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Abstract: Thermokarst is the process of ground subsidence caused by either the thawing of ice-rich
permafrost or the melting of massive ground ice. The consequences of permafrost degradation
associated with thermokarst for surface ecology, landscape evolution, and hydrological processes
have been of great scientific interest and social concern. Part of a tundra patch affected by wildfire in
northern Alaska (27.5 km?) was investigated here, using remote sensing and i situ surveys to quantify
and understand permafrost thaw dynamics after surface disturbances. A two-pass differential INSAR
technique using L-band ALOS-PALSAR has been shown capable of capturing thermokarst subsidence
triggered by a tundra fire at a spatial resolution of tens of meters, with supporting evidence from field
data and optical satellite images. We have introduced a calibration procedure, comparing burned
and unburned areas for INSAR subsidence signals, to remove the noise due to seasonal surface
movement. In the first year after the fire, an average subsidence rate of 6.2 cm/year (vertical) was
measured. Subsidence in the burned area continued over the following two years, with decreased
rates. The mean rate of subsidence observed in our interferograms (from 24 July 2008 to 14 September
2010) was 3.3 cm/year, a value comparable to that estimated from field surveys at two plots on
average (2.2 cm/year) for the six years after the fire. These results suggest that this InNSAR-measured
ground subsidence is caused by the development of thermokarst, a thawing process supported by
surface change observations from high-resolution optical images and in situ ground level surveys.
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1. Introduction

The development of thermokarst in ice-rich permafrost regions is a natural hazard, causing
irreversible geomorphic changes [1]. Thermokarst is the process by which characteristic landforms
result from either the thawing of ice-rich permafrost or the melting of massive ice [2]. The formation
of large depressions and lakes or swamps produced by thermokarst processes is observed in
discontinuous and continuous permafrost zones, especially in Alaska and Northeastern Siberia.
These regions are often underlain by highly ice-rich permafrost, known as Yedoma ice-complex
(Yedoma). Yedoma is a unique Quaternary permafrost deposit, consisting of excessive amounts of
ground ice (50%—90% in volume) and organic-rich sediments [3]. Permafrost degradation caused by
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thermokarst implies the mobilization of not only huge amounts of currently confined organic carbon,
but also a certain amount of water preserved as ground ice. Therefore, feedbacks from permafrost
degradation to the surface ecology, landscape, and hydrological processes have been of great scientific
and social concern, and the need for elucidation of their role in the ecosystem and global climate
system has been emphasized by many authors (e.g., [4-8]).

The amount of organic carbon preserved in permafrost regions is estimated to be twice as large
as the amount of carbon in the atmosphere, and 211 + 160/ —153 Gt are stored in Yedoma regions [9].
Zimov et al. and Walter et al. [10,11] reported that thawing of Yedoma may release a significant amount
of methane (~3.8 Tg/year), which can lead to further climate warming. A warming climate can induce
environmental changes including thermokarst, which accelerates climate change through the microbial
breakdown of organic carbon and the further release of greenhouse gases [12]. Despite the recognition
of uncertainty about the fate of Arctic regions and global climate change due to permafrost degradation,
information about the spatial extent and rates of thermokarst processes is still limited.

One promising technique for the quantification of thermokarst in remote wide areas underlain by
ice-rich permafrost is the deployment of Interferometric Synthetic Aperture Radar (InSAR). InSAR
allows the remote detection of deformation on the terrestrial surface associated with earthquakes,
volcanic activities, or other natural and anthropogenic alteration underground (e.g., [13,14]).
There have been several studies regarding surface change related to frozen ground dynamics. The first
successful attempt to use INSAR to detect thaw settlement was made by [15]. Short et al. [16] then
compared TerraSAR-X, RADARSAT-2, and ALOS-PALSAR interferometry for monitoring permafrost
environments, concluding that ALOS-PALSAR, in particular, was the most promising data source for
identifying permafrost and landscape change. In recent years, both seasonal thaw settlement [17] and
an increase in surface subsidence caused by Arctic tundra fire [18] in a permafrost region of north
Alaska were detected by InNSAR time series analysis using ALOS-PALSAR data. Liu et al. [17] provided
temporally averaged levels of seasonal thaw settlement in individual drained thermokarst lake basins,
demonstrating the ability to detect surface movement associated with ground freeze-thaw cycle at tens
of meters spatial resolution. Large-scale thermokarst subsidence in the Anaktuvuk River Fire (ARF)
scar was detected using InSAR for the first time by [18]. Although spatial variation in thermokarst
subsidence at the regional scale was shown, field information and InSAR analysis served to limit
understanding of local thermokarst processes, as these phenomena occur at much smaller scales (from
several to one hundred meters). To date, INSAR techniques for quantifying thermokarst subsidence
with enough spatial and temporal resolution for understanding local thermokarst processes in detail,
including evidence from fieldwork, have not yet been reported for the ARF scar.

The objectives of this paper are to demonstrate the ability of L-band InSAR to quantify thermokarst
subsidence at spatial resolutions of an order of tens of meters, including supporting evidence from
field surveys and analysis of optical satellite images, and to discuss the efficiency and limitations of
this method as a monitoring tool for thermokarst. To this end, we investigated the northern part of the
same ARF scar in detail, using both optical and microwave remote sensing, as well as in situ fieldwork.

2. Materials and Methods

2.1. Anaktuvuk River Fire (ARF)

In 2007, ARF (the largest tundra wild fire in recorded history) occurred near the Anaktuvuk
River on the North Slope of Alaska (Figure 1), an area dominated by ice-rich permafrost, according
to the Circum-Arctic Map of Permafrost and Ground Ice Conditions [19]. It was estimated that the
maximum age of soil carbon lost was 50 years [20]. ARF was ignited by lightning on 16 July, and
burned rigorously through September [21]. Our target area is at the northernmost part of the ARF, and
was burned toward the end of September. While intensive biochemical research has been conducted
regarding this vast, unique, disturbed permafrost terrain [20,22-24], estimation of the volumetric
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subsidence due to thermokarst after this fire has not yet been attempted, as the burned area was too
extensive (about 1000 km?) for analyses using in situ measurements.

Figure 1. Location map of the Anaktuvuk River Fire (ARF) scar. The area delineated by white lines
burned from July until September 2007.

2.2. InSAR Processing

The general workflow for INSAR processing and interferograms analysis processes in our study is
shown in Figure 2. ALOS-PALSAR (L-band SAR) was chosen for our analysis because at L-band the
electro-magnetic wave—due to its longer wavelength (23.8 cm)—can penetrate through vegetation
cover, yielding coherent signals. This is particularly suitable for thermokarst application of InNSAR,
as thermokarst is often associated with surface vegetation disturbance and recovery over time.
The accuracy of displacement detection by InNSAR in the best case is on the order of 1 mm/year [25]
using time series analysis. However, accurate DEM is critical for the extraction of reliable measurements
in conventional differential INSAR analysis from PALSAR pairs, as PALSAR baselines can be very large.
For the target areas in this study, a 6.5-m spatial resolution DEM was created using ALOS-PRISM data,
and was used for terrain correction of INSAR. The vertical accuracy of DEM was estimated as 3 m from
our field surveys. Vertical displacement errors associated with DEM height ambiguities for our INSAR

pairs are listed in Table 1.
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Figure 2. Workflow for InNSAR processing and interferograms analysis processes in our study.
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Table 1. Configuration of InSAR pairs used in this study. Perpendicular baseline (Bperp), time
interval between pair acquisitions (Time lag), subsidence error due to inaccurate DEM, and remarks on
ionospheric effects of INSAR pairs.

Subsidence Error
PairID Master Date Slave Date Bperp (m) Time Lag(days) Due to Inaccurate Ionospheric Effects

DEM (cm)
Pre-1  2006/09/03 2006/06/03  —1350 92 1.0 Not significant
Obvious trend in
Pre2  2007/09/06  2007/07/22 —498 46 0.4 NE.SW dimoetion
Post-1  2009/07/27  2008/07/24 922 368 (125%) 07 Not significant
Post2  2009/09/11  2009/07/27  —626 46 05 Not significant
Post-3  2010/09/14  2010/07/30 ~398 46 03 Obvious trend in

N-S direction

* days in thawing season

Liu et al. [15] summarized three limitations of the INSAR technique when used to measure surface
deformation over permafrost regions. First, INSAR cannot measure absolute ground displacements, but
only determine relative displacements across an individual interferogram. In our study, interferogram
phase was set to 0, at a starting point for unwrapping entire interferograms. This starting point was
set in an intact (unburned) and adjacent part of the northern end of the ARF scar (Figure 3), where
only seasonal freeze and thaw in the active layer affects surface deformation detectable by InSAR,
assuming there is no thermokarst subsidence during our study period. Second, InNSAR requires stable
surface conditions to maintain phase coherence for robust differential phase measurements. If there is
significant change in surface characteristics between SAR data acquisitions—such as vegetation change,
snowfall or melt, or ground freeze or thaw—overall coherence in the processed interferograms will be
too low [16]. Third, INSAR measures only one-dimensional surface displacements in the line-of-sight
(LOS) direction. In this study, surface movements obtained in the line of sight has been projected
to vertical directions using the satellite incidence angle (34.3°). The vertical displacement D was
calculated as Formula (1):

D = —A/4ntx (@/cos(0)), 1)

where 6 is the incidence angle, A is the signal wavelength, and ¢ is the interferometric phase.
Our study area contains mostly flat or gentle slopes (95% of the studied area displays less than
5° slope angles), except for the boundaries between river valleys and terraces. It is assumed that
thermokarst subsidence had occurred primarily in the vertical direction for short time intervals
(less than a year), although ground subsides preferentially along ice wedge network lines, making
the deformation three-dimensional. Little evidence of geomorphic changes inducing surface lateral
movement, such as thaw slumps and active layer detachments, has been found during either our
fieldwork and reconnaissance flights over the area or the surveillance of available high-resolution
images obtained by optical satellite sensors. Hence, for this data set, vertical subsidence is considered
a reasonable assumption.

We deployed a processing method of conventional two-pass differential INSAR, using GAMMA
Software Ver. 20081204 (GAMMA Remote Sensing AG, Switzerland), for thermokarst detection. On the
course of InNSAR processing, intensity cross-correlation with a window size of 256 was used to estimate
co-registration offset and adaptive spectral filtering with a window size of 16 was applied to created
interferograms. ALOS-PALSAR initiated its operation in 2006 and ended in early 2011, covering
two snow-free seasons prior to and three seasons after ARF. PALSAR level 1.1 data (Frame 1390,
Track 255), with a wide range of perpendicular baselines and time intervals, were chosen for INSAR
processing. The PALSAR frame includes the northern half of the fire scar and surrounding unburned
areas. InSAR pairs including the snow-covered period showed strong decorrelation, and the pairs
with large (>1500 m) perpendicular baselines contained unreliable signals of deformation, caused by
residual error in external DEM. Decorrelation in the interferograms was especially prominent within
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the fire scar when SAR images were paired from acquisition times before and after the fire, as surface
conditions had been altered significantly. As a result, we chose five interferograms with sufficiently
good coherence conditions (0.3 was used as a threshold) and minimized noise levels from snow-free
thawing seasons before or after the fire to discuss permafrost degradation due to thermokarst after
the tundra fire (Table 1, Figure 3). In order for descriptions in results and discussion, we define the
thawing season of a year as a period starting from 1 June until 30 September.

Post-2

68°N

Yy’

Dis};[acer;e/;t (9 cm)

Figure 3. Vertical surface displacement calculated (after the deramp of large-scale phase changes) from
unwrapped interferograms of time intervals (a) 3 September 2006-2 June 2006; (b) 6 September 2007-22
July 2007; (c) 27 July 2009-24 July 2008; (d) 11 September 2009-27 July 2009; (e) 14 September 2010-30
July 2010. Displacement is shown by color change cycle from a reference point (cross mark). One color
cycle represents about 18 cm of vertical movement relative to the reference point.
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Some interferograms had large-scale changes in phase, likely caused by orbital errors and/or
the ionosphere effect, shown as bands or stripes of InNSAR phase across whole analyzed areas (see
Figure 3b for an example). As we are only interested in subsidence caused by thermokarst, which
is a localized deformation phenomenon of limited spatial extent, we were able to model and reduce
orbital errors as well as some large-scale ionosphere artifacts using a 2D quadratic spatial ramp model.
Given that the region of interest in this study has a small spatial extent, and since the ionospheric signals
were large-scale, simple polynomial fitting methods were sufficient, and no ionospheric correction
method [26] was necessary. Likewise, impacts from residual atmospheric signals to the spatial pattern
of the subsiding area are presumed to be small.

2.3. Calibration of Seasonal Surface Movement and Selection of Target Area

Unwrapped phase changes for each interferogram were converted to vertical ground movement,
with movement towards the satellite defined as positive and away as negative. As we assumed,
dominant deformation in the target area was in the vertical direction, with negative values indicating
subsidence relative to the reference point. Statistics for converted ground movement values were
calculated for each land cover unit (burned and unburned). The values for ground movement were
shown as subsidence amounts, calibrated by subtracting average values of unburned areas inside
the ARF scar. This manipulation is an alternative way to remove seasonal surface displacement
due to the freeze-thaw cycle from subsidence signal of INSAR, while [27] used inversion algorithm
to calculate best-fit averaged trend of subsidence. In our calibration, we assumed that there was
no thermokarst subsidence in the unburned areas and the areas experienced only seasonal ground
movement. Unburned areas inside the ARF scar were chosen for reference rather than unburned areas
outside ARF because Pre-2 and Post-3 InNSAR pairs had ionospheric effects along NE-SW and N-S
directions, respectively, which had the potential to cause systematic errors in subsidence magnitude
comparisons between land cover units. Thus, near-field reference areas will help to reduce impacts
from atmospheric artifacts and reduce the error load when analyzing subsidence magnitudes between
land cover units.

Liu et al. [27] reported results from InSAR time series analysis for detecting thermokarst
subsidence at a test area near Deadhorse, Alaska. Their work quantitatively discussed separation of
thermokarst-induced subsidence from cyclic seasonal surface movement, using inversion algorithm
with a stack of interferogram pairs using a simplified assumption that seasonal thaw settlement was
induced solely by in situ freezing of water. The inversion algorithm requires a certain number of
interferograms to improve trend estimation; however, the number of high-quality interferograms is
often limited for some areas. This limitation motivated us to induce alternative method to separate
seasonal ground heave/settlement due to freeze/thaw cycle in active layer and thermokarst subsidence
as described above. By targeting a dry tundra underlain by an ice-rich permafrost area burned by
a wildfire within the period of satellite operation, we could effectively estimate the significance of
seasonal surface movement by comparison between burned and unburned areas, and/or pre- and
post-fire images.

2.4. Optical Images and GIS Analysis for the Target Area

A rectangular area of 27.5 km? (Figure 4b) containing both unburned and burned portions was
chosen from the northern edge of the ARF scar to examine spatial patterns of InSAR signals in
detail. Three sub-meter pan-sharpened optical images taken on 27 June 2006 (QuickBird), 3 July
2008 (QuickBird), and 4 July 2013 (Pleiades), representing pre-fire, post-fire, and six years after fire,
respectively, were used to visually analyze thermokarst-related changes for cross validation of spatial
subsidence patterns seen in the InNSAR data.

Land cover was classified into burned, unburned, and water surfaces using a four-band post-fire
(QuickBird) image based on an index ((B — NIR)/(B + NIR)) calculated from blue (B: 450-520 nm)
and near infrared (NIR: 760-900 nm) bands. Some areas of drained thermokarst lake basins were
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masked because their burn status either could not be distinguished from the optical image or was
likely incorrectly classified using the index applied. Two small unburned patches were also eliminated
within these areas because unwrapping of phase changes from the interferogram was not successful
(Figure 4e). Masked and water surface areas were removed from further analysis. Unburned areas
were subdivided into unburned areas outside and inside of the ARF scar shown in Figure 4b,e, and
unburned areas smaller than 2 ha were set as fragmented unburned.

The manipulation of remote sensing data and GIS analysis were conducted using ERDAS Imagine
2015 (Hexagon Geospatial) and ArcGIS 10.3 (Esri) software.
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Figure 4. Surface conditions and interferometry analysis for the time interval 27 July 2009-24 July 2008.
(a) True color image by high-resolution optical sensor (QuickBird) on 3 July 2008; (b) Overview of
the area of interest in this study; (c) Interferogram for the Post-1 InSAR pair; (d) Spatial distribution
of vertical surface movements calculated from unwrapped phases; (e) Land cover classification; and
(f) Digital elevation model for the study area. For (c,d), negative change indicates ground subsidence.

2.5. In Situ Measurements of Surface Micro-Relief and Estimation of Subsidence Volume

Ground truth data collection was conducted using differential GPS surveys to accurately measure
micro-topography in the selected areas, including burned and unburned surfaces (Figures 5-7) during
late August of 2013. The GNSS RTK GPS system (Leica Viva) was deployed to map surface micro-reliefs
with an accuracy of 10-20 mm in height. Three plots with dimensions of 30 x 30 or 60 x 60 m were
established in the northern part of the fire scar for detailed and precise GPS survey. Plot A included
both burned and unburned areas, and Plots B and C represent areas of stronger INSAR subsidence
signal than the burned area of Plot A (Figures 4-7). Thaw depths at the time of our fieldwork were
measured by inserting a steel rod into the ground at 30 random points at burned and unburned
areas around Plot A until it encountered resistance from frozen ground. Numerous points within the
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plots were measured to create Digital Terrain Models (DTMs) by interpolating between measured
points (Figure 6b,d,f). The spatial interval of measurement points was approximately 0.5 m, so
that the DTMs created represent detailed features of 3D deformation of the ground surface due
to thermokarst. Spatially averaged subsidence rates at each plot were calculated as a first-order
estimation by differentiating average heights of the DTMs based on fieldwork measurements from
average heights of initial ground surface (before the thermokarst process). The average heights of
the initial ground surface before the fire at each plot were determined from highest points in the
central areas of high-centered polygons (for example, reddish-colored area in Figure 6f) developed
by differential subsidence due to thermokarst. We further assumed the initial surface topography to
be a smooth gentle slope, resembling adjacent unburned areas, with similarity in texture and surface
relief between the burned and unburned areas before the fire, visually confirmed by analysis of optical
satellite images with sub-meter resolution. However, it is clear this first-order estimation should be
regarded as the minimum amount of volume loss due to thermokarst between the moment of our
survey and before the fire. Considering the subsidence of the highest points in the burned areas, the
actual volume loss due to thermokarst could be larger than our estimates.

151°0'W

I Burned
[ Unburned

Figure 5. Close-up of the area of ground truth survey in Figure 3 (Surface conditions and interferometry
analysis for the time interval 27 July 2009-24 July 2008). (a) True color image by high-resolution optical
sensor (QuickBird) on 3 July 2008; (b) Overview of the area of survey grids in the area of interest
in Figure 3. Location of the area of (a,c—f) is indicated as a red rectangle; (c) Interferogram for the
Post-1 InSAR pair; (d) Spatial distribution of vertical surface movements calculated from unwrapped
phases; (e) Land cover classification; and (f) Digital elevation model for the study area. For (c,d),
negative change indicates ground subsidence. Locations of survey grids in Figure 6 are shown as
black rectangles.
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Figure 6. An example of ground surface changes before and after fire (a—f). (a,c,e) show pan-sharpened
optical images taken on 27 June 2006 (QuickBird), 3 July 2008 (QuickBird), and 4 July 2013 (Pleiades),
representing pre-fire, post-fire, and six years after fire, respectively. Red line indicates a boundary of
burned and unburned areas. Digital terrain models created using heights measured by differential GPS
for ground truth plots A—C are shown as (b,d,f) on the right. The locations of each plot are indicated
in (a,c,e). Note that entire areas of B and C were burned.

Figure 7. (Left) Aerial photography over plot A. The delineated area on the right side of the photo is
unburned area. Diameters of tree patches in the unburned area are about 3 m; (Right) Landscape at
plot B. Note the man (1.8 m tall) standing in a depressed trough showing 2/3 of this entire body in the
middle of the photo.
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3. Results

3.1. InSAR and GIS Analysis

Small and spatially uniform surface displacement patterns are observed in two InSAR pairs
before the fire (Pre-1 and Pre-2 in Figure 3a,b, respectively), and the area of the future fire scar is not
distinguishable from surrounding areas. On the other hand, the shape of the fire scar is clearly seen
in other InSAR pairs (Figure 3c—e), with marked signals of surface displacement inside the fire scar.
Large-scale ionospheric effects are prominent, especially for INSAR pairs Pre-2 and Post-3 (Figure 3b,e,
respectively), but these effects were not strong enough to mask characteristics of spatial variation in
InSAR signals within a smaller scale of the fire scar.

We found significant spatial variations in surface displacement captured down to the spatial
resolution of an interferogram pixel (9.4 m), enabling us to distinguish burned and unburned patches
at less than tens of meters scale. Figure 4 shows an example of surface conditions and interferometry
analysis results for our target area, which is a subset of ARF, as shown in Figure 4b for the Post-1 time
interval (24 July 2008-27 July 2009). In Figure 4d, strong signals of subsidence can be seen exclusively
in the burned areas and spatial variation in the subsidence magnitude is displayed in detail within
the burned areas. Interferogram phase values show discrete changes across the boundaries between
burned and unburned areas, and fire boundaries often coincide with decorrelated areas, shown as
white pixels in Figures 4d and 5d (Water bodies were also decorrelated and appear as white pixels).
Inside the burned areas, there are some gradual changes in phase values, especially on slopes, while
there are relatively uniform phase values in unburned areas.

These characteristics of spatial variation in subsidence after the fire were observed repeatedly
for the time intervals Post-2 and Post-3 as well, but with reduced magnitude of subsidence.
Spatially-averaged, calibrated subsidence magnitudes for burned areas for studied time intervals were
shown in Figure 8. Subsidence of —6.2, —1.9, and —1.8 cm for time intervals Post-1, Post-2, and Post-3,
respectively, show significantly larger magnitudes than the values before the fire (0.5 and 0.2 cm for
Pre-1 and Pre-2, respectively). Subsidence measured from the post-fire interferograms are all above the
corresponding errors due to inaccurate DEM (Table 1). Further details on statistics for the subsidence
for classified land units in the studied area are summarized in Table 2.
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Figure 8. Change in calibrated subsidence amounts for analyzed time intervals of INSAR. Negative
values indicate subsidence relative to the mean height of unburned areas. Relative widths of bars
correspond to duration of time intervals in thawing season for each InSAR analysis. Error bars indicate
two standard errors.
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Table 2. Statistics for subsidence in the studied area for classified land units of each InSAR pair.
The analyzed area was classified into unburned areas outside (Unburned outside) and inside (Unburned
inside) of the ARF scar perimeter shown in Figure 1, smaller fragmented unburned areas (Unburned
fragmented), and burned areas. The subsidence values were calculated assuming all line-of-sight phase
changes are attributed to vertical movement of the ground surface and subtracted by the value at
unburned inside area for each InNSAR pair (Note that all values for unburned inside are zero). Std and
2Ste indicate standard deviations and two standard errors, respectively.

(Mals’:el: Igave) Land Cover Unit Area (ha) Subsidence Relative to Unburned Inside (cm)
- Mean Std 2Ste
Unburned outside 6.9 0.9 29 0.01
Pre-1 Unburned inside 1.6 0.0 2.6 0.02
(060903_060603)  Unburned fragmented 1.5 —-0.2 3.0 0.02
Burned 13.6 0.5 2.6 0.01
Unburned outside 7.3 -1.6 0.7 0.00
Pre-2 Unburned inside 1.6 0.0 1.2 0.01
(070906_070722)  Unburned fragmented 1.6 -0.2 1.4 0.01
Burned 13.8 0.2 1.4 0.00
Unburned outside 6.8 0.7 2.8 0.01
Post-1 Unburned inside 15 0.0 3.1 0.02
(090727_080724) Unburned fragmented 1.6 —44 2.7 0.02
Burned 13.6 —6.2 2.7 0.01
Unburned outside 7.2 0.2 2.3 0.01
Post-2 Unburned inside 1.6 0.0 2.3 0.02
(090911_090727)  Unburned fragmented 1.6 -1.2 2.5 0.02
Burned 13.8 -19 2.1 0.01
Unburned outside 6.3 -1.2 3.0 0.01
Post-3 Unburned inside 1.3 0.0 3.5 0.02
(100914_100730) Unburned fragmented 15 -1.6 32 0.02
Burned 13.2 —1.8 2.9 0.01

On the other hand, there were differences in calibrated subsidence values between unburned
outside and inside (up to 1.6 cm) land units. These differences were larger for Pre-2 and Post-3 InNSAR
pairs (1.6 and 1.2 cm, respectively) compared to those for other pairs (0.2-0.9 cm). The Pre-2 and
Post-3 INSAR pairs were clearly influenced by ionospheric effects, leading to systematic noise in the
interferogram (Figure 3). In order to minimize ionospheric noise for our analysis, we chose unburned
areas inside the ARF scar, geographically closer to burned areas.

3.2. Thermokarst Evidence from Optical Imagery and Ground Truth Survey

From analysis of optical satellite images with sub-meter resolution, we found obvious
development of polygonal networks after the fire, which is often found in areas of thermokarst
(e.g., [28,29]). Although optical imagery cannot measure ground subsidence, it provides strong
evidence of thermokarst development from changes in surface morphology. It is well known that ice
wedges are three-dimensionally distributed underground in ice-rich permafrost regions (e.g., [30,31]).
As spatial distribution of ground ice is not uniform, the surface experiencing thermokarst subsides
differentially. The thermokarst process creates polygonal patterns in the surface with relatively lower
elevation along network lines and higher within the polygons. We observed that the polygonal patterns
emerged preferentially in burned areas, as shown in Figure 6a,c,e. While little change was observed
within unburned patches, surface polygonal patterns became more pronounced or newly recognized
after the fire in burned areas throughout the whole fire scar.

We also observed visible changes in surface conditions at our three ground survey plots.
Visible changes were confirmed as ground subsidence due to permafrost degradation through field
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observations and differential GPS surveys (Figure 6). Smooth surfaces at the unburned patch of plot A
(Figure 6b) were separated by a fire boundary line from the bumpy areas within the burned area with
differential subsidence. The subsidence ratio was preliminarily estimated assuming original surface
heights before the fire. Average subsidence was calculated to be 2.4, 2.0, and 10.2 cm/year from 2007
to 2013 for Plots A, B, and C, respectively. It must be noted that subsidence at Plot C had commenced
before the fire in 2007, so the rate of 10.2 cm/year is overestimated to some extent. In addition, we
confirmed the existence of ice wedges under some troughs in the burned area of plot A by boring into
the permafrost.

The fire boundaries obtained by InSAR, recognized by sub-meter satellite optical sensors, and
measured by in situ GPS survey agreed with one another. On the other hand, micro-reliefs created by
thermokarst process after the fire were not obvious in the INSAR results. While actual thermokarst
subsidence occurs heterogeneously—yet preferably along ice wedge lines—subsidence signals in
InSAR results were smoothed out spatially. This is because of the difference in spatial resolutions
between our InNSAR (10 m) and ground truth (0.5 m). On the order of tens of meters spatial resolution,
magnitudes in spatial average and overall locations of subsidence signals are in good accordance with
our results from field measurements.

4. Discussion

4.1. Spatial Resolution and Variation of Captured Thermokarst Subsidence

Subsidence occurs preferentially along a network of ice wedges, establishing a connected trough.
The obtained interferograms do not show sub-meter scale depressions along the trough, though they
do show average overall subsidence. First-order estimation of subsidence within our ground truth
plots ranged 12-61 cm (2-10 cm/year) during the six years after the fire (to late August of 2013).
The total amount of subsidence observed in our interferograms (from 24 July 2008 to 14 September
2010) was 9.9 cm (3.3 cm/year). This subsidence rate for the first two-and-a-half years after the fire
is comparable with the six-year average value for plots A and B (2.2 cm/year), though our InSAR
observation was about 1.5 times higher for the first three thawing seasons after the fire. It is natural
that rapid thermokarst for the first thawing season after fire stabilizes in following years, unless the
disturbed surface has turned to water as thaw ponds or lakes, within which vegetation cannot recover.
Induced subsidence gradually stabilized as surface vegetation recovered, acting as a modulator of
surface energy exchange, which had been enhanced by the combustion of surface vegetation and
organic mat. Regarding the following years after 2010, when ALOS observation was not obtained,
Jones et al. [29] reported that LIDAR-derived subsidence between 2009 and 2014 was about 6 cm/year
as a spatial average for burned Yedoma upland areas. They also reported that visual analysis of
high-resolution satellite imagery indicated marked ice wedge degradation between 2011 and 2014,
while there were subtle differences in image texture between 2008 and 2011.

Comparing the range of temporally averaged subsidence amounts (2-8 cm/year) due to
permafrost thaw estimated by [18], our results showed a slightly lower subsidence rate (1-6 cm/year)
for a post-fire three-year average, partly because our research area is a portion of the entire fire scar.
On the other hand, it is unclear whether the subsidence measured by InSAR is reflected from spatial
averages of surface subsidence (which is actually differential surface deformation in sub-pixel scale)
or from the most active surface movements along the polygonal ice wedge troughs. The difference
in surface height between trough bottoms and the central part of polygons was more than 50 cm.
Having spatial resolution of 1 m, the LIDAR measurements of [29] also clearly showed much larger
subsidence (up to 25 cm/year) along troughs of degrading ice wedge polygons than that in the central
part of polygons. It will be a future challenge to understand how the combination of mixed subsidence
around the centers of polygons at a slow rate and along the troughs at a rapid rate will be averaged in
InSAR signals.
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Most dynamic subsidence observed in the Post-1 interval was 6.2 cm on average and 95% of
measured values ranging 0.9-11.5 cm. Our results demonstrated that if we choose appropriate
interferogram pairs and carefully treat seasonal surface movement, conventional two-pass differential
InSAR analysis is capable of detecting the spatial variation of subsidence at a tens of meters scale
(Figures 4 and 5), which clearly showed the difference between unburned stable areas and burned
subsiding areas with various displacement rates. Although there was no observations of thaw slumps
and active layer detachments in our study area, and we assumed only vertical displacement in our
interpretation of observed INSAR results, it is likely that the larger subsidence rates on the steeper slopes
were partly attributed to lateral displacement, about which we do not have evidence for discussion.
Isotropic thaw subsidence, which is geographically uniform and is not apparent to observation at the
surface [32], may also have influenced surface movement in our study areas, and further discussion
about spatial variation in subsidence caused by fire should be focused on its geographical heterogeneity.
This kind of InSAR application for permafrost regions with accurate field surveys has the potential to
reveal how ice-rich permafrost terrains deform upon their degradation.

It is also worth noting that large subsidence was calculated for fragmented unburned areas (for
example, —4.4 cm on average for Post-1), as they were small patches (most of them smaller than 1 m?)
surrounded by burned surfaces in which thermokarst had been active (Table 2). This fact seems to
show that thermokarst areas tend to propagate into adjacent areas by the lateral influence of thermal
and/or hydrological regime shifts in the ground surface.

4.2. Effects of Surface Changes due to Wildfire on InSAR Signal

It is important to consider change in soil moisture in active layer and vegetation recovery, when
thermokarst in a wildfire scar is studied. The InSAR pairs in this study only contain time intervals
either pre- or post-fire, which did not cross the fire moment. This selection avoided the inclusion of
decorrelated interferograms from significant surface roughness changes due to the loss of surface
vegetation and organic layer, localized thermokarst, and change in hydrology. Despite the advantage
of using L-band SAR, which penetrates surface vegetation, we observed total decorrelation in the
fire scar in the interferograms with time intervals across the fire. Although the degree of influence
from vegetation recovery after the fire is unknown, there was little change in vegetation during
the time intervals for the selected interferograms, except for the Pre-1 pair that bridged an entire
growing season.

Increase in surface soil moisture will cause an apparent phase shift in InNSAR signal toward
upheaval. For example, [33] estimated that an increase in surface soil moisture (5%-30%) could
decrease penetration depth of SAR microwaves from 100 to 2 mm. In permafrost regions, surface
disturbance induces a relative increase in soil moisture at disturbed sites, as loss of vegetation causes
a predominant effect on the decrease in evapotranspiration at the surface. For example, relatively
higher soil moisture in the active layer was observed at an early stage after clear-cutting of a larch
forest stand in a continuous permafrost zone in Eastern Siberia [34], and at a burned area from tundra
fire in a discontinuous permafrost zone on the Seward Peninsula of Alaska [35]. In the case of ARF, soil
moisture increase within the fire scar was probable and a certain magnitude of subsidence signal could
have been offset. The increase in soil moisture at the burned area, however, enhanced ice segregation
in the active layer, resulting in greater frost heave.

4.3. Uncertainly in Our InSAR Subsidence Detection due to Active Layer Change

Although we have offset surface movement due to seasonal thaw settlement by subtracting
interferometric phase changes for the reference unburned areas, spatial variation in the obtained
subsidence contains errors associated with spatial variation in seasonal thaw settlement—caused by
differences in soil moisture content, soil texture, and active layer thickness. Additionally, uncertainty
remains regarding the increase in active layer thickness and frost heave due to increased soil moisture
after fire.
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Frost heaving occurs in frost-susceptible soil when the amount of soil moisture is sufficient for
forming segregated ice lenses in the active layer (e.g., [36]). Ground heave occurs throughout the
freezing period, whenever conditions for ice segregation are fulfilled. The degree of frost heave equals
approximately the total thickness of segregated ice lenses in the active layer [37]. Thaw settlement,
on the other hand, occurs along with the melting of ice lenses as the thaw front progresses, from the
top down within the active layer. Assuming similar seasonal weather conditions, as well as negligible
changes in the moisture condition and structure of soil particles, the ground surface will return to its
initial elevation after one year. Ice lenses tend to form in the upper active layer and near the permafrost
table in the case of two-directional freezing in permafrost regions (e.g., [38]), and we expect that
total ice lens thickness is greater in the upper active layer because top-down freezing predominates
freeze-up from the permafrost table. Therefore, the rate of thaw settlement is small in the later thawing
seasons, as the progress rate of the thawing front is low in the late season. For instance, thaw front
progress in Arctic tundra was dulled in early August, and then gradually reached maximum thaw
depth in mid-September (e.g., [34,39]). Thaw settlement is therefore active in the early thawing season,
as the thaw front rapidly progresses, and becomes significantly slower later in the season when there
is only a small change in thaw depth.

In this study, interferograms were created using SAR images obtained only during thawing
seasons. While Pre-1 nearly spanned an entire thawing season, Pre-2, Post-2, and Post-3 time intervals
contain later portions of the thawing season. We can infer the extent of spatial variation in seasonal
thaw settlement from Pre-1 and Pre-2. The difference in calibrated subsidence between burned and
unburned areas inside of the future fire scar was within 0.7 cm (Table 2)—much smaller than the values
of subsidence we observed in interferograms of post-fire periods. Additionally, Pre-2, Post-2, and
Post-3 InSAR pairs covered only later thawing seasons (when thaw settlement is relatively inactive),
while the time interval for Post-1 is the whole year (representing one total seasonal freeze-thaw cycle).
Therefore, these interferograms showed small errors associated with spatial variation in seasonal
thaw settlement.

Regarding the uncertainty that arises from increases in active layer thickness and frost heave
due to increased soil moisture after fire, we concluded that this was insignificant for our conclusion
as follows. We observed averaged thaw depths of 62 and 72 cm in the unburned and burned areas,
respectively. Since these measurements were conducted at the end of August, they can also be treated
as maximum thaw depth for 2013. Assuming a linear increase in active layer thickness in the burned
area over the six years after the fire, the annual increase in the active layer was estimated as 1.7 cm/ year.
We also assumed progress of the thawing front during our InSAR observation, at the end of thawing,
was about one fourth of the entire active layer for these years. For this increase in active layer thickness
for burned areas, we can estimate an increase in thaw settlement by increasing the frost-heave strain
(the ratio of total heave to active layer thickness minus the total heave), simulating the increase in soil
moisture. Examples of frost-heave strain from field measurements are available in [40], in which values
of frost-heave strain vary from 0.03 to 0.40, corresponding to 4 and 20 cm of maximum frost-heave for
organic-rich tundra and highly frost-susceptible ground, respectively, while active layer thickness is
70 cm on the North Slope, Alaska. In our case, hypothetical increases in frost-heave strains from 0.03 to
0.06 (1.8-4.1 cm maximum frost heave) and from 0.3 to 0.4 (14.4-20.7 cm maximum frost heave) during
these six years result in 0.1 and 0.3 cm seasonal thaw settlement on average, which may influence
InSAR signals. As the soil in our targeted area consists mainly of peat, the error associated with active
layer thickness and moisture should be close to 0.1 cm (or less, because the increase in frost-heave
strain due to moisture increase in the active layer was also smaller if we consider only a single thawing
season).

4.4. Limitations and Implications of this Study

From the above-mentioned considerations and calibration, we concluded that errors due to
changes in active layer conditions and vegetation recovery were typically less than 0.1 cm, insufficient
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for masking thermokarst signals due to fire. However, in an extreme case, such that an increase in
active layer thickness and moisture at burned areas occurs during a single thawing season, we note that
the fraction of the error can be larger, especially for Post-2 and Post-3, with relatively small subsidence
signals. On the other hand, the vertical displacement errors associated with the inaccurate DEM used
in the InSAR analysis and caused by the height ambiguity (e.g., [41]) depend on the baseline lengths
for interferogram pairs, shown in Table 1. Though errors ranged from 0.3 to 1.0 cm for individual pixel
values of subsidence (depending on baseline lengths), as far as we consider average values in certain
areas (including numerous pixels), errors in measured average subsidence values should be much
smaller than those listed in Table 1. Considering every possible source of error affecting the subsidence
signal, we can regard the overall uncertainty level for subsidence values reported in this study as less
than the errors for individual interferograms, listed in Table 1.

InSAR capability for capturing spatial variation in thermokarst subsidence can be utilized
for the quantification of permafrost degradation of large spatial extent, and will hereafter lead to
a more accurate estimation of ground-ice loss upon permafrost thaw, in the past or near future.
The quantitative assessment of permafrost degradation will provide fundamental information for
estimating carbon release due to permafrost thaw, together with increasing knowledge about carbon
contents in permafrost as greenhouse gases and organic matter. Archived ALOS-PALSAR data can
be utilized to assess permafrost degradation in the past in wide permafrost regions, with the current
ALOS2 mission expected to provide further information regarding the surface of changing permafrost
with improved data quality.

5. Conclusions

The two-pass differential INSAR technique using ALOS-PALSAR (L-band microwave) has been
shown capable of capturing thermokarst subsidence at a spatial resolution of tens of meters, with
supporting evidence from field data and optical satellite images. Significantly large amounts of
subsidence (up to 6.2 cm/year spatial average) were measured within burned areas relative to
unburned nearby by three independent INSAR pairs after a tundra fire, while relatively small spatial
variation (less than 0.5 cm in spatial average) was observed from two independent InSAR pairs during
the pre-fire period. The obtained interferograms did not show sub-meter scale depressions along
the troughs of the depression network developed by thermokarst, though they could distinguish
small land areas with stable and subsiding land surface at smaller than tens of meters scale and
could also display detailed spatial variation of thermokarst subsidence. Post-fire interferograms were
decorrelated along fire boundaries, where rapid surface changes due to lateral erosion can be expected,
and clearly separated subsiding burned areas from stable areas of intact environment. The mean
rate of subsidence observed in our interferograms (from 24 July 2008 until 14 September 2010) was
3.3 cm/year, with this value comparable to the rate estimated from field surveys at two plots on
average (2.2 cm/year) for the six years after the fire. We introduced a calibration procedure comparing
burned and unburned areas for INSAR subsidence signals to remove the noise from seasonal surface
movement. Changes in active layer thickness and soil moisture, and recovering vegetation after the
fire were estimated as factors insignificant enough to not mask thermokarst signals due to the fire.
InSAR’s capability of capturing detailed spatial variation in thermokarst subsidence can be utilized
for further understanding of thermokarst processes and quantification of permafrost degradation at
a large spatial extent, hereafter leading to more accurate estimation of ground ice loss upon permafrost
thaw in the past or near future.
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Abbreviations

The following abbreviations are used in this manuscript:

ALOS Advanced Land Observing Satellite

PALSAR The Phased Array type L-band Synthetic Aperture Radar

InSAR Interferometric Synthetic Aperture Radar

ARF The Anaktuvuk River Fire

DEM Digital Elevation Model

ALOS-PRISM The Panchromatic Remote-sensing Instrument for Stereo Mapping on ALOS
NIR Near Infrared

DTM Digital Terrain Model

LiDAR Laser Imaging Detection and Ranging
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