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Abstract— A winter time series of ground-based (X- and
Ku-bands) scatterometer and spaceborne synthetic aperture
radar (SAR) (C-band) fully polarimetric observations coincident
with in situ snow and ice measurements are used to identify the
dominant scattering mechanism in bubbled freshwater lake ice in
the Hudson Bay Lowlands near Churchill, Manitoba. Scatterome-
ter observations identify two physical sources of backscatter from
the ice cover: the snow—ice and ice-water interfaces. Backscatter
time series at all frequencies show increases from the ice—-water
interface prior to the inclusion of tubular bubbles in the ice
column based on in sifu observations, indicating scattering mech-
anisms independent of double-bounce scatter. The co-polarized
phase difference of interactions at the ice—water interface from
both scatterometer and SAR observations is centered at 0° during
the time series, also indicating a scattering regime other than
double bounce. A Yamaguchi three-component decomposition of
the RADARSAT-2 C-band time series is presented, which suggests
the dominant scattering mechanism to be single-bounce off the
ice—water interface with appreciable surface roughness or pref-
erentially oriented facets, regardless of the presence, absence, or
density of tubular bubble inclusions. This paper builds on newly
established evidence of single-bounce scattering mechanism for
freshwater lake ice and is the first to present a winter time
series of ground-based and spaceborne fully polarimetric active
microwave observations with polarimetric decompositions for
bubbled freshwater lake ice.
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I. INTRODUCTION

AKES comprise 2% of globally available freshwa-

ter and play a significant role in the biological,
chemical, and physical processes in the cold-region water
cycle [1]. The majority of lakes are located in the Northern
Hemisphere and can occupy up to 40% of the local land-
scape in many regions [2]. The presence of lakes influ-
ences surface—atmosphere energy exchanges which modifies
the surface radiative properties, affecting local and regional
climate through thermal moderation [2]. Knowledge of the
surface and thermal state of lakes is useful in numerical
weather prediction or regional climate models for regions
where lakes comprise a large portion of the landscape [3].
In addition, Arctic and sub-Arctic freshwater lake ice can
be used as an indicator for change in climate, as Arctic
regions have exhibited amplified warming compared to lower
latitudes [4].

The number of manual lake ice monitoring stations within
the Canadian Ice Database has dropped significantly since the
late 1990s [5]. Existing stations are restricted to populated
regions and accessible coastal areas, missing remote areas
of the Arctic. Recent studies have indicated that the use
of satellite microwave remote sensing can provide lake ice
parameter observation including lake ice phenology [6], ice
thickness [7]-[10], and areas that are frozen to bed [11]-[15].
The use of active microwave has been identified as most
suitable for the observation of lake ice in the Arctic as a
result of its high spatial resolution compared to that of passive
microwave sensors on the order of meters versus kilometers.
Furthermore, microwave wavelengths are capable of penetrat-
ing through clouds and are independent of incoming solar
radiation. Backscatter models for lake ice at common synthetic
aperture radar (SAR) frequencies have been developed using
C-band acquisitions as training or validation data [16]-[18].
Bubbles within ice have typically been modeled as spherical
utilizing a distribution function of bubble density [17], or as a
combination of spherical and cylindrical bubbles [16], [18]
utilizing radiative transfer theory to simulate backscatter.
Roughness characteristics at the air, snow, and ice interfaces
are typically hypothesized or fit through the use of SAR
observations as training data.
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Recent developments in active microwave SAR technology
with systems like RADARSAT-2 or PALSAR-2 permit the
use of quad-polarized acquisitions (VV, HH, HV, and VH),
phase information, and the observation of the target scattering
matrix that allows for the extraction of the contribution of
scattering components within each ground pixel [19]. Earlier
studies [12], [20], [21] have attributed backscatter observed
at the sensor from lake ice to be the result of double
bounce caused by tubular bubbles within the ice volume and
off the ice—water interface. Single-acquisition L-band polari-
metric decomposition results from [22] present polarimetric
decomposition of the scattering matrix from large-scale oblate
methane ebullition bubbles, reporting that surface bounce at
the ice—water interface is the dominant scattering mechanism
in several lakes on the Alaskan Coastal Plain (ACP) and
Northern Seward Peninsula. In addition, recent studies have
introduced the case for single bounce from the ice—water
interface as the dominant scattering mechanism in freshwater
lake ice containing tubular bubbles using polarimetric SAR
acquisitions at L- and C-bands [23], [24] and a full-wave
simulation model [25].

This paper presents a time series of in situ ground-
based X- and Ku-band observations collected during
the 2009-2010 winter using the University of Waterloo sled-
borne scatterometer (UW-Scat) temporally coincident with
spaceborne C-band RADARSAT-2 quad-polarized acquisi-
tions to assess the scattering mechanism in tubular bubbled
freshwater ice on Malcolm Ramsay Lake (near Churchill,
MB, Canada). Section II provides background information and
equations necessary for the analysis presented in this paper,
and the study site is presented in Section III. Section IV
presents phase and backscatter observations for interaction
near the snow-ice and ice—water interfaces observed using
UW-Scat at four static sites with in situ snow and ice
observations conducted adjacent to the scatterometer footprint.
UW-Scat observations are supplemented by co-polarized phase
difference observations using RADARSAT-2. In addition,
a time series of the Yamaguchi three-component polarimetric
decomposition is presented that details the proportion of
dominant scattering mechanisms [26]. Section VII provides
a discussion of the presented findings. This paper presents
the first time-series analysis of polarimetric decompositions
of freshwater lake ice using RADARSAT-2 for the purpose
of examining the classic double-bounce scatter hypothesis in
bubbled freshwater lake ice.

II. BACKGROUND

Backscatter from lakes is dependent on: 1) the difference
in permittivity properties of the media in the sensor field of
view and 2) microwave interaction with scattering centers at
media interfaces or within the snow or ice volume. In the case
of lake ice, the sensor field of view observes a combination
of water, freshwater ice, and snow (H>O in liquid and solid
states), and the interfaces between them. The complex relative
permittivity of a medium (&¢*) is given by

e =¢ + j&’ (1)
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where ¢’ is the real component and represents the relative
dielectric constant and ¢” is the relative dielectric loss, with
J denoting that &” is the imaginary component (equal to
/—1) [27]. For the remainder of this paper, the cumber-
some “relative” term will be omitted when referring to per-
mittivity or dielectric constant, but refer to the electrical
properties relative to a vacuum. The permittivity of pure
liquid water varies across the microwave region of the elec-
tromagnetic spectrum due to dependencies on temperature
and frequency, associated with Debye style dispersion [27].
Therefore, the dielectric constant (¢) of pure liquid water
at 0 °C is ~90, ~40, and ~20 for C-, X-, and Ku-bands,
respectively, with a high loss factor of approximately &” = 36
across the C- to Ku-band range [28]. Conversely, the highly
bonded molecular structure of solid-state H>O results in a low-
loss medium, where ¢ has experimentally measured values
of & = 3.17 with negligible &” of 0.00065, and a slight
temperature dependence below 0 °C (¢/ = 3.163-3.189 at
—28 °C to 0 °C, respectively) across the microwave range [29].
The permittivity of ice is also affected by the presence of
impurities including bubble inclusions. The effective bubbled-
ice permittivity &f ;. can be computed using empirical mix-
ing formulas utilized in [16], including the fraction of air
inclusions (p) in the following equation:

14 2py
gl/Jubble = gi/ce ( 1— py 2)

_ 1_8{06 3
P\ T2l ) ¥

The contrast in permittivity between water and ice influ-
ences, the amount of radiation reflected (R) or transmitted (I")
across the boundary layer, governed by the Fresnel equations
in (4)—(6), assuming the interface is smooth with respect to
the incident wavelength. Transmission across the air—snow
and snow-ice interfaces is quite high in both parallel and
perpendicular polarizations, with dry snow and ice being low-
loss mediums. At the ice—water interface, the mismatch in
dielectrics results in near-specular reflection, the proportion
which can be computed from

where

* *
ek cosl) — & costh
RL — 1ce air (4)

* *
£i.c0801 + &3;,.c080,

*

Ry = gy.costl — g costh )
gr.cosl + e .costy
r=1-R 6)

where R| and R| are the Fresnel reflection coefficients for
horizontally and vertically polarized waves, respectively [27].

A. Scattering Sources From Snow-Covered Lake Ice

1) Interface Surfaces: The magnitude of the signal scattered
back to the sensor from a surface is proportional to the
surface roughness, which is quantified by the correlation length
(measures the statistical similarities of the height of multiple
points on a surface), and the root mean square (RMS) of height
deviations from the surface mean [22]. As height deviations
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TABLE I

(a) RECOMMENDED SPACING OF OBSERVATIONS TO COMPUTE RMS
SURFACE ROUGHNESS IN MEDIUM OF DIFFERENTIAL PERMITTIVITY
FOR SNOW AND ICE. (b) RMS SURFACE ROUGHNESS THRESHOLD
VALUES FOR THE FRAUNHOFFER SMOOTH SURFACE CRITERION

Frequency (a/)%ir Snow (&' = Ice (¢'=
(GHz) (e'=1) 1.5) 3.17)
C-band 5.405 0.56 0.37 0.31
X-band 9.6 0.31 0.21 0.18
Ku-band 17.2 0.17 0.12 0.10

(b)

Snow/Ice Interface Ice/Water Interface
18° 45° 18° 45°
C-band 0.12 0.16 0.10 0.14
X-band 0.07 0.09 0.06 0.08
Ku-band 0.04 0.05 0.03 0.04

approach the size of the incident wavelength, the surface
scatter becomes increasingly diffuse (incoherent), elevating
backscatter observed at the sensor if the sensor and receiver
are co-located and at a nonzero incidence angle. Backscatter
caused by surface roughness becomes pronounced when height
deviations at the surface are greater than (4/(32cos6;)),
known as the Fraunhoffer criterion, and is dependent on the
wavelength (1) utilized. The in situ estimation of RMS surface
roughness for microwave studies is difficult, as the spacing of
measurements should be <0.14 [27]. The Fraunhoffer criterion
for the range of incidence angles utilized in this paper, and the
recommended spacing of in situ observations to quantify RMS
roughness at the air—snow, snow—ice, and ice—water interfaces
is provided in Table I. Note that the snow—ice and ice—water
interface criteria are smaller as the wavelength shortens in
media of increased permittivity, given through

C
7
o/ = ™

where  is the frequency under observation, ¢ is the speed
of light, and &’ is the real component of the relative per-
mittivity [27]. The Fraunhoffer criterion values in Table I
utilize ¢’ = 2.25 for a bulk snowpack and & = 3.17
for pure freshwater ice. Roughness metrics of the ice—water
interface have typically been utilized as a free parameter in
backscatter models, and have not been quantified at the scale
necessary for SAR studies. Recent observations of a 1-km ice
thickness transect over Toolik Lake in Alaska indicated large-
scale ice—water interface roughness features with a correlation
length of approximately 30 m [30]; however, the supporting
measurements of this paper were at a resolution of 1 m?,
which is insufficient to observe the small wavelength-scale
roughness.

Upon freezing to bed, the contrast in permittivity at the
bottom of the ice is reduced as ground medium exhibits
much lower relative permittivity of & =~8.3 [31]. The
lower contrast in permittivity allows for reduced reflectivity
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at this interface and ultimately a drop in backscatter at the
sensor [8], [21], [32], [33].

2) Inclusions Within Ice Volume: Gases are expelled into the
water column during the ice formation process as ice growth
responds to the deficit of heat in the air overlying the lake.
If the water column becomes supersaturated with dissolved
gases, tubular or teardrop-like bubbles are incorporated into the
ice volume parallel to the direction of congelation ice growth.
The size and density of bubbles are dependent on gas con-
centration and ice growth rate [34], [35]. Several studies [12],
[13], [15], [16], [18], [21], [36] have identified tubular bubbles
as a strong source of increased backscatter over freshwater ice
during the observation of single and winter time series of side-
looking aperture radar and SAR observations. Recently, it has
been suggested that the diameter and contrast in dielectrics
presented by tubular bubbles in the ice volume are insuf-
ficient to induce a strong double-bounce mechanism, citing
that the layer containing tubular bubbles is an anisotropic
homogenous medium with modified permittivity parame-
ters, through the effective medium theory [24], [25], [37].
Instead, it is proposed that backscatter is single bounce from
the ice/water interface.

High-density spherical bubbles are occasionally observed
in the volume of surface layers; the result of: 1) primary ice
development nucleated during a snowfall on calm or turbulent
water (i.e., “gray ice”) or 2) secondary ice development from
previously flooded surface snowpack through cracks in the
ice, or from the shoreline when ice is depressed below the
hydrostatic water line (i.e., “white ice,” or “snow ice”) [38].
The resultant ice types with spherical bubble inclusions
of 0.5-1 mm of variable density are identified as a source of
depolarizing volume scatter, but the distinction between white
and gray ice is not typically made from a radar remote sensing
perspective [39], [40].

B. Polarimetric Decomposition

There are two main categories of polarimetric
decomposition algorithms: coherent and incoherent target
decompositions. Coherent decompositions express the
backscattering matrix [S] as a combination of polarized
scattered waves from coherent targets, providing the first-
order estimates of the single-bounce, double-bounce, and
volume scatter mechanisms in a pixel [19]. Coherent
decompositions are employed to study coherent targets within
an observed pixel, with decomposition algorithms contributed
by Pauli [41], Krogager [41], Cameron et al. [42], and
Touzi and Charbonneau [43]. However, coherent
decomposition algorithms ignore the noisy speckle typified
by single look complex SAR acquisitions, which can modify
and otherwise distort the physical properties of the target.
In addition, the use of coherent target decomposition is
advantageous for the analysis of pure targets (i.e., man-made
objects) of which the scattering response can be completely
expressed through the measured scattering matrix [S].
Otherwise, the decomposition analysis of distributed scatterers
must be conducted using incoherent decompositions [19].

Incoherent polarimetric decompositions statistically charac-
terize the complex scattering behavior of naturally distributed
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targets through the use of the covariance or coherency matrix.
The presence of additive (system) and multiplicative (speckle)
noise inherent in SAR acquisitions is reduced by observ-
ing second-order polarimetric representations represented by
the 3 x 3 Hermitian average covariance ([C]) or coherency
([T]) matrices, which represent equivalent polarimetric
information [44]

T Tz Tis
T=|T5 Ton T (8)
T T3 T3

where the superscript * represents the conjugate. The Freeman
and Durden decomposition [45] models the ([T]) matrix to be
composed of three scattering mechanisms: surface ([Tsurfacel),
double bounce [Tgouble], and volume scatter ([7yolume])

[T] = Ps[Tsurface] + PalTdouvle]l + Po[Tvolumel (9)

where Py, P;, and P, are the power of each scattering
component within the total power returned to the sensor [44].
The surface component (Tgyrface) i modeled by a first-order
Bragg scattering surface with zero depolarization, and in the
case of smooth surfaces, negligible cross-polarization [46].
The double-bounce component (Tyouble) iS modeled as a
multiple scattering interaction from a dihedral corner reflector
of surfaces with differing permittivity properties, whereby
incident radiation undergoes the Fresnel reflection at both
horizontal and vertical interfaces. The volume scattering com-
ponent (Tyolume) is modeled as a cloud of dipole scatterers that
utilizes a probability density function that prescribes the dipole
orientation. The Freeman and Durden decomposition [45] is
extended by Yamaguchi ef al. [26] with an additional helix
scattering component that identifies complex man-made urban
targets (developed by Krogager and Freeman [47]) and further
modification of the orientation angle distribution of dipoles
within the volume scattering component. In situations where
the scene is composed of natural distributed targets, the helix
component is negligible, and the Yamaguchi decomposition
reverts to three components. The resultant Freeman and
Durden and Yamaguchi three-component decompositions yield
similar results; therefore, only the results from the Yamaguchi
decomposition are presented in the following.

Few studies have conducted polarimetric decomposition
for freshwater ice. Using a time series of RADARSAT-2
acquisitions under Pauli decomposition, Van der Sanden
and Drouin [48] observed the double-bounce component
to produce the highest coefficient of determination (R?)
of many polarimetric parameters with river ice types, but
did not report the associated power parameters. Conversely,
Engram et al. [22], [23] observed a positive correlation
between L-band PALSAR surface-bounce component of the
coherency matrix (771) and density of large (0.01-1 m)
methane ebullition bubbles for ice-covered lakes in the ACP
and the North Seward Peninsula (NSP). Values of the surface
roughness component were the highest reported (—12 and
—9 dB) compared to double bounce (—20 and —17 dB) and
volume scatter (—24 and —21 dB) for the ACP and NSP,
respectively [22]. In addition, a drop in the surface-bounce
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Fig. 1. UW-Scat static observation sites on Malcolm Ramsay Lake, near
Churchill, MB, Canada.

component was reported upon the lake freezing to bed (remov-
ing the high dielectric-contrast ice—water interface) [23]. The
increase in the surface bounce component relative to bubble
density was inferred to be related to the modification ice
surface roughness with the incorporation of bubbles at the ice—
water interface.

III. STUDY SITE AND METEOROLOGICAL OBSERVATIONS

The experimental site for this study is Malcolm Ramsay
Lake (formerly Lake 58), situated approximately 20 km east
of Churchill, MB, Canada, (58.7221°N, 93.7845°W) in the
Hudson Bay Lowlands region (Fig. 1). The lake covers an
area of approximately 2 km?, with the lake bed comprising
patches of organics, sediment, and rocks, and mean and
maximum depths are 2.4 and 3.2 m, respectively [8]. The
region surrounding Malcolm Ramsay is located in the juncture
of three ecological zones: tundra, tundra-boreal transition, and
boreal forest, which run parallel east—west along the coast [49].
The region is relatively flat with a high lake fraction (32%)
and relief features which are the result of glacial deposits [50].

Churchill, MB, Canada, and by extension, Malcolm Ramsay
Lake is situated on the south-western shoreline of Hudson Bay,
resulting in high sustained average wind speeds (4.28 km/h
during the observation period) influencing snowpack and
ice development. The annual mean temperature within the
1981-2010 climate average recorded at the Churchill airport
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Fig. 2. Average daily meteorological station wind speed and air temperature
collected on the north shoreline of Malcolm Ramsay Lake during the UW-Scat
and SAR observation periods.

weather station is —6.9 °C, with below-freezing monthly aver-
ages from October to May. The average temperature during
the observation period of October 1, 2009 to May 1, 2010 was
—11.7 °C, sufficient to maintain a dry snowpack or ice surface
for the duration of radar acquisitions. The monthly average air
temperature during the observation period was 4.7 °C warmer
compared to the 1981-2010 climate normal monthly averages.

Meteorological observations were collected by an automated
weather station on the north shoreline of Malcolm Ramsay
Lake, including air temperature and wind speed/direction
(daily averages shown in Fig. 2). The observation period was
typified by high-wind events with sustained speeds of up
to 8 m/s, influencing the development of snow distribution
and stratigraphy. Scatterometer and SAR acquisitions were
collected in subfreezing conditions with the exception of the
late winter season (April 23, 2010) when snow melt occurred.

IV. LAKE ICE PROPERTIES AND RADAR OBSERVATIONS

A. In Situ Snow and Ice Properties

In situ snow depth, density, and ice thickness observa-
tions were conducted along a 100-m transect adjacent to a
fixed scatterometer footprint at 0° azimuth for four sites on
Malcolm Ramsay Lake (Fig. 3) regularly starting once the
ice was of appreciable depth to support science activity from
November 15, 2009 to April 4, 2010. Shoreline observations
from an automated camera and a submerged shallow water
ice-profiler (SWIP) observe initial ice cover formation on
October 14, 2009 [51]. Snow depth was measured every 0.5 m
along the transect using a SnowHydro Magnaprobe [52]. Ice
thickness and ice surface types were measured every 25 m
(Fig. 3). Ice cores were extracted from within the scatterometer
footprint at the end of the observation period (April 4, 2010)
using an auger and ice saw. The depth of the bubbled layer
shown in Fig. 3 was recorded from the ice core and inferred
for the date of bubble inclusions into the ice for prior measured
ice thicknesses.

Traditional snow pits were also conducted adjacent to the
scatterometer footprint within a “pit farm,” which was located
at the start of the 100-m transect outside of the instantaneous
field of view, allowing the scatterometer to observe the natural
winter evolution of backscatter for snow-covered lake ice.
Snow pit measurements were conducted according to [53]
and included snow stratigraphy, grain type, grain size, snow
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density, hardness, and temperature profiles, with measurement
parameters summarized in Table II.

Snow and ice properties were observed at static sites
in Fig. 3 as part of both intensive observation periods (IOPs),
which were temporally coincident with UW-Scat observations,
and during extended observation periods (EOPs), where infor-
mation on snow and ice properties was collected to provide
context between IOP observations. In addition, the EOP snow
and ice observations were conducted to provide context for
RADARSAT-2 overpasses, which were more frequent than
UW-Scat observations (Fig. 3).

The snow conditions at sites 1-4 throughout the season
were typified by a high-density snow layer comprised rounded
grains (~400 kg/m3) overlying a lower density snow layer
comprised columnar grains (depth hoar) (~280 kg/m?) which
still maintained its hardness properties. This pattern was
consistent across the lake for snowpacks of depths (>0.1 m),
which was characteristic of slab-to-hoar snow classification
found on tundra lakes exposed to sustained wind [54]. The
deepest and densest snow was observed throughout the season
at site 4, with end-of-season depth and density of 0.18 m and
389 kg/m?>, respectively.

The long-axis grain size of the depth hoar layers became
larger from the beginning to end of the observation period
from an average of 1.7 (November 17, 2009) to 4 mm
(March 3, 2010) while the wind slab layer remained relatively
consistent, ranging from 1 to 1.5 mm. The increase in long-
axis grain size of the depth hoar layer is a result of the
high thermal gradient within the snowpack. Average end-of-
season snow depth across the four static observation sites was
approximately 0.17 m, with local deviations in snow depth
related to redistribution caused by sustained wind from the
northwest.

Ice thickness and stratigraphy varied depending on the
relative location on Malcolm Ramsay Lake (e.g., proximity
to shoreline and bathymetry), with a maximum observed
thickness of 1.18 m at site 3. According to a submersible
SWIP at a fixed location close to site 1, freeze-up began on
October 15, 2009, measuring sustained ice growth of 0.05 m in
a period of seven days. In situ ice thickness observations indi-
cated that site 1 froze to bed prior to the March 2, 2010 obser-
vation when the auger struck the bottom (soft sediment); future
observations were abandoned. All sites observed exhibited
a marked increase in tubular bubble inclusion near the ice—
water interface, with an increase in bubble density closer to
the ice—water interface dependent on the level of saturation
of dissolved gas in the water beneath the ice such that the
rate of gas expulsion during ice nucleation is insufficient,
incorporating bubbles into the ice volume (Fig. 4). Observed
tubular bubble inclusions consistently developed below a layer
of completely clear (congelation) ice as inverted elongated
teardrops, whereby the bubble origin at the ice—water interface
was a semicircle with minimum and maximum diameters of
~1 and 5 mm, respectively. The semicircle then reduced to
a column or “tube” with a diameter of ~0.5 mm and a total
bubble length of 5 to 20 mm.

Tubular bubbles observed in the middle of the ice volume
that coincided with high ice growth rates earlier in the season
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Fig. 3.

In situ snow and ice properties for (A)—(D) sites 1-4. Ice stratigraphy is observed from ice cores extracted at the end of the UW-Scat observation

period (April 4, 2010) and applied to previous dates to infer the timing of bubbled inclusion. Ice thickness values are averaged from measurements along the

100-m transect.

TABLE I

SUMMARY OF SNOW AND ICE MEASUREMENTS COLLECTED
IN SNOW PIT ADJACENT TO SCATTEROMETER

Snow Ice
Parameter Unit Meas. Device| Parameter Iftn Meas. Device
SnowHydro©
Magnaprobe
Depth m (Sturm and | Thickness m 10 cm ice auger
Holgrem,
1999)
100 cm® Surface
. 3 density cutter/ Avalanche Probe in
Density  kg/m Types/ m
ESC-30 snow ; auger hole
Thickness
core tube
Sc?ar grain . Kovaks© Mark I1 9
Grain size  mm size card Layering om
(labelled 1-3 (Core) .
Coring system
mm)
Knife/
Pencil/
Hardness
Finger/
Fist
Digital
[
Temp C Thermometer

were approximately 2-3 mm in diameter (site 1, at 0.44 m)
compared to bubbles at the base of the ice cover, which
exhibit a diameter of 0.5 mm (site 2, ice thickness at 0.91 m).
Sites 1 and 3 [(A) and (C) in Fig. 3] exhibit the development of
tubular bubble inclusions much earlier than sites 2 and 4 [(B)
and (D)] and therefore have a thicker bubbled-ice layer, greater
bubble density, and larger tubular bubble diameters near the
ice—water interface.

Surface ice types composed of high-density spherical
microbubbles (snow, gray ice) were observed at all sites, with
minimum and maximum layer thicknesses of 0.05 and 0.11 m
at site 4 and sites 2 and 3, respectively.

Fig. 4. High-density tubular bubble inclusions between 0.36 and 0.43 cm
from the bottom of ice extracted from site 1. The bubble length is >0.1 m,
with a diameter of 1.5 mm at the terminus decreasing to 1 mm at the “tube.”

B. UW-Scat Observations

Ground-based scatterometer observations were collected
using UW-Scat, which is comprised two frequency-modulated
continuous wave (FMCW) radars with center frequencies
of 9.6 (X-band) and 17.2 GHz (Ku-band) (manufactured by
ProSensing Inc.). UW-Scat operates in a switched transmit—
receive mode, collecting polarimetric observations (VV, HH,
and VH) and their relative phase difference. The FMCW
radar head is mounted on supports which are maneu-
vered by a Kipp and Zonen 2ap sun tracker across a 60°
azimuth sweep at 3° intervals at an incidence angle range
of 21°-60°. Observations collected at incidence angles
larger than 60° produced a marked drop in signal-to-
noise ratio (SNR), precluding their incorporation into the
study. Additional UW-Scat sensor information is provided
in Table III with an extended sensor description and derivation
of the normalized radar cross section (NRCS) provided in [55].

1) UW-Scat Peak Return Isolation: Within the UW-Scat
processing procedure, raw data blocks are transformed from
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TABLE III

UW-SCAT SENSOR SPECIFICATIONS

Parameter X-band Ku-band
Output Frequency (GHz) 9.35-9.85 16.95-17.45
Transmit Bandwidth (GHz) 0.5 0.5
Transmit Power (dB) -11.8 -8.0
Range Resolution (m) 0.3 0.3
Cross-polarization isolation (dB) >30 >30
Sensitivity/Noise Floor (dB m%m?) -50 -50
Antenna Beam width (°) 43 5.6
Transmit/Receive polarizations VV/VH/HH  VV/VH/HH

the time to the range domain using a fast Fourier transform.
A sky shot is obtained before each scan to estimate the
range-dependent transmit leakage, and is coherently subtracted
from range bins. Once the leakage removal is completed,
the received signal power for all potential range profiles for
co- and cross-polarized returns is averaged across the 60°
azimuth sweep at incidence angles determined by the initial
scan. The procedure allows for manual selection of the peak
signal return within range of the scatterometer, which varies
according to the complexity of the target’s geometry and
permittivity properties. UW-Scat range resolution is influenced
by the refractive index of the target (njce = \/%), and the
bandwidth of the sensor (BW) in hertz [56]
¢

(2nice) (BW)

where ¢ is the speed of light (2.998 x 108 m/s). UW-Scat
utilizes a BW of 500 MHz, resulting in minimum range
resolution (rmin) of 0.17 m in an ice medium, and 0.3 m in
air [57]. The nominal range resolution implies that scattering
interfaces in “thick ice will exhibit a discernable peak in range
graphs, providing distance measurements to the snow—ice and
ice—water interfaces. Theoretically “thick ice” refers to ice
cover thicker than 2rpmin = 0.34, but in the field has been
observed to be >0.4 m [58]. The range profiles for an early
(November 15, 2009) and late (March 29, 2010) winter season
UW-Scat observations of site 3 are shown in Fig. 5.

Snow and freshwater lake ice are relatively transmissive
mediums due to the low contrast in permittivity at the air—
snow and snow-ice interfaces (ef,,, = 1.5and &j,, = 3.17
for X- and Ku-bands) [59]. Microwave radiation is, therefore,
largely transmitted across the interface and through snow and
ice mediums to the ice—water interface, where a high contrast
in permittivity is observed (&}, ~ 40 and ~20 for X- and
Ku-bands, respectively). The contrast in permittivity results
in high reflection of incident microwave radiation at the ice—
water interface, according to the Fresnel equations (assuming
a flat surface) [27]. The reflection of the signal at the ice—water
interface was typically the dominant return in the scatterometer
field of view, but there were instances where returns from the

(10)

Imin =
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Fig. 5. Range power profiles of UW-Scat at (A) and (C) X- and (B) and
(D) Ku-bands for early and late winter season observations at site 3 (39°
incidence angle). Note that a single defined peak return is noticed in early
observations where ice thickness is 0.27 m, and two defined peak returns exist
in late season observations when ice thickness is 1.18 m.
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Fig. 6. Verification of the assumption of interactions at the snow—ice and
ice—water interfaces represented by Peaks 1 and 2 in range. The Peak 2-
Peak 1 differences for X- and Ku-bands tracked the calculated slant range
from the refracted incident angle and measured ice thickness with a near
1:1 relationship.

snow—ice interface were greater than that from the ice—water
interface.

The travel time to the ice—water interface from the scat-
terometer increased as ice thickened, allowing for resolution
of signal interactions at the snow—ice (P1) and ice—water (P2)
interface in the range profiles of both X- and Ku-band obser-
vations. The reflected component of backscatter from Peak 2
has typically been hypothesized to be returned to the sensor
via double-bounce mechanism caused by tubular bubbles
in the ice volume oriented parallel to the direction of ice
growth [8], [14]. Assuming double bounce and a consistent
refractive index for the ice column, the distance (ds) traveled
by the incident microwave pulse within the ice volume (cal-
culated difference in range of Peaks 1 and 2 shown in Fig. 6)
should be equivalent to

ds — 2dmeas (11)
cosd

where dmeas 1 the measured in situ ice thickness in meters
and 6 is the incidence angle observed after adjusting for the
refraction caused by the ice (njce = 1.78). Fig. 7 shows
the median peak difference derived from X- and Ku-bands
(21°-60°) after adjusting for the speed of light in ice, com-
pared to the calculated slant range using in situ ice thick-
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Fig. 7. UW-scat co-polarized phase difference (A¢ypyy) for (A) and (C)
Peak 1 and (B) and (D) Peak 2 at all sites and dates on Malcolm Ramsay
Lake with the exception of sites where ice is frozen to bed. Observations
were collected for (A) and (B) X- and (C) and (D) Ku-bands over a range
of 21°-60°.

ness measurements for all scatterometer observations observed
on Malcolm Ramsay Lake. The derived two-way distance
within the ice was nearly equivalent to in situ observations,
with coefficient of determination (R?) of 0.79 and 0.90 for
X- and Ku-bands, respectively, providing evidence that P1 and
P2 returns are interactions near the ice—snow and ice—water
interfaces. Deviations from the 1:1 relationship in Fig. 7 could
be caused by the influence of the relatively low range resolu-
tion (0.17 m in ice) of UW-Scat, evidenced by the deviations
in ice thickness consistently less than 0.17 m, with an RMSE
of 0.05 and 0.047 m at X- and Ku-bands, respectively.
Concurrently, the influence of increased ice porosity due
to tubular air bubble inclusions could slightly modify the
refractive index, whereby 7% porosity for bubbled columnar

ice [16] would cause a reduction in njce (1.74) and slce(3.04),
derived through
14+ 2py
gé = gi/ce (7 (12)
1 —py
where
1 /
y = — ‘e (13)
1 + 281ce

where p is the fraction of air inclusions within the ice [16].
The slight modification in refractive index would result in
a difference of derived ice thickness values of 1.6%, or an
average of 0.014 and 0.008 m for X- and Ku-bands, respec-
tively, well within the RMSE of UW-Scat derived ice thickness
values.

2) UW-Scat Backscatter Processing: With the peaks in
range determined to correspond to the ice—snow and snow—ice
interfaces, it is of interest to obtain the backscatter parameters
to investigate the respective intensity of returns with respect
to in situ physical parameters. The NRCS (0c°) is obtained

through

where R; is the target range, o, is the corner reflector’s radar
cross section, ¢inc is the incidence angle, R. is the corner
reflector range, 63, is the observmg antenna’s one-way half-
power beamwidth, and P, and P, are the recorded power for
the scene and the corner reflector, respectively [55].

8 In (2)R20'c €08 (Pinc)
T R 93 dB

(14)
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Polarimetric parameters are derived using UW-Scat obser-
vations to provide context and comparison of those generated
from RADARSAT-2 acquisitions. The co-polarized phase dif-
ference (A¢yyyy) is obtained from the average covariance
matrix representing the complex scattering amplitudes of data
blocks across a scan’s azimuth for each incidence angle,
represented by (15), with the derivation of A¢yyyy using (16).
The diagonal terms of the covariance matrix represent returned
power at each of the polarizations and are real numbers,
whereas the off-diagonal terms provide phase information and
are complex numbers [45]

SvwSyy  SvwSym  SvwShy  SvvShn
(C]=( [SviSvv  SvaSvy  SviSuy - SvSimm
SuvSyyv  SuvSvy  SuvShv SuvSig
SuHSyy  SHHSYH  SHHShy  SHHShH
(15)
Im<SHHS¢/V>
Adppvy = tan~" [ 2HHOVY) ) (16)
T =
3) UW-Scat  o¢° and A¢ygyy  Observations:

Table IV presents the time series of average ¢° across
30°-45° of X- and Ku-bands for Peak 1 (interactions near
the snow-ice interface), and Peak 2 (interactions near
the ice—water interface) for all sites observed on Malcolm
Ramsay Lake. X- and Ku-band Peak 1 VV and HH ¢° is high
throughout the observation period (—13.21 to —6.17 dB) at
sites 1-3 where thick surface ice layers consisting of
high-density spherical microbubbles were present, consistent
with [50]. The exception is site 4, where the lowest VV and
HH Peak 1 ¢° is observed at both X- and Ku-bands
throughout the observation period, coincident with the
thinnest recorded median surface ice types on Malcolm
Ramsay Lake (0.038 m).

There are several instances where Peak 1 Ku-band exhibits
higher ¢ ° (bolded) at all polarization combinations (exceptions
typically occur early in the data record) at sites 1 and 2 com-
pared to X-band, implying that it is possible that media near
the snow—ice interface scatters shorter wavelengths back to the
sensor with greater efficiency. Two variables that are identified
as potential contributors to ¢° near the snow-—ice interface
are: 1) the microbubbles in surface ice types (gray or white
ice) and 2) the overlying snowpack [40]. These instances
also correspond to sites where ¢° at P1 exceeds that of
P2, indicative that there are physical properties at or near
the snow-ice interface interacting with the incident signal.
When viewing each site individually over the winter season,
it is apparent that both X- and Ku-band VV ¢° increases
are coincident with increased complexity within the snow
and ice volumes near the snow—ice interface, consistent with
scatterometer measurements of a snow removal experiment
in [50]. The first observation for X- and Ku-band P2 is listed

s “n/a” because the distance separating P1 and P2 was not
sufficient to resolve two distinct returns in range. Ice thickness
on November 15, 2009, was approximately 0.2 m, below the
0.4-m operational threshold for UW-Scat reported in [57].

Peak 2 ¢° under the traditional hypothesis would interact
with the ice volume, specifically observing the double bounce
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TABLE IV

AVERAGE UW-SCAT ¢ ° OBSERVATIONS ACROSS A 30°-45° RANGE FOR X- AND KU-BANDS AT SITES 1-4. CO- (VV AND HH)
AND CROSS-POLARIZATION (VH) FOR INTERACTIONS AT PEAK 1 (NEAR SNOW-ICE INTERFACE) AND PEAK 2 (ICE-WATER
INTERFACE). BOLDED NUMBERS REPRESENT WHERE KU-BAND P1 ¢ ° EXCEEDS X-BAND P1

X-band Ku-band
Peak 1 Peak 2 Peak 1 Peak 2

Sitel \'A' HH VH vV HH VH VA HH VH VA HH VH
15/11/09 -12.52 -9.99 -21.02 n/a n/a n/a -12.60 -10.76 -24.51 n/a n/a n/a
10/01/10 -10.96 -11.71 -25.20 -10.67 -8.10 -17.60 -7.92 -8.42 -20.20 -11.61 -10.94 -19.89
12/02/10 -8.82 -10.20 -24.58 -8.64 -7.35 -18.54 -7.23 -7.85 -18.48 -11.60 -9.18 -18.98
18/3/10 -8.31 -9.29 -23.61 -16.52 -14.18 -24.42 -6.17 -6.94 -17.71 -24.67 -23.83 -30.37

Site 2
15/11/09 -12.61 -20.37 -12.70 n/a n/a n/a -7.30 -6.93 -19.18 n/a n/a n/a
10/01/10 -7.66 -8.21 -22.98 -8.54 -11.03 -15.13 -7.73 -8.37 -22.90 -11.86 -15.14 -12.73
12/02/10 -11.06 -12.04 -27.72 -15.03 -15.04 -17.77 -8.28 -9.20 -24.21 -17.47 -16.52 -18.96
18/3/10 -9.02 -9.89 -23.92 -10.02 -11.11 -18.89 -6.10 -6.76 -20.00 -11.68 -10.99 -16.79

Site 3
15/11/09 -13.21 -12.50 -21.07 n/a n/a n/a -11.13 -9.97 -19.83 n/a n/a n/a
10/01/10 -9.92 -10.69 -27.12 -7.76 -6.52 -14.56 -8.88 -9.47 -24.54 -5.87 -4.30 -14.91
12/02/10 -9.63 -10.29 -26.80 -5.96 -4.66 -16.76 -7.34 -7.95 -24.31 -7.68 -4.67 -14.18
18/3/10 -10.31 -11.06 -26.24 -5.28 -4.73 -14.85 -7.76 -8.68 -20.90 -8.00 -7.19 -14.16

Site 4
15/11/09 -20.74 -21.36 -34.17 n/a n/a n/a -16.02 -14.90 -33.83 n/a n/a n/a
10/01/10 -8.83 -9.79 -23.87 -9.96 -10.24 -21.15 -8.95 -9.77 -21.68 -12.02 -11.53 -26.98
12/02/10 -9.43 -10.60 -26.49 -14.99 -14.71 -29.03 -10.90 -10.94 -23.85 -10.74 -9.65 -27.26
18/3/10 -12.64 -12.72 -26.83 -9.17 -8.08 -23.40 -9.05 -8.64 -21.86 -8.52 -6.61 -20.14

caused by tubular bubbles within the ice and the ice—water
interface. The sites observed exhibit increased ¢ © from early to
late winter season, consistent with the double-bounce hypoth-
esis where high ¢° is observed at X- and Ku-band Peak 2 for
sites with thick bubbled-ice layers (sites 1 and 3), and lower
Peak 2 o ° observed at sites where tubular bubble development
occurred later in the season (sites 2 and 4). In addition, upon
freezing to bed X- and Ku-band Peak 2 ¢° at site 1 drops by
8.8 and 12.7 dB (VV), and 7.3 and 12.6 dB (HH), respectively,
consistent with the removal of the high contrast in permittivity
at the ice—water interface.

The Fresnel equations indicate that a dielectric dihedral
inducing double bounce will result in a phase change of nearly
180° between horizontally and vertically polarized radiation.
Similarly, the Fresnel equations produce nearly 0° phase
change between HH and VV when surface bounce occurs.
Therefore, the expected HHVV phase difference (A¢ypyy)
calculated using (16) for double-bounce interaction near the
ice—water interface (Peak 2 for X- and Ku-band observations)
would be nearly £180°. Fig. 8 shows Peak 2 frequency
distribution of (A¢yyyy) for scans at an incidence angle
range from 21° to 60° for all sites and dates on Malcolm
Ramsay Lake. Fewer observations at Peak 2 were available
due to thin ice at the beginning of UW-Scat observation period
(November 15, 2009). A¢ypyy values appear to be centered
much closer to 0° than +180° with median values of —3.77°
and —12.34° (Peak 1), and —4.75° and —1.61° (Peak 2) at
X- and Ku-bands, respectively (n = 60). A¢yyyy centered

near 0° indicates that the dominant scattering mechanism
near the ice—water interface may be independent of double-
bounce scatter, and instead may be caused by scatter at the
ice—water interface itself. The spread in A¢yyyy outside
of 0° associated with (B) and (D) in Fig. 8 indicates that
there are more complex scattering elements present; however,
the expected bimodal distribution with peaks located at +180°
representative of double bounce is not present in UW-Scat
observations.

C. RADARSAT-2 Acquisitions

A time series of spaceborne C-band (5.4 GHz) RADARSAT-
2 quad-pol fine beam quad-mode SAR was at multiple
incidence angles including FQ1 (17°-20°), FQI11 (29°-32°),
FQ18 (36°-69°), and FQ21 (39°-42°) coincident with
in situ observations, with acquisition dates provided in Table V.
All RADARSAT-2 scenes were acquired at ascending pass.
Radiometric and geometric calibration was performed using
the Sentinel Application Platform version 5.0, multilooking
to square pixels (1 x 3) and producing ground-range VYV,
HH, VH, and HV ¢° and phase at a spatial resolution of
7.26 x 14.52 m. The co-polarized phase difference (A¢dypyy)
was extracted from the multilooked covariance matrix, and the
Yamaguchi three-component polarimetric decomposition [60]
was performed utilizing the coherency matrix (73), producing
bands corresponding to surface, double-bounce, and volume
interactions. The ¢ °, phase, and polarimetric decompositions
were geocoded to UTM zone 15N for spatial analysis.
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Fig. 8.
UW-Scat static sites on Malcolm Ramsay Lake.

Backscatter, phase, and polarimetric decomposition parame-
ters were extracted for a circular buffer of sites 1-4 with a
50-m radius, and on a lake-wide basis by a negative 50-m
buffer of the lake shoreline to ensure the omission of shoreline
contamination in the analysis.

The sharp FQIl o¢° increase of 5-6 dB from
October 27, 2009 to November 20, 2009 and again on

Winter evolution of median RADARSAT-2 backscatter (dB) and standard deviation (error bars) for all beam modes within a 50-m circular buffer of

December 14, 2009 in both VV and HH polarizations at all
sites are coincident with increases in ice thickness confirmed
by the in situ SWIP observations, similar to C-band HH
o° increases reported in [40] for thin ice (void of tubular
bubbles) grown in a laboratory.

SAR ¢ ° observations at site 1 do not drop as expected when

in situ observations deem the site to be frozen to bed on
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TABLE V

RADARSAT-2 FINE BEAM QUAD-MODE ACQUISITIONS DURING
2009-2010 WINTER SEASON, WHICH ARE ALL ACQUIRED IN
THE ASCENDING MODE. AVERAGE DAILY AIR TEMPERATURE

FROM AN AUTOMATED WEATHER STATION LOCATED
ON THE NORTH SHORELINE OF MALCOLM RAMSAY
LAKE iS ALSO PROVIDED

Avg Daily Air
Incidence Time Beam Temperature
Date Angles (°) (local) Mode (°C)
24/10/2009 -1.17
17.63
4/1/2010 -29.78
28/1/2010 0% 1836 FQl 25.61
21/2/2010 ) -15.93
27/10/2009 0.91
20/11/2009 -4.19
14/12/2009 -26.91
29.18

7/1/2010 -29.13
31/1/2010 o 2349 FQl 2627
24/2/2010 ’ -24.94
20/3/2010 -16.89
13/4/2010 -0.24
10/2/2010 36.26 -17.88

6/3/2010 to 18:57 FQI18 -1.34
23/4/2010 39.24 -4.30
31/10/2009 -4.45
24/11/2009 39&?5 19:01 FQ21 -10.45
18/12/2009 42.49 ’ -20.81
24/3/2010 ) -26.30

February 23, 2010, when the auger struck the bottom. The
avalanche probe was used to probe the lake bed, and a soft
lake bed layer was observed. It is possible that the signal did
not drop due to: 1) soft sediment being mixed with water,
retaining contrast in permittivity or 2) the spatial variability of
areas that are frozen to bed or floating within the 50-m buffer
that are not captured by the in situ and UW-Scat observations.
An anomalous ¢° departure is also noticed at site 4, where
VH ¢ ° is much lower than that of other sites, with differences
up to 10 dB. The drop in VH ¢° is observed to be part of
a larger feature on the lake where ¢ ° observations approach
the noise floor (—35.5 dB for FQ11 mid-swath) [Fig. 10(C)].
The feature persists for the duration of the observation period
for all beam modes (FQI1-FQ 21), indicating the potential
that VH ¢° could be insensitive to tubular bubble inclusions
observed in the ice core. Site 4 exhibits thinner surface ice
types than sites 2 and 3, indicating that the high densities
of spherical bubbles in white or gray ice at sites 2 and
3 are potentially depolarizing to incident microwaves. It is
unlikely that this is due to increased moisture (flooding of
ice) because the feature is persistent throughout the year, was
not documented in situ, and temperatures were consistently
below freezing.

Median co-polarized phase differences for the 50-m buffer
of sites 1-4 and lake-wide pure-ice pixels indicate a dominant
pattern whereby A¢yyyy is centered at approximately 0°
for the majority of observations, with a maximum median
departure of —15.11° observed at site 4 on November 24, 2009
(n = 34). When observed at the lake-wide scale, the median
A¢ypvy is centered at approximately 0° with an average
deviation of 0.95° across the Radarsat beam modes. The
dependence of A¢yyyy on incidence angle is also observed
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Fig. 9. Lake-wide A¢gypgyy for late-winter RADARSAT-2 acquisitions

across an incidence angle range of 19.4°-41.2° using all beam modes during
a four-week period from February 21, 2010-March 24, 2010. The last cold-
period acquisition is shown to illustrate observations obtained at maximum
ice thickness for each beam mode.

using multiple beam modes over an incidence angle range
of 19.4°—41.4°. These acquisitions were acquired within a one
month period from February 21, 2010 to March 24, 2010,
when ice growth is minimal (e.g., observed ice growth was
0.03 m at site 3 over that time) (Fig. 9). The frequency
distribution of A¢yyy across the incidence angle range is
consistently unimodal and centered at approximately 0°, with
median A¢yyyy of 2.96°, 0.65°, 6.5° and 0.81° at FQI,
FQ11, FQI18, and FQ 21, respectively.

D. RADARSAT-2 Polarimetric Decomposition

RADARSAT-2 polarimetric decomposition parameters are
produced using the Yamaguchi three-component Decomposi-
tion. The relative proportion of odd bounce (surface), even
bounce (double bounce), and volume scatter to total ¢° is
shown in Fig. 10(D)—(F). The median values of the pixels
within the 50-m footprint are provided in Table VI in logarith-
mic scale (dB), with the range of values at sites 3 and 4 (those
with contrasting snow/ice regimes) in Fig. 9. Surface bounce
is identified as the dominant scattering mechanism contribut-
ing to overall ¢° across all static sites and is on average
10 and 14 times greater than the volume scatter and double-
bounce components, respectively. Volume scatter is identi-
fied as the second largest ¢° source with the exception of
site 4, where low cross-polarized ¢° is observed. Double-
bounce scattering mechanism is consistently identified as the
smallest ¢ ° source, even at site 3, where dense tubular bubbles
were observed to be included into the ice volume as early as
January 9, 2010 (according to ice core records). At site 4,
the volume scatter decomposition parameter is the lowest o °
contributor, which is spatially coincident with the thinnest lay-
ers of surface ice types containing spherical bubbles (0.05 m)
compared to sites 2 or 3 (0.11 m).

The identification of surface bounce as the dominant con-
tributor to backscatter is also prevalent when viewed at
the lake-wide scale (Fig. 11). The RADARSAT ¢ ° increase
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Fig. 10. Time series and distribution (n = 35) of RADARSAT-2-derived Yamaguchi three-component decomposition parameters for all beam modes acquired
at sites 3 (A-D) and 4 (E-H) . Surface bounce is consistently identified as the dominant component across all incidence angles.
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Fig. 11. Time series and distribution of RADARSAT-2-derived Yamaguchi
three-component decomposition parameters at lake-wide scale acquired using
FQ11 (29°-32°). Surface bounce is the dominant component of observed o °,
followed by volume scatter.

noticed in Fig. 13 at each static site prior to the development
of tubular bubbles in the ice volume is corroborated by the
polarimetric decomposition, indicating that double bounce
caused by tubular bubble content is not the dominant scat-

tering mechanism, consistent with [24], [25]. Fig. 12 also
indicates that the decomposed mechanisms controlling lake-
wide backscatter increase in prevalence during the observa-
tion period. Increases in surface, volume, and double-bounce
components could be related to increases in the thickness
of the ice medium; however, the intensities are likely con-
trolled by physical snow and ice parameters (e.g., increase
in surface roughness at the ice—water interface throughout
the season resulting in high surface-bounce interactions, con-
sistent with [24]). When observing RADARSAT-2 ¢° at a
lake-wide scale, it is likely that areas of grounded ice are
included in the observation later in the winter season, which
would increase ¢° variability for months with thick ice
(March—April) due to areas of ice that are frozen to the
lake bed, as the high contrast in permittivity at the ice—water
interface is removed.

V. DISCUSSION

The combination of UW-Scat/RADARSAT-2 co-polarized
phase differences and polarimetric decomposition parame-
ters provide evidence contrary to the traditional hypothesis
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TABLE VI

TIME SERIES OF MEDIAN (n = 35) YAMAGUCHI THREE-COMPONENT DECOMPOSITION PARAMETERS DERIVED FROM RADARSAT-2 ACQUISITIONS
FOR UW-SCAT SITES 1-4: ODD (SURFACE) BOUNCE, EVEN (DOUBLE) BOUNCE, AND VOLUME SCATTER (dB). THE DOMINANT SCATTERING
MECHANISM iS BOLDED, AND THE SECOND-MOST DOMINANT iS ITALICIZED

0Odd (dB) Double-bounce (dB) Volume (dB)
Inc
Date Angle 1 2 3 4 1 2 3 4 1 2 3 4

24/10/2009 -21.14 -13.51 -11.67 -12.15 N/A N/A N/A N/A N/A N/A N/A N/A
4/1/2010 1;: -10.28 -10.38 -4.97 -5.88 -21.94 -22.23 -21.94 -20.77 -13.90 -20.42 -20.47 -20.67
28/1/2010 20° -7.96 -8.49 -3.12 -5.17 -19.21 -20.83 -21.44 -19.93 -12.58 -6.82 -7.15 -19.21
21/2/1010 -9.92 -7.99 -4.58 -6.42 -21.77 -21.57 -21.91 -22.13 -9.92 -6.80 -5.00 -20.16
27/10/2009 -22.72 -22.80 -22.63 -23.31 -26.73 -26.73 -26.73 -26.73 -24.78 -26.29 -26.65 -26.02
20/11/2009 -17.19 -15.01 -15.47 -15.06 -23.21 -23.21 -23.21 -23.21 -20.29 -20.51 -20.74 -23.21
14/12/2009 -15.25 -12.64 -10.47 -13.04 -24.11 -23.36 -22.75 -24.11 -18.80 -15.74 -15.34 -22.47
7/1/2010 2:: -15.29 -10.80 -9.76 -10.57 -25.75 -23.39 -21.93 -23.78 -16.77 -14.09 -13.50 -21.62
31/1/2010 32° -14.80 -9.26 -6.29 -10.51 -23.36 -21.46 -22.08 -22.47 -15.65 -12.53 -10.50 -21.20
24/2/2010 -12.45 -10.92 -7.12 -9.50 -24.04 -20.35 -22.37 -21.87 -13.49 -13.47 -10.24 -19.98
30/3/2010 -11.44 -8.47 -6.54 -8.13 -21.97 -19.84 -18.26 -21.99 -13.17 -11.18 -10.86 -18.82
23/4/2010 -16.44 -10.38 -10.08 -10.44 -22.23 -22.23 -22.10 -22.23 -21.45 -20.42 -20.47 -19.85
10/2/2010 36° -15.13 -11.42 -10.88 -14.05 -25.35 -23.15 -24.90 -24.48 -18.22 -15.83 -13.51 -23.25
6/3/2010 ;-900 -13.81 -12.40 -10.54 -12.25 -24.36 -23.92 -23.44 -23.99 -17.44 -16.30 -12.96 -21.71
23/4/2010 -17.26 -14.23 -12.77 -14.74 -23.57 -23.39 -23.51 -22.79 -19.14 -18.25 -19.41 -21.09
31/10/2009 -6.27 -3.98 -6.89 -18.16 -22.79 -22.79 -22.79 -22.79 -20.36 -16.13 -18.10 -21.92
24/11/2009 ‘?’rgc: -19.91 -17.44 -17.47 -18.23 -25.72 -24.48 -25.03 -25.72 -22.78 -20.24 -21.83 -24.28
18/12/2009 42° -18.12 -14.41 -12.60 -14.81 -25.83 -25.18 -23.36 -25.24 -20.76 -16.97 -17.64 -22.01
24/3/2010 -12.69 -11.56 -8.69 -11.08 -22.76 -23.28 -19.69 -22.42 -17.47 -14.56 -13.74 -19.77

Legend
@ Static Sites

MR Lake

Fa 11

Fig. 12.  Tubular bubble inclusions with terminus breaching the ice—water
interface of the underside of an extracted core at site 4 on Malcolm Ramsay
Lake (April 16, 2010). Multiple bubble termini diameters are observed at sizes
of 4 to 6 mm.

of double-bounce scatter being the dominant component in
observed backscatter [11]-[14], [21], [61]. The co-polarized
phase difference equaling near-zero degrees for both UW-Scat

Fig. 13.  RADARSAT-2 ¢° (A) VV, (B) HH, and (C) VH and Yamaguchi
three-component decomposition detailing the contribution from (D) surface
scatter, (E) double bounce, and (F) volume scatter for Malcolm Ramsay
Lake during peak ice thickness conditions prior to melt (March 20, 2010).
RADARSAT-2 Data and Product MacDonald, Dettwiler and Associates Ltd.
(2010)—AIll Rights Reserved.

Peak 2 and RADARSAT-2 observations indicates that it is
unlikely that double-bounce scatter is the primary scattering
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Fig. 14. Updated contribution of scattering mechanisms to total backscatter
as determined by Yamaguchi three-component decomposition. The surface-
bounce component is the dominant contribution for bubbled freshwater ice.
Double-bounce and volume scatter contributions increased throughout the
season but were several magnitudes lower than surface bounce.

mechanism in lake ice, but rather a surface bounce from the
ice—water interface.

Similarly, increases in the surface-bounce component
observed in the polarimetric decomposition time series indi-
cate that the scattering mechanism is likely caused by inter-
action with an increasingly rough surface with contrasting
dielectric properties, such as the ice—water interface, sup-
ported by UW-Scat P2 observations. The intensity of all
contributions increases throughout the season; however,
the surface-bounce component consistently exhibited the great-
est intensity and proportion of overall backscatter. The evolu-
tion of RADARSAT-2 acquisitions from freeze-onset to the
melt season characterizes the scattering contribution of sur-
face, double-bounce, and volume scattering elements through-
out the evolution of the ice cover on Malcolm Ramsay Lake.
This paper is the first to demonstrate that the surface bounce
component was observed to be the dominant source to overall
backscatter at all instances throughout the winter season,
including prior to the development and inclusion of tubular
bubbles into the ice volume, using in situ observations as
ground truth. In addition, once tubular bubbles were observed
in the ice column, the polarimetric decomposition indicated
that double-bounce contributions to overall backscatter do not
eclipse the contribution from surface scatter at the ice—water
interface.

Initially, observations by UW-Scat appeared to provide a
time series of backscatter similar to previous studies that
hypothesize that the dominant scattering mechanism is the
result of double-bounce interaction with tubular bubbles near
the ice—water interface due to the difference in distance to
Peaks 1 and 2 ranges being equivalent to the range to the
snow—ice and ice—water interfaces. However, the two-way
distance for double bounce is equal to that of single-bounce
off of a rough surface at the ice—water interface

With the evidence provided by co-polarized phase
difference and polarimetric decomposition derived from
UW-Scat and RADARSAT-2, indicating that surface bounce
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is the dominant scattering mechanism, the cause of sur-
face roughness at the ice—water interface must be addressed.
Ice thickness is modified by the insulating properties of the
surface snowpack. Snow redistribution and drifting is prevalent
and quite variable on Malcolm Ramsay Lake, likely resulting
in large-scale roughness at the ice—water interface at scales
much larger than the incident wavelength, but sufficient to
modify the relative incidence angle of the signal to appear
closer to normal/perpendicular of the ice—water interface.

An additional contributing factor to surface roughness could
also be the presence of tubular bubbles terminating at the ice—
water interface. Observed bubble density in the ice volume
increased with ice thickness, with the spherical portion of the
terminus near or at the ice—water interface. The terminus also
increases in diameter deeper in the ice volume, with diameters
of 1 and 5 mm at upper and lower depths, respectively
(incomplete bubble protrusion at site 4 observed at the ice
underside of an extracted ice core in Fig. 14). Bubbles that
have not been sealed within ice after ice have encroached
beyond the bubble terminus protrude out the bottom of the
ice-water interface, similar to observations conducted by
Inada et al. [62]. The surface roughness is modified by the
bubble protrusion as there is a low contrast in permittivity
maintained from the ice to the bubble. Laboratory measure-
ments of bubbles incorporated into the ice volume indicate that
as the ice growth rate slows as ice thickens, the diameter of
columnar bubbles inclusions increases [63], [64]. The shape of
the terminus of tubular bubbles is typically described as “egg
shaped,” resulting in the size of bubble terminus protruding
from the ice as a semisphere that is at minimum equivalent
to the bubble diameter within the ice. In sifu observation of
bubble diameter at the ice underside in this study of up to
5 mm, providing evidence that bubble protrusions at the ice
underside could be up to 5 mm, provides height deviations
sufficient to eclipse the Fraunhofer roughness criteria for the
frequencies observed in Table 1.

Furthermore, there appears to be a slight preference to
HH scattering in UW-Scat when observing P2 (interaction
near ice—water interface) and RADARSAT-2 acquisitions, with
co-polarization ratio (ogu/oyy) near unity. As roughness
increases, the co-polarization ratio will revert to 1; however,
the dihedral regime exists above 1 (65). The slight preference
to HH ¢° at C-, X-, and Ku-bands indicates that HH could
exhibit increased sensitivity to roughness at the ice—water
interface, which is not currently possible to explicitly quantify
from in situ observations due to the recommended spacing
of ice thickness observations with respect to the size of
incident wavelengths. Further research needs to be performed
to provide a better characterization and quantification of the
RMS surface roughness and the associated correlation length
at the ice—water interface, with a focus on also preserving the
orientation and position of bubbles directly beneath the ice to
identify its contribution to overall interface roughness.

The observations of this paper indicate that the surface-
bounce component is the dominant backscatter return, and
based on the ranges of UW-Scat observations, the ice—water
interface is the source, contrasting the double-bounce hypothe-
sis of [13] and [21]. There were some instances where surface
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ice types increased backscatter for P1 to levels higher than P2;
however, the A¢yyyy indicates that P2 backscatter was still
the result of surface interactions. The mechanism by which the
roughness of ice—water interface is modified is not explicitly
known, but is hypothesized to be the result of faceting of the
surface, and/or the terminus of bubble inclusions extending out
from the interface. Based on the Fresnel reflection equations,
a possible mechanism that could provide single bounce at
the ice—water interface would be the increase in surface
roughness or larger scale orientation of facets at the ice—
water interface to produce a confluence of angles that would
produce local mirror-like target geometry. In this fashion,
this research corroborates that of [24] in determining that
surface bounce not double bounce is the primary source of
backscatter in lake ice evidenced by the co-polarized phase
difference, polarimetric decomposition, and co-polarized ratio.
An updated version of scattering mechanisms in lake ice is
shown in Fig. 14, whereby the double-bounce and volume
scatter contributions to o © observed at the sensor are secondary
to surface bounce.

VI. CONCLUSION

The longstanding hypothesis suggesting ¢° increases
observed over a winter time series are the result of forward
double-bounce scatter caused by tubular bubble inclusions near
the ice—water interface was tested using fully polarimetric
scatterometer and SAR observations. Observations from the
RADARSAT-2 time series indicates that ¢° increases were
dominantly returned from the ice—water interface before the
inclusion of tubular bubbles into the ice volume, suggesting the
existence of an alternate scattering regime. The surface scatter
component increased as bubbles were incorporated into the ice
volume at the ice—water interface, further adding to the surface
roughness. This is the first study to hypothesize the sensitivity
of C- through Ku-band to the presence of bubbles resting at
the underside of the ice forming a synthetic surface roughness
at the ice—water interface.

The phase information from both UW-Scat and
RADARSAT-2 indicates that the co-polarized difference
is centered at approximately 0°. Even when observed on a
lake-wide scale using RADARSAT-2, the maximum departure
of median A¢yyyy is less than 7°. In addition, Yamaguchi
three-component polarimetric decomposition results identified
the dominant ¢° component as single-bounce off the ice—
water interface. It is hypothesized that the surface roughness
at the ice-water interface combined with roughness created
at the terminus of bubbles at the ice—water interface of thick
ice cover may result in an increase of the surface-bounce
component, indicating that co-polarized (HH or VV) ¢°
increases may still provide a proxy measure for ice with
tubular bubbles versus clear ice in the lower depths of the
ice volume, while cross-polarized (HV or VH) indicates
interaction with spherical bubbles in the surface ice layers.
These results suggest that since the dominant source of
backscatter is surface interaction with the ice—water interface
that a possibility exists to utilize repeat-pass SAR imagery
to calculate interferometric height deviations and potentially
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retrieve ice thickness measurements remotely. This is currently
an avenue of future research.
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