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Abstract

Synthetic aperture radar (SAR) backscatter from floating lake ice is high, in contrast to
low backscatter values from lake ice that is frozen completely to the lake bed (grounded
ice). Knowledge of floating vs. grounded lake ice is useful for determining winter water
supply, fish habitat, heat transfer to permafrost, and to observe changes in perennial5

lake ice status that could correlate with variations in local climate. Here, we compare
calibrated L-band (23.6 cm wavelength) single- and L-band quadrature-polarized SAR
return to the backscatter intensity of C-band (5.6 cm wavelength) SAR from floating
and grounded lake ice over two regions in Alaska. Our primary goal was to determine
if C or L-band is more useful to distinguish floating from grounded lake ice. C-band10

SAR showed far greater contrast between floating and grounded lake ice, making it
the preferred wavelength for identifying lake ice regimes. L-band SAR backscatter was
much lower from floating ice than C-band and it was different for our two study regions.
Furthermore, since L-band is sensitive to ebullition bubbles trapped by lake ice (bubbles
increase backscatter), this study helps to elucidate potential confounding factors of15

bubbles in efforts to detect floating vs. grounded ice using L-band SAR.

1 Introduction and background

Thermokarst (thaw) lakes are abundant in arctic and sub-arctic permafrost lowlands,
comprising more than 40 % of the land area in some regions (Grosse et al., 2013).
Formed by thermal degradation of permafrost and melting of ground ice, thermokarst20

lakes range in depth from 1–2 m to more than 10 m, largely depending on the ice con-
tent of the permafrost in the region and on lake age.

Seasonal ice-cover typically starts forming on lake surfaces in late October or early
November in arctic Alaska and grows to a maximum thickness of over one meter to two
meters by late March/early April (Mellor, 1982; Jeffries et al., 1994). Some lakes are25

shallower than 1–2 m and no liquid water remains under the ice at maximum seasonal
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ice thickness, resulting in grounded ice. In lakes that are deeper than the maximum ice
thickness, liquid water remains under the thick ice cover all winter (floating ice). Other
lakes have a shallow littoral region and freeze to the lake bed close to the shore, while
ice floats on liquid-phase water in deeper lake centers.

Using SAR remote sensing to determine floating or grounded lake ice is useful in the5

Arctic, where in situ field measurements are costly and difficult. SAR backscatter from
newly formed and thickening lake ice in thermokarst lakes has been well documented
for C-band frequency (Jeffries et al., 1994; Duguay et al., 2002): backscatter intensity
after initial ice formation is very low (< −15 dB), and cracks in thin ice can be detected
(Hall et al., 1994); however, SAR intensity quickly increases as ice thickens throughout10

the winter to reach a ceiling of −6 to −7 dB for floating ice. If lake ice grows thick
enough to completely ground to the lake bed, the SAR backscatter intensity is low
(−14 to −18 dB).

Distinguishing whether or not lakes freeze completely to the lake bed is useful for
a multitude of reasons: to identify fish over-wintering habitat, to identify winter water15

availability for domestic water supply to rural villages or winter ice roads, to determine
lakes that show a sudden drop in water level due to partial drainage. Ice monitoring
from year to year can be used as an indicator of climate change (Hall et al., 1994; Morris
et al., 1995) and as an indicator of permafrost health, since an increase in floating lake
ice area alters heat flux on the thermokarst-lake landscape regimes (Jeffries et al.,20

2002; Arp et al., 2011, 2012). Finally, the magnitude of backscatter intensity decrease
that suddenly occurs when lakes freeze to the lake bed is important to know in order to
eliminate lakes that exhibit a backscatter drop of this magnitude from lake ice analyses
targeting methane ebullition (Engram et al., 2012).

Determining which combination of SAR parameters of wavelength, incidence angle25

and polarization works best to distinguish between floating and grounded lake ice is
an important precondition for targeted or operational lake ice studies. SAR, as an ac-
tive instrument, does not continually acquire data and SAR satellites have a finite life-
time. These two factors result in temporal imaging gaps by particular sensors in data
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archives. The resulting history of available SAR data over any particular area is there-
fore often a mixture of X, C and L-bands with different incidence angles and different
polarizations.

The high contrast of microwave backscatter from floating lake ice versus grounded
lake ice was first discovered in the late 1970’s with X-band Side Looking real-aperture5

Airborne Radar (SLAR) (Sellmann et al., 1975; Elachi et al., 1976; Weeks, 1977).
Coastal land areas with lakes were imaged during sea-ice imaging missions. At least
two SLAR missions used L-band as well as X-band microwave backscatter and quali-
tative examination of SLAR images found that both wavelengths had high return from
floating ice and low return from grounded ice (Elachi et al., 1976; Sellmann et al., 1977).10

Elachi et al. (1976) noticed a larger contrast between floating and grounded ice from
L-band than X-band in uncalibrated SLAR.

The same phenomenon of high-backscatter return from floating ice and low return
from grounded ice was observed in the early 1990’s with the advent of calibrated space-
borne SAR, using the C-band VV microwave signal of ERS-1 and ERS-2 (Jeffries et al.,15

1994; Morris et al., 1995; French et al., 2004). Others have observed this difference us-
ing Radarsat-1 C-band HH data (Duguay et al., 2002; Hirose et al., 2008; Arp et al.,
2011). Duguay et al. (2002) additionally examined the effect of a varying incidence
angle on lake ice and found that a steeper incidence angle (20◦–35◦) provided higher
backscatter values from floating ice than a shallow incidence angle (35◦–49◦) for cal-20

ibrated C-band HH SAR, and that this difference was more pronounced from ice with
fewer tubular bubbles. Evaluating high or low C-band SAR backscatter from lake ice
has become an established method for determining whether a lake retains floating ice
all winter or if lake ice is frozen completely to the lake bed in arctic and sub-arctic lakes
(Jeffries et al., 1996; French et al., 2004; White et al., 2008; Arp et al., 2012).25

One of the main drivers of radar backscatter intensity is the dielectric constant of the
target. Liquid water has a very large real dielectric constant (ε′) compared to ice, so the
water–ice interface with its high dielectric contrast has been an obvious explanation for
part of the radar return from floating ice. For L-band, ε ≈ 88 for cold water (Skolunov,
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1997) and for C-band, ε′ ≈ 69, while ice has a dielectric constant of 3.2 for both C-
and L-band wavelengths (Leconte et al., 2009). Because of this large difference in the
magnitude of ε′ for ice and water, there is a strong reflectance of both C and L-band
microwave from the ice-water interface.

A smooth liquid water surface will reflect microwaves away from the receiving an-5

tenna on the satellite due to specular reflection, as demonstrated by calm open water
or by newly frozen lakes that appear black in a SAR image. An additional reflector
must be present for energy to be turned once again and reflected back to the satellite.
Weeks (1978, 1981) and others (Jeffries et al., 1994; Mellor, 1982; Morris et al., 1985;
Duguay et al., 2002) have posited that the small tubular bubbles formed in lake ice by10

the rejection of dissolved gasses during the freezing process (Gow and Langson, 1977;
Boereboom et al., 2012) play a role in turning radar back to the satellite. Similarly, En-
gram et al. (2012) showed a positive correlation between L-band backscatter and the
abundance of ebullition bubbles in ice-covered lakes. The same study demonstrated
that this positive correlation between single-pol L-band SAR and field measurements15

of ebullition bubbles in frozen lakes did not exist for C-band VV SAR. Further, they
used a polarimetric decomposition to posit that free-phase gas bubbles trapped un-
der ice create a rough surface that interacts with Band 3 of the Pauli decomposition
(Cloude and Pottier, 1996), resulting in a strong reflectance back to the satellite.

It should be noted that some dark areas on lake ice in uncalibrated SAR images20

have been documented for floating ice on deep lakes (130 m) in Montana, USA (Hall
et al., 1994). Hall et al. (1994) attributed these dark areas to thinner ice in zones of the
lake that had more snow cover and to the different stratigraphy of small tubular bubbles
in lake ice than that of northern Alaskan thermokarst lakes. Lakes in more temperate
climates have later freeze-up, thinner ice, slower ice growth, possibly more white ice,25

different patterns of tubular bubbles (Hall et al., 1994) and possibly thawing and re-
freezing events during the winter. Dark areas of low backscatter return from these
lakes would not indicate grounded ice, but could instead indicate thin, newly-formed
ice or ice without small tubular bubbles near the ice/water interface (Hall et al., 1994).
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Here we examine the value of single-polarized (single-pol) L-band HH backscatter
from floating and grounded lake ice compared to C-band VV SAR values to determine
its utility in distinguishing between grounded and floating ice. We use a polarimetric
decomposition of quadrature-polarized (quad-pol) SAR to ascertain which scattering
mechanism (roughness, double-bounce or volumetric scattering) or combination of5

mechanisms is displayed by floating lake ice for Advanced Land Observing Satellite
(ALOS) PALSAR L-band SAR. We statistically test the means of backscatter intensity
for equality from ice on lakes within a region and between regions. Finally, we charac-
terize the difference in L-band backscatter intensity between floating ice and grounded
ice for single-pol (HH) and the T11, T22 and T33 polarimetric elements from the co-10

herency matrix of a decomposed quad-pol SAR signal (Lee and Pottier, 2009).

2 Methods

2.1 Study areas

We extracted backscatter values from SAR images of floating and grounded ice from
lakes in two regions in Alaska, USA: the northern Seward Peninsula (NSP) (≈ 66.5◦ N,15

164.4◦ W, five lakes) and the Arctic Coastal Plain (ACP), south of Barrow, Alaska
(≈ 71.2◦ N, 156.6◦ W, six lakes) (Fig. 1). Both are coastal regions (Fig. 1), but they dif-
fer in permafrost and climatic characteristics and therefore contain two distinct types of
thermokarst lakes. Permafrost on the northern Seward Peninsula is generally less thick
(ca. 100 m) than on the Arctic Coastal Plain (up to 600 m) (Jorgenson et al., 2008). The20

near surface layer of ice-rich permafrost is thicker (> 20 m) on the northern Seward
Peninsula (West and Plug, 2008) than on the Arctic Coastal Plain (< 5 m) (Jorgen-
son and Shur, 2007), resulting in deeper lakes when ground ice melts. The deep soil
organic carbon stocks in the ice-rich Yedoma deposits on the northern Seward Penin-
sula potentially are also higher than soil carbon stocks in the deeper marine, fluvial,25

and eolian deposits on the Arctic Coastal Plain (Walter Anthony, unpublished data).
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As a result, thermokarst lakes on the northern Seward Peninsula have a higher rate
of methane production, resulting in a larger abundance of ebullition bubbles trapped
in and under lake ice (Walter Anthony and Anthony, 2013). In contrast, lakes south of
Barrow on the Arctic Coastal Plain have significantly fewer ebullition bubbles included
in their ice cover (Walter Anthony et al., 2012). Including lakes with both high and low5

numbers of ebullition bubbles was important to this study since ebullition may be a con-
founding factor in isolating floating and grounded ice values in L-band imagery.

Field data on lake ice thickness was collected for four NSP thermokarst lakes in April
2009 that varied both in bathymetry (deep vs. shallow) and in levels of ebullition bubbles
observed previously by Engram et al. (2012) in field work. In addition, we included in10

this study the larger Whitefish Maar, a 6 m deep lake on the NSP of volcanic origin
that does not freeze to bottom in the center (Hopkins et al., 1988). We identified areas
of grounded and floating ice on the NSP study lakes using both field measurements
and recent ERS-2 image interpretation. To identify areas of lakes with grounded vs.
floating lake ice on the ACP, we used the ERS-2 signal and data from previous work15

that established C-band VV signal for floating and grounded ice (Mellor, 1983; Jeffries,
1996). Five of the six Arctic Coastal Plain study lakes were featured in early radar
research (Sellmann et al., 1975; Mellor, 1982; Jeffries et al., 1994). We chose one
other lake to increase the sample sizes of lakes with either floating or grounded ice
based on recent ERS-2 SAR imagery.20

2.2 SAR imagery

We sampled pixels from L-band Japanese Earth Resources Satellite-1 (JERS-1)
scenes from 1993–1998 and from both single- and quad-pol L-band PALSAR scenes
acquired during 2008–2011 in spring (late March to early April; Table 1). We selected
this spring time frame since it represents the period of maximum lake ice thickness25

while preceding the onset of melting. ERS-1 and ERS-2 C-band SAR scenes were
selected based on acquisition dates closest to L-band SAR acquisitions for verification
of grounded lake ice conditions and for comparison of L-band with C-band SAR. The
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C-band scenes were generally acquired on either the same day or just a few days apart
from L-band acquisitions. Exceptions to this rule are two cases where a week or more
lapsed between acquisitions from the different sensors (Table 1). We used PolSARpro
software (v. 4.2.0) to decompose quad-pol L-band images into the 3×3 complex co-
herency matrix [T3], and compared the T11, T22, and T33 elements of the coherency5

matrix (Lee and Pottier, 2009) to SAR single-pol intensity values (Gao, 2010). The T11,
T22 and T33 polarimetric elements are equivalent to the spatially averaged versions
of Band 3, Band 1, and Band 2 of a Pauli decomposition (Claude and Pottier, 1996),
although generally the Pauli bands are expressed as amplitude, which is the square
root of the intensity images used in this study. Polarimetric decompositions, such as10

the Pauli decomposition, provide information about the scattering mechanisms of point
and distributed targets by examining the polarization state of transmitted and received
energy with the complex scattering matrix [S] (Cloude, 2010; van Zyl and Kim, 2010).

2.3 GIS sample methods

Shallow lakes freeze to the bottom completely and appear dark in a SAR image. Others15

lakes are deep enough that no part of the lake freezes to the bottom, except a narrow
border near the shore that is less than one pixel and therefore not visible in SAR im-
agery. Still other lakes have wide shallow littoral zones that freeze completely to the
lake bed while ice in deeper areas of the lake remains floating, producing a dark lake
margin in a SAR image with a bright lake center. Clearly, using all of the pixels from20

a lake would not be useful if lake ice was partially grounded and partially floating. To
exclude mixed pixels with grounded and floating ice from the analysis, we developed
a supervised selection method to identify a large number of pixels that were either en-
tirely floating or grounded ice from the same locations within lakes on co-registered
SAR images. Using a manual interpretation of ERS-2 imagery and field ice-thickness25

measurements from April 2009, we classified areas of frozen lakes for both study sites
as (1) grounded ice, (2) floating ice, or (3) an ambiguous area. We used ERS-2 im-
agery that was as co-temporal as possible to L-band SAR from JERS-1 and PALSAR.
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We created straight lines in GIS within a particular ice type (floating or grounded) on
an ERS-1 or -2 image, then sampled pixels near uniformly spaced points along these
sample lines using bilinear interpolation (Fig. 2). For consistency, the number of pix-
els we sampled was related to lake area: we created sample lines so that the ratio of
sample line length to lake area was 25–35 m per square kilometer of lake surface. The5

resulting spacing between sample lines and between uniformly spaced points ensured
that 18 m pixels would not be sampled twice. This method of supervised sampling al-
lowed us to preclude ambiguous portions of lakes that could not be classified, using
C-band SAR images, as either floating or grounded ice. We refined the geolocation
of the SAR images in GIS using lateral translation to ground control points, then se-10

lected pixels from the same geographic locations on each SAR image in the stack with
uniform points along sample lines with the ArcGIS™ Sample Tool.

We used the Shapiro–Wilk Test to determine normality on all data distributions. We
compared both grounded and floating ice backscatter between our two study regions
using a statistical t test for each SAR imaging parameter (wavelength/polarization com-15

binations). All statistics were determined by SPSS (v. 19) software. To determine which
SAR wavelength/polarization combination was most useful to distinguish floating and
grounded lake ice, we compared the difference between floating and grounded lake
ice backscatter values to find the SAR imaging parameters that exhibited the most
contrast.20

3 Results

SAR backscatter values were consistent between years for late March/April scenes
for all imaging parameters: box-plots of distributions showed no far-outliers, and only
one case of a near-outlier (Fig. 3). Backscatter values of sampled pixels for floating
and grounded ice averaged from individual lakes in each SAR scene were normally25

distributed (Shapiro–Wilk, α = 0.05).
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From grounded ice SAR backscatter intensity was very low (< −14 dB) for all imag-
ing parameters for both NSP and ACP regions (Fig. 4). The average SAR radar cross
section of grounded ice for single-pol L-band was −19 dB for both ACP and NSP (Ta-
ble 2). This was significantly lower than the average C-band grounded ice intensity of
−15 dB for ACP and −14 dB for NSP (p < 0.01). Backscatter intensity from quad-pol5

L-band SAR for grounded lake ice, when decomposed into polarimetric elements, was
highest (−16 dB) for T11 (roughness) for both regions, intermediate for T22 (double-
bounce) with −20 dB (ACP) and −23 dB (NSP), and lowest for T33 (volume scattering)
with −25 dB (ACP) and −27 dB (NSP) (Table 2). A statistical t test showed that the av-
erage radar brightness of grounded ice on the ACP was not different for C-band vs. the10

L-band T11 (roughness) component. On the NSP however, means of these two pa-
rameters for grounded ice were statistically different (p < 0.01). Backscatter intensity
from grounded ice on the ACP was significantly different than from the NSP for C-band
(p < 0.01) and L-band T22 (double bounce) (p < 0.04). A t test failed to reveal a sta-
tistically significant difference between the two regions for grounded ice in L-band HH,15

L-band T11 (roughness), and T33 (volumetric); therefore we assumed equal means
(Table 2).

For floating ice, C-band VV backscatter values were statistically identical for both
regions (−6 dB) and substantially higher than L-band values for single-pol and all po-
larimetric scattering components (Table 2). L-band single-pol (HH) backscatter values20

from floating lake ice showed statistically significant regional variability and were higher
on the NSP (−13 dB) than the ACP (−16 dB). The roughness polarimetric element
(T11) of quad-pol L-band SAR was the highest returned signal for floating ice for L-
band SAR with a mean backscatter of −9 dB on the NSP and −12 dB on the ACP.
In comparison, the values of the polarimetric elements representing double-bounce25

(T22) and volumetric scattering (T33) were low for floating ice on both regions: −17 dB
to −20 dB for T22, and −21 dB to −24 dB for T33 (Table 2 and Fig. 4). Polarimetric
element T11 (roughness) was significantly higher for floating ice from lakes in the NSP
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than from lakes in the ACP (p < 0.01), but T22 (double-bounce) and T33 (volumetric)
were lower from floating ice in the NSP than ACP (Table 2 and Fig. 4).

The contrast (arithmetic difference) between floating and grounded ice SAR
backscatter was determined by subtracting the grounded-ice sigma-naught backscat-
ter intensity value from that of floating ice, using linear powerscale units. This float-5

ing/grounded ice difference was largest in C-band with a mean intensity difference be-
tween these two ice types of 0.20 (powerscale) on the NSP and 0.23 (powerscale) on
the ACP (Fig. 5). While the logarithmic scale of decibels prohibits directly subtracting
dB values, this C-band contrast was the result of the difference between the floating
ice mean of −6 dB to the grounded ice mean of −14 dB and −15 dB for lakes on the10

NSP and ACP respectively. L-band HH contrast between floating and grounded ice in
both regions was much lower than C-band contrast, with an L-band mean intensity dif-
ference between floating and grounded ice of 0.035 on the NSP and 0.009 on the ACP.
These single-pol L-band powerscale values, when converted to decibel log-scale, were
the difference between the mean floating and grounded ice intensities of −13 dB and15

−19 dB on the NSP, −16 dB and −19 dB on the ACP (Table 2).
For all decomposed elements of quad-pol L-band data, backscatter from grounded

ice was always lower than from floating ice, but the difference in powerscale units
between floating and grounded ice was very small (< 0.01) for T22 (double-bounce)
and even smaller (< 0.005) for T33 (volumetric). The difference between the means20

of floating and grounded ice for T11 (roughness) was largest of the three polarimetric
elements, 0.05 for the ACP, and 0.10, twice as large as for ACP, for the NSP (Fig. 5).

During the time frame of this study, 1993–2011, we noticed that many lakes flipped
from springtime grounded-ice to floating-ice status and a few changed from floating
ice to grounded ice status. Some lakes in the ACP region froze to the bottom in the25

1990’s but no longer freeze to the bottom in the late 2000’s (based on recent C-band
SAR data). For example, one of the study lakes, West Twin Lake, was frozen to the
lake bed in the 1992 and 1998 spring images, but in 2008 spring images, C-band
radar backscatter of about −6 dB signified floating ice. Another study lake on the ACP,
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Kimouksik Lake, was a floating-ice lake in 1993, but low SAR backscatter evinced
Kimouksik ice was freezing to the bottom in 2008.

4 Discussion

4.1 Grounded ice

We found higher backscatter from grounded ice in C-band (−14 to −15 dB) than in5

single-pol L-band (−19 dB). The fact that SAR backscatter was very low from grounded
ice for L-band HH is most likely explained by the low dielectric contrast at the ice-soil
interface on the lake bottom. This has been well documented in studies of uncali-
brated airborne L-band radar return (Elachi et al., 1976; Weeks, 1978). In the case
of grounded lake ice, microwaves pass through snow and lake ice, but with no liquid-10

phase water to provide a high dielectric contrast, most of the radar is absorbed by the
lake bed instead of reflected back to the satellite. The reason for a higher response from
C-band vs. L-band from grounded ice could be that C-band was reflecting from small
inclusions in the ice, such as tubular bubbles, that are too small to create a significant
scattering contribution in L-band. Another reason could be that C-band is picking up15

small scale roughness patterns of the lake bottom that are less relevant for the longer
L-band wavelength. Roughness is a quality that is wavelength-dependent: the smaller
the SAR wavelength, the smaller vertical height variations can cause backscatter re-
turn from roughness (Ulaby et al., 1986). Also, L-band could return less backscatter
from grounded ice because of more effective penetration into the frozen ground: pen-20

etration into a medium is also wavelength dependent with the longer wavelength of
L-band penetrating deeper than does C-band with a shorter wavelength.

For L-band, the signal from grounded ice was a combination of mostly roughness
(−16 dB) with some contribution from double-bounce (< −20 dB), while volumetric scat-
tering was negligible (≤ −25 dB), indicating that volumetric scattering from ice itself, in25

the absence of liquid water below the ice, is close to the noise level of the data (Fig. 4c).
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This relatively higher L-band T11 roughness backscatter from grounded lake ice could
be explained by the presence of rocks or other forms of roughness on the frozen lake-
bed. The small contribution from T22 (double-bounce) could be explained by L-band
reflecting from the lake bed, then reflecting again from bubbles in the lake ice.

The roughness component for L-band, T11 from grounded ice was −16 dB for both5

regions, while C-band VV backscatter for grounded ice was statistically significantly
higher from NSP lakes than for ACP (Table 2). A polarimetric analysis of C-band quad-
pol data, not available in this study, would be needed to determine which scattering
mechanisms are in play for grounded ice with C-band.

4.2 Floating ice10

Floating ice values from polarimetric roughness parameter T11 indicate that rough-
ness appears to be the dominant scattering mechanism in L-band for floating lake
ice in these two permafrost regions (Fig. 4c). The contributions from double-bounce
and volumetric scattering are both significantly smaller. Polarimetric element T11, indi-
cating roughness as scattering mechanism, is significantly higher in lakes on the NSP15

compared to the ACP region. The opposite is true of T22 (double-bounce) and T33 (vol-
umetric), which are slightly but significantly higher on the ACP. One reason for higher
backscatter in the roughness component from NSP lake ice could be the higher rate
of ebullition bubbling from lakes in the NSP area (Engram et al., 2012; Walter Anthony
and Anthony, 2013).20

Floating ice L-band single-pol HH was also significantly higher from lakes on the
NSP (−9 dB) than from floating lake ice on the ACP (−12 dB). Differences in ebullition
bubbling activity in lakes between these two regions most likely explain this difference.
Lakes on the NSP have a higher concentration of ebullition bubbles than ACP area
lakes (Engram et al., 2012; Walter Anthony et al., 2012; Walter Anthony and Anthony25

2013). The findings that L-band single-pol and T11 roughness component from floating
ice are higher in the NSP then the ACP corroborate the relationship between L-band
backscatter and methane flux documented by Engram et al. (2012).
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While C-band VV shows a much higher intensity from floating ice than L-band, we
cannot determine the scattering mechanism that drives this high return without a polari-
metric analysis of quad-pol C-band SAR. We recommend such polarimetric analysis
for the C-band wavelength to see what is driving the high backscatter signal from float-
ing ice at this wavelength. High backscatter intensity from single-pol C-band has been5

closely associated with small tubular bubbles formed in lake ice as dissolved gasses
are rejected during the freezing process as well as with the high dielectric contrast at
the ice/water interface (Weeks et al., 1978). These tubular bubbles, combined with the
ice/water interface could conceivably cause double-bounce (Mellor, 1982; Weeks et al.,
1981) or roughness scattering (Weeks, et al., 1978).10

C-band SAR is more sensitive to smaller height variations in a rough surface than
L-band SAR, due to its shorter wavelength. High backscatter values (−4 to −7 dB)
from floating lake ice from C-band VV 23◦ SAR, as reported in this and other studies
(Morris et al., 1995; Jeffries et al., 1994) and C-band HH SAR, as reported by Duguay
et al. (2002) could be caused in whole or in part by a rough target with “roughness”15

dimensions too small to be picked up by L-band SAR. If small tubular bubbles cause
roughness at the water/ice interface, a scenario that Weeks et al. (1978) suggest as
a possibility, then roughness at the water surface from vertically oriented tubular bub-
bles could be too small to detect with L-band, yet could cause the high backscatter
from floating ice for C-band SAR.20

4.3 Comparison of C-band and L-band for detecting grounded ice

The difference in magnitude of C-band backscatter between floating and grounded
ice was five to thirty-six times higher than the floating-to-grounded ice difference in
single-pol L-band (Fig. 5), mostly due to the very high backscatter intensity (−6 dB)
from floating ice in C-band. This greater contrast between floating and grounded ice25

makes C-band VV a more useful tool to distinguish grounded from floating lake ice than
L-band SAR. Even the L-band parameter that showed the highest contrast between
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floating and grounded ice, the T11 roughness component, showed less than half of the
contrast than C-band VV showed between floating and grounded ice.

Another advantage of C-band VV in distinguishing grounded vs. floating ice is that
it is less sensitive to ebullition bubbles trapped by lake ice. In contrast, the L-band
signal is sensitive to ebullition bubbles trapped by lake ice, which appear to confound5

the freeze-to-bottom signal response in L-band. In a study of lakes containing differ-
ent levels of ebullition activity, Engram et al. (2012) observed a positive correlation
between backscatter and abundance of ebullition bubbles associated with lake ice for
L-band single-pol and the roughness component in the Pauli decomposition (analo-
gous to

√
T11). Similarly, we found higher backscatter in these L-band parameters10

over high ebullition areas within individual lakes. Figure 6 shows examples of the L-
band responses to ebullition and grounded ice in one NSP lake. This higher L-band
backscatter response from lake ice with trapped ebullition bubbles confounds a clear
distinction between floating and grounded lake ice. Conversely, grounded lake ice can
be a confounding factor for detecting and quantifying ebullition activity in lakes using15

L-band SAR. The freeze-to-the-bottom decrease in backscatter can be avoided in ebul-
lition studies by omitting lakes that show a spring decrease in backscatter, although this
precludes a lot of spring ice from analysis. C-band is not sensitive to the presence of
ebullition bubbles trapped by lake ice (Engram et al., 2012).

While performing this analysis, we noticed many lakes on the ACP, West Twin Lake20

for example, that froze to the bottom in the 1990’s did not freeze to the bottom in
the 2000’s images. This could be explained by warmer winters, or winters with more
insulating snowfall in the more recent past (Walsh et al., 1998; Duguay et al., 2003;
Brown and Duguay, 2010). Our observations corroborate the same shift from grounded
to floating lake ice regimes on the Alaska ACP that has been well documented by Arp25

et al. (2012), even though our study area on the Alaska ACP is to the northwest of the
Arp et al. (2012) study lakes. Both snow fall and warmer mean temperature anomalies
have increased at Barrow since 1990, resulting in thinner lake ice on the ACP (Arp
et al., 2012). Using SAR backscatter to identify whether thermokarst lakes have floating
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ice or freeze to the bottom will also aid identification of lakes with potential taliks (thaw
bulbs) versus frozen bottom sediments, respectively, and thus may provide a useful
classification parameter correlating with methane emission of lakes in a region. For
example, Arp et al. (2012) suggest that a transition from grounded ice lakes to floating
ice lakes observed for the Alaska Coastal Plain may result in enhanced thermokarst5

activity and talik formation.
Kimouksik Lake, the large ACP lake that exhibited floating ice in the 1990’s, yet

can be seen as freezing to bottom in 2008, is an example of an opposite trend in ice
grounding patterns over decadal time scales. This switch from floating ice to grounded
ice was a result of a change in water level due to the draining of an adjacent lake10

between 1992 and 2002. The hydrological changes of this lake are well documented in
Jones (2006). This lake demonstrates the ability of a simple and fast SAR classification
of floating and grounded ice to quickly pin-point partial lake drainage events that result
in a reversal of floating to grounded ice.

5 Conclusions15

SAR is useful for monitoring the status of arctic and sub-arctic lakes seasonally freezing
to the bottom, as seen by the example of Kimouksik Lake in the ACP. Future work
should include assessment and inventory of lakes that change status from grounded
to floating as an indicator of climate change or from floating to grounded ice, as an
indicator of water-level lowering.20

C-band VV is more suitable than L-band (either single-pol or decomposed quad-pol
SAR) for distinguishing between lakes that freeze to the bottom and lakes with floating
ice for two reasons, (1) it shows greater contrast between floating and bed-fast ice and
(2) because L-band is more sensitive to ebullition bubbles.

The scattering mechanism for floating lake ice in L-band is primarily roughness. Fu-25

ture work should include a similar polarimetric analysis of C-band SAR to determine
scattering mechanism(s) for floating lake ice for this shorter wavelength.
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Table 1. SAR data were selected based on data availability over two study areas for late
March/April from 1993 through 2011.

Region L-band SAR C-band SAR
(∼ 24 cm wavelength, ∼ 1.27 GHz) (∼ 5.7 cm wavelength, ∼ 5.3 GHz)

SAR Platform/Mode Date Polarization Theta SAR Platform Date Polarization Theta

ACP JERS-1 1 Apr 1993 HH 40◦ ERS-1 31 Mar 1993 VV 23◦

ACP JERS-1 5 Apr 1996 HH 39◦ ERS-2 2 Apr 1996 VV 23◦

ACP JERS-1 24 Apr 1998 HH 40◦ ERS-2 23 Apr 1998 VV 23◦

ACP PALSAR/Fine Beam Single-Pol 23 Mar 2008 HH 39◦ ERS-2 25 Mar 2008 VV 23◦

ACP PALSAR/Fine Beam Single-Pol 9 Apr 2008 HH 39◦ ERS-2 8 Apr 2008 VV 23◦

ACP PALSAR/Fine Beam Quad-Pol 23 Mar 2009 HH, HV, VH, VV 24◦ ERS-2 24 Mar 2009 VV 23◦

ACP PALSAR/Fine Beam Single-Pol 29 Mar 2010 HH 39◦ ERS-2 30 Mar 2010 VV 23◦

ACP PALSAR/Fine Beam Single-Pol 15 Apr 2010 HH 39◦ ERS-2 15 Apr 2010 VV 23◦

ACP PALSAR/Fine Beam Quad-Pol 29 Mar 2011 HH, HV, VH, VV 24◦ ERS-2 29 Mar 2011 VV 23◦

NSP JERS-1 11 Apr 1993 HH 40◦ ERS-1 30 Apr 1993 VV 23◦

NSP JERS-1 20 Mar 1998 HH 40◦ ERS-2 13 Apr 1998 VV 23◦

NSP PALSAR/Fine Beam Quad-Pol 24 Mar 2007 HH, HV, VH, VV 24◦ ERS-2 28 Mar 2007 VV 23◦

NSP PALSAR/Fine Beam Single-Pol 26 Mar 2008 HH 24◦ ERS-2 31 Mar 2008 VV 23◦

NSP PALSAR/Fine Beam Quad-Pol 29 Mar 2009 HH, HV, VH, VV 24◦ ERS-2 29 Mar 2009 VV 23◦

NSP PALSAR/Fine Beam Single-Pol 30 Mar 2010 HH 39◦ ERS-2 5 Apr 2010 VV 23◦

NSP PALSAR/Fine Beam Single-Pol 1 Apr 2010 HH 24◦
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Table 2. Summary of mean SAR backscatter intensity (dB) from floating and grounded lake ice
for C- and L-bands from both study regions.

C-band VV L-band HH L-band T11 L-band T22 L-band T33
θ ≈ 23◦ θ ≈ 24◦ or θ ≈ 39◦ (Roughness) (Double Bounce) (Volumetric)

θ ≈ 24◦ θ ≈ 24◦ θ ≈ 24◦

Mean na Mean na Mean na Mean na Mean na

Floating Ice backscatter intensity
Arctic Coastal Plain (ACP) −6b 25 −16 19 −12 5 −17 5 −21 5
Northern Seward Peninsula (NSP) −6b 24 −13 19 −9 8 −20 8 −24 8

Grounded Ice backscatter Intensity
Arctic Coastal Plain (ACP) −15 27 −19b 14 −16b 5 −20 5 −25b 5
Northern Seward Peninsula (NSP) −14 19 −19b 21 −16b 7 −23 7 −27b 7

a Sum of sampled lakes counted from each SAR scene.
b Denotes that a t test failed to reveal a statistically significant difference between the mean backscatter from the ACP and the NSP.
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Figure 1: Study lakes highlighted in yellow on a) northern Seward Peninsula (NSP) and b) Arctic Coastal Plain (ACP) 4 
south of Barrow. The largest lake in the lower left of a) is Whitefish Maar, a lake of volcanic origin: all other lakes are of 5 
thermokarst origin. Panel a) is a Landsat mosaic from the Geographic Information Network of Alaska and panel b) is a 6 
scene from 10 July 2008 AVNIR-2 (Advanced Visible and Near Infrared Radiometer type 2).  7 

 8 

9 

21 
 

Fig. 1. Study lakes are highlighted in yellow on (a) northern Seward Peninsula (NSP) and (b)
Arctic Coastal Plain (ACP) south of Barrow. In (a) the large lake in the lower left is Whitefish
Maar and the double-lobed lake in the center bottom is Devil Mountain Maar, both of volcanic
origin; all other study lakes in both regions are of thermokarst origin. (a) Is a Landsat mosaic
from the Geographic Information Network of Alaska and (b) is a scene from 10 July 2008
AVNIR-2 (Advanced Visible and Near Infrared Radiometer type 2).
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Figure 2: C-band VV SAR image of thermokarst lakes on the Arctic Coastal Plain (ACP), Alaska.  High backscatter from 4 
floating lake ice is indicated by “F” while low backscatter from grounded lake ice is indicated by “G”.  Two study lakes 5 
are outlined in yellow n and pixel sampling locations are rows of uniformly spaced points, shown in contrasting color. 6 

7 

22 
 

Fig. 2. C-band VV SAR image of thermokarst lakes on the Arctic Coastal Plain (ACP), Alaska.
High backscatter from floating lake ice is indicated by “F” while low backscatter from grounded
lake ice is indicated by “G”. Two study lakes are outlined in yellow and pixel sampling locations
are rows of uniformly spaced points, shown in contrasting color.
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Fig. 3. Boxplots of the mean backscatter value of all floating and grounded ice for each SAR
scene from (a) C-band and (b) L-band. No statistical far-outliers and only one near outlier (a:
NSP, ERS-1, 30 April 1993) indicate that SAR backscatter values from floating and grounded
ice in late March/April are similar from year to year. Note different scales on Y-axis for (a)
and (b).
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 1 

Figure 4: Mean SAR intensity backscatter values in decibels from floating lake ice (open symbols) and grounded lake ice 2 
(closed symbols) from a) C-band VV from ERS-1 and ERS-2, b) L-band HH from JERS-1 and PALSAR, c) L-band quad-3 
pol from PALSAR coherency matrix elements T11 (rectangles), T22 (triangles) and T33 (diamonds) that indicate double-4 
bounce, volumetric scattering, and roughness, respectively.  Incidence angles are a) 23 degrees, b) 39-40 degrees, except 5 
24 degrees as noted by concentric circles, c) 24 degrees.  Shaded areas highlight lake ice from the northern Seward 6 
Peninsula (NSP) and white areas highlight lake ice from the Alaska Arctic Coastal Plain (ACP). Mean backscatter values 7 
are from spring lake ice (late March – April) from study lakes outlined in Figure 1.  Error bars represent standard 8 
deviation. 9 

24 
 

Fig. 4. Mean SAR intensity backscatter values in decibels from floating lake ice (open symbols)
and grounded lake ice (closed symbols) from (a) C-band VV from ERS-1 and ERS-2, (b) L-band
HH from JERS-1 and PALSAR, (c) L-band quad-pol from PALSAR coherency matrix elements
T11 (rectangles), T22 (triangles) and T33 (diamonds) that indicate double-bounce, volumetric
scattering, and roughness, respectively. Incidence angles are (a) 23◦, (b) 39–40◦, except 24◦ as
noted by concentric circles, (c) 24◦. Shaded areas highlight lake ice from the northern Seward
Peninsula (NSP) and white areas highlight lake ice from the Alaska Arctic Coastal Plain (ACP).
Mean backscatter values are from spring lake ice (late March/April) from study lakes outlined
in Fig. 1. Error bars represent standard deviation.
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Figure 5: Difference in SAR intensity between floating and grounded ice for a) northern Seward Peninsula (NSP) and b) 3 
Arctic Coastal Plain (ACP).  C-band clearly shows a larger difference between floating and grounded ice for both regions. 4 
The T11 component from polarimeteric decomposition of quad-pol L-band data indicates that roughness is the dominant 5 
scattering mechanism for floating ice for L-band, and is greater in NSP than ACP. 6 

7 
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Fig. 5. Difference in SAR intensity between floating and grounded ice for (a) northern Seward
Peninsula (NSP) and (b) Arctic Coastal Plain (ACP). C-band clearly shows a larger difference
between floating and grounded ice for both regions. The T11 component from polarimeteric
decomposition of quad-pol L-band data indicates that roughness is the dominant scattering
mechanism for floating ice for L-band, and is greater in NSP than ACP.
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Figure 6: A frozen thermokarst lake on the Seward Peninsula with floating ice on northern portion of lake and grounded 3 
ice at the southern portion shown in C-band VV  and L-band T11 , T22  and T33 images acquired on March 29, 2009.  C-4 
band VV shows the strongest contrast between floating and grounded lake ice. The T11 roughness component of quad-pol 5 
L-band shows some contrast between floating and grounded ice, but it also shows high absolute backscatter, seen as 6 
bright areas from high-methane ebullition areas, as determined by field measurements (yellow lines) in October 2008 7 
(Engram et al. 2012).  8 
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Fig. 6. A frozen thermokarst lake on the Seward Peninsula with floating ice on northern portion
of lake and grounded ice at the southern portion shown in C-band VV and L-band T11, T22
and T33 images acquired on 29 March 2009. C-band VV shows the strongest contrast between
floating and grounded lake ice. The T11 roughness component of quad-pol L-band shows
some contrast between floating and grounded ice, but it also shows high absolute backscatter,
seen as bright areas from high-methane ebullition areas, as determined by field measurements
(yellow lines) in October 2008 (Engram et al., 2012).
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