur immediately at sites with more slope
(for example, Isachsen). Thus, ice-wedge degradation in sloping
terrain (∼2% slope) may be more likely to reach the threshold
to lateral surface water connectivity, and decades sooner, than in
lower-gradient tundra. The onset of the initial stage was abrupt
(sub-decadal), although the trough expansion and widening and
changes in tundra plant species composition remained active for
a decade or more. Here, a combination of atmospheric forcing
(that is identical across a landscape) and marked spatiotemporal
differences in local feedbacks, which are controlled by factors
such as differential snow accumulation, vegetation, sedimentation
and hydrology, probably sustained, enhanced, buffered and/or
reversed the ground subsidence through the following decades20.
The documented differential ground subsidence at a few tens
of centimetres may be perceived as small locally, but has the
potential to significantly impact the regional ecosystem, as ice-rich
permafrost may underlie up to two-thirds of the terrestrial Arctic.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Data.Mean daily air temperatures and total daily precip tation were obtained from
the nearest long-term meteorological station via National Ocean and Atmospheric
Administration (NOAA) and RosHydroMet archives (https://gis.ncdc.noaa.gov,
Supplementary Table 2). Long-term permafrost temperatures (Supplementary
Table 1) were obtained from permafrost observatories that are included in the
Global Terrestrial Network for Permafrost43 (https://www.aoncadis.org/dataset/
network_of_permafrost_observatories_in_north_america_and_russia.html). Field
observations for permafrost temperatures used in model validation were obtained
from the ‘Barrow2’ site at the Geophysical Institute Permafrost Laboratory data
archive (http://permafrost.gi.alaska.edu). Water levels and snow surveys (Figs 4
and 5) are available at the Next-Generation Ecosystem Experiment,
NGEE–Arctic44,45. Measured evapotranspiration that were used in model validation
is available at the AmeriFlux archive as site ‘US-Bes’ (http://ameriflux.ornl.gov).
Active layer soil temperatures, runoff and snow ablation used in model validation
are available as Excel-readable files separate to the Supplementary Information.
Locations of sites used in model validation are presented in Supplementary Fig. 9.
High-resolution images of Samoylov were obtained from ref. 46.

Analyses.Methods for image change-detection analyses, orthorectification and
co-registration were based on the approaches of Necsoiu and others27. All data sets
have 1-m or better ground resolution (Supplementary Table 3), with the exception
of two data sets (the 1960’s imagery of Corona/Chukochy and Corona/Samoylov),
resulting in an overall error in registration of <1m, although at some sites these
errors were much lower (for example,∼0.02±0.74m at Kobuk). For example, in
Kolyma the imagery was co-registered with reference to individual larch trees. The
selected thresholds for the automatic change detection were designed to identify
extreme changes between image pairs. The threshold values were defined on the
basis of image interpretation, professional judgement and expertise of the local
conditions. All ice-wedge degradation sites represent our field study locations,
where on-site visits (for other studies than ice-wedge degradation) confirmed the
differential ground subsidence. We analysed imagery from mid- to late summer
and early fall to avoid the typical snowmelt-driven early-summer inundation
period. A compilation of summer cumulative precipitation, including long-term
averages, presents an antecedent precipitation regime for respective image/photo
(Supplementary Fig. 10). All observed sites/dates align near or below the
cumulative long-term average, except Barrow, which experienced a large
precip tation event just prior the 2010 image. However, the trough development
since 1948 in Barrow is also shown in the 2007 image (Supplementary Fig. 7),
which was a record low precipitation summer47. Therefore, unusual summer
precip tation and resulting high surface water are not responsible for the new
ponds that were observed.

Winter precipitation was defined as the total precipitation during months with
average monthly temperatures below 0 ◦C. Daily precipitation included recordings
of trace amounts, by the add tion of 0.1mm (ref. 48). Cumulative summer
precip tation represented the period 1 June–30 September. Incomplete recordings
at the Isachsen weather station (GHCND CA002402604) during several recent
years resulted in the use of the more complete data set at Eureka. A comparison
between the Eureka and the two Isachsen weather stations is given in
Supplementary Fig. 11. All sites show a warming trend in MAAT and SWI.

The sensor for air temperature measurements at the Isachsen ice-wedge
degradation site was a Campbell L-107 thermistor installed into the Campbell soil
radiation shield at 2m above the ground surface (referred to as the ‘UAF’ site).
Ground temperature was measured using calibrated MRC thermistor string. The
accuracy of measurements was 0.1 ◦C. Water levels near Barrow were measured
using a non-vented Cera-Diver DI701 (Schlumberger Water Services, Pressure:
Range 10m, accuracy±0.5 cm, resolution 0.2 cm) in 2013 and 2014 and
Capacitance Water Level Recorders (Odyssey Dataflow Systems, Probe length 1m,
resolution 0.8mm) in 2012. Loggers recorded at 15min intervals. The Cera-Divers
were manually lowered on a sub-monthly basis (June and July), as the active layer
thaw progressed, and removed in September. Manual measurements of water level
were conducted to establish a reference for calibration. Loggers were hung using a
nylon string inside the wells, which were installed in spring 2012 using a
5-cm-diameter SiPRE corer. The wells were represented by∼32-mm-diameter
white PVC pipe (Supplementary Fig. 9b) about∼160 cm long with
∼6-mm-diameter holes drilled about 1–2.5 cm apart in three transects along the
side walls. The wells were anchored about 30 cm into the permafrost by three bolts
protruding from the side of the PVC pipe by approximately 0.5–1 cm. Manual
water levels were measured as the distance from a mark near the top of the pipe to
the water surface. Data from the non-vented pressure transducers were adjusted for
atmospheric pressure following the standard procedures in the Schlumberger
processing software. The capacitance probes were cleaned regularly. Water level
measurements for model validation were those described and presented by

others49. Several hundred snow depth measurements were made on 4–5 May at
∼0.3m intervals, which at the LCP and HCP site covered approximately 50×50
and 30×30m domains, respectively, along parallel transects located∼5 and 3m
apart, respectively. The depth measurements were made using an automated snow
depth probe (SnowHydro).

We applied the physically based hydrological model Water balance Simulation
Model, WaSiM, which includes mass and heat transfer, to evaluate the role of
ice-wedge polygon type (that is, the impact of ice-wedge degradation) and snow
distribution on watershed-scale runoff and inundation. It should be noted that the
simulations did not dynamically represent ground subsidence, but rather presented
three fixed DEM scenarios (non-patterned ground, low- and high-centred
polygons)—each with unique topographic features aimed at representing the
observed key degradation stages or polygon types. Nor were ice wedges included in
the soil parametrization. For a more detailed model description, parameterization
and validation, see the Supplementary Methods.

The schematic model domain for the experiments presented in Fig. 6 was
derived from a LiDAR digital elevation model representing a 90×90m area in
0.25-m resolution of polygonal tundra in Barrow, Alaska (Supplementary Figs 9
and 12). The original 0.25×0.25m-pixel LiDAR elevation map was first averaged
into 20×20m pixels to create a gently sloping ‘base-surface’. Second, the
base-surface was returned to a 0.25-m resolution, resulting in a smoothed elevation
map that by itself represented the non-patterned scenario and the foundation for
other model experiments (high- or low-centred polygon dominated basins). Third,
the polygon features of rims or troughs were manually outlined by following the
observed (LiDAR) patterns. The maximum height of the rims or mounds were
constrained to 20 and 40 cm, respectively. The model experiments were forced
using measured hourly meteorology from Barrow (June 1999–May 2000) and
end-of-winter snow depth measurements from the Barrow Circumpolar Active
Layer Monitoring grid. Average watershed SWE before onset of snowmelt was
identical between the scenarios (119mm), although the sub-basin distribution of
snow varied between the scenarios, where the snow was distributed to result in a
snow surface that was identical to the non-patterned ground surface in the LCP
and HCP scenarios (that is, deeper snow in depressions); and homogeneously in
the non-patterned and also in a second simulation of the HCP scenario. Soil
property profiles were identical throughout the schematic watershed experiment
with a 10-cm-thick organic mat and underlying silt. Parameter values used in
simulations are presented in Supplementary Tables 4–6. The model was run into a
semi-equilibrium hydrologic state, which was achieved after two to three model
years. Similar model experiments, which were forced by an 11-yr period of Barrow
forcing data (1999–2009) and that excluded seasonal freeze and thaw, show the
influence of ice-wedge polygon type on individual water balance components to be
consistent from year to year13.

Code availability. The compiled code of WaSiM is accessible for anyone to
download online (http://www.wasim.ch) and the key equations that underlay the
two not previously published modules are presented in the Supplementary
Methods. A detailed description of all key equations can be found in the user
manual, which is available at the WaSiM website.
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