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ARTICLE INFO ABSTRACT

Keywords: In cold regions where soils freeze and thaw annually, the ground surface deforms due to the density difference
InSAR between groundwater and ground ice. Here we mapped thaw subsidence and frost heave signals over the Toolik
Permafrost

Lake area on the North Slope of Alaska using 12 ALOS PALSAR Interferometric Synthetic Aperture Radar (InSAR)
scenes (2006-2010). For the first time, we jointly analyzed InSAR observations with a large number of soil
measurements collected within ~ 100 km of the Toolik Field Station. We found that the InSAR-observed de-
formation patterns are mainly related to soil water content and the seasonal active layer freeze-thaw (FT) cycle.
We did not observe any substantial long-term subsidence trend outside the 2007 Anaktuvuk River Fire scar. This
suggests that the magnitude of the maximum annual thaw subsidence did not change much outside the fire zone
during the study period. The joint analysis of InSAR and field observations allows us to show that the amplitude
of the seasonal thaw subsidence is proportional to the total amount of ice that has melted into liquid water at any
given time. We note that topography influences the spatial distribution of soil water content, and the availability
of soil water influences the type of vegetation that can grow. As a result, we found that the average seasonal
thaw subsidence increases along a geomorphic-ecohydrologic transect with heath vegetation on the drier ridge-
tops, tussock tundra on hillslopes, and sedge tundra at the wet lowland riparian zones. In addition, we detected a
net uplift between late July and early September, mostly in the wetter riparian zone that experienced a larger
seasonal thaw subsidence. Toolik Field Station in-situ records suggest that the air temperature fluctuated around
or below freezing in early September during the ALOS PALSAR data acquisition times (at ~ 12 am local time). In
this scenario, ice can be formed at the top of the soil, which leads to frost heave in saturated soils. Our results
highlight how InSAR can improve our understanding of active layer freeze-thaw and water storage dynamics in
permafrost environments.

Active layer
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1. Introduction

The delivery of water, carbon (C), and nutrients from the landscape
to surface waters is a major component of global element cycles (Battin
et al., 2009; Aufdenkampe et al., 2011). It fuels large fluxes of CO, from
inland waters to the atmosphere (Kling et al., 1991; Cole et al., 1994;
Raymond et al.,, 2013), and delivers these elements to the world's
oceans (Vonk and Gustafsson, 2013). Understanding the hydrological
dynamics in northern latitudes is of particular concern because (i) C
fluxes from arctic freshwaters may account for 40% of the net land

surface C exchange with the atmosphere (McGuire et al., 2009), (ii)
climate change is thawing large areas of carbon-rich permafrost
(Jorgenson et al., 2006), and (iii) thawing permafrost changes the hy-
drological connection of the land to rivers and lakes (Paytan et al.,
2015; Neilson et al., 2018; O’Connor et al., 2019). There is widespread
debate on how and when thawing soils in areas with permafrost, which
store twice the amount of C found in the atmosphere (Ping et al., 2008),
will contribute to the C cycle and amplify global climate change
(Schuur et al., 2008; Macdougall et al., 2012). This debate is due in part
to a limited understanding of specific hydrologic mechanisms
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Fig. 1. A map of the study area in the upper Kuparuk River Basin near Toolik Lake on the North Slope of Alaska. The ALOS PALSAR data coverage (Path 255, Frame
1370) over the area of interest (~ 65 km x 45 km) is outlined in green. The 2018 sample sites (on foot) are marked as red diamonds, and the 2019 sample sites (by
helicopter or on foot) are marked as yellow stars. Note that the Dalton Highway is the only accessible road in the area. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

controlling water storage and transport from the land to surface waters
(Alexander et al., 2007; McDonnell, 2003; Vidon et al., 2010; Fisher
et al., 2018). The main mechanism for the net export of carbon from
catchments in continuous permafrost to surface waters and then to the
atmosphere and oceans is thought to be overland flow (McNamara
et al.,, 1998). However, recent studies show that groundwater con-
tributions can control dissolved organic carbon and nitrogen export
from land to rivers and lakes (Neilson et al., 2018; Walvoord and
Striegl, 2007). These groundwater contributions depend on the thick-
ness of the “active layer”, which controls groundwater storage and flow
(O’Connor et al., 2019). Here the active layer is defined as any part of
the ground layer above permafrost that freezes and thaws annually.
Over the summer, thaw migrates downward at a rate controlled by heat
inputs, insulation from vegetation, and soil characteristics (e.g., Sjoberg
et al., 2016; Painter et al., 2016). At the end of the thawing season, the
maximum thaw depth is defined as the active layer thickness (ALT).
The Arctic covers continent-sized areas that are mostly hard to ac-
cess, and satellite remote-sensing has become an important tool for
studying many processes in permafrost landscapes that are otherwise
unobservable (Antonova et al., 2016; Chen et al., 2019; Bartsch et al.,
2020). Interferometric Synthetic Aperture Radar (InSAR) techniques
use two Synthetic Aperture Radar (SAR) satellite images over the same
area to estimate surface deformation that occurs between two SAR
acquisition times with 10s-100s of meters spatial resolution and mil-
limeter-to-centimeter Line-Of-Sight (LOS) measurement accuracy
(Rosen et al., 2000; Hanssen, 2001). Because groundwater takes up less
volume than ground ice, the surface settles as the active layer thaws in
summer, with the opposite occurring during freeze-up in fall (Liu et al.,
2010; Short et al., 2011; Antonova et al., 2018; Strozzi et al., 2018;
Rouyet et al., 2019). Furthermore, deepening of the maximum active
layer or melting of excess ground ice can cause a long-term surface
subsidence trend (Liu et al., 2014; Molan et al., 2018; Michaelides et al.,
2019a; Liu et al., 2015; Iwahana et al., 2016). Based on this fact, Liu
et al.,, 2012 and Schaefer et al., 2015 developed an InSAR-based ALT
retrieval algorithm known as the Remotely-Sensed Active Layer
Thickness (ReSALT) using a mixed organic and mineral fully-saturated
soil model, and estimated ALT near Prudhoe Bay and Utqiagvik on the
Alaskan North Slope with a height uncertainty of ~ 10 cm. Following a
similar approach, Daout et al., 2017 analyzed the temporal and spatial
variations of the permafrost ALT on the Tibetan Plateau over a 60,000

km? region. They observed that the amplitude and timing of the sea-
sonal subsidence associated with the annual active layer freeze-thaw
(FT) cycle depended greatly on sediment type, with unconsolidated
sediments having much higher subsidence than exposed bedrock. They
also found a correlation between the amplitude of thaw subsidence and
the topographic slope, but did not provide any in-situ validation of that
correlation.

Previous studies have tended to associate larger seasonal thaw
subsidence with larger active layer thickness. However, as reported in
Daout et al., 2017, the amplitude and timing of the thaw subsidence
and frost heave could depend on other factors such as sediment type
and local topographic slope. The goal of this study is to determine the
controls on InSAR deformation signals associated with the active layer
freeze and thaw for different soils under different geomorphic and
ecohydrologic settings based on in-situ observations. Because most of
the Arctic is hard to access, the availability of data on soil character-
istics is extremely limited (Ping et al., 2008). Our study is the first
analysis that integrates spaceborne InSAR deformation data with a
large number of soil measurements that contain relevant information
on water holding capacity. This allows us to show that the amplitude of
the maximum seasonal thaw subsidence is proportional to the equiva-
lent water depth in the active layer near the end of thaw season. Be-
cause the amount of water in the active layer influences the type of
vegetation that can grow, InSAR can thus help determine and monitor
ecological characteristics of the permafrost terrain.

2. Site characteristics

The two major soil types in the Arctic are typically related to glacial
age: most of the North American and European Arctic are characterized
by young land surfaces exposed by recession of the last continental ice
sheets or mountain glaciers (< 15,000 yr BP), whereas most of Siberia
to far northwestern Canada represents older surfaces (> 100,000 yr BP)
not glaciated during the late-Quaternary (Hamilton, 1975; Hamilton,
1986). The pattern of late-Quaternary glacial advances near Toolik
Lake in the Upper Kuparuk River Basin on the North Slope of Alaska
(Fig. 1) resulted in the juxtaposition of these two major soil ages and
characteristics within a region exposed to similar climate. Currently,
the more acidic tundra of older surfaces near Toolik (> 100,000 yr BP)
has more extensive tussock tundra communities, shallower thaw layers,
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and deeper organic soil accumulations compared to the younger, non-
acidic tundra surfaces (< 15,000 yr BP) (Walker et al., 1989; Ping et al.,
1998; Munroe and Bockheim, 2001). Furthermore, within the two main
soil ages, several vegetation types grow on soils with distinct water
holding capacities: (1) heath vegetation (e.g., evergreen prostrate
shrubs) on the drier hilltops; (2) tussock tundra on the hillslopes; and
(3) wet sedge tundra (sedge tundra) at the lowland valley bottoms.
Since 1975, research in the area near Toolik Lake has studied the effects
of both natural and anthropogenic environmental change on arctic
landscapes. This past and current research provides a long-term data-
base of many meteorological, ecological, and hydrological variables
(Hobbie and Kling, 2014). In this study, we collected 220 in-situ soil
samples at various sites within ~ 100 km of the Toolik Field Station. We
used the properties of these soil samples to calculate the expected
seasonal thaw subsidence, which was compared with InSAR surface
deformation estimates. The ALOS PALSAR spatial coverage and field
sampling sites are marked in Fig. 1.

3. Methods
3.1. Surface deformation due to freezing and thawing of the active layer

The total volume of water S stored in the active layer can be ex-
pressed as (Liu et al., 2010):

ALT
S = AZyater = A ./(; 5(2)¢ (z)dz 16}

where A is the unit area, 2y, is the equivalent water depth, ALT is the
active layer thickness, and dz is the incremental thickness of the thawed
soil column. Both the soil porosity ¢ and the soil saturation ratio s (0-1)
vary with soil depth z and together determine the vertical distribution
of pore water within the soil column.

The maximum seasonal thaw subsidence Adg,son iS proportional to
the equivalent water depth 2., in the active layer as:

P = Pt e 0.09% s

P (2)
where p,, is the density of water, and p; is the density of ice. For ex-
ample, when a 10 cm liquid water column freezes, it expands by ~
9 mm. Following Eq. (1), a 10 cm soil column with 50% porosity and
filled halfway with liquid water (equivalent to 50% saturation) contains
the same amount of soil pore water as a 5 cm soil column with 50%
porosity and filled to the top with liquid water (equivalent to 100%
saturation). Thus we expect to observe 2 mm of thaw subsidence at the
end of thaw season in both cases.

We next discuss key elements in the arctic water cycle that influence
the distribution of water in soils (Fig. 2). The change in the active layer
water storage AS over a summer thaw season can be expressed as:

Adseason =

AS=P—-ET-Q+T 3

where P is precipitation (including snow melting), ET is evapo-
transpiration, Q is the runoff water leaving the soil and entering surface
waters (rivers and lakes), and T is the amount of soil water increase due
to thawing of permafrost. Here P includes both rain and snow, and the
snow portion of P contributes to the active layer water storage at a
delayed time during snow melting. The portion of P that directly goes to
Q or ET does not lead to any change in the active layer water storage,
and thus does not cause any thaw subsidence (the water is never
turning into ice in the active layer). If the net water drainage is minimal
(P — ET — Q = 0), then only thaw deepening at the bottom of the
active layer (into permafrost) that increases T can increase the active
layer water storage and the maximum seasonal thaw subsidence. Al-
ternatively, if the maximum thaw depth is stable or at the time of
maximum thaw the active layer deepens into permafrost with very low
or no ice content (T ~ 0), then only a positive water flux
(P — ET — Q > 0) can result in greater active later water storage and
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Fig. 2. The active layer water budget model. Here P is precipitation (including
snow melting), ET is evapotranspiration, Q is the runoff water leaving the soil
and entering surface waters (rivers and lakes), and T is the amount of soil water
increase due to thawing of permafrost.

seasonal thaw subsidence.

3.2. InSAR observations

3.2.1. InSAR data processing strategy

Interferometric SAR (InSAR) computes the phase difference be-
tween two Synthetic Aperture Radar (SAR) images. The resulting in-
terferogram can be used to infer a map of surface deformation between
two SAR acquisition times (Rosen et al., 2000; Hanssen, 2001). We
downloaded 30 L-band ALOS PALSAR scenes (Path 255 and Frame
1370) over the area of interest (Fig. 1) from the Alaska Satellite Facility.
Note that there were no ALOS acquisitions available in February, May,
and August during the study period 2006-2010. We excluded 3 scenes
acquired on 22 July 2007, 24 July 2008, and 14 September 2010 be-
cause these scenes are heavily corrupted by distinctive ionospheric
artifacts (Wegmidiller et al., 2006; Fattahi et al., 2017). We also excluded
all 15 winter scenes acquired between November to April because the
observed phases in winter-winter interferograms are likely related to
variations in snow accumulation and snow redistribution, which is not
the focus of this study. The summer-winter interferograms are mostly
decorrelated because the presence of snow cover can significantly
change surface scattering properties. Information on Toolik ALOS
PALSAR data properties is summarized in Table 1.

We processed the remaining 12 SAR scenes using a motion-com-
pensation imaging radar processor developed by the Stanford radar
interferometry group (Zebker et al., 2010) and generated all 66 multi-
looked interferograms (60 m resolution). This is equivalent to imposing
a temporal baseline threshold of 1518 days (the time interval between
the first and last ALOS PALSAR acquisitions), and a spatial baseline
threshold of ~ 13 km (the critical baseline for ALOS PALSAR FBS in-
terferograms) (Sandwell et al., 2008). We removed the topographic
phase using the Kuparuk River watershed Digital Elevation Model

Table 1

Toolik ALOS PALSAR data properties.
Study period 2006-2010
Number of SAR scenes 12

Available Acquisitions over the
Toolik area

Satellite revisit cycle

Spatial resolution

Wavelength

Line-Of-Sight vector

Viewing geometry

early June, late July, early September, late
October

46 days

60 m (multi-looked)

24 cm (L-band)

[0.61 0.13 — 0.78] at the mid-swath
Ascending
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(DEM; 25 m resolution) (Nolan, 2003). We unwrapped the inter-
ferograms using SNAPHU and a minimum-cost flow algorithm (Chen
and Zebker, 2001). Some of the interferograms contain long-wave-
length phase ramps across the image, possibly due to a residual orbit
error, time tagging error, long-wavelength tropospheric and iono-
spheric noise, or tectonic motion. These ramps were removed using a
planar phase model. In order to preserve as many interferograms as
possible, we did not expose any threshold on temporal and spatial
baselines. Instead, we inspected the quality of all interferograms, and
excluded 8 interferograms with visible decorrelation artifacts and large
phase unwrapping errors. For the remaining 58 interferograms, we
masked out water bodies using the North Slope Science Initiative (NSSI)
Landcover GIS Data. We did not impose any additional pixel masks
based on InSAR phase coherence.

InSAR technique only measures a relative radar line-of-sight (LOS)
deformation with respect to a selected pixel. We chose a reference point
(68.83° N 150.23° W) where the minimum seasonal deformation was
observed during the study period. Assuming no deformation at the re-
ference point and little variation in the horizontal motion, we converted
radar LOS deformation Ad; og to vertical deformation Adyertical based on:

Adyos = e3Advertical ()]

where ej is the third component of the radar LOS direction unit vector
e = [e},ese3]. For the ALOS ascending imaging geometry over the
Toolik area, e = [0.61 0.13 — 0.78] at the mid-swath. The look angle
variation over the 40 by 60 km? study area is not substantial. We note
that slope creep processes (e.g., Dini et al., 2019) may lead to non-
negligible horizontal motion in regions with large slope angles. Those
pixels were identified and excluded in our analysis as discussed in
Section 3.2.3.

3.2.2. Long-term and seasonal freeze-thaw deformation solutions

The active layer is completely frozen between December and May
each year. In early June, seasonal thaw starts to migrate downward. At
a given time, the magnitude of the thaw subsidence is proportional to
the total amount of ice that has melted into liquid water (Eq. (2)). When
the active layer starts to freeze in the fall, frost heave can be observed. If
the net water drainage is minimal (P — ET — Q = 0 in Eq. (3)), the
total amount of thaw subsidence equals the total amount of frost heave
in a FT cycle. In the Toolik area, the maximum thaw occurs in mid-late
August (Supplementary Materials S1). The thawing process and the as-
sociated thaw subsidence slows down around the time of maximum
thaw. This is because the thermal diffusivity of ice is larger than that of
the liquid water. As more water in the soil column becomes liquid, heat
takes much longer to diffuse through the entire thawed soil column. In
addition, the porosity and water holding capacity of soil typically de-
crease with depth (O’Connor et al., 2020). Therefore, late summer thaw
in relatively dry soils typically does not cause substantial thaw sub-
sidence.

We first consider a scenario where the active layer water storage
and the magnitude of the maximum thaw subsidence increases over
multiple FT cycles due to thawing of permafrost (Fig. 3a). If the radar
satellite acquired two SAR scenes A and B in early June and late July in
a single FT cycle, we can form an interferogram A-B that measures the
seasonal thaw subsidence dg — d, that occurred between early June
and early July of that year. If the radar satellite acquired another SAR
scene C in late July of another FT cycle (another year), we can form two
additional interferograms A-C and B—C. The observed deformation
dc — dj of the interferogram A-C contains a seasonal component and
the long-term trend across years. The observed deformation dc — dp of
the interferogram B—C contains the long-term trend only.

In another scenario where the active layer water storage remains
unchanged over multiple years (Fig. 3b), we can assume the InSAR
deformation signals associated with the active layer freeze and thaw
over multiple FT cycles are identical. In this case, interferograms that
span the same month period contain the same thaw subsidence or frost
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Fig. 3. Surface deformation (brown line, downward means subsidence) asso-
ciated with the freeze-thaw (FT) processes of the active layer. Here we assume
the net water drainage is minimal (P — ET — Q = 0). Thus, the total amount of
thaw subsidence equals the total amount of frost heave in a FT cycle. (a) A
scenario where the active layer water storage increases over multiple years due
to thawing of permafrost. A, B, and C correspond to three SAR acquisitions, and
we can form an interferogram using any two SAR scenes to measure surface
deformation that occurs between the two SAR acquisition times. (b) A scenario
where the active layer water storage remains unchanged over multiple years. In
this case, no long-term deformation trend is present. A, B, C, D, and F corre-
spond to five SAR acquisitions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

heave signal. For example, both interferograms B-D and C-D measure
the frost heave d; — d, that occurred between late July and early
September, and both interferograms A-B and A-C measure the thaw
subsidence d» — d; that occurred between early June and late July.
Because both late July and early September are close to the time of
maximum thaw subsidence, d, = ds.

We first estimated the long-term subsidence trend v (cm/year) at a
pixel of interest based on a stacking approach (Rouyet et al., 2019;
Sandwell and Price, 1998; Peltzer et al., 2001; Lyons and Sandwell,
2003):

— Z (Advertical,i)
2 (AL) 5)

where Adyeriical, i iS the vertical deformation at this pixel as inferred
from the i interferogram listed in Table 2 (left). At; is the total number
of years that the i interferogram spans. Note that all interferograms in
Table 2 (left) span multiple FT cycles. These interferograms contain a
minimal seasonal component, because they were generated using SAR
scenes either around the same time of the year (e.g., the 2006/10/
19-2007/10/22 pair) or around the time of maximum thaw (e.g., the

Table 2
Interferograms used for estimating the average long-term and seasonal de-
formation.

Long-term stack Seasonal Stack

2006/10/19-2007/10/22
2006/10/19-2008/10/24
2006/10/19-2009/10/27
2007/09/06-2009/07/27
2007/09/06-2009/09/11
2007/09/06-2010/07/30
2007/10/22-2009/10/27
2008/09/08-2009/07/27
2009/09/11-2010/07/30

2006/06/03-2008/09/08
2006/06/03-2009/07/27
2006/06/03-2009/09/11
2006/10/19-2009/07/27
2008/06/08-2007/09/06
2007/10/22-2009/07/27
2008/06,/08-2010/07/30
2008/10/24-2009/07/27
2009/10/27-2009/07/27
2009/10/27-2010/07/30
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Table 3
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Interferograms used for estimating the average seasonal deformation between early June, late July, early September, and late

October.

early June - late July

late July - early Sept.

early Sept. - late Oct.

2006/06/03-2009/07/27
2006/06/03-2010/07/30
2008/06/08-2009/07/27
2008/06/08-2010/07/30

2009/07/27-2007/09/06
2009/07/27-2008/09/08
2009/07/27-2009/09/11
2010/07/30-2007/09/06
2010/07/30-2009/09/11

2007/09/06-2007/10/22
2007/09/06-2008/10/24
2007/09/06-2009/10/27
2008/09/08-2008/10/24
2008/09/08-2009/10/27
2009/09/11-2007/10/22
2009/09/11-2008/10/24
2009/09/11-2009/10/27

2007/09/06-2009/07 /27 pair).

Because a strong long-term trend may mask the seasonal deforma-
tion signal, we only focused on the scenario where the active layer
water storage remains unchanged over multiple years (Fig. 3 (b)) in the
seasonal deformation analysis. We averaged all interferograms that
include one SAR scene acquired in early June or late October, and
another SAR scene acquired in late July or early September (Table 2
(right); after excluding all pixels with non-trivial long-term trends). We
note that this seasonal stack solution underestimates the maximum
seasonal subsidence, because (1) the active layer is not completely
frozen by the end of October, and (2) a small frost heave may occur in
early September at some locations during the ALOS PALSAR acquisition
times (Section 5.2).

Similarly, we estimated the subsidence and uplift signatures due to
the seasonal active layer FT processes between (i) early June and late
July, (ii) late July and early September, and (iii) early September and
late October by averaging all interferograms that span these periods as
listed in Table 3. The early June to late July solution is a good ap-
proximation of the maximum seasonal subsidence, because late summer
thaw in low porosity soils typically does not cause substantial thaw
subsidence (Supplementary Materials S1).

Note that we can also compute seasonal deformation over other
time intervals. For example, by averaging all interferograms that span
late July and late October (Supplementary Materials S3), we can compute
the average frost heave that occurred between late July and late
October. Alternatively, we can combine the late July and early
September stack solution with the early September and late October
stack solution (Section 4.1) to derive a comparable seasonal surface
deformation solution that occurred between late July and late October.

3.2.3. InSAR measurement uncertainty
The measured InSAR phase A@ can be written as (Zebker and
Villasenor, 1992; Zebker et al., 1994; Zebker et al., 1997):

4
Ap = TAdLOS + APdem + Aatm + APiono + APorh + Adecor + APunwip + APn 6)

where A is the radar wavelength, and Ad;os is the LOS surface de-
formation between two SAR data acquisition times. The remaining
phase terms on the right-hand side are errors due to inaccurate DEM
(A@gem), atmospheric (A@qq,) and ionospheric (A@;,n,) artifacts, orbital
errors (A@.m), phase decorrelation (A@gecor) and phase unwrapping
errors (AQumwrp), and other error terms associated with thermal and soil
moisture effects (Agy,).

Following the InSAR data processing strategy as described in
Section 3.2.1, interferograms that contain large ionospheric errors were
excluded in the analysis, and orbital errors were removed as a planar
phase ramp. A@gecor and A@ynurp are associated with significant changes
in surface scattering properties (e.g. vegetation growth) or phase am-
biguity at isolated fast moving pixels (e.g. > 6 cm LOS motion between
two adjacent pixels in a L-band interferogram). We excluded 8 inter-
ferograms that contain visible decorrelation and phase unwrapping
artifacts (e.g., due to vegetation growth or other factors that change the
surface scattering properties). A@gecor and A@ynwrp in the remaining 58

interferograms were negligible. A, is typically at least an order mag-
nitude smaller than the other error terms (Hanssen, 2001; Michaelides
et al., 2019b). Hence we focused on evaluating the impact of DEM er-
rors and tropospheric delays on the Toolik ALOS interferograms.

In Supplementary Materials S2, we show that ALOS pixels with large
DEM errors are mostly located in rocky regions with steep terrain.
Because of the lack of soil, these regions with exposed bedrock do not
experience substantial seasonal deformation associated with the active
layer freeze and thaw, and they are not the focus of this study. In ad-
dition, slope creep processes (e.g., Dini et al., 2019) may lead to a non-
negligible, long-term downward deformation trend in regions with
large slope angles. We note that both DEM errors and slope creep sig-
nals are typically more noticeable in the long-term trend solution than
in the seasonal deformation solution. Our analysis only focused on
InSAR pixels without a detectable long-term deformation trend, where
slope creep signals or DEM errors are not substantial.

Because the tundra climate is characterized by cool to cold tem-
peratures and generally dry conditions, the impact of tropospheric noise
is expected to be moderate to low (Supplementary Materials S3). We
averaged interferograms that contain the common signal of interest
(Section 3.2.2) (Rouyet et al., 2019; Sandwell and Price, 1998; Peltzer
et al., 2001; Lyons and Sandwell, 2003). This can reduce the random
tropospheric noise level by a factor of ~+/N, where N is the total number
of SAR scenes used for generating the interferogram stack (Emardson
et al., 2003). Under the assumption of a 2 cm tropospheric error across
a single ALOS PLASAR interferogram (Zebker et al., 1997; Emardson
et al., 2003), the tropospheric noise in the stack solutions is ~ 1 cm or
less. Furthermore, we compared the InSAR-observed deformation sig-
nals with the expected seasonal thaw subsidence calculated from field
observations (Section 3.3). This allows us to confirm that the observed
centimeter-level seasonal deformation patterns (in the regions where
slope creep processes and DEM errors are not substantial) are indeed
related to the freeze-thaw cycle of the active layer rather than residual
tropospheric artifacts.

3.3. In-situ measurements

We conducted two field campaigns to measure in-situ soil properties
that contain relevant information on water holding capacity. The un-
disturbed tundra soils in most of the Arctic consist of three distinct
layers from the top to bottom: the acrotelm, the catotelm, and the
mineral soil (Fig. 4a-b). The acrotelm and catotelm are organic soil
layers with relatively high porosity. The boundary between these two
layers is defined by the transition from peat containing living plants
(acrotelm) to peat containing older dead plant material (catotelm). The
bottom layer contains soils made mostly of low porosity, wind-de-
posited mineral soils (i.e., loess). The expected summer thaw sub-
sidence Ad can thus be written as:

3
Ad = L Z Zisi¢i
- @

where z;, s;, and ¢; are the thicknesses, the average saturation and the
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Fig. 4. (a) Soil core samples collected in 2018 near Toolik Lake. The tundra soils in the Toolik region consist of three distinct layers from the top to bottom: the
acrotelm, the catotelm, and the mineral soil. The soil below the water table is considered as fully saturated (s = 1). (b) The porosity and bulk density measurements
of soil samples collected from the acrotelm, the catotelm, and the mineral soil. In these soils the porosity typically decreases with the bulk density (data from
O’Connor et al., 2020). (c) The average depth to the water table and soil layer thickness for heath, tussock and sedge land-cover types.

average porosity of the i thawed soil layer. We denote i = 1 as the
acrotelm layer, i = 2 as the catotelm layer and i = 3 as the mineral soil
layer.

In 2018 (August 15-August 24) and 2019 (July 26-August 3), we
collected 220 soil core samples at different sites near the Toolik Field
Station (Fig. 1). Because our main focus is on the undisturbed perma-
frost landscape, we did not collect soil samples at remote sites such as
the Anaktuvuk River fire scar. At each sample site, undisturbed soil
samples from at least one soil layer were cored using a metal ring with a
known volume (Fig. 5a). Porosity was determined by saturating the
sample and then oven-drying, and the difference in weight provides the
amount of water that can be held in the soil sample (Fig. 5b). For each
soil pit we dug (Fig. 5c), we measured the depth of the acrotelm layer
(1) and the depth of the catotelm layer () using a tape measure. We
estimated the thaw depth (Zupaw) as the mean of five mechanical
probing measurements near the soil pit (Brown et al., 2000). We cal-
culated the depth of the mineral soil layer (23) as Zmaw — 21 — 2o. It is

reasonable to use in-situ thaw depth measurements collected between
late July and late August to calculate Ad in Eq. (7). This is because
mineral soils have much lower porosity and water holding capacity
than do the shallower organic soil layers. As a result, a few centimeters
of late summer thaw in August (Supplementary Materials S1) typically
does not cause substantial thaw subsidence. For example, 5 cm thaw of
the mineral soil layer with 47% porosity and 100% saturation only
leads to ~ 2 mm thaw subsidence, which is below the ALOS measure-
ment noise level. The depth to the water table (DTW) was also mea-
sured at each site. Because the porosity in the acrotelm and catotelm
layers is high (~ 0.78-0.98) and water in the unsaturated zone can
expand to cover the empty pore space during freezing without con-
tributing to surface deformation, we ignored the soil water stored above
the water table in the Ad calculation.

The amount of water in the active layer increases from hill ridges to
valley bottoms, which influences the type of vegetation that can grow.
Following this fact, we further divided the soil samples into soils

Fig. 5. Field photos. (a) Taking a soil core sample. (b) Saturating samples in the lab for measuring porosity. (c) A soil pit we dug at a sample site. (d) Heath land cover

(e) Tussock Tundra land cover. (f) Wet sedge land cover.
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underlying three general land cover types: heath vegetation (e.g.,
evergreen prostrate shrubs or other low-growing woody vegetation) on
ridges, tussock tundra on hillslopes, and sedge vegetation in wetter or
saturated valley bottoms (Fig. 4c and Fig. 5d-f). Note that certain
water-loving shrubs (e.g., willow) often grow along water tracks. We
did not analyze the woody vegetation along water tracks in this study,
because the soils here typically only contain well-drained acrotelm and
often gravel and boulders at depth. While we do not expect substantial
seasonal deformation associated with the active layer freeze and thaw
(due to the lack of saturated soil layers) at these water tracks, the
movement of gravels may lead to surface motion that is not the focus of
this study.

4. Results
4.1. Long-term and seasonal deformation from InSAR observations

We observed a ~ 2-3 cm/year subsidence trend between 2006 and
2010 over the southern-most portion of the 2007 Anaktuvuk River fire
zone (highlighted by the dark green squares in Fig. 6a). Outside the fire
zone, we observed ~ 0.6-1 cm/year subsidence trend in some rocky
regions with very steep terrain, which may be due to DEM errors or
slope creep processes (Supplementary Materials S2). We did not observe
any detectable trend at the majority of InSAR pixels shown in yellow in
Fig. 6a). In the remainder of the paper, our discussions focus on those
pixels, where the observed InSAR deformation signals are mainly re-
lated to the seasonal active layer freeze-thaw cycle (Fig. 6b).

Due to the lack of ALOS acquisitions in August, we observed the
maximum seasonal thaw subsidence between early June and late July
(Fig. 7a). We observed a net uplift between late July and early Sep-
tember (Fig. 7b) and between early September and late October
(Fig. 7c). An important finding from this study is that the observed
seasonal thaw subsidence and frost heave patterns are related to the
local topography as well as the local watershed and river network
morphology (Fig. 8). The smaller seasonal deformation (~ 2 cm or less)
is often observed at the hill ridges where the soil is the least saturated,
and the larger seasonal deformation (~ 3 c¢cm or more) is mostly ob-
served in the river valleys where the soil is typically fully saturated. We
note that the maximum seasonal thaw subsidence is proportional to the
active layer soil water content as described in Section 3.1, and topo-
graphy is one of many factors that influence soil water distributions.

(a) Long-term (b) Seasonal

>3 >4
0 0
<-3 <-4
15 km
—  [cm/yr] cm]

Fig. 6. (a) InSAR-observed long-term surface deformation trend (cm/year)
between 2006 and 2010 over the Toolik area. Here red means subsidence,
yellow means no significant deformation, and blue means uplift. The 2007
Anaktuvuk River fire resulted in a detectable long-term subsidence trend (~
2 cm/year-3 cm/year) in regions highlighted by the dark green squares. The
ALOS spatial coverage over the area of interest (~ 65 km X 45 km) is outlined
in green in Fig. 1. (b) InSAR-observed average seasonal thaw subsidence (cm)
between 2006 and 2010 over the same area. We masked-out pixels with a long-
term subsidence trend greater than 6 mm/year, because DEM errors or slope
creep processes may contribute to the observed deformation signals at those
pixels. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Average surface deformation between (a) early June and late July, (b)
late July and early September, and (c) early September and late October. Here
red means subsidence, yellow means no significant deformation, and blue
means uplift. We masked-out pixels with a long-term subsidence trend greater
than 6 mm/year, because DEM errors or slope creep processes may contribute
to the observed deformation signals at those pixels. (d) The Digital Elevation
Model (DEM) in the Toolik area. The spatial coverage over the area of interest
(~ 65 km x 45 km) is outlined in green in Fig. 1. Note that the observed
seasonal deformation pattern shows a strong correlation with the local topo-
graphy as well as the local watershed and river network morphology. The re-
gions outlined in purple are magnified in Fig. 8 for further comparison. (For

interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 8. (a) The Digital Elevation Model (DEM) over the area outlined in purple
in Fig. 7 (d) on a latitude/longitude grid. (b) Average thaw subsidence between
early June and late July (2006-2010) over the area outlined in purple in Fig. 7
(a). Water pixels are marked in blue. We masked-out pixels with a long-term
subsidence trend greater than 6 mm/year, because DEM errors or slope creep
processes may contribute to the observed deformation signals at those pixels.
(c) The DEM and June-July thaw subsidence profiles along the green transect
marked in panels (a) and (b). A Gaussian filter was applied to the June-July
subsidence profile to match the spatial resolution of DEM data. We note that the
maximum seasonal thaw subsidence is proportional to the active layer soil
water content as described in Section 3.1, and topography is one of many
factors that influence soil water distributions. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

4.2. Comparison between InSAR and in-situ observations

A direct comparison between remotely-sensed measurements and
field measurements is often impossible because they cover very dif-
ferent temporal and spatial scales. While the spatial resolution of InSAR
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measurements. We fitted each distribution with a log-normal probability density function (in red). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

deformation maps is on the order of 10s-100s of meters, in-situ mea-
surements can vary significantly due to the sub-meter-scale hetero-
geneity of arctic soils. To characterize the range and variance in soil
properties, we collected and analyzed a large number of in-situ mea-
surements that contain relevant information on water holding capacity
as described in Section 3.3. We fitted a log-normal probability density
function (PDF) to the distribution of each soil property (Fig. 9). We then
drew random samples from these PDFs, and computed the distribution
of the equivalent water depth (Zyater) based on Eq. (7) through 10°
Monte Carlo simulations. Following Eq. (2), 75% of the Monte Carlo
simulations suggest a Zyater value less than 44.5 cm (4 cm thaw sub-
sidence), and the median 2., equals 30.7 cm (2.8 cm thaw sub-
sidence) (Fig. 10a). On the other hand, the median thaw subsidence
measurements of all InSAR pixels equals 2.6 cm, which suggests an
Zwater Of 28.8 cm (Fig. 10b). InSAR thaw subsidence observations have a
smaller standard deviation than the estimated thaw subsidence from
the Monte Carlo simulations (Fig. 10c). This is because (1) the un-
certainty of field measurements is larger due to the sub-meter-scale
heterogeneity of arctic soils, and (2) InSAR and in-situ measurements
have different sampling frequencies for different land cover types.
Because the availability of water influences the type of vegetation
that can grow, we found that InSAR-observed deformation patterns are
in agreement with land vegetation cover types along a geomorphic-
ecohydrologic transect with heath and some tussock vegetation on
ridges, tussock tundra on hillslopes, and sedge tundra and occasional
shrubs on higher ground (mounds) at the valley-bottom riparian zone.
We grouped in-situ soil samples collected under dry heath vegetation,
tussock tundra, and sedge tundra (Table 4), and simulated the expected
seasonal thaw subsidence for each land cover (Fig. 11a). The median
thaw subsidence values for these three vegetation covers are 1.5 cm,
2.0 cm, and 2.9 cm, respectively, based on the Monte Carlo simulations.
This means that on average, sedges grow in soils than contain ~ 30%
more water than in tussocks and ~ 50% more water than in heaths.
Using the North Slope Science Initiative (NSSI) Landcover GIS Data,
we selected sedge tundra, tussock tundra, and woody shrub InSAR
pixels along a ridge-to-ridge transect (Fig. 11b-d). The median

June-July thaw subsidence is 3 cm for 3157 sedge tundra pixels, and
2.2 cm for 7683 tussock tundra pixels. More specifically, 49.3% of the
sedge tundra pixels and 25.3% of the tussock tundra pixels show more
than 3 cm of thaw subsidence, while 23.7% of the sedge pixels and
39.4% of the tussock tundra pixels display less than 2 cm of thaw
subsidence. While InSAR and in-situ observations show good agreement
for tussock and sedge vegetation covers, the Monte Carlo simulations
for heath vegetation show lower values than the 1532 InSAR woody
shrub pixels. This is because we cannot distinguish woody shrubs that
grow on drier hill ridges (e.g., heath) and wetter or saturated water
tracks (e.g., willows and birch) using the NSSI woody shrub classifi-
cation data. In addition, different varieties of dwarf shrubs may grow all
over the place, which can add to the complexity in sub-classifications of
woody vegetation.

5. Discussion
5.1. InSAR observations and the active layer thickness (ALT)

As discussed in Section 3.1, if the net water drainage is minimal
(P — ET — Q = 0), then only thaw deepening at the bottom of the
active layer into permafrost with non-negligible ice content can in-
crease the maximum seasonal thaw subsidence. Michaelides et al.,
2019a in a recent permafrost wildfire study noted that the InSAR-ob-
served deformation patterns are related to the temporal recovery of the
vegetation within the fire zone. They found that the removal of vege-
tation and organic materials by fire increases energy absorption by the
ground, which leads to an increase in ALT and seasonal thaw sub-
sidence over multiple FT cycles. This is likely the cause of the observed
long-term subsidence trend in the 2007 Anaktuvuk River fire zone.
Outside the fire zone, while we observed detectable centimeter-level
deformation associated with the active layer seasonal freeze and thaw
processes, we did not observe any long-term subsidence trend above the
noise level (~ 5 mm/year). This suggests that the maximum seasonal
thaw depth was stable between 2006 and 2010, or thaw deepening did
not cause any detectable increase in the active layer soil water content
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Fig. 10. The equivalent water depth 2., (cm) distribution as derived from (a) 10° Monte Carlo simulations that are constrained by in-situ measurements, and (b)
InSAR observations at all pixel locations. (c) Thaw subsidence between early June and late July as estimated from both in-situ and InSAR observations. When a
10.9 cm solid ice column thaws, it becomes a 10 cm liquid water column. The median thaw subsidence of all Monte Carlo simulations is 2.8 cm, and the median value

of all InSAR pixels is 2.6 cm.

Table 4

Mean and standard deviation of the depth to the water table (DTW), and the
thickness of the acrotelm (d;), catotelm (d-), and mineral soil (d3) layers as
derived from 220 Toolik soil core samples for three general land cover types.

DTW (cm) d; (cm) d (cm) ds(cm)
Heath 155 = 6.5 12.0 = 6.5 5.2 * 4.6 31.7 = 18.3
Tussock Tundra 18.1 + 13.7 11.4 = 5.2 13.3 = 89 29.6 = 16.3
Sedge Tundra 9.1 + 9.8 10.2 = 5.6 229 *= 141 30.5 = 21.3

in the undisturbed study area (under the assumption P — ET — Q = 0).
In-situ thaw depth measurements (Fig. 12) show that the August 11
thaw depth (~ 40 cm) at the Toolik grid has increased very slightly
since 1990. At the Imnavait grid, the August 11 thaw depth increase
between 2006 and 2010 is ~ 5 cm. As discussed in Section 3.3, 5 cm
thaw of the low porosity mineral soils was unlikely to cause any soil
water content increase that is detectable by InSAR. Here we want to
emphasize that the presence of a long-term subsidence trend indicates
an increase in the active layer soil water content, and the active layer
thickness is not the only factor that influences the soil water content.
Additional information on the depth of the water table as well as how
soil porosity changes with depth is required to retrieve the absolute ALT
from InSAR observations.

5.2. InSAR observations and the active layer freeze-thaw dynamics

Daout et al., 2017 showed that the onset of frost heave was earlier in
regions that experienced larger seasonal thaw subsidence using Tibetan
InSAR observations. Our InSAR results are consistent with this findings.
A net uplift was observed between late July and early September in the
Toolik area, mostly in the wetter riparian zone that experienced a larger
seasonal thaw subsidence. Toolik Field Station in-situ data (Fig. 13a)
suggest that the air temperature fluctuated around or below freezing in
early September during the ALOS PALSAR data acquisition times (at ~
12 am local time on 2007/09/06, 2008/09/08, and 2009/09/11). In
this scenario, ice can be formed at the top of the soil, which leads to
frost heave in saturated soils. We do not expect to detect frost heave in
drier unsaturated soils, because water in the unsaturated zone can ex-
pand to cover the empty pore space during freezing without con-
tributing to heave. Additional frost heaving was observed between early
September and late October at all pixels that experienced thaw sub-
sidence in the summer thaw season. The total thaw subsidence that
occurred between early June and late July is larger than the total frost

heave that occurred between late July and late October. This suggests
that frost heave continued after late October until the active layer was
completely frozen in November-December.

In contrast, previous studies (Liu et al., 2012; Schaefer et al., 2015)
assumed that the InSAR-observed thaw subsidence is proportional to
the square root of the normalized Accumulated Degree Days of Thaw
(ADDT; defined as the total number of days with average daily air
temperatures above 0 degree Celsius), and that the maximum sub-
sidence occurs on or after the surface temperature returns to freezing.
Based on the Toolik ADDT curve (Fig. 13b), the onset of thaw sub-
sidence was expected to occur in early June (~ the 150" days of the
year) and the maximum thaw subsidence was expected to occur after
mid-September (~ the 260 days of the year). The possible reasons that
ALOS data detected an earlier onset of frost heaving than the ADDT
model are as follows: (1) ALOS PALSAR satellite acquired data at
midnight when the air temperature was close to the daily minimum
rather than the daily average; and (2) the air temperature is not the
only factor that controls the active layer FT dynamics. As discussed in
Section 3.2.2, thermal diffusivity and thickness of soil columns can also
play a role. Moreover, 1 cm of thaw often does not result in the same
amount of thaw subsidence. This is because the water holding capacity
of soils varies at different locations and depths.

6. Conclusion

In this study we analyzed 12 ALOS PALSAR scenes (2006-2010) and
220 soil core samples collected at various sites within ~ 100 km of the
Toolik Field Station. This allowed us to show that the amplitude of the
seasonal thaw subsidence is proportional to the total amount of water
that freezes and thaws annually, but not necessarily to the ALT. Our
InSAR results reveal that the observed deformation patterns are mainly
related to soil water content and the seasonal active layer freeze-thaw
cycle, and no substantial long-term subsidence trend was observed
outside the 2007 Anaktuvuk River Fire scar. We found that the onset of
frost heave occurred in early September, when the temperature fluc-
tuated around freezing. In this scenario, ice can be formed at the top of
the soil, which leads to frost heave in saturated soils. We also found that
InSAR-observed seasonal deformation patterns are related to land cover
(vegetation) types. The deformation amplitude increases along a geo-
morphic-ecohydrologic transect with heath and some tussock vegeta-
tion on ridges, tussock tundra on hillslopes, and sedge tundra and oc-
casional shrubs on higher ground (mounds) in the valley-bottom
riparian zone. Our results demonstrate that satellite geodetic data can
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Fig. 11. (a) The expected seasonal thaw subsidence as derived from 10° Monte Carlo simulations that are constrained by in-situ measurements. The median
subsidence values for heath, tussock tundra and sedge tundra are 1.5 cm, 2.0 cm, and 2.9 cm. (b) The distributions of the InSAR thaw subsidence measurements for
woody shrubs (including woody vegetation on ridges and near water tracks), tussock tundra, and sedge tundra along the green transect marked in panel (d). Red lines
show median values. (c) North Slope Science Initiative (NSSI) land cover GIS Data (1-Alder, 2-Water, 3-Sedge Tundra, 4-Bare Land, 5-Woody Shrub, 6-Dwarf Shrub,
7-Tussock Tundra) over the area outlined in purple in Fig. 7(a) on a latitude/longitude grid. We collected soil samples under heath (upland woody shrubs), tussock,
and sedge land covers. Note that certain water-loving shrubs (e.g., willow) often grow along water tracks, and we did not analyze these water track woody samples.
(d) Mean thaw subsidence between early June and late July (2006-2010) over the same region. Water pixels are marked in blue. We masked-out pixels with a long-
term subsidence trend greater than 6 mm/year, because DEM errors or slope creep processes may contribute to the observed deformation signals at those pixels. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Probing thaw depth measurements on 2 July and 11 August (~ max thaw) for the Toolik Lake (1990-2016) and Imnavait Creek (2003-2016) thaw

measurement grids (data source: Arctic Long Term Ecological Research (Arctic LTER) program; see also Hobbie and Kling, 2014. The locations of the thaw grids are
illustrated in Fig. 1.

fill a critical gap in the current arctic hydrology observing system, reach the maximum. In addition, we were unable to distinguish the
which can help us to better understand the hydrologic dynamics in variability in the active layer water storage from year to year, because
thawing permafrost. the stacking approach assumes that the InSAR deformation signals as-

We note that the ALOS PALSAR data that were employed in this sociated with the active layer freeze and thaw over multiple FT cycles
study have a limited temporal sampling rate. As a result, we could only are identical. Recently launched satellite missions such as Sentinel-1
derive seasonal deformation that occurred between early June, late have provided nearly global InSAR data coverage on a 6-day repeat

July, early September, and late October. No ALOS acquisition was made cycle with a two-satellite constellation. Scheduled for launch in 2022,
over this area in August when the annual thaw depth is expected to the NASA-ISRO Synthetic Aperture Radar (NISAR) mission will

10
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Fig. 13. (a) Toolik Field Station daily minimum air temperature measurements at 5 m height between June and September (2006-2010). The Toolik ALOS early
September scenes were acquired at 8:00 UTC (at 12 am local time during daylight savings) on 2007/09/06, 2008/09/08, and 2009/09/11 when the air temperature
fluctuated around or below freezing. (b) Normalized Accumulated Degree Days of Thaw (ADDT) curve (2006-2010) at the Toolik Field Station. Here we calculated
daily ADDT as the total number of days with average daily air temperatures above 0 degree Celsius. We normalized the ADDT curve by the total number of degree

days of thaw for a given year.

continue to measure surface deformation with a sampling interval of
12 days and resolution of 100 m over at least 70% of the specified
regions of Earth's land surface. The broad spatial and temporal coverage
of the current and next generations of InSAR data can be potentially
used to refine our understanding of the dynamics and hydrological state
of permafrost at a pan-arctic scale.
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