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Polarimetric Airborne Radar Sounding as an
Approach to Characterizing Subglacial
Rothlisberger Channels

Kirk M. Scanlan

Abstract—Conventional airborne radar sounding techniques are
well suited to the detection and characterization of flat-lying, spec-
ular subglacial water bodies. However, topographically positive,
diffusively scattering Rothlisberger (R-) channels are more difficult
to image, while also exerting substantial control on basal friction
and ice dynamics. As subglacial R-channels share geometrical sim-
ilarities with targets of interest in polarimetric ground-penetrating
radar studies (i.e., cylindrical pipes), in this article, we investigate
whether similar concepts can be adapted to detect and charac-
terize R-channels. While closed-form analytical solutions exist for
the scattering widths (SWs) of perfect electrically conducting and
dielectric circular cylinders, the insight they provide for the polari-
metric response of half-cylinder R-channels is limited. As such, a se-
ries of modeling experiments have been performed to characterize
the SWs of half cylinders. Our results demonstrate that scattering
from subglacial R-channels depends on numerous factors including
the polarization and frequency of the incident radar wave, the size
of the R-channel, and the relative orientation of the R-channel to
a pair of orthogonally oriented, linearly polarized radar antennas.
The results imply that patterns in the like-polarized echo powers
across the signal bandwidth may be useful in inferring R-channel
existence and possibly estimate R-channel size. However, as differ-
ences in SW are small and decrease with increasing misalignment
between the acquisition system antennas and R-channel strike,
achieving a high degree of radiometric resolution and stability
should be a driving factor in polarimetric radar system design.

Index Terms—Airborne radar, cryosphere, radar cross-sections,
radar polarimetry.

1. INTRODUCTION

IRBORNE radar sounding measurements have been used
A to characterize the surface, internal structure, and basal
properties of glaciers, ice caps, and ice sheets in Antarctica,
the Arctic, as well as numerous alpine regions (e.g., the Andes,
the Alps, etc.) [1]-[8]. Specific to the glacial bed, radar sound-
ing measurements provide key insight into the organization
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of subglacial hydrologic systems [9]-[12]. These observations
provide critical boundary conditions for the numerical ice-sheet
models used to understand and predict current and future glacier
dynamics and estimate the cryospheric contribution to possible
future sea-level rise in response to a changing climate [13]-[15].

Subglacial drainage patterns present with numerous morpho-
logical forms but can be generally differentiated between flat-
topped or low-relief water bodies including lakes, sheets, Nye
channels, broad channels, canals, and saturated sediments [16]—
[20], and topographically positive Rothlisberger (R-) channels
that erode into the base of the ice [16], [20]-[23]. Conventional
radar sounding has proven well-suited to the detection of the
flat-lying subglacial lakes and small water ponding [17], [18],
[24]. These features resemble the ideal specular targets that radar
sounders are designed to reliably detect. Nye channels have been
included in this group as, even though they erode channels with
hemispherical cross-sections into the subglacial bed, their radar
response is expected to be dominated by the flat water/ice inter-
face. Specialized data processing approaches such as reflectivity,
specularity content, and echo abruptness [10]-[12], [24] have
all been developed to aid in the identification and interpreta-
tion of specular targets. In contrast, topographically positive,
half-cylinder R-channels are expected to scatter radio frequency
energy diffusively [10], and therefore are more difficult to detect
with conventional radar sounding. While cavities also represent
a subglacial drainage pattern [20] that may produce diffusive
radar reflections, assuming they are uniformly distributed, they
will not present with the same degree of anisotropy as continuous
R-channels.

Fortunately, subsurface scattering from extended features
with circular cross-sections (i.e., cylinders) is a well-studied
problem in near-surface ground-penetrating radar (GPR) appli-
cations; specifically for environmental and engineering targets
such as buried pipes, rebar, and wires [25]. One approach de-
veloped for such targets is polarimetric radar, which attempts
to fully characterize the backscattering response of a cylin-
der when illuminated by an electromagnetic (EM) plane wave
[25]-[27]. Where smooth, specular targets will backscatter the
same amount of energy regardless of the polarization of the
incident waveform, cylinders are inherently anisotropic and, as
such, the strength of the backscattered signal is dependent on
the polarization of the incident radiation [28], [29]. Here, we
investigate whether the polarimetric radar concepts originally
developed for near-surface GPR applications can be adapted
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to the study of active subglacial R-channels. Specifically, this
article looks to evaluate the capabilities of a future version of
the University of Texas Institute for Geophysics (UTIG) High
Capacity Airborne Radar System (HiCARS) [24], [30] modified
to transmit and receive backscattered radar signals polarized in
two orthogonal directions simultaneously.

The application of polarimetric radar concepts to the study of
glaciers and ice sheets is not new [31]-[38]. However, much of
this previous work has focused on leveraging polarimetric radar
measurements to characterize ice crystal orientation fabric by
way of phase anomalies associated with birefringent ice layers
[39]. There has so far been little attention paid to polarization
dependent backscattering from the glarier bed itself. While
some studies include the possibility for anisotropic reflection
in their radar propagation models [33], [37], this anisotropy is
often framed in terms of changes in specular Fresnel reflection
coefficient amplitudes that respond directly to anisotropy in
dielectric permittivity. The role of a structurally anisotropic bed
and diffusely scattering targets, such as R-channels [10], has yet
to be fully investigated from a polarimetric radar perspective.

The rest of this article is organized as follows: Section II
introduces the basic conceptual framework of polarimetric radar
sounding and presents the closed-form analytical solutions for
backscattering from perfect electrically conducting (PEC; in-
finite conductivity) and perfect dielectric (zero conductivity)
cylinders. Section III then presents the modeling approach pur-
sued in order to establish the polarimetric response of infinite
half-cylinders with plausible material properties for subglacial
R-channels. Section IV expands the modeled results to assess
1) the feasibility of using polarimetric radar sounding to detect
and characterize R-channel for an unknown relative orientation
of the radar system and the subglacial target and 2) R-channel
detectability in practice. Finally, Section V concludes this
article.

II. POLARIMETRIC RADAR AND ANALYTICAL SOLUTIONS FOR
INFINITE CYLINDERS

Airborne radar sounding involves the transmission of EM
waves and the recording of reflected echoes generated as those
waves encounter dielectric contrasts at a surface as well as
in the subsurface. The expected strengths of surface (Ps) and
subsurface (Pgs) echoes from a generic point target can be
expressed through the following radar equations [30], [40]:
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In both (1) and (2), P, represents the power of the transmit
signal, G; and G, represent the transmit and receive antenna
gains, respectively, A is the radar wavelength, and 4 is the aircraft
altitude. Specific to (2), T is the transmissivity of the surface
interface, Lic. is the one-way dielectric loss in the subsurface,
gr 1s the nadir refraction gain (a purely geometric term), d is
the depth to the subsurface target, and # is the refractive index
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Fig. 1. Illustration of the geometries associated with (a) TM and (b) TE mode
electromagnetic plane waves incident on an infinite cylinder of radius a. Adapted
from [29].

of the subsurface medium. The remaining terms, o4 and o,
represent the radar cross-section of the surface and subsurface
targets, respectively. It is through these radar cross-section terms
that the nature of the dielectric targets (i.e., on the surface and in
the subsurface) modify the strengths of the backscattered radar
echoes.

Conventional radar sounding makes use of antennas that
always transmit and record EM waves with a single, linear polar-
ization [24]. Accordingly, the implicit polarization-dependent
nature of the radar cross-section terms in (1) and (2) is often
overlooked. However, when acquiring radar sounding data in
multiple polarizations, any polarimetric variability in the radar
cross-sections (o and o) would help to interpret features on
both the surface and in the subsurface. Because the strength
of the polarization-dependent echo powers [(1) and (2)] are a
function of both the radar cross-sections and instrument pa-
rameters (i.e., Py, G4, and G,.), here we focus on establishing
the radar cross-section of cylindrical and half-cylinder-shaped
targets considered to be appropriate representations of subglacial
R-channels.

In general, a propagating plane wave can be decomposed into
two orthogonal linearly polarized modes (Fig. 1). The cumula-
tive polarization of the plane wave (linear, elliptical, or circular)
depends on the amplitude and phase differences between them
[25]. In the context of radar backscattering from cylinders, it
is common to define an ideal orientation for these two modes
where one of the EM field components (either the electric or
magnetic field vector) is orthogonal (i.e., transverse) to the long
axis of the cylinder (the z-axis in Fig. 1). These two modes are
then referred to as the transverse magnetic (TM) and transverse
electric (TE) modes, respectively. For this ideal orientation, an
infinite cylinder does not behave as a depolarizing scatterer as
the polarization of the reflected EM wave is the same as that
of the incident wave (i.e., an incident TE mode wave generates
only a TE mode reflection).

TM and TE mode scattering from PEC and perfect dielec-
tric infinite cylinders is a well-established problem and there
are closed-form analytical solutions for their scattering widths
(SWs) [25], [29]. The SW is the two-dimensional (2-D) version
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the radar cross-sections (o, and o) introduced in (1) and (2)
and is defined as
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where 7 is the distance from the source to the scatterer, E* is the
amplitude of the scattered electric field, and E'is the amplitude
of the incident electric field. The SW quantifies a target’s ability
to reflect incident EM radiation relative to a perfectly smooth
reflector one square meter in size. The TM and TE mode SWs
for a PEC cylinder (SWrw, prec and SWrg prc) of radius a are
expressed in terms of Hankel and Bessel functions as well as
their derivatives (indicated by ') [25]
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The €, term in (4) and (5) is defined to be one when 7 is
zero and two otherwise, while A is the radar wavelength, 3
is the radar wavenumber (27/1), and ¢ is the scattering angle
(defined to be 7 in the case of backscattering). TM and TE
mode SWs for a perfect dielectric cylinder (SWra giel and
SWE diel) of radius a can also be expressed in terms of Hankel
and Bessel functions [(6) and (7)], while also requiring relative
dielectric permittivity and magnetic permeability ratios (e, and
Lrat) between the cylinder and the surrounding materials [25].
Subscripts on the wavenumber terms in (6) and (7), are used to
differentiate whether the wavenumber is defined either outside
(0) or inside (1) the cylinder.

The analytical solutions to TM and TE mode backscatter-
ing from a PEC and perfect dielectric cylinder as a function
of cylinder radius are presented in Fig. 2; PEC cylinders in
Fig. 2(a) and (b); and dielectric cylinders in Fig. 2(c) and (d). The
relative dielectric permittivity of the cylinder and surrounding
material used in the calculation of Fig. 2(c) and (d) are 81
and 1; representing a water-filled cylinder suspended in free
space [41]. For both cylinder types, analytical solutions are
calculated at five frequencies spanning the UTIG HiCARS
radar bandwidth (a 15 MHz bandwidth centered at 60 MHZ)
[30].

As shown in Fig. 2(a), there is a clear and consistent increase
in the TM mode SW of a PEC cylinder with increasing radius,
with little variation across the HICARS bandwidth. While the
TE mode SW of a PEC cylinder also generally increases with
cylinder radius [Fig. 2(b)], this linear increase is modulated
by a frequency-dependent periodicity. As such, for the same
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PEC cylinder radius, the periodic behavior may yield differ-
ent TE mode SWs across the radar bandwidth. In contrast to
TM and TE mode backscattering from a PEC cylinder, the
SW of a perfect dielectric cylinder is much more chaotic.
While there is an overarching trend of increasing TM mode
SW with increasing cylinder radius [Fig. 2(c)], this increase
is overlain by a series of sharp, repeating, and high-amplitude
departures (both positive and negative) from that trend. The
relative patterns of where these deviations occur as function
of both cylinder radius [see their alignment at 2.25 and 4.5 m
in Fig. 2(c)] and variation across the HICARS bandwidth sug-
gest that they are frequency dependent and represent effects
of internal constructive and destructive interference occurring
within the perfect dielectric cylinder itself. Internal, frequency-
dependent interference patterns within a perfect dielectric cylin-
der are even more pronounced when calculating the TE mode
SW [Fig. 2(d)]. The consistent, frequency-independent increase
in SW with increasing radius is not as prevalent in the TE
mode response as it is for the TM mode, whereas the effects
of internal interference are spread over a greater range of
cylinder radii [compare the broad interference-related effect at
~4.3 m in Fig. 2(d) with the more radius-restricted patterns
in Fig. 2(c)].

Frequency-dependent behavior in SWs of PEC cylinders sug-
gest that it may be possible to detect cylinders and infer their
size by comparing TM and TE mode echo powers at different
frequencies within the bandwidth. To this end, Fig. 3 presents the
difference in TM and TE mode SWs (SWrn xx and SWrg xx,
where XX refers to the material type; PEC or diel) for the
same five HICARS frequencies as a function of cylinder radius
for PEC [Fig. 3(a)] and perfect dielectric cylinders [Fig. 3(b)].
There is clear frequency-dependent periodic behavior in the
TM/TE mode difference for a PEC cylinder across the HICARS
bandwidth. Therefore, if it was possible to measure both TM and
TE mode backscattering from a PEC cylinder using HICARS, it
may be possible to leverage the difference in TE mode and TM
mode echo powers to not only detect PEC cylinders (through
a polarization-dependent change in reflected echo power) but
estimate their size as well (by comparing that change across the
signal bandwidth).

The same cannot be said for TM and TE mode backscattering
from a perfect dielectric cylinder [Fig. 3(b)]. Unlike for the PEC
cylinder, the TM/TE mode differences exhibit no consistent
systematic behavior across both the HICARS bandwidth and
cylinder radii that could be used to infer cylinder size. Note,
however, that large, isolated deviations from the general TM/TE
difference behavior do tend to become more prevalent for larger
cylinder radii. If a substantial increase or decrease in the TM/TE
mode difference were to be observed for a specific frequency

2

4 o J, (60(1 n Bla \/ Erat/,uratJ J/ Bla) jn¢
SWra, diel = ) @ (6)
oo \/ 6rat//-lralt] ﬁla H (ﬁOa) (ﬁ ) Hy (ﬁOa)
+00 / / / 2
SWrE, diel = 4 Z o (oa) Jn (Bra) — 5 tra/ Eracn J(2)51a) e @)
Boly S o Vttraeradly (Bra) HE (Boa) — T (Bra) HYY (Boa)




4458

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

52.5 MHz
—— 56.25 MHz

—— 60 MHz
— 63.75 MHz

—— 67.5 MHz

TM Scattering
Width (PEC
Cylinder) [m]

TE Scattering
Width (PEC
Cylinder) [m]

TM Scattering
Width (Dielectric
Cylinder) [m]

\J '..4:4/.4;!4 i
P LA ROERT I VIV 7 3 19 DA

1.0

TE Scattering
Width (Dielectric
Cylinder) [m]

Fig. 2.

2.5
Cylinder Radius [m]

3.0

Analytical TM mode [(a) and (c)] and TE mode [(b) and (d)] scattering widths for PEC [(a) and (b), infinite conductivity] and perfect dielectric [(c) and

(d), conductivity of zero and relative dielectric permittivity of 81] infinite cylinders as a function of cylinder radius for five frequencies spanning the HICARS
bandwidth (52.5 to 67.5 MHz). The PEC cylinder scattering widths are both smoother and more systematic compared to those for the dielectric cylinders. A 0.5
cm increment is used to vary the radius of the PEC and dielectric cylinders between 0.5 and 5.0 m.

relative to the others within the bandwidth, it may be possible
to then generalize that the cylinder exhibits a large (>2 m)
radius.

III. METHODS-OF-MOMENTS MODELING OF INFINITELY LONG
HALF-CYLINDERS

While (4) through (7) provide important insight for near
surface GPR studies [25] and are useful for introducing polari-
metric radar concepts, they are less useful when investigating
radar scattering from subglacial R-channels. This is for two rea-
sons. First, subglacial R-channels are not perfect cylinders (i.e.,
they do not exhibit a full circular cross-section [10]). Second,
subglacial R-channels are neither perfect electrical conductors
(infinite conductivity) nor perfect dielectrics (zero conductivity)
but voids at the base of the ice that are assumed to be filled with
water. It is therefore difficult to infer R-channel TM and TE
mode backscattering behavior based on Figs. 2 and 3 and an
alternative approach is required.

The approach adopted in this analysis is method-of-moments
(MOM) modeling using the Altair Feko™ software package
[42]. MOM simulations within Altair Feko™ are highly adapt-
able to varying scatterer geometries including the small, curved
surfaces required for R-channels. These types of surfaces are
difficult to represent with other closed-form solutions for radar
backscattering, such as decomposing the R-channel into indi-
vidual facets. In order to capture the small-scale geometries,
individual facets would have to be less than a wavelength in
size. Curved surfaces are also difficult to reproduce using stan-
dard finite-difference time-domain modeling software such as
gprMax [43], as domain decomposition is performed using 3-D
rectangular Yee cells. AllMOM simulations are performed using
two orthogonal sources, one for each of the TM and TE mode
polarizations (Fig. 1). Each source transmits a monochromatic,
linearly polarized, unit amplitude, and plane wave, and is placed
500 wavelengths (~2.5 km) from the target. The intervening
material between the source and the target is free space.

The first set of simulations looks to reproduce the analytical
TM and TE mode SWs for infinite PEC and perfect dielectric
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Width Difference
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Fig. 3.

Difference between analytic TM mode and TE mode scattering widths as a function of (a) PEC and (b) dielectric infinite cylinder radius. Resonances in

the PEC response (a) suggest it may be possible to infer cylinder size by comparing the scattering width difference for different frequencies. While the dielectric
scattering width difference amplitudes (b) are large, there is no clear, overarching systematic behavior that could be leveraged to infer cylinder radius.

Scattering Width
(PEC Cylinder) [m]

600.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
—— TM Analytical
—— TE Analytical

40 A — -
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Scattering Width
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Fig. 4.

2.5
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Comparison of analytical and MOM (a) PEC and (b) dielectric scattering widths for infinite cylinders. The general agreement between the results provides

confidence that method-of-moments (MOM) simulations can be used to evaluate polarimetric backscattering from half-cylinder, water-filled channels. Note that
because analytical and MOM scattering widths are calculated at intervals of 0.1 m, the internal interference effects observed in the scattering width of a perfect

dielectric cylinder [Figs. 2(c) and (d)] are not always captured.

(e, of 81) cylinders to ensure the MOM approach is behaving
as expected. The PEC cylinder results for both the TM and TE
modes are presented in Fig. 4(a), while the perfect dielectric
cylinder results are presented in Fig. 4(b). The cylinder radius is
varied from 0.9 to 3.1 m in 0.1 m increments for both the MOM
simulations and analytical solutions, and the frequency of the
incident plane wave is 60 MHz. Fig. 4(a) reveals that the MOM

simulations perfectly replicate the analytical TM and TE mode
SWs for a PEC cylinder. However, for the dielectric cylinder
[Fig. 4(b)], the agreement between the analytical and MOM
simulation results is not as uniform. Both the TM and TE mode
MOM simulations exhibit some difficulty in reproducing the
analytical results in some areas where small changes in cylinder
radius result in large changes in SW (e.g., the TM mode at 3.8
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MOM simulation results for the (a) TM mode and (b) TE mode scattering widths of half-cylinders as a function of cylinder radius and cylinder conductivity.

All MOM simulations are performed using a monochromatic 60 MHz plane wave. Once the conductivity of the cylinder exceeds 0.05 S/m, the scattering width
response for both modes behaves as a muted version of the systematic PEC response.

and 4.5 m and the TE mode at 1.3, 2.8, and 3.8 m). Except for
these local deviations, there is a good agreement between the
analytical TM and TE mode SWs and those produced by the
MOM simulations. As the MOM simulation results generally
agree with the analytical solutions, there is a confidence that
MOM simulations can be used to investigate radar backscatter-
ing from R-channels.

Nadir water-filled R-channels within the MOM simulations
are represented as infinite dielectric half-cylinders (i.e., cylin-
ders in Fig. 1 cut along the yz-plane [10]) suspended in free
space with a relative dielectric permittivity of 81 [41] and an
initially variable conductivity. While subglacial R-channels are
neither infinitely long nor floating in free space, these sim-
plifications to the MOM models will not affect this analysis
of polarimetric R-channel SWs for numerous reasons. First,
we consider subglacial R-channels that are straight within the
pulse-limited footprint of the radar (i.e., are effectively infinite
from the perspective of the radar). For context, the radius of the
HiCARS (15-MHz bandwidth) pulse-limited (i.e., nonsynthetic
aperture radar (SAR) focused) footprint under 2000 m of ice [10]
(e, of 3.15) from an altitude of 500 m (nominal HiCARS
height above surface) is approximately 180 m. Second, for
flat interfaces and normal incidence angles, the TM and TE
Fresnel reflection and transmission coefficients are the same
[28], [29]. Therefore, since it is assumed that the air—ice interface
[incorporated as a transmissivity in (2)] as well as the glacier bed
surrounding the R-channel within the pulse limited footprint are
flat, they will not contribute any polarization-dependent effects.
Even for rough surfaces (such as those within the validity range
of the small perturbation model), the copolarized (hh and vv)
scattering coefficients at normal incidence are the same [44],
[45]. Third, we assume that the beam patterns associated with
the orthogonal antennas generating the TM and TE plane waves

and recording the reflected response are equivalent [G; is equal
to G, in (2)]. Finally, we ignore the effects of anisotropic crystal
fabric [31]-[38] and assume radar propagation and attenuation
[ Lice in (2)] within the ice column is not polarization dependent.
Taken together, the only polarization-dependent term in (2) that
would differentiate the received echo powers between the two
modes is the radar cross-section (or its 2-D equivalent SW). Note
that as this article intends to build on the radar observations
of discrete R-channels reported in [10], the implications of
R-channel networks (i.e., multiple, closely spaced R-channels
of potentially variable sizes) or partially water-filled R-channels
are considered beyond the current scope.

The SW of a half-cylinder at 60 MHz as a function of radius
and conductivity are presented in Fig. 5 [TM mode in Fig. 5(a)
and the TE mode in Fig. 5(b)]. The radius of the half-cylinder
is varied in 0.1 m increments between 0.5 and 5.0 m (taken as a
representative range for likely R-channel radii [23]), while cylin-
der conductivity is varied between 0.005 and 0.2 S/m. The SWs
of perfect dielectric and PEC half-cylinders at these radii are also
presented. For context, the conductivity of freshwater is known
to vary between 0.0001 and 0.01 S/m, while the conductivity
of sea water is 4 S/m [41]. Furthermore, airborne transient EM
measurements in Antarctica have revealed water conductivities
between approximately 0.01 and 5 S/m for subglacial fresh water
and brines, respectively [46].

The MOM simulations reveal a consistent pattern to both the
TM and TE mode responses as the conductivity of the half-
cylinder is varied. For perfect dielectric and PEC simulations,
the results are similar to what has been observed for the analytical
solutions (Fig. 2). The PEC responses are well defined, while
the perfect dielectric responses follow a general trend but are
overlain by highly variable departures from that trend related to
internal reflection effects. It is worthwhile to note, however, that
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Difference between the MOM simulated TM mode and TE mode scattering widths of half-cylinders as a function of cylinder radius and cylinder

conductivity. Once the conductivity of the cylinder exceeds 0.05 S/m, the scattering width response for both modes behaves as a muted version of the PEC

difference.

the amplitudes of these deviations for a half-cylinder are not as
large as those for a full cylinder [i.e., compare Fig. 5(a) with
Fig. 2(c)]. As the conductivity of the dielectric half-cylinder is
increased, the highly fluctuating behavior in the TM and TE
responses decreases, eventually yielding a much more system-
atic response for a conductivity of 0.05 S/m. This is expected
as an increasing half-cylinder conductivity implies greater radar
wave attenuation within the half-cylinder, thereby reducing the
impact of internal reflections. At even greater conductivities,
there is only minor change in the TM and TE SWs. The TM and
TE mode responses above 0.05 S/m resemble muted versions of
the PEC response, in that they have similarly shaped variability
with respect to cylinder radius but reduced amplitudes.

The collapse of the individual TM and TE mode SW responses
to a smoother behavior at conductivities above 0.05 S/m also
results in a smoother response of the difference between the
two modes (Fig. 6). As observed for the TM and TE modes
individually (Fig. 5), the TM/TE mode difference behaves as
a muted version of the PEC response. The smaller absolute
differences between the TM mode and TE mode SW's compared
to the PEC scenario imply that for any field implementation of
polarimetric radar sounding, stringent controls will be required
on the radiometric stability and radiometric resolution of the
acquisition system. If the acquisition system design is not robust
enough to detect small changes in reflected echo powers associ-
ated with small variations in the TM and TE mode SWs, it will
not be possible to infer the existence of subglacial R-channels
exhibiting specific radii.

Following Figs. 2 and 3, Fig. 7 presents half-cylinder MOM
simulation results (TM and TE mode SWs as well as their
difference) at five frequencies spanning the HICARS bandwidth.
A cylinder conductivity of 0.05 S/m is used in all simulations
presented in Fig. 7. Following the analytical PEC results, the
TM and TE mode responses across the bandwidth [Fig. 7(a) and
(b)] have a similar pattern but are horizontally offset from one
another as a function of frequency. As such, the TM/TE mode
difference [Fig. 7(c)] is also offset. Unlike the analytical PEC
results [Fig. 3(a)], there is no consistent periodic behavior in
the TM/TE mode difference across all cylinder radii. This is
because the TE mode response of a water-filled half-cylinder

[Fig. 7(b)] does not exhibit the same periodic behavior as a
circular PEC cylinder [Fig. 2(b)]. Fig. 7(c) implies that it may
be difficult to estimate R-channel size from the TM/TE mode
SW difference across the HICARS bandwidth for some cylinder
geometries. The most obvious example is for R-channels with
radii between 1.5 and 2.5 m where there is minimal separation
between the TM/TE mode differences as a function of frequency.
However, below 1.5 m and above 2.5 m, the differences in the TM
mode TE mode SWs across the HICARS bandwidth increase.
This suggests that the radius of subglacial R-channels could be
inferred by comparing the differences in reflected echo powers
across different signal frequency subbands.

IV. FEASIBILITY OF FIELD IMPLEMENTATION

A. Relative Orientation of Antennas and R-Channels

The TM and TE mode SWs derived from MOM simula-
tions presented in the previous section imply that it may be
possible to detect and characterize the radius of subglacial
R-channels with polarimetric radar sounding by comparing TM
and TE mode echo powers. However, all MOM simulations
discussed so far consider an ideal orientation of the antennas
such that the TM and TE modes are measured (i.e., one EM
field vector is always aligned with the long axis of the cylinder,
Fig. 1). Any attempt to implement polarimetric radar sounding
in practice will not be able to guarantee that this assumption is
universally met. Therefore, in order to represent a feasible ap-
proach for R-channel detection and delineation, the effects of an
unknown relative orientation of the antennas and the R-channel
must be considered.

The backscattered response of a target when illuminated with
an arbitrarily polarized plane wave is described using a 2-D
scattering matrix (S) [25]

|

The elements of the scattering matrix are the measured re-
flection amplitudes, while the A and B subscripts refer to two
arbitrary yet orthogonal antenna polarization directions. The
order of the subscripts refers to which antenna serves as the
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Fig. 7. MOM simulation results for the (a) TM mode scattering width, (b) TE mode scattering width, and (c) TM/TE mode scattering width difference of a

half-cylinder as a function of cylinder radius and incident radar wave frequency. All MOM simulations use a cylinder conductivity of 0.05 S/m. Separation between
TM mode and TE mode scattering widths is only observed for radii greater than 2.5 m.

receiver (first subscript) and the transmitter (second subscript).
For example, the S 4 term refers the backscattered amplitude
measured with the A-directed antenna after initially illuminating
the target with a B-directed linearly polarized wave. In the
context of the geometry presented in Fig. 1, if the A-directed
antenna is defined as being aligned with the strike of the cylinder
(the z-direction), the S44 component is equivalent to the TM
mode, while the Spp component represents the TE mode. In
order to fully populate the scattering matrix, it is necessary
for the acquisition system to be capable of both transmitting
and receiving linearly polarized radar waves in the A and B
directions independently. That is, the acquisition system must
have the capacity to transmit from the A-directed antenna while
recording using both A and B antennas (populating S44 and
Spa) before switching and transmitting from the B-directed
antenna (populating S4 5 and Spp).

Additional MOM simulations are used to investigate the
variability in the individual scattering matrix elements for any
arbitrary antenna polarization and R-channel radius. In lieu of
populating the scattering matrix with actual backscattered ampli-
tudes, the individual elements are populated with the associated
SWs, as they are assumed to be the only polarization-dependent
terms in the radar equation (2). Fig. 8 presents the SWs derived
from the amplitude of each element in the scattering matrix for
0.5, 1.0, 1.5, and 2.0 m radii R-channels as a function of antenna
orientation. An R-channel conductivity of 0.05 S/m and a source
wave frequency of 60 MHz are used in all MOM simulations

presented in Fig. 8. The polarization angle is the angle between
the A-directed antenna and the long axis of the R-channel and is
varied between 0° and 180° in 5° increments.

As expected, for polarization angles of 0° and 180°, the S 44
[Fig. 8(a)] and Spp [Fig. 8(b)] SWs are equivalent to those that
would be measured in the ideal TM and TE mode orientation
(Fig. 5). When rotated by 90°, the situation is reversed with
S 44 corresponding to the ideal orientation for measuring the TE
mode response, while Spp yields the ideal TM mode response.
In either scenario, when one of the antennas is aligned with the
long axis of the R-channel, the cross-polarized components of
the scattering matrix (S5 and Spa) are zero.

For all other polarization angles in Fig. 8(a) and (b), the like-
polarized components of the scattering matrix deviate from the
ideal TM and TE mode responses. The nature of that deviation is
a function of the R-channel radius. In terms of the off-diagonal
components [Fig. 8(c)], for an individual R-channel radius, the
SWs are equivalent (S4p = Spa) and they attain a maximum
value at polarization angles of 45° and 135° (45° 4 90°). The
0.5-m radius R-channel exhibits a significant cross-polarized
response that, when maximized, approaches the strength of the
like-polarized components (S44 and Spp). However, energy in
the cross-polarized elements quickly degrades for all polariza-
tion angles as the R-channel radius is increased. In this way, large
radius R-channels behave similarly to infinite circular cylinders
in that they do not scatter depolarized energy when illuminated
with plane waves [25].
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Fig. 8. Polarimetric response for four infinitely long half-cylinders (radii of
0.5, 1.0, 1.5, and 2.0 m) as a function of polarization angle at 60 MHz. The
polarization angle is the angle between an A-directed antenna and the infinite
axis of the half-cylinder [see Fig. 1(a)]. For radii greater or equal to 1 m, the S4 4
and Spp components [(a) and (b)] of the scattering matrix are either maximized
or minimized (depending on cylinder radius) at intervals of 90° starting from 0°.
The like-polarized scattering matrix components (S4 4 and S pg) are equal at 90°
increments of 45°. As demonstrated in (c), except for very small half-cylinders
(0.5-m radius), subglacial R-channels are not expected to be strong depolarizers
(Sap and Spa are small).

Turning to the polarization angle dependency in the like-
polarized components [Fig. 8(a) and (b)], the 0.5 m radius
R-channel exhibits a distinctly different behavior compared to
the others (1.0, 1.5, and 2.0 m). For these larger R-channels, the
S 44 and S g SWs exhibit a smooth transition between the ideal
TM and TE mode endmembers (compare the 0° polarization S 4 4
and Spp SWs with TM and TE mode values in Fig. 5). All SW
amplitudes at intermediate polarization angles are somewhere
between those of the ideal TM and TE modes. In contrast, for
an R-channel radius of 0.5 m, the ideal TM and TE mode SW
amplitudes represent local maxima with consistently smaller
SWs at intermediate polarization angles. This behavior is aresult
of the more substantial depolarization effects [Sap and Spa;
Fig. 8(c)] associated with small radii R-channels.

The polarization angle dependence of the like-polarized SWs
exemplified in Fig. 8(a) and (b) introduces significant compli-
cations when attempting to use the TM/TE mode (Ss4/Spp)
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difference to both detect subglacial R-channels and estimate
their size. This is because the difference in like-polarized SWs
is maximal when one antenna polarization is parallel to the
long axis of the R-channel (i.e., 0°, 90°, and 180°), while less
for all other intervening polarization angles. The most extreme
situation is for polarization angles of 45° and 135°, where the
like-polarized SWs are equivalent, and as such, an R-channel of
any size cannot be discriminated from a generic interface gen-
erating an equally strong polarization-independent reflection.
Even though the cross-polarized SWs are maximized at 45° and
135°, associated reflections are unlikely to be strong enough
such that they exceed the radar noise floor.

Taken together, the feasibility of implementing polarimetric
airborne radar sounding for the detection and characterization of
subglacial R-channels will depend on the radiometric precision
of the acquisition system (i.e., how well areflected power can be
measured for an individual channel) as well as the radiometric
stability between the different like-polarized receive channels
(Sa4 and Spp). To this end, Fig. 9 presents the S44/Spp SW
difference envelope as a function of both R-channel radius and
polarization angle. Similar to Fig. 8, as the polarization angle
approaches 45°, the difference in received power between the
like-polarized components decreases and will become more
difficult to detect. Based on Fig. 7, the scattering envelopes
for other frequencies within the HICARS bandwidth can be
expected to be slightly shifted version of the 60 MHz envelope
shown in Fig. 9. As an example, even though the 60 MHz
Saal/Spp SW difference is zero for a half-cylinder radius of
3.9 m (Fig. 9), the difference at other frequencies within the
HiCARS bandwidth will be nonzero (Fig. 7). By combining the
results of Figs. 7 and 9 into (2), along with the instrument-defined
parameters such as transmit power and antenna gains, it would
be possible to assess how well an acquisition system operating
over the HICARS bandwidth can detect subglacial R-channels.
There will ultimately be an instrument specific, minimum re-
solvable difference between S 4 4 and S 5 echo powers that will
define the radii of R-channels that can be detected and whose
cross-bandwidth response can be leveraged to infer R-channel
size [Fig. 7(c)]. This same minimum resolvable difference will
also define an acceptable level of relative misalignment between
the orientation of the acquisition system and the strike of any
detectable R-channel (Fig. 9).

B. Considerations for Geologic Setting

Provided a future polarimetric airborne radar sounding sys-
tem meets a requisite radiometric precision and cross-channel
stability, variations in modeled SWs suggest that it may be
possible to both detect subglacial R-channels (a polarization-
dependent difference in backscattered power) and infer their size
(frequency-dependent behavior of that power difference across
the bandwidth). However, the MOM simulations say nothing
about the ability to detect reflections from R-channels through
an overlying ice column. R-channels exist as discrete features
at the glacial bed and are therefore subject to higher geometric
spreading losses compared to a flat interface [30], [40] while also
being subject to englacial attenuation [47]-[49]. An assessment



4464 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

Il 0 Degrees M 15 Degrees [ 30 Degrees
|

Saa/Sss Scattering Width
Difference Envelope [m]
o

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Cylinder Radius [m]

Fig. 9. Saa and Spp scattering width difference envelope as a function of cylinder radius and polarization angle at 60 MHz. Note that at 45°, the S44 and Spp
scattering widths are equivalent and the difference is always zero.

57.5 4
o E 3]
§ @ 55.0
c3
5 § 52.5 ‘
2 ©
& 50.0 1 ‘ —e— TM Mode —e— TE Mode ~
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 [dB]
500 i 90
= 85
P 1000
to 80
~
E 1500 75
= b) TM Mode '
2000 - T T T T 70
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 [dB]
500 90
£ 85
” 1000
o 80
=
E 1500 75
_c) TE Mode
2000 - T T T 70

0.5 1.0 1.5 2.0 2.5 3.'0 3.5 4.0 4.5 5.0
Cylinder Radius [m]

Fig. 10.  Assessment of R-channel detection feasibility. (a) TM and TE mode radar cross-sections at 60 MHz for a half cylinder R-channel (0° polarization angle,
e, of 81, and conductivity of 0.05 S/m) under 2000 m of ice. (b) TM mode excess signal strength as a function of R-channel radius and ice thickness. (¢) TE mode
excess signal strength as a function of R-channel radius and ice thickness. Larger excess signal strength implies larger englacial attenuation rates can be tolerated
before the reflection from the subglacial R-channel becomes too weak to be measured. Minimum detectable signal is defined as —125 dBm.

of the feasibility that TM and TE mode reflections from an in [29]
individual R-channel could be detected by a future polarimetric 072
radar sounding system with a similar footprint to HICARS [24] RCS ~ SW % —. )
but with a 60 MHz monochromatic signal is presented in Fig. 10. A

First, Fig. 10(a) presents the results of translating TM and TE In order to convert the 2-D SW to a 3-D radar cross-section,
mode SWs (0° polarization angle, €, of 81, and conductivity of  the length of the half-cylinder [/ in (9)] must be specified. As this
0.05 S/m) to radar cross-sections following the method outlined  article assumes straight subglacial R-channels located at nadir,
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this length is equivalent to the diameter of the pulse-limited
footprint (assuming the full 15 MHz HiCARS bandwidth) for
a particular ice thickness. A 2000-m-thick ice column is used
in the generation of Fig. 10(a) thereby implying an R-channel
length of 360 m. Note that while SAR processing would decrease
the size of the effective radar footprint [SO0]-[52], it is not
considered as part of this article as only the radar response of
the R-channels at nadir is modeled.

Once the radar cross-section of an R-channel can be defined
as a function of overlying ice thickness (d), that value can be
used in (2) to predict absolute received echo strength. This
prediction though requires a priori knowledge of acquisition
system parameters such as transmit power (FP;), transmit (G),
and receive (G,.) antenna gains as well as englacial attenuation
(Lice)- As an illustrative example, this article adopts HICARS
values for the transmit power (67 dBm) and total antenna gain
(9 dB) [24]. Since englacial attenuation rates vary by location
(i.e., [49]), in lieu of deriving absolute expected subglacial
R-channel echo powers, this article calculates the difference
between the attenuation-neglected reflection strengths and the
minimum detectable signal limit for HHCARS (—125 dBm [24]).
Excess reflection strengths (values greater than 0 dB) then repre-
sent the amount of signal strength that can be lost to attenuation
before the R-channel reflection would be too weak to be detected.
The excess reflection strength results for the TM and TE modes
as a function of ice thickness and R-channel radius are presented
in Fig. 10(b) and (c) , respectively. Note however, that as these
results are based on HICARS parameters, a different acquisition
system with a different set of parameters (i.e., transmit power,
antenna gain, and minimum detectable signal) would produce a
different result.

Nonetheless, the results in Fig. 10(b) and (c) can be used to
provide general insight into where TM and TE mode reflections
from subglacial R-channels can be expected to be observed. For
example, consider the variation in observed attenuation rates
across Greenland [49]. In the interior, where attenuation rates
are lowest (~5 dB/km), even the smallest considered R-channels
(0.5 m radius) would be easily detectable under 2 km of ice
(~20 dB two-way attenuation losses against ~70 dB of excess
signal strength). As attenuation rates increase toward the margin
(approaching 25 dB/km), it becomes progressively more chal-
lenging to detect small R-channels even though the overlying
ice thickness decreases. The substantial excess signal strengths
for large R-channels imply that, for a polarimetric acquisition
system with similar performance capabilities to HICARS and
based on measured attenuation rates [49], these features would
be detectable under the Greenland Ice Sheet.

The results in Fig. 10(b) and (c) can also be used to provide
insight on the detectability of a subglacial R-channel relative
to the surrounding subglacial bed. Bed echo powers can be
predicted following a similar approach to what has been done
for the subglacial R-channels but using an alternate version of
the radar equation for nonpoint targets [30], [40]. Predictions
of bed echo powers will require knowledge of expected local
subglacial conditions (i.e., topography, small-scale roughness,
and dielectric contrast). Excess signal strength values for the
both an R-channel of a specific size and the background bed echo
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can then be compared in order to assess their relative strength.
Previous radar sounding measurements [10] have demonstrated
that reflections from subglacial R-channels do dominate relative
to reflections from the surrounding subglacial bed under more
than 2 km of ice at Thwaites, Antarctica.

Finally, whether frequency-dependent attenuation [47]-[49]
would have to be considered when comparing the TM/TE mode
difference across the bandwidth in order to infer R-channel size
(Fig. 7) depends on the radiometric resolution with which the
individual TM and TE components can be measured. Previously
observed rates of frequency-dependency in attenuation (i.e.,
~8 dB between 110 and 500 MHz [47]) imply that attenu-
ation rate variability across the HICARS bandwidth is likely
be small (<0.5 dB). If the radiometric resolution of a future
HiCARS-based polarimetric system is fine enough such that
sub-dB changes in reflected power can be reliably resolved,
frequency-dependent attenuation rates would have to be con-
sidered. They would have to be corrected for such that the mea-
sured cross-bandwidth TM/TE mode difference to accurately
represent scattering from the R-channel. Future polarimetric
radar sounding systems that may incorporate a wider bandwidth
would be subject to larger, frequency-dependent changes in
attenuation rate. These changes would have to be accounted
for even if the radiometric resolution of the system was coarse.
Of course, the required radiometric resolution in these future
systems would also be driven by expected changes in TM and
TE mode scattering across the wider bandwidth.

V. CONCLUSION

The organization of subglacial drainage patterns is a crit-
ical factor in the prediction of future glacial flow dynamics.
However, while conventional airborne radar sounding strategies
are well-suited to the detection of flat-lying water bodies, they
are currently limited in their ability to detect topographically
positive, diffusively scattering R-channels. This article presents
an analysis of how polarimetric radar sounding measurements
might be leveraged to study these unique subglacial features.

MOM simulations across the HiCARS bandwidth reveal
polarization- and frequency-dependent changes in the radar
scattering from half-cylinders exhibiting relative dielectric per-
mittivities and electrical conductivities feasible for a subglacial
R-channel. These suggest that both R-channel existence and size
may be extractable from a careful analysis of future airborne
polarimetric radar measurements. However, the relative orienta-
tion of the R-channel to a pair of orthogonal radar antennas is a
critical factor. The maximum polarimetric response is observed
only when one of the antennas is aligned parallel to the strike
of the R-channel (with the other antenna being orthogonal) and
quickly degrades for all other alignments. Finally, when placed
in the context of radar sounding through an ice column, local and
possibly frequency-dependent attenuation rates exert significant
influence on the ability to detect these small subglacial features.

This article provides a critical assessment of radar scatter-
ing from subglacial R-channels and the factors that must be
considered during the design of a polarimetric radar system to
study them. It highlights that the feasibility of using polarimetric
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radar sounding to study subglacial R-channels is intimately tied
to the radiometric precision and cross-channel stability inherent
in the acquisition system. The results highlight that the ability
to consistently resolve dB and ideally sub-dB scale differences
between the different polarization echo strengths is critical in
order to characterize subglacial R-channels. Existing and future
instruments will have to define their performance in these fields
in order to assess the types of R-channels they may be capable
of studying.
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