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Abstract Wildfire is a major disturbance in the Arctic tundra and boreal forests, having a significant

impact on soil hydrology, carbon cycling, and permafrost dynamics. This study explores the use of the

microwave Interferometric Synthetic Aperture Radar (InSAR) technique to map and quantify ground surface

subsidence caused by the Anaktuvuk River fire on the North Slope of Alaska. We detected an increase of up

to 8 cm of thaw-season ground subsidence after the fire, which is due to a combination of thickened

active layer and permafrost thaw subsidence. Our results illustrate the effectiveness and potential of

using InSAR to quantify fire impacts on the Arctic tundra, especially in regions underlain by ice-rich

permafrost. Our study also suggests that surface subsidence is a more comprehensive indicator of fire

impacts on ice-rich permafrost terrain than changes in active layer thickness alone.

1. Introduction

Fire is a major disturbance in Arctic tundra and boreal forests with a significant impact on soil hydrology, carbon

cycling, and permafrost [Balshi et al., 2009]. Tundra fires can trigger and promote permafrost degradation,

manifested by thickening of the active layer [Rocha and Shaver, 2011], defined as the top soil layer undergoing

seasonal freeze-thaw cycles. Active layer thickness (ALT) increases after a fire due to decreased albedo and a

thinner surface organic layer. Exposed soil and ash darken the surface and increase absorption of shortwave

radiation, resulting in higher soil temperatures and therefore a larger ALT [Hinzman et al., 1991]. Moreover,

a thick surface layer of organic soil can insulate and protect permafrost from thaw; but fires typically burn

off a portion of this organic layer, further thickening the active layer [Yoshikawa et al., 2002; Mack et al.,

2011; Jafarov et al., 2013].

Tundra fires may also promote ice-wedge degradation [Jones et al., 2013] and trigger thermokarst and thaw-

related landscape features [Mann et al., 2010]. Thermokarst, defined as “the process by which characteristic

landforms result from the thawing of ice-rich permafrost or the melting ofmassive ice” [Harris et al., 1988; van

Everdingen, 1998], is important to vegetation succession, hydrology, and carbon cycling in permafrost regions.

Thermokarst processes can expand lakes, drain lakes, accelerate thaw, disturb the soil column, and promote

erosion, all of which will increase CO2 and CH4 emissions [Koven et al., 2011; Grosse et al., 2013]. Thermokarst

lakes and wetlands are the dominant natural source of CH4 in permafrost regions [Walter et al., 2007].

Tundra fires cause surface subsidence by two major mechanisms: increase in ALT and thawing of ice-rich

permafrost. The freezing of soil water and melting of ground ice within the active layer produces subsidence

in summer and frost heave in winter, resulting in a typical seasonal surface vertical deformation on the North

Slope of Alaska of 1–4 cm [Little et al., 2003; Liu et al., 2010]. A thicker active layer typically contains more

water, therefore producing larger subsidence during the thaw season. Additionally, in areas underlain by

ice-rich permafrost, fire-induced thermal disturbance may melt ground ice, resulting in either gentle,

continuous subsidence as the entire active layer soil settles due to top-down thawing of the permafrost

layer [Nelson et al., 2001; Liu et al., 2010], or local, irregular subsidence, which can lead to the formation of

various thermokarst terrains [Jorgenson, 2013]. Collectively, we use “permafrost thaw subsidence” in this

paper to refer to the surface subsidence due to thawing of ice-rich permafrost, without further distinguishing

whether it is gentle and spatially regular or localized and irregular.
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Satellite or aerial optical imagery is widely used to map fire burn extent, severity, and recovery. Optical

remote sensing is especially useful for fires in remote areas such as the Arctic. Several spectral indices,

such as the differential Normalized Burn Ratio, have been developed to measure fire severity [e.g., Rogan

and Yool, 2001; Key and Benson, 2006; Boelman et al., 2011; Kolden and Rogan, 2013; Loboda et al., 2013].

However, optical remote sensing cannot measure ground subsidence caused by tundra fires. It is therefore

desirable for alternative and quantitative remote sensing methods and products to complement

optical products.

The objective of this study is to quantify and understand fire-induced surface subsidence in Arctic tundra

using Interferometric Synthetic Aperture Radar (InSAR). Because it operates at microwave frequency, InSAR is

capable of imaging ground targets in all weather conditions. InSAR has been used to map fire burn areas

and assess fire impacts such as vegetation loss in boreal forests [e.g., Liew et al., 1999; Balzter, 2001], but

to the best of our knowledge, not in tundra systems. Here we demonstrate, for the first time, the

effectiveness of InSAR to quantify fire-induced ground subsidence during thaw seasons after the 2007

Anaktuvuk River tundra fire event on the North Slope of Alaska, USA.

2. Methods

In this section, we describe our study site (section 2.1), followed by a brief summary of the InSAR time series

analysis that addresses the limitation of the InSAR technique due to loss of interferometric coherence caused

by the fire (section 2.2). The changes in surface subsidence could be caused by changes in ALT and

permafrost thaw subsidence (hereafter referred as the “ALT contribution” and the “permafrost contribution,”

respectively); however, this study’s InSAR measurements alone cannot separate these two factors. Our method

was to use ground-based ALT measurements and a model proposed by Liu et al. [2012] to predict the ALT

contribution and then to estimate the permafrost contribution using the difference between the InSAR-

observed subsidence change and the ALT contribution (section 2.3).

2.1. Study Site: Anaktuvuk River Fire

The Anaktuvuk River fire occurred about 60–100 km northwest of the Toolik Lake Research Station on the

North Slope of Alaska (Figure 1). Ignited by lightning on 16 July 2007, the fire initially burned slowly at

~0.62 km2/d, accelerated to ~70 km2/d in early September, and finally ceased in early October [Jones et al.,

Figure 1. (a) MODIS image acquired in 2008 showing the location of the Anaktuvuk River (white polygon) and Kuparuk River

(white cross) fires on the North Slope of Alaska. The yellow box outlines boundary of InSAR maps in Figures 2 and 3. (b) A

Landsat-5 TM image acquired in 2008 demonstrating the change in surface albedo that resulted from the tundra fire.
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2009]. It burned ~1039 km2 of tundra area, doubling the cumulative area burned on the North Slope in the

past 50 years [Jones et al., 2009]. The fire released ~2.1 Tg of carbon into the atmosphere, which is roughly

equal to the annual net carbon sink for the entire circumpolar Arctic tundra [Mack et al., 2011]. A much

smaller fire, the Kuparuk River fire, was about 10 km to the east of the Anaktuvuk River fire (Figure 1). The

Kuparuk River fire also started in July 2007, but burned for about a week, combusting ~7.2 km2 at low severity

[Jones et al., 2009].

Field measurements show a partial loss of the surface organic soil horizon due to the Anaktuvuk River fire.

According to the postfire surveys conducted by Mack et al. [2011], the reduction of organic soils was limited

to the surface of the organic layer. The reduction of organic layer thickness is related to the burn severity,

which, therefore, varies spatially. Averaged over sites with different burn severity, the organic layer

thickness decreased by ~6 cm, with ~15 cm remaining after the fire [Mack et al., 2011].

Field measurements also indicate an increase of ALT due to the fire. Since ALT is rarely measured before a fire,

difference in ALT between burned and unburned sites is typically used to quantify the fire impacts on

permafrost. ALT was generally larger at burned sites than at unburned sites by 10 to 20 cm, largely due to

thawing of the mineral soil layer below the organic layer [Rocha and Shaver, 2011; Jandt et al., 2012; Bret-Harte

et al., 2013].

2.2. InSAR Time Series Analysis

Using the radar phase from two or more synthetic aperture radar (SAR) images, InSAR maps surface

deformation at high spatial resolution (typically 10m or higher). Time series analyses of regional InSAR

deformation maps have been used to retrieve seasonal and long-term surface subsidence in permafrost

regions [Liu et al., 2010, 2014; Short et al., 2011; Chen et al., 2013]. In this study we used Phased Array type

L-band Synthetic Aperture Radar (PALSAR) images acquired by the Japanese Advanced Land Observing

Satellite (ALOS) from 2006 to 2010 (listed in Table S1 in the supporting information). All images are in the fine

beam and horizontal-horizontal (HH) polarization mode. For each image acquisition, we concatenated two

adjacent SAR frames (1380 and 1390) in Track 255 to provide a complete, seamless coverage of the study area.

We then conducted InSAR processing using a software package developed at Stanford University [Zebker et al.,

2010] and produced 34 deformation maps, namely interferograms (see Figure S1).

InSAR’s capability and accuracy for subsidence measurements are limited by the problem of coherence loss.

Interferometric coherence, which ranges from zero to one, is a statistical comparison between two radar

echoes from different SAR images [Li and Goldstein, 1990]. Radar echoes from different SAR images are

correlated with each other (i.e., high coherence) if they represent the same interaction with the same set of

ground scatters inside an image pixel size. It is well known that fire burn results in coherence loss, simply

because of the dramatic change of surface scattering from tundra vegetation to burned surface materials

[e.g., Liew et al., 1999]. Our coherence analysis over the Anaktuvuk River fire confirms the fire-induced

coherence loss, which are well bounded by the fire perimeter (see Figure S2 in the supporting information).

Therefore, we were unable to directly quantify surface subsidence during the fire.

Alternatively, we measured changes of thaw-season ground subsidence before and after the fire. Relatively

good coherence is maintained in the interferograms that spanned prefire or postfire seasons, making it

possible to conduct InSAR time series analysis from 2006 to 2010. Accordingly, we revised the InSAR time

series analysis method developed previously [Liu et al., 2012] to quantify changes in seasonal subsidence

associated with the Anaktuvuk River fire. Specifically, we modeled the InSAR-measured ground subsidence

(D) between two dates t1 and t2 as

D ¼ E2

ffiffiffiffiffi

A2

p

� E1

ffiffiffiffiffi

A1

p

� �

þ B⊥K ; (1)

where E1,2 is the seasonal coefficient with the subscripts corresponding to the two dates (more below and

in equation (2)), A1,2 is the accumulated degree day of thawing (ADDT), calculated using air temperature

recorded at Toolik Lake Research Station [Environmental Data Center, 2014]; B⊥ is the perpendicular

baseline; and K is a variable determined by the errors in the digital elevation model used in the

InSAR processing.

Here we only point out the major differences from the Liu et al. [2012] study. First, we did not include a linear

trend in surface subsidence because the PALSAR images only spanned 4 years, which is an insufficient time

Geophysical Research Letters 10.1002/2014GL060533

LIU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3908



period in which to measure statistically significant trends. Second, we assumed that seasonal coefficients

are different during prefire and postfire years, but are constant in each period. We used the following

expression for Ei,(i = 1,2):

Ei ¼
Epre ti < T0

Epost ti ≥ T0
;

n

(2)

where Epre and Epost are the two constants corresponding to prefire and postfire years, separated by T0, which

is set as 1 September 2007.

Using all 34 interferograms with various spans, we were able to solve for three unknowns, K, Epre, and Epost,

and their uncertainties. We then calculated the averaged seasonal subsidence during prefire and postfire

thaw seasons (denoted as δpre and δpost, respectively), by using Epre, Epost, their corresponding ADDTs, and a

geometric factor for mapping line-of-sight direction to vertical direction (see Liu et al. [2012] for more details).

The 34 interferograms we used include the span-fire ones for mapping subsidence outside the fire zones.

2.3. Predicting Seasonal Subsidence Using Ground-Measured ALT

To interpret and understand the InSAR-observed subsidence changes, we predicted the ALT contribution to

total subsidence from ground-measured ALT. Ideally, one should use the temporal changes of ALT before and

after the fire in the modeling effort. However, since no ALT measurements were made in the study area

before the fire, we instead used ALT measured at 25 sites using mechanical probing after the fire during

2008–2010 [Rocha and Shaver, 2011; Jandt et al., 2012] and only modeled the postfire seasonal subsidence. To

compare with the two-dimensional InSAR maps, we extrapolated all site measurements to a continuous ALT

grid inside the Anaktuvuk River fire zone, using a curvature surface gridding algorithm provided by the

Generic Mapping Tools [Wessel and Smith, 1998]. Because there is only one ALT site located inside the Kuparuk

River fire, we assigned a constant ALT of 38 cm locally just for this fire.

We then predicted the postfire thaw-season subsidence using a model developed by Liu et al. [2012].

Their model attributes the seasonal subsidence (δ) as purely caused by volume change of water in the active

layer from ice to liquid water. Such a relationship can be described by this integral:

δ ¼ ∫
ALT

0

PS
ρw � ρi

ρi
dh; (3)

where P is the soil porosity, S is the soil moisture fraction of saturation, ρw is the density of water, ρi is the

density of ice, and dh is the incremental thickness of the thawed soil column. For simplicity, we assumed that

the active layer is saturated (S=1.0) and therefore ALT from equation (3) relationship is determined by the

vertical distribution of porosity in the active layer soil column. This calculation overestimates δ in places

where active layer is unsaturated; in other words, it gives the upper bound on δ.

We assumed a two-layered soil model for the postfire active layer. According to soil surveys, even though

some organic soil were combusted during the fire, the active layer still has an organic layer remaining on

top and a mineral layer lying below [Mack et al., 2011; Bret-Harte et al., 2013]. Although the absolute

thickness of the organic and mineral layers varies spatially due to the heterogeneity of soil composition

and burn severity, the percentile between the two layers is relatively a constant 25% versus 75% [Bret-Harte

et al., 2013]. We therefore used this model by fixing the percentile and varying the total thickness set by

the extrapolated ALT. In summary, this model takes the loss of the top organic layer into account and

represents the average soil properties at the moderately and severely burned areas.

Our prediction provides a first-order, averaged approximation to the complex fire-burned landform and

active layer soils. The predicted subsidence is relatively insensitive to the assumed soil compositions as long

as an organic layer is included. We also estimated the uncertainties in the predicted subsidence due to a

combination of InSAR measurement uncertainties and model parameter uncertainties. More details can be

found in Liu et al. [2012].

3. Results

We observed a large increase in surface subsidence inside the fire zone. In prefire years, the magnitude of

thaw-seasonal subsidence ranges from 1 to 4 cm (Figure 2a), consistent with the previous assessments near
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Prudhoe Bay [Little et al., 2003; Liu et al., 2010]. By contrast, thaw-seasonal subsidence in postfire years

(Figure 2b) shows a distinct increase inside both the Anaktuvuk and Kuparuk River fires compared to the

surrounding unburned tundra areas. The postfire subsidence minus the prefire subsidence indicates an

increased subsidence that ranges from 2 to 8 cm (Figure 2c). We found no significant changes in subsidence

outside these two fire zones (Students’ t test, P< 0.01). Because we included interferograms that spanned

the fire over the surrounding unburned area than the burned areas, subsidence at the unburned areas

is generally more accurate (Figure 3).

The gridded postfire ALT map shows a variation between 30 cm and 70 cm inside the Anaktuvuk River fire

zone (Figure 4a). Since this map is an extrapolation based on ALT measured at sparse ground sites, it is

smoothed and may not fully represent potentially large spatial variability. Additionally, the sites are unevenly

distributed, which partly determines the spatial pattern of the extrapolated field.

The predicted postfire thaw subsidence shows a gentle variation from 2± 1 cm to 4 ± 1 cm (Figure 4b). As

explained in section 2.3, this only includes the effect caused by melting of pore ice in active layer with

thickness defined by Figure 4a. This prediction is much smaller than the InSAR-observed postfire subsidence

as shown in Figure 2b.

(c)(a) (b)

Figure 3. Estimated uncertainties (1σ) of the seasonal subsidence in prefire, postfire years, and their changes, corresponding

to the ones shown in Figure 2.

(a) (b) (c)

Figure 2. Thaw-season subsidence averaged during (a) prefire years and (b) postfire years, respectively. Grey areas

represent unreliable subsidence measurements caused by coherence loss. (c) The difference between postfire and

prefire subsidence, i.e., Figure 2b minus Figure 2a. Perimeters of both Anaktuvuk River and Kuparuk River fires are out-

lined in Figures 2b and 2c, based on a Landsat-5 image.
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4. Discussion

We attributed the discrepancy between the observed postfire subsidence and the predicted ALTcontribution

as the contribution from thawing ice-rich permafrost, shown in Figure 4c. Ice-rich permafrost is abundant in

this area [Jorgenson and Grunblatt, 2013]. Field investigations have found ice-wedge degradation and

thermokarst features such as gullies and small landslides formed after the fire [Mann et al., 2010; Jones et al.,

2013]. The spatial variability of our estimated permafrost thaw subsidence is determined by the spatial and

vertical distribution of ice-rich permafrost, ice content, microtopography, and surface hydrology. These

local factors, however, are poorly constrained, making it challenging to further investigate the causes and

consequences of the spatial variability in a quantitative manner.

Our method assumes a linear permafrost thaw subsidence rate during 2008–2010, although the actual

response is more likely to be nonlinear, with the largest subsidence occurring immediately following the

fire. If we had a long time series (e.g., longer than 10 years) of interferograms with high sampling rates (e.g.,

higher than one measurement per month), it would be possible to statistically separate changes in ALT

from permafrost thaw subsidence from the InSAR data only, as demonstrated in Liu et al. [2010].

Another limitation of using InSAR to map permafrost thaw subsidence is the issue of coherence loss. Top-

down thawing of permafrost may result in coherent surface subsidence that is widespread [Shiklomanov

et al., 2013]. However, other types of permafrost thaw subsidence, widely known as thermokarst depressions,

could be localized and irregular and its magnitude could be tens of centimeters or even a few meters

within a thaw season [Short et al., 2011]. Additionally, thermokarst subsidence is often accompanied by

surface soil erosion. All these factors would result in loss of coherence, prohibiting reliable subsidence

measurements. In reality, the permafrost thaw subsidence could be large at the low-coherence areas

shown in Figure 4c and requires further investigation.

Fire-induced surface subsidence could also be caused by loss of the organic layer. For instance, Mack et al.

[2011] estimated a loss of organic layer thickness of about 6 cm by comparing organic layer thickness

measured at unburned and burned sites inside the Anaktuvuk River fire burn zone. However, we were unable

to detect such changes due to the coherence loss in span-fire interferograms. In other words, our InSAR-

measured subsidence may actually underestimate the total ground subsidence due to the fire.

5. Conclusions

Using L band PALSAR data on the Anaktuvuk River fire, we demonstrated that InSAR is an effective and

unique technique for assessing impacts of Arctic tundra fires that occur in ice-rich permafrost terrain. We

found an increase of up to 8 cm of thaw-season ground subsidence in response to the fire disturbance,

despite the issues associated with coherence loss during the fire. This is likely caused by a combination of

Figure 4. (a) Averaged 2008–2010 active layer thickness inside the fire zones, extrapolated from in situ measurements at

sites marked by circles. (b) Predicted thaw-seasonal ground subsidence in postfire years (see text), for comparison with

Figure 2b. (c) Estimated ground subsidence due to thawing of ice-rich permafrost.
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both active layer thickening and permafrost thaw subsidence as a result of melting ground ice in permafrost,

with the latter contributing the most. Our study suggests that surface subsidence is a more comprehensive

indicator of fire impacts on ice-rich permafrost terrain than active layer thickening alone.
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