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Abstract. Radar remote sensing is a well-established methodl Introduction and background
to discriminate lakes retaining liquid-phase water beneath
winter ice cover from those that do not. L-band (23.6 cm Thermokarst (thaw) lakes are abundant in arctic and sub-
wavelength) airborne radar showed great promise in thearctic permafrost lowlands, comprising more than 40 % of
1970s, but spaceborne synthetic aperture radar (SAR) studhe land area in some regions (Grosse et al., 2013). Formed
ies have focused on C-band (5.6 cm) SAR to classify lakeby thermal degradation of permafrost and melting of ground
ice with no further attention to L-band SAR for this purpose. ice, thermokarst lakes range in depth from one to two meters
Here, we examined calibrated L-band single- and quadratureto more than 10 m, largely depending on the ice content of
polarized SAR returns from floating and grounded lake ice inthe permafrost in the region and on lake age.
two regions of Alaska: the northern Seward Peninsula (NSP) Seasonal ice-cover typically starts forming on lake sur-
where methane ebullition is common in lakes and the Arcticfaces in late October or early November in Arctic Alaska and
Coastal Plain (ACP) where ebullition is relatively rare. We grows to a maximum thickness of over one meter to two me-
found average backscatter intensities-df3 dB and—16 dB ters by late March/early April (Mellor 1982; Jeffries et al.,
for late winter floating ice on the NSP and ACP, respec-1994; Arp et al, 2011). Some lakes are shallower than 1-2 m
tively, and—19 dB for grounded ice in both regions. Polari- and no liquid water remains at maximum seasonal ice thick-
metric analysis revealed that the mechanism of L-band SARness, resulting in grounded ice. In lakes that are deeper than
backscatter from floating ice is primarily roughness at thethe maximum ice thickness, liquid water remains under the
ice—water interface. L-band SAR showed less contrast bethick ice cover all winter (floating ice). Other lakes have a
tween floating and grounded lake ice than C-band; howevershallow littoral region and freeze to the lake bed close to the
since L-band is sensitive to ebullition bubbles trapped by lakeshore, while ice floats on liquid-phase water in deeper lake
ice (bubbles increase backscatter), this study helps elucidateenters.
potential confounding factors of grounded ice in methane Distinguishing whether or not lakes freeze completely to
studies using SAR. the lake bed is useful for a multitude of reasons: to iden-
tify the over-wintering habitats of fish, to identify winter wa-
ter availability for domestic water supplies to rural villages
or for winter ice road construction, and to determine which
lakes show a water level change. Ice monitoring from year
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to year can be used as an indicator of climate change (Haléxplanation for part of the radar return from floating ice. For
et al., 1994; Morris et al., 1995; Surdu et al., 2013), served_-band,e ~88 for cold water (Skolunov, 1997) and for C-
as a measure of the water balance and the impacts of locddand,er ~69, while ice has a dielectric constant of about 3.2
disturbances, such as lake drainage, and provides an indicéer both C and L-band wavelengths (Leconte et al., 2009).
tor of permafrost health, since an increase in floating lake-Because of this large difference in the magnitudeofor
ice area alters the heat flux of thermokarst-lake landscapé&e and water, there is a strong reflectance of L-band and C-
regimes (Jeffries, et al., 2002; Arp et al., 2011, 2012). band microwave from the water—ice interface which disap-
A brightness contrast in radar images from floating lake pears when the lake ice freezes to the ground.
ice versus grounded lake ice was first discovered in the late A smooth liquid water surface will reflect microwaves
1970s with X-band Side Looking Airborne Radar (SLAR) away from the receiving antenna on the satellite due to spec-
(Sellmann et al., 1975; Elachi et al., 1976; Weeks, 1977)ular reflection, as demonstrated by calm open water or by
when coastal land areas with lakes were imaged during seazewly frozen lakes that appear black in a SAR image. An
ice imaging missions. At least two SLAR missions used L- additional reflector must be present for energy to be turned
band as well as X-band microwave and qualitative exami-once again and reflected back to the satellite. Weeks (1978,
nation of radar images found that both wavelengths showed 981) and others (Jeffries et al., 1994; Mellor, 1982; Mor-
floating ice as bright and grounded ice as dark (Elachi et al.ris et al., 1985, Duguay et al., 2002) have posited that the
1976; Sellmann et al., 1977). Elachi et al. (1976) noticed asmall (< 2 mm diameter) tubular bubbles formed in lake ice
larger contrast between floating and grounded ice from L-by the rejection of dissolved gasses during the freezing pro-
band than X-band in uncalibrated SLAR, suggesting that L-cess (Gow and Langson, 1977, Boereboom et al., 2012) play
band radar could be a useful indicator of grounded vs. float-a role in turning radar back to the satellite. Similarly, Engram
ing ice. et al. (2012) showed a positive correlation between L-band
The same phenomenon of high-backscatter return frombackscatter and the abundance of larger (usually 1-100 cm
floating ice and low return from grounded ice was observeddiameter) ebullition bubbles in ice-covered lakes. The same
in the early 1990s with the advent of calibrated spacebornestudy demonstrated that this positive correlation between
SAR, using the C-band VV microwave signal of ERS-1 and single-pol L-band SAR and field measurements of ebullition
ERS-2 (Jeffries et al., 1994; Morris et al., 1995; French et al.,bubbles in frozen lakes did not exist for C-band VV SAR.
2004). Others have observed this difference using Radarsaturther, they used a polarimetric decomposition to posit that
1 C-band HH data (Duguay et al., 2002; Hirose et al., 2008;free-phase gas bubbles trapped under ice create a rough sur-
Arp et al., 2011). Duguay et al. (2002) additionally exam- face that interacts with Band 3 of the Pauli decomposition
ined the effect of a varying incidence angle on lake-ice ob-(Cloude and Pottier, 1996), resulting in a strong reflectance
servations and found that a steeper incidence angte-8%) back to the satellite.
provided higher backscatter values from floating ice than a It should be noted that some dark areas on lake ice in un-
shallow incidence angle (8549) for calibrated C-band HH calibrated C-band SAR images have been documented for
SAR, and that this difference was more pronounced from icefloating ice on deep lakes (130 m) in Montana, USA (Hall
with fewer tubular bubbles. For C-band SAR, backscatter in-et al., 1994). Hall et al. attributed these dark areas to thin-
tensity after initial ice formation is very lon{ —15dB), and  ner ice in zones of the lake that had more snow cover and
cracks in thin ice can be detected (Hall et al., 1994); howeverto the different stratigraphy of small tubular bubbles in lake
SAR intensity quickly increases as ice thickens throughoutice than that of northern Alaskan thermokarst lakes. Lakes
the winter to reach a ceiling 6f6 to —7 dB for floating ice.  in more temperate climates have later freeze-up, thinner ice,
If lake ice grows thick enough to completely ground to the slower ice growth, possibly more white ice, different patterns
lake bed, the C-band SAR backscatter intensity is let4  of tubular bubbles (Hall et al., 1994) and possibly more thaw-
to —18 dB). Evaluating high or low C-band SAR backscatter ing and re-freezing events during the winter. Dark areas of
from lake ice has become an established method for detedow backscatter return from these lakes would not indicate
mining whether a lake retains floating ice all winter or if lake grounded ice, but could instead indicate thin, newly-formed
ice is frozen completely to the lake bed in arctic and sub-ice or ice without small tubular bubbles near the ice—water
arctic lakes (Jeffries et al., 1996; French et al., 2004; White einterface (Hall et al., 1994).
al., 2008; Arp et al., 2012). After a thorough literature search, Determining which combination of SAR parameters of
we could not find any detailed reports that characterized L-wavelength, incidence angle and polarization works best to
band calibrated SAR backscatter intensity from floating anddistinguish between floating and grounded lake ice is an im-
grounded lake ice to follow the early potential that Elachi et portant precondition for targeted or operational lake-ice stud-
al. (1976) reported from L-band airborne radar. ies. SAR, as an active instrument, does not continually ac-
One of the main drivers of radar backscatter intensity is thequire data and SAR satellites have a finite lifetime. These
dielectric constant of the target. Liquid water has a very largetwo factors result in temporal imaging gaps by particular sen-
real dielectric constant() compared to ice, so the water—ice sors in data archives. The resulting history of available SAR
interface with its high dielectric contrast has been an obviousdata over any particular area is therefore often a mixture of
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Fig. 1. Study lakes are highlighted in yellow ¢a) northern Seward Peninsula (NSP) gbdl Arctic Coastal Plain (ACP) south of Barrow.

In panel(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. Rayisla Spot 5 mosaic from the Geographic Information
Network of Alaska and panéb) is a scene from 10 July 2008 AVNIR-2 (Advanced Visible and Near Infrared Radiometer type 2).

X-, C- and L-bands with different incidence angles, polar- ice—water interface as seen in field experiments with lake
izations, and acquisition times. It is important to character-ice in Fairbanks, Alaska, and consider two physical expla-
ize L-band SAR intensity values from known floating and nations for the dominant L-band SAR scattering mechanism,
grounded lake ice, in addition to the established work pub-as seen from a polarimetric decomposition. We compare L-
lished in C-band, in case L-band acquisitions are the onlyband backscatter intensity values to those of the established
available SAR data. It is furthermore important to study the C-band VV SAR to determine the utility of L-band SAR
driving scattering mechanism for scattering in the L-bandin distinguishing between grounded and floating ice, and to
frequency range in order to better understand the interactiopossibly gain more understanding of ice—microwave interac-
of SAR with lake ice, and in order to identify observation tions at various wavelengths and polarizations. Finally, we
parameters that optimize the contrast between floating andse statistics to test whether mean backscatter intensity of
grounded ice. Finally, the magnitude of backscatter intensitylake ice is equal two different regions of Alaska.

decrease that suddenly occurs when lakes freeze to the lake

bed is important to know in order to eliminate lakes that ex-

hibit a backscatter drop of this magnitude from lake-ice anal—2 Methods

yses targeting methane ebullition (Engram et al., 2012).

Here we examine the value of siqgle-polarized (single-We extracted backscatter values from SAR images of floating
pol) L-band HH backscatter from floating and grounded Iakeand grounded ice from lakes in two regions in Alaska, USA:

ice. We also use a polarimetric decomposition of quadraturefhe northern Seward Peninsula (NSRB6.5 N, 164.4 W
pola_rlzed (quqd-pol) SAR data from the Advanced Land Ob'five lakes) and the Arctic Coastal Plain (ACP), south of Bar-
serving Satellite (ALOS) PALSAR L-band SAR to ascer- row, Alaska &71.2 N, 156.6 W: six lakes) (Fig. 1). Both
tain which scattering mechanism (roughness, double—bouncgre coastal regions (Fig. 1), but they differ in permafrost
or volumetric scattering) or combination of mechanisms iSand climatic characteristics and therefore contain two dis-
displayed by floating lake ice. We characterize the differ- tinct types of thermokarst lakes. Permafrost on the north-
ence in L—banq backs_catter intensity between floating iceern Seward Peninsula is generally less thick (ca. 100m)
and groun_ded ice for single-pol (HH) and tha1, 722 qnd than on the Arctic Coastal Plain (up to 600 m) (Jorgenson
T'33 polarimetric elements from the coherency matrix of aq; 51 '>008). The near-surface layer of ice-rich permafrost is
decomposed quad-pol SAR signal (Lee and Potier, 2009)thicker (> 20 m) on the northern Seward Peninsula (West and

and _the_corresponding dominant_scattering mechanism foblug, 2008) than on the Arctic Coastal Plain% m) (Jorgen-
floating ice for L-band SAR. We discuss morphology at the ,,"an4 shur, 2007), resulting in deeper lakes when ground
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ice melts. The deep soil organic carbon stocks in the ice-riciday or just a few days apart from L-band acquisitions, except
Yedoma deposits on the northern Seward Peninsula poterin two cases where a week or more lapsed between acquisi-
tially are also higher than soil carbon stocks in the deeper mations from the different sensors (Table 1).

rine, fluvial, and eolian deposits on the Arctic Coastal Plain We used PolSARpro software (v. 4.2.0) to decompose
(Walter Anthony unpublished data). As a result, thermokarstquad-pol L-band images into thex33 complex coherency
lakes on the northern Seward Peninsula have a higher rataatrix [T 3], and compared th&11, 722, andT 33 elements

of methane production, resulting in a larger abundance (1.&f the coherency matrix (Lee and Pottier, 2009) to SAR
seeps-meter) of ebullition bubbles trapped in and under single-pol intensity values (Gao, 2010). Thd1, 722 and
lake ice (Walter Anthony and Anthony, 2013). In contrast, 733 polarimetric elements are equivalent to the spatially av-
lakes south of Barrow on the Arctic Coastal Plain have sig-eraged versions of Band 3, Band 1, and Band 2 of a Pauli
nificantly fewer ebullition bubbles (0.4 seeps-meforin- decomposition (Claude and Pottier, 1996), although gener-
cluded in their ice cover (Walter Anthony et al., 2012; Wal- ally the Pauli bands are expressed as amplitude, which is the
ter Anthony and Anthony, 2013). Bubble density was deter-square root of the intensity images used in this study. Polari-
mined from field data from NSP in fall 2008 and ACP in metric decompositions, such as the Pauli decomposition, pro-
fall 2009. Including lakes with both high and low numbers vide information about the scattering mechanisms of point
of ebullition bubbles was important to this study since ebul-and distributed targets by examining the polarization state of
lition may be a confounding factor in isolating floating and transmitted and received energy with the complex scattering
grounded ice values in L-band imagery. matrix [S] (Cloude, 2010; van Zyl and Kim, 2010).

Field data on lake-ice thickness, water depth and sedi- Using all of the pixels from a lake is not useful if lake ice is
ment characteristics were collected for 10 locations on fourpartially grounded and partially floating. Some shallow lakes
NSP thermokarst lakes in April 2009 that varied both in freeze completely to the lake bed over the entire lake area and
bathymetry (deep vs. shallow) and in levels of ebullition bub- appear dark in a SAR image. Other lakes are deep enough
bles observed previously by Engram et al. (2012) in fieldthat no part of the lake freezes to the bottom except a narrow
work. We measured ice thickness in auger holes and wateborder near the shore that is less than one pixel and therefore
depth using sonar (Vexilar LPS-1 Hand-Held Depth Finder)not visible in SAR imagery. Still other lakes have wide shal-
and a weighted measuring tape. Lake sediments were rdew littoral zones that freeze completely to the lake bed while
trieved with a percussion hammer corer (Farquharson, 2012)ce in deeper areas of the lake remains floating, producing a
In addition to thermokarst lakes, we included in this study thedark lake margin in a SAR image with a bright lake center.
larger Whitefish Maar, a 6 m deep lake on the NSP of vol-To exclude mixed pixels with grounded and floating ice from
canic origin that does not freeze to the bottom in the centethe analysis, we developed a supervised selection method to
(Hopkins et al., 1988). We identified areas of grounded anddentify a large number of pixels that were either entirely
floating ice on the NSP study lakes using these field measurefioating or grounded ice from the same locations within lakes
ments of grounded and floating ice in April 2009, coincident on co-registered SAR images. Using field measurements of
with SAR imagery, and by using recent ERS-2 image inter-ice-thickness and lake depth from April 2009 and manual in-
pretation. To identify areas of lakes with grounded vs. float-terpretation of ERS-2 imagery, we classified areas of frozen
ing lake ice on the ACP, we used the ERS-2 signal togethetakes for both study sites as (1) grounded ice, (2) floating
with field data and remote sensing data from previous pubice, or (3) an ambiguous area. We created straight lines in
lications of C-band VV signal for floating and grounded ice GIS within a particular ice type (floating or grounded) on
(Mellor, 1983; Jeffries, 1996). Five of the six Arctic Coastal an ERS-1 or -2 image, then sampled near-uniformly spaced
Plain study lakes were featured in early radar research (Sellpoints along these sample lines using bilinear interpolation
mann et al., 1975; Mellor, 1982; Jeffries et al., 1994). We (Fig. 2). For consistency, the number of pixels we sampled
chose one additional lake to increase the sample sizes ofias related to lake area: we created sample lines so that the
lakes with either floating or grounded ice based on recentatio of sample line length to lake area was 25-35 meters
ERS-2 SAR imagery. per square kilometer of lake surface. The resulting spacing

We sampled pixels from L-band Japanese Earth Resourcdsetween sample lines and between uniformly spaced points
Satellite -1 (JERS-1) scenes from 1993 to 1998 and fromensured that 18 m pixels would not be sampled twice. This
both single- and quad-pol L-band PALSAR scenes acquirednethod of supervised sampling allowed us to preclude am-
during 2008-2011 in spring (late March to early April; Table biguous portions of lakes that could not be classified, using
1). We selected this spring time frame because it represent§€-band SAR images, as either floating or grounded ice. We
the period of maximum lake-ice thickness while precedingrefined the geolocation of the SAR images in GIS using lat-
the onset of melting. ERS-1 and ERS-2 C-band SAR scenesral translation to ground control points, then selected pixels
were selected based on acquisition dates closest to L-barnflom the same geographic locations on each SAR image in
SAR acquisitions for verification of grounded lake-ice con- the stack with uniform points along sample lines with the
ditions and for comparison of L-band with C-band SAR. The ArcGIS™ Sample Tool.

C-band scenes were generally acquired on either the same
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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 wavelengthy- 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 \AY 23
ACP JERS-1 5 Apr 1996 HH 39 ERS-2 2 Apr 1996 \\% 23
ACP JERS-1 24 Apr1998 HH 40 ERS-2 23 Apr 1998 \A% 23
ACP PALSAR/Fine Beam Single-Pol 23 Mar 2008 HH °39 ERS-2 25 Mar 2008 \A% 23
ACP PALSAR/Fine Beam Single-Pol 9 Apr 2008 HH 39 ERS-2 8 Apr 2008 \A% 23
ACP PALSAR/Fine Beam Quad-Pol 23 Mar 2009 HH, HV,VH,VV 24 ERS-2 24 Mar 2009 \AY% 23
ACP PALSAR/Fine Beam Single-Pol 29 Mar 2010 HH °39 ERS-2 30 Mar 2010 \AY 23
ACP PALSAR/Fine Beam Single-Pol 15 Apr2010 HH °39 ERS-2 15 Apr 2010 \AY 23
ACP PALSAR/Fine Beam Quad-Pol 29 Mar 2011 HH, HV,VH,VV 24 ERS-2 29 Mar 2011 \AY 23
NSP JERS-1 11 Apr1993 HH 40 ERS-1 30 Apr 1993 A% 23
NSP JERS-1 20 Mar 1998 HH 40 ERS-2 13 Apr 1998 \AY 23
NSP PALSAR/Fine Beam Quad-Pol 24 Mar 2007 HH, HV, VH, VWV  °24 ERS-2 28 Mar 2007 A% 23
NSP PALSAR/Fine Beam Single-Pol 26 Mar 2008 HH °24 ERS-2 31 Mar 2008 A% 23
NSP PALSAR/Fine Beam Quad-Pol 29 Mar 2009 HH, HV, VH, VWV  °24 ERS-2 29 Mar 2009 \A% 23
NSP PALSAR/Fine Beam Single-Pol 30 Mar 2010 HH °39 ERS-2 5 Apr 2010 \A% 23
NSP PALSAR/Fine Beam Single-Pol 1 Apr 2010 HH °24

combination was most useful to distinguish floating and
grounded lake ice, we compared the difference between float-
ing and grounded lake-ice backscatter values to find the SAR
imaging parameters that exhibited the most contrast.

During the timeframe of this study, 1993-2011, we no-
ticed 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 the 1990s but no longer freeze to the bottom in
the late 2000s (based on recent C-band SAR data). 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 aboub dB signified floating
ice. This could be explained by warmer winters, or winters
with more insulating snowfall in the more recent past (Walsh
; et all., 1998; Duguay et al., 2003; Brown and Duguay, 2010;

P Arp et al., 2012; Surdu et al., 2013). Consequently, pixels

TS
A

© ES A'2009" from West Twin Lake were classified as grounded ice until
% amia 2008, but as floating ice thereafter. Another study lake on the
. . ~ ACP, Kimouksik Lake, was a floating-ice lake in 1993, but
Fig. 2. C-band VV SAR image of thermokarst lakes on the Arctic |4, SAR hackscatter evinced Kimouksik ice was freezing to
Coastal Plain (ACP), Alaska. High backscatter from floating lake the bottom in 2008. This switch from floating ice to grounded
ice is indicated by “F” while low backscatter from grounded lake ice ice was a result of;ichan e in water level due to the drainin
is indicated by “G”. Two study lakes are outlined in yellow and pixel Icewas aresu geinw velau Ining
sampling locations are rows of uniformly spaced points, shown inOf an adjacent Ia!<e between 1992 and 2002'_ The hydrologi-
contrasting color. cal changes of this lake are well documented in Jones (2006).
Pixels from Kimouksik Lake were classified as floating ice in
1993, but as grounded ice thereafter.

We used the Shapiro-Wilk Test to determine normality on ~ Other important field work included a controlled experi-
all data distributions. To determine inter-region variability, ment in which we simulated ebullition events in a human-
we compared both grounded and floating-ice backscatter behade lake with no natural ebullition in order to observe the
tween our two study regions using a statisticegst for each ~ €ffect of gas bubbles trapped by lake ice on the topography
SAR imaging parameter (wavelength—polarization combi-Of the ice underside. O’Grady Pond (64.847147.803),
nations). All statistics were determined by SPSS (v. 19)@ 20m deep gravel pit in Fairbanks, Alaska, is used by Ice
software. To determine which SAR wavelength—polarizationAlaska to harvest bubble-free ice blocks for ice sculpting.
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Fig. 3. Boxplots of mean backscatter intensity of all floating and grounded ice from study lakes for each SAR scdaglfrband andb)
C-band. No statistical far-outliers and only one near outlier (panel 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 scayesxanfor (a) and(b).

Although O’Grady Pond is deeper than many thermokarstiakes in each SAR scene were normally distributed (Shapiro—
lakes, we assumed that deep water would not have a diffetwilk, « = 0.05).
ent effect on gas bubbles freezing into surface ice than would We observed that lake sediments in both study regions
a shallow lake. Choosing a lake with no naturally occurring consisted of organic rich fine-grained sediments (Farquhar-
gas ebullition allowed us to control the timing and size of son, 2012; Walter Anthony and Grosse, unpublished data).
gas bubbles artificially introduced for freezing into the ice  From floating lake-ice, L-band single-pol (HH) backscat-
column. In March 2013, we shoveled snow off an area of iceter values showed statistically significant regional variabil-
on the pond where the ice had been previously removed oity and were higher on the NSR-{3dB) than the ACP
20 January 2013 by Ice Alaska. Following the initial ice har- (—16 dB). The roughness polarimetric elemefitl{) of
vest, the ice sheet refroze as clear black ice with a thicknesguad-pol L-band SAR was the highest returned signal for
of 27 cm by 16 March 2013. We augured a hole and insertedloating ice for L-band SAR with a mean backscatter of
a plastic tube under the ice attached to a pole 2m long to-9dB on the NSP and-12 dB on the ACP. In comparison,
allow bubbles to rise in the water column prior to coming to the values of the polarimetric elements representing double-
rest under the ice surface as they would in naturally occurringoounce {'22) and volumetric scattering’@3) were low for
ebullition events. We used air to create bubbles under the icdoating ice in both regions-17 dB to—20 dB for722, and
with a small compressor and a check valve. It should be noted-21 dB to—24 dB for733 (Table 2 and Fig. 4). Polarimetric
that the flux rate in some of the simulated ebullition eventselementT 11 (roughness) was significantly higher for float-
was faster and more short-lived than most flux rates observeihg ice from lakes in the NSP than from lakes in the ACP
in natural ebullition events. We simulated two types of ebul- (p < 0.01), but722 (double-bounce) anfi33 (volumetric)
lition events. In one plot we released a very low volume of were lower from floating ice in the NSP than ACP (Table 2
gas that formed bubbles approximately one to three centimeand Fig. 4). C-band VV backscatter values for floating ice
ters in diameter. In a second plot we released a larger volumevere statistically identical for both regions dB) and sub-
of gas that formed a bubbles on the underside of the ice apstantially higher than L-band values for single-pol and all po-
proximately 10 to 30 centimeters in diameter. We returned tolarimetric scattering components (Table 2).
create additional layers of bubbles on 17, 21 and 26th March. From grounded-ice, SAR backscatter intensity was very
We harvested blocks of ice from both areas on 29th March tdow (< —14dB) for all imaging parameters for both NSP
observe how the rate of ice growth was affected by the insuand ACP regions (Fig. 4). The average SAR radar cross sec-
lation of gas bubbles, and to reveal the resulting shape of théon of grounded ice for single-pol L-band wasl9 dB for
underside of the lake ice. both ACP and NSP (Table 2). This was significantly lower

than the average C-band grounded ice intensity-©56 dB

for ACP and—14dB for NSP p < 0.01). Backscatter in-
3 Results tensity from quad-pol L-band SAR for grounded lake ice,

) when decomposed into polarimetric elements, was highest

SAR backscatter values were consistent between years fqr_16 dB) for7'11 (roughness) for both regions, intermediate
late March—April scenes for all imaging parameters: box-for 722 (double-bounce) with-20dB (ACP) and—23dB
plots of distributions showed no far-outliers, and only OneéNSP), and lowest fof' 33 (volume scattering) with-25 dB

case of a near outlier (Fig. 3). Backscatter values of sampledacp) and—27 dB (NSP) (Table 2). A test failed to reveal
pixels for floating and grounded ice averaged from individual
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Table 2. Summary of mean SAR backscatter intensity (dB) from floating and grounded lake ice for L- and C-bands from both study regions.

L-band7T11 L-bandT22 L-bandT33
L-band HH (Roughness)| (Double-bounce)| (Volumetric) | C-band VV
0 ~24°0r6 ~ 39° 0 ~24° 0 ~24° 0 ~24° 0 ~23°
Mean n* Mean n* | Mean n* Mean n* | Mean n*
Floating-ice backscatter intensity
Arctic Coastal Plain (ACP) -16 19 -12 5 -17 5 -21 5| —6* 25
northern Seward Peninsula (NSP) —13 19 -9 8 -20 8 —-24 8 | —6** 24
Grounded-ice backscatter intensity
Arctic Coastal Plain (ACP) —19** 14 —16** 5 -20 5 —25* 5 -15 27
northern Seward Peninsula (NSP)—19** 21 -16** 7 -23 7 =27 7 -14 19

*Sum of sampled lakes counted from each SAR scene
**Denotes that a test did not reveal a statistically significant difference between the mean backscatter from the ACP and the NSP.

a statistically significant difference between the two regionsto —16 dB) for the ACP, and 0.10 (from9 to —16 dB) for
for grounded ice in L-band HH, L-baridl1(roughness), and the NSP (Fig. 5).
T 33(volumetric); therefore we assumed equal means (Table Results from our ebullition simulation field experiment
2). Anothert test showed that the average radar brightnessvhere gas was injected under lake ice at irregular intervals
of grounded ice on the ACP was not different for the L- over 14 days, then blocks of ice were harvested to observe
band711 (roughness) component and C-band. On the NSHce-bubble stratigraphy and ice morphology, showed that the
however, means of these two parameters for grounded icensulation properties of gas bubbles from ebullition caused
were statistically differenty{ < 0.01). Backscatter intensity upward indentations, or “tenting” on the bottom surface of
from grounded ice on the ACP was significantly different the ice (Fig. 6). In the plot where we created small diam-
than from the NSP for C-bang (< 0.01) and L-bandr22 eter (1-3 cm) bubbles, this “tenting” or creation of upward-
(double-bounce)f{ < 0.04). pointing round-tipped, conic shapes in the ice occurred below
The contrast (arithmetic difference) between floating andonly a few columns of bubbles. The bottoms of other bubble
grounded ice SAR backscatter was determined by subeolumns were relatively flat. In the plot with larger diame-
tracting the grounded-ice sigma-naught backscatter intensityer bubbles (10-30 cm) upward “tenting” where ice growth
value from that of floating ice, using linear powerscale units.was slower beneath the insulating gas was observed under
L-band HH mean intensity difference between floating andevery bubble column. These “tents”, or upward bulges in
grounded ice was 0.035 on the NSP and 0.009 on the ACRhe ice, were identical in scale and shape to others we ob-
These single-pol L-band powerscale values, when convertederved in natural ebullition settings in both deep and shallow
to decibel log-scale, were the difference between the meathermokarst lakes.
floating and grounded ice intensities-e13 dB and—19 dB
on the NSP~16 dB and—19 dB on the ACP (Table 2). L-
band HH contrast between floating and grounded ice in bot  Discussion
regions was much lower than C-band contrast. While the log-
arithmic scale of decibels prohibits directly subtracting dB Floating-ice values from polarimetric roughness parameter
values, the C-band contrast was the result of the differencd 11 indicate that roughness appears to be the dominant scat-
between the floating-ice mean o6 dB to the grounded ice tering mechanism in L-band for floating lake-ice in these
mean of—14 dB and—15 dB for lakes on the NSP and ACP, two permafrost regions (Fig. 4b). The contributions from
respectively. double-bounce and volumetric scattering are both signifi-
For all decomposed elements of quad-pol L-band datacantly smaller. If the high intensity of the roughness com-
backscatter from grounded ice was always lower than fromponent remained the same after ice froze to the bottom, the
floating ice, but the difference in powerscale units betweenroughness could be explained by rough air-ice surface, or
floating and grounded ice was very small (frestt7/—20 dB roughness within the ice. But that is not the case: T4
to —20/ — 23 dB, ACP/NSP) forT22 (double-bounce) and component decreases (and decreases the most of the three
even smaller{21/ — 24 dB to—24/ — 27 dB ACP/NSP) for  polarimetric elements) when the lake freezes to the bot-
T33 (volumetric). The difference between the means of float-tom. Therefore, the roughness must involve the high dielec-
ing and grounded ice fdF11 (roughness) was largest of the tric contrast of the ice—water interface which is present in
three polarimetric elements, a difference of 0.05 (fret2 floating ice and is absent in grounded ice. While Engram et
al. (2012) found that roughness was the main component of
high backscatter intensity from floating ice for L-band and
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Fig. 4. Mean SAR intensity backscatter values in decibels from floating lake ice (open symbols) and grounded lake ice (closed symbols)

from (a) L-band HH from JERS-1 and PALSARb) L-band quad-pol from PALSAR coherency matrix elemefitsl (rectangles)722

(triangles) andr'33 (diamonds) that indicate double-bounce, volumetric scattering, and roughness, respézit@eband VV from ERS-1

and ERS-2. Incidence angles ggg 39-40 degrees except 24 degrees as noted by concentric f)l@8 degrees, anft) 24 degrees.

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.

postulated that the roughness involved the ice—water interseen in the results of our ebullition simulation experiment at
face, our results here show the substantial decreagdin  O’Grady Pond, bubbles that are frozen in the ice cause slower
backscatter intensity from floating to grounded ice, whichice growth directly beneath the bubble column, leading to
provides evidence for the first time that the roughness comethe formation of steep domes of ice that are filled with wa-
from a rough ice—water interface. ter (Fig. 6). These upward-pointing conic and dome shaped
A rough ice—water interface could be caused by uneveritents” along the bottom surface of the ice were measured
ice growth, which can be the result of uneven snow dis-up to 4 cm in height in our field experiment, and have been
tribution on the ice surface. The highly effective insulating observed 1-30 cm tall in the bottoms of ice blocks harvested
properties of snow make it an important factor in ice growth over natural ebullition seeps as well. These “tents” are ei-
(Adams and Roulet, 1980; Duguay et al., 2003; Jeffries et al.ther filled with water or with gas from subsequent ebullition
2005). Often, wind removes snow from parts of ice-coveredevents, causing roughness.
lakes and causes snow to drift deeper in other parts. This Polarimetric elemen'11, indicating roughness as the
patchwork of bare ice and snow-covered ice produces arscattering mechanism, was significantly higher in lakes on
eas where ice grows more slowly under insulating snow andhe NSP compared to the ACP region. Floating-ice L-band
more rapidly with less or no snow cover, creating an uneversingle-pol HH was also significantly higher from lakes on
ice—water interface on the scale of meters. the NSP 9dB) than from floating lake ice on the ACP
The cause of a rough ice—water interface could also be exf—12 dB). One reason for higher backscatter in the rough-
plained by ebullition bubbles. Ebullition activity can cause ness component from NSP lake ice could be the higher
roughness at the ice water interface in two distinct ways.rate of ebullition bubbling from lakes in the NSP area com-
First, as bubbles come to rest under the ice, they cause pared to ebullition bubbling from ACP lakes (Engram et al.,
rough ice—water interface by creating a pocked water surface2012; Walter Anthony et al., 2012; Walter Anthony and An-
similar to standing waves (Engram et al., 2012). Secondly, ashony, 2013). The findings that L-band single-pol ahtil
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Fig. 5. Difference in SAR intensity between floating and grounded

ice for (a) northern Seward Peninsula (NSP) gbylArctic Coastal . . . o .
Fig. 6. Results of ebullition simulation in a controlled lake-ice en-

Plain (ACP). TheT 11 component from polarimeteric decomposi- ; . o
tion of quad-pol L-band data indicates that roughness is the domiironment. Flat gas pockets sealed in the ice formed from ebullition
nant scattering mechanism for floating ice for L-band, and is greatef£VeNts on 16 March and 17 March 2013. Subsequently, the topology

in NSP than ACP. C-band clearly shows a larger difference betweer?! the lower ice surface warped into concave, dome-shaped “tents”
floating and grounded ice for both regions. due to ice growing at a rela_tl_vely slower rate directly beneath the

stack of gas pockets. Ebullition events on 21 and 26 March dis-
placed lake water in the tents and filled the tents with gas. No fur-
ther ebullition events occurred, yet the bottom surface of the lake-
roughness component from floating ice are higher in theice shegt \{vas rough, with a 4 cm indentation filled with lake water
NSP then the ACP corroborate the relationship between | When this ice block was removed from the lake on 29 March 2013.

band backscatter and methane flux documented by Engram

etal. (2012). of the longer L-band wavelength: penetration distance into a
The fact that SAR backscatter was very lowl®dB)  mediym is wavelength dependent with the longer wavelength
from grounded ice for L-band HH is most likely explained | .hand penetrating deeper than the shorter C-band wave-
by the low dielectric contrast at the ice—soil interface on thelength. (Ulaby et al., 1986). Another explanation for lower L-
lake bottom. This has been well documented in studies of uny 5 response from grounded ice could be that C-band was
calibrated airborne L-band radar return (Elachi et al., 1976} fiecting from inclusions in the ice, such as tubular bubbles,

Weeks, 1978). In the case of grounded lake ice, microwavegnat may be too small to create a significant scattering con-
pass through snow and lake ice, but with no liquid-phase wasipution in L-band.

ter to provide a high dielectric contrast, most of the radar
is absorbed by the lake bed instead of reflecting back to the
satellite. 5 The potential of L-band for detecting grounded and
For L-band, the signal from grounded ice was a combina-  floating ice
tion of mostly roughness{16 dB) with some contribution
from double-bounce< —20dB), while volumetric scatter- A large difference between backscatter intensity from float-
ing was negligible £ —25dB), indicating that volumetric ing and from grounded ice allows a more accurate discrim-
scattering fromice itself, in the absence of liquid water belowination between these two ice regim&d1 shows a higher
the ice, is close to the noise level of the data (Fig. 4b). Thiscontrast than single-pol HH (Fig. 5) and is therefore the most
relatively higher L-bandr'11 roughness backscatter from useful parameter for L-band SAR to determine whether lake
grounded lake ice could be explained by a reflection fromice is floating or grounded. While the backscatter intensity
the lake bed. Both regions have fine-grained sediments, aBom 711 is the same from grounded ice in both regions,
observed by field observations of lake cores in both regionsthis 711 roughness component from floating ice shows inter-
The small contribution fronT'22 (double-bounce) could be region variability. This means that in some regiofid, 1
explained by L-band reflecting from the lake bed, then re-could be used to differentiate grounded and floating ice but
flecting again from bubbles in the lake ice. in other regions the difference between grounded and float-
We found the single-pol L-band backscatter from ing ice is only slightly larger than the variance of these two
grounded ice{19 dB) to be lower than that in C-band {4 means (Fig. 4b), and L-band would be a poor discriminator.
to —15dB). The lower response of L-band vs. C-band from We attribute the inter-regional variability ifil1 contrast to
grounded ice is expected, due to the higher penetration powaetifferences in ebullition in the two regions. The NSP average
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Fig. 7. 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 L-band"11 ,722, 733, and C-band VV images acquired on 29 March 2009. Thé 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 hig}
methane ebullition areas, as determined by field measurements (yellow lines) in October 2008 (Engram et al., 2012). C-band VV shows the
strongest contrast between floating and grounded lake ice. Area marked as high ebullition had 11.1 % area of transect with ebullition gas
bubbles, low ebullition had 5.1 % of transect area containing bubbles.

ebullition seep density was 1.8 seeps-metarvhile the den-  ice in ebullition research can be avoided by omitting lakes
sity of methane ebullition gas seeps in the ACP was sparsethat show a spring decrease in backscatter.
at 0.4 seeps-metef.

The difference in magnitude of C-band backscatter be-
tween floating and grounded ice was five to thirty-six timesg Conclusions
higher than the floating-to-grounded ice difference in single-
pol L-band (Fig. 5), mostly due to the very high backscatterThe average backscatter intensity of L-band HH SAR in
intensity (-6 dB) from floating ice in C-band. This greater March is —13dB for floating ice from the northern Se-
contrast between floating and grounded ice makes C-bandiard Peninsula--16 dB from floating lake ice on the Arctic
VV a more useful tool to distinguish grounded from floating Coastal Plain, and-19 dB for grounded ice from both re-
lake ice than L-band SAR. Even the L-band parameter thagions. The dominant L-band scattering mechanism for float-
showed the highest contrast between floating and groundefhg lake ice is primarily roughness which occurs at the ice—
ice, the7'11 roughness component, showed less than half ofvater interface, as indicated by the strong backscatter from
the contrast than C-band VV showed between floating andhe 711 polarimetric component that decreases when ice
grounded ice. freezes completely to the lake bed and liquid water disap-

One factor that affects the utility of L-band for distin- pears.
guishing grounded vs. floating ice is that it is sensitive to  To discriminate floating from grounded ice using L-band
ebullition bubbles trapped by lake ice. In a study of lakesdata, extracting the roughness scattering comporight)
containing different levels of ebullition activity, Engram et from polarimetric radar data is recommended. This rough-
al. (2012) observed a positive correlation between backscatress component achieved decent contrast between floating
ter and abundance of ebullition bubbles associated with lakeand grounded ice in our test areas, especially in the north-
ice for L-band single-pol and the roughness component inern Seward Peninsula. However, the variance of L-band
the Pauli decomposition (analogouswtd’11). Similarly, we  backscatter from floating ice between regions with different
found higher backscatter in these L-band parameters fronmethane ebullition activity make L-band a questionable dis-
high ebullition areas within individual lakes. Figure 7 shows criminator of floating and grounded ice for all geographic re-
examples of the L-band responses to ebullition and groundegions. C-band VV is preferable over L-band SAR data (either
ice in one NSP lake. This higher L-band backscatter responssingle-pol or decomposed quad-pol SAR) for distinguishing
from lake ice with a higher percent area of trapped ebullitionlake-ice regimes because it shows greater contrast between
bubbles confounds a clear distinction between floating andloating and bed-fast ice and because the sensitivity of L-
grounded lake ice. Conversely, grounded lake ice can be &and to ebullition bubbles could confound the freeze-to-the-
confounding factor for detecting and quantifying ebullition bottom signal.
activity in lakes using L-band SAR. The artifact of grounded
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