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Abstract— Radar sounding is a powerful tool for constraining
subglacial conditions, which influence the mass balance of
polar ice sheets and their contributions to global sea-level rise.
A satellite-based radar sounder, such as those successfully demon-
strated at Mars, would offer unprecedented spatial and temporal
coverage of the subsurface. However, airborne sounding studies
suggest that poorly constrained radar scattering in polar firn
may produce performance-limiting clutter for terrestrial orbital
sounders. We develop glaciologically constrained electromagnetic
models of radar interactions in firn, test them against in situ
data and multifrequency airborne radar observations, and apply
the only model we find to be consistent with observation to
assess the implications of firn clutter for orbital sounder system
design. Our results show that in the very high-frequency (VHF)
and ultrahigh-frequency (UHF) bands, radar interactions in
the firn are dominated by quasi-specular reflections at the
interfaces between layers of different densities and that off-nadir
backscatter is likely the result of small-scale roughness in the
subsurface density profiles. As a result, high frequency (HF)
or low VHF center frequencies offer a significant advantage in
near-surface clutter suppression compared to the UHF band.
However, the noise power is the dominant constraint in all bands,
so the near-surface clutter primarily constrains the extent to
which the transmit power, pulselength, or antenna gain can be
engineered to improve the signal-to-noise ratio. Our analysis
suggests that the deep interior of terrestrial ice sheets is a difficult
target for orbital sounding, which may require optimizations in
azimuth processing and cross-track clutter suppression which
complement existing requirements for sounding at the margins.

Index Terms— Firn, ice-penetrating radar, radar clutter, radar
sounding.

I. INTRODUCTION

q IRBORNE radar sounding is the primary remote sens-
ing modality for studying the englacial and subglacial
conditions of polar ice sheets [1]. Applications range from
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mapping ice thickness and subglacial topography [2], [3]
to studies of glacial hydrology [4], [5] and basal thermal
regimes [6]. These observations provide foundational data
and boundary conditions on the current mass balance of the
polar ice sheets and feed numerical ice dynamics models
developed to predict their future response to climate change
and the associated sea-level contribution [7]. Unfortunately,
despite extensive surveys of both Antarctica and Greenland
over the last 30 years, significant impediments to multidecadal,
continental-scale studies remain. Pritchard [8] identified over
500000 km? of Antarctica that have never been surveyed, and
the existing data record spans well in the excess of 35 surveys
from more than eight airborne radar instruments—all with dif-
ferent system and processing parameters [3]. Rignot et al. [9]
found a 2%—15% uncertainty in current ice discharge rates for
the continent due to this incomplete ice thickness information
alone, and data heterogeneity has significantly limited large-
scale studies [10]. Pritchard [8] also identified community
requirements for improved temporal coverage in the most
dynamic regions of the ice sheets. These requirements point
toward a need for new platforms, which can offer stable,
repeatable data collection with wide spatial coverage and high
revisit rates. A satellite radar sounder would be one such
potential platform.

Orbital radar sounding of the Martian polar ice caps
has been successfully demonstrated by both the Mars
Advanced Radar for Subsurface and Ionosphere Sounding
(MARSIS) [11] and the Shallow Radar (SHARAD) [12]
instruments. Operating at center frequencies between
1 and 5 MHz, MARSIS detected basal reflections through ice
up to 3.2 km thick in the South Polar Layered Deposits [11],
comparable with terrestrial airborne sounders that sound ice
up to 4 km thick on Earth [13]. SHARAD operates at 20 MHz
and has a more limited penetration depth of 1500 m [14],
but the commensurate improvement in the bandwidth permits
the clear resolution of stratigraphic layers, which have been
used to infer the history of climate-driven accumulation and
erosion in the North Polar Layered Deposits [15]. Building
on these successes, both the United States and European
space agencies will include high-frequency (HF) and/or very
HF (VHF) sounding instruments on upcoming missions to
the icy Jovian satellites [16], [17].

Altogether, this suggests that many of the engineer-
ing hurdles to an orbital radar sounding instrument for
terrestrial polar science are surmountable. However, both
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Fig. 1. Radar sounding geometry. The power measured in a given range
bin is the superposition of backscatter from all dielectric interfaces or
inhomogeneities between the two dashed curves. Backscatter at any given
depth is a function of the orange illuminated area. Unfocused or focused SAR
processing shrinks this area by narrowing the effective along-track beamwidth.

the Earth’s ionosphere and International Telecommunications
Union (ITU) spectrum allocations for Earth-observing satel-
lites significantly limit the choice of the system center fre-
quency and bandwidth. MARSIS and SHARAD are both
HF instruments, and the majority of airborne radar sounders
operate in the VHF band between 60 and 200 MHz [18].
In contrast, the most attractive existing satellite allocation is
centered at 435 MHz [19] although some studies have also
considered 45 MHz [20]. As a result, evaluating high-altitude
sounder performance across a range of frequencies, including
the ultrahigh-frequency (UHF) band, is critical to assessing
the feasibility of terrestrial orbital radar sounding.

Both theoretical and experimental studies have identified
surface clutter as a significant impediment to high altitude
and UHF sounding [21]-[23]. Due to the broad beamwidths
of sounding antennas, off-nadir scattered returns from the
surface can experience the same two-way travel time and,
thus, interfere with nadir reflections from the subsurface
(see Fig. 1). As the surface signal is not subject to englacial
attenuation, it is typically much stronger than the nadir signal
and can mask true subsurface features in the radargram [24].
In the along-track direction, synthetic aperture radar (SAR)
processing can effectively migrate power to the appropriate
depth [2]. However, cross-track scatterers experience the same
time delay and Doppler shift as the nadir reflection, making
the returns ambiguous. Clutter tends to increase with sounding
frequency as the surface roughness relative to the illuminat-
ing wavelength also increases, resulting in greater off-nadir
scattering [25]. In addition, as altitude increases, the angle of
illumination for clutter cells decreases. For typical scattering
behavior, this corresponds to increased clutter power [26].
As a result, surface clutter models have received exten-
sive treatment in both the airborne and planetary sounding
literature [22], [27], [28].

More recently, analysis of data from POLarimetric Airborne
Radar Ice Sounder (POLARIS), a 435-MHz airborne testbed
radar, raised the possibility that scattering in the near-surface
polar firn may be a constraining source of clutter. Dall [29]
found that nearly all data collected by this system displayed
strong echoes in the top 100-200 m of the ice column,
which were not believed to be present in VHF sounding data.
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Fig. 2. (a) Elevation and (b) mean annual surface temperature sta-
tistics of regions in Greenland where the near-surface power plateau is
observed (orange) or not observed (blue) in AR transects. Based on the
principle of maximum likelihood, we identify thresholds of surface elevation
greater than 2100 m or surface temperature below —24 °C for classifying
other areas likely to exhibit this behavior.

Using empirically-derived backscatter coefficients and angular
scattering functions, they showed that for an orbital sounder,
either thermal noise, surface clutter, or firn clutter could
prevent the detection of the bed over the majority of Antarctica
[30]. However, as noted by the authors, this result heavily
depends on the assumption that the firn should be treated
as a volume scattering medium. The projected signal-to-
clutter ratio (SCR) would be greatly improved if the dominant
scattering mechanism was instead quasi-specular reflection
[30]. This question on the nature of radar scattering in polar
firn remains open. In addition, due to the empirical basis
of the POLARIS studies, it was not possible to project the
performance of instruments with different system parameters
from that testbed.

The spatial and spectral prevalence of this near-surface
“power plateau” first identified in the Antarctic POLARIS data
suggests that these are critical gaps to address. We conducted a
preliminary manual review over 15600 km of trans-continental
flight transects collected in Greenland by the University of
Kansas Center for the Remote Sensing of Ice Sheets (CReSIS)
Accumulation Radar (AR), the only other operational UHF
airborne radar sounder, to determine if a near-surface power
plateau was evident. Radar traces were considered to show
a power plateau if the gradient of the smoothed trace was
near-zero or nonnegative over some depth intervals of more
than 10 m. We compared the surface elevation, mean annual
accumulation, and mean annual surface temperature statistics
of the regions with and without this power plateau and found
both surface elevation and mean annual surface temperature to
be good predictors for the presence of this scattering behavior
(see Fig. 2). Based on the principle of maximum likelihood,
we identified surface elevations above 2100 m, or mean annual
surface temperatures below —24 °C, as thresholds for the
presence of this power plateau. In addition, we reviewed
coincident VHF radar collections on the same flight transects
and identified clear power plateaus in the same regions,
suggesting that this clutter mechanism may be a concern
regardless of sounding frequency (examples in Fig. 3). Based
on the identified elevation and surface temperature thresholds,
we conservatively estimate that this firn scattering feature is
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Fig. 3.  Spatial prevalence of elevated near-surface radar returns in both

Greenland and Antarctica with representative depth-power profiles. Systems
include the CReSIS AR and MCoRDS3 Depth Sounder and the University of
Texas HICARS?2 instrument. The near-surface power plateau is clearly evident
across a wide range of systems, center frequencies, and locations.

present in at least 65% of the ice-covered area of both Antarc-
tica and Greenland. Clearly, if these bright near-surface returns
produce deep clutter in high-altitude acquisition geometries,
they could present a serious impediment to the feasibility and
performance of terrestrial orbital radar sounding. Therefore,
in this article, we investigate the following questions.
1) What is the dominant radar scattering mechanism in the
polar firn in the VHF and UHF bands?
2) What is the frequency, bandwidth, and altitude depen-
dence of any clutter resulting from this mechanism?
3) Does this mechanism constrain the ability of an orbital
radar sounder to detect the bed beneath the continental
ice sheets?

Section II describes the processing methods and data used for
model validation. In Section III, we then introduce the physical
models of polar firn that lay the groundwork for the analytic
electromagnetic models we develop and test in Section IV.
In Section VI, we apply the best fit model to evaluate the
frequency, bandwidth, and altitude dependence of firn clutter
power. Section VII discusses the implications of that behavior
for an orbital radar sounder link budget.

II. DATA AND PROCESSING

To address the question of radar scattering mechanism,
we use a unique study area in the high-elevation accumulation
zone of Northwest Greenland, which includes both VHF
and UHF radar transects in close proximity to the B26 firn
core from the 1995 North Greenland Traverse. Gamma-ray
attenuation density measurements were made on the firn core
at a 1-mm sample spacing between 0.2 and 119.7 m depth [31].
This permits the direct comparison of in situ measurements of
firn density with independent radar observations of the same
area at multiple frequencies.

Both radar transects were collected by CReSIS—one
in 2011 with the AR and another in 2014 with the Multichan-
nel Coherent Radar Depth Sounder (MCoRDS3) [32], [33].
The full system details for the flight segments used in this
article are presented in Table I.

To obtain radargrams and depth-power profiles, we pulse
compress and power detect the raw data using the CReSIS

TABLE I
RADAR SYSTEM PARAMETERS

Parameter MCORDS3 Accumulation

Radar

Date and Segment 20140508 01 061 20110506 01 027

Center Frequency 195 MHz [37] 725 MHz [37]

Bandwidth 30 MHz [37] 320 MHz [37]

Range Resolution in Firn 6 meters [37] 0.65 meters [37]

Transmit Power 1050 W [38] 1.25 W [39]

Mean Flight Altitude 470 m 460 m

Raw PRF 12 kHz 50 kHz

Hardware Presums 35 128

Effective PRF 343 Hz 390 Hz

Trace Spacing 0.41 meters 0.38 meters

Mean Flight Velocity 144 m/s 148 m/s

Antenna Along-Track Half-
Power Beamwidth
Distance to B26 Core

~120 degrees [40] ~ 21 degrees [39]

350 meters 910 meters

Processing Toolbox [34], correct for geometric spreading and
attenuation losses, and normalize to the surface reflection. The
attenuation profile is calculated from the B26 conductivity
profile following MacGregor et al. [35]. To estimate the
off-nadir scattering behavior at a given depth in the firn, we
treat the Doppler spectrum as an empirical estimate of the
angular scattering function where the relationship between the
Doppler frequency and the in-firn illumination angle is given
in (1). The Doppler frequency is given by fp, 4 is the free
space wavelength, v is the flight velocity, and n s is the mean
refractive index between the surface and the depth of interest

07 = sin~! (W ) (1)

on ¢

The Doppler spectrum is found by taking the fast Fourier
transform (FFT) of an along-track aperture at each depth and
incoherently averaging 100 apertures with a 90% overlap. For
the MCoRDS3 data, we use an aperture approximately equal
to the physical along-track half-power beamwidth of the radar,
a distance of 1.4 km encompassing 3427 traces. This results
in an average angular resolution of 0.039°. We choose the
processing aperture for the AR such that the same angular
resolution is achieved. This results in a processing aperture
of approximately 300-m encompassing 816 traces. For this
system, the processing aperture exceeds the physical along-
track half-power beamwidth by approximately 7°. The spec-
trum is then range migrated in the frequency domain [36] and
normalized to peak power. We do not correct for geometric
spreading loss, as we account for this amplitude factor in
our spectral models. To permit direct comparison of the
spectra, despite the difference in range resolution, we average
together all AR range bins within a given MCoRDS3 range
bin. Radargrams were not corrected for surface topographic
variations prior to Doppler spectrum processing.

After hardware presums, the effective beamwidth of the
AR in the firn is approximately 22°, while the physical
half-power beamwidth of the antenna array is only 14°.
Similarly, the effective beamwidth of MCoRDS3 after presums
is approximately 76° in firn, where the physical half-power
beamwidth is 64°. To avoid the confounding effects of the
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Fig. 5.  (a) AR and (b) MCoRDS3 Doppler spectra, normalized to peak
power in each range bin.

antenna pattern on the Doppler spectrum in the subsequent
analyses, we restrict our analysis of the Doppler spectra to an
angular range of —7 to 7° off-nadir.

From this empirical data set, we identify five key features,
which a satisfactory model must be able to reproduce in order
to explain the observed firn echo properties.

1) The radargrams in both frequency bands show contin-
uous horizontal layering in the upper 200 m of the ice
sheet.

2) The depth-power profile in both frequency bands shows
a distinct minimum at around 30 m depth, with the
second maximum in power between 50 and 60 m,
followed by rapid power decay.

3) The subsurface angular scattering function is sharply
peaked at nadir and decays monotonically with increas-
ing illumination angle, typically to at least 25 dB below
peak power within the first 7°.

4) The subsurface angular scattering function in both fre-
quency bands is less specular than the surface, but
becomes increasingly specular with depth.

5) The angular scattering function is significantly more
specular at 195 MHz than at 725 MHz and consistently
shows a strong specular peak at near-zero Doppler.

Figs. 4 and 5 show examples of these features in the radar-
grams, depth-power profiles, and Doppler spectra of the ana-
lyzed radar data. While we directly consider a very small data
set due to the lack of high-resolution firn core data collocated
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with UHF and VHF radar transects, features 1-4 are present in
the original Antarctic POLARIS data [30] and are consistent
with features we observe in data from across the high-elevation
accumulation zones of both Antarctic and Greenland (see
Fig. 3).

III. PHYSICAL MODELS OF POLAR FIRN

Before discussing plausible electromagnetic models, it is
useful to review the physical models of polar firn on which
they are based. Since the observed scattering behavior is
predominately present in regions of low surface temperature,
we restrict our consideration to dry firn and do not con-
sider the effects of surface melt or percolation and refreeze
features [41].

Side-looking SAR and radar altimetry models, due to their
viewing geometry and short wavelengths, typically treat firn
as a volume scattering medium [42]—[44]. On the microscopic
scale, firn consists of closely packed ice grains separated by
air-filled pore space, which is evident in 3-D tomographic
scans of firn cores [45]. Typical pore sizes range from the
submillimeter to 1-cm scale [46], [47]. As the firn undergoes
compaction with depth, this pore space is reduced. Therefore,
the depth-density profile can be viewed as a continuous change
in porosity, which alters the number of scatterers contributing
to the observed radar return.

By contrast, in radar sounding studies, the dry firn is treated
as a stratified medium, consisting of discrete layers deposited
on a seasonal basis, which vary in density and permittivity.
Fujita et al. [48] demonstrated that reflecting horizons in
the ice column shallower than 1000 m could reasonably be
attributed to changes in density. Similarly, Lewis et al. [49]
showed a strong correlation between the trend in the standard
deviation of ice core density measurements and the relative
magnitude of layer reflection coefficients derived from AR
surveys. On a regional scale, high-resolution radar systems
designed to investigate the near surface have shown clear
evidence of continuous layering over horizontal scales of many
kilometers in both Antarctica and Greenland [49]-[51].

However, on a local scale, firn-core and snow trench studies
demonstrate that there is significant horizontal variation in
density due to spatial variability in deposition and compaction
patterns. In the first meters of the firn, these variations man-
ifest as regular discontinuities in the higher density layers
[52], [53]. At greater depth, a series of adjacent deep firn cores
in Queen Maud Land, Antarctica shows an almost complete
loss of correlation in the density profiles for cores separated
by as little as 13 m [54], further supporting a laterally rough
or inhomogeneous firn model.

IV. ELECTROMAGNETIC MODELS OF POLAR FIRN

Based on the physical models of polar firn discussed in
Section III, we consider the following mechanisms, shown
in Fig. 6, for the observed near-surface radar returns:

1) off-nadir surface clutter migration to the subsurface;

2) volume scattering from air-filled pore space or density

inhomogeneities in the firn;
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3) quasi-specular reflections at the interface between the
layers of different densities with the Doppler spectrum
controlled by one of the following:

a) propagation of phase and amplitude errors;
b) off-nadir scattering from slightly rough iso-density
interfaces.

A. Surface Clutter

Under this model, the observed subsurface power plateau
would be the result of off-nadir surface scattering mapping
to the subsurface, rather than scattering from the firn itself.
However, we find that this model fails to account for the trends
seen in the empirical data. First, if the near-surface power
was dominated by incoherent clutter, we would not expect to
see any structure in the radargrams. However, clear horizontal
layering is evident in both (Fig. 4). Second, we analyze the
along-track phase gradient [55] of the near surface and find
that it is tightly distributed around zero Doppler (Fig. 7).
If the power was primarily attributable to migrated clutter,
the distribution would be shifted to the Doppler frequency of
the appropriate scattering angle. Therefore, the observed power
is likely due to scattering from subsurface features, rather than
superimposed surface clutter.

B. Volume Scattering

If the firn acts primarily as a volume scattering medium [43],
the power received by the radar is proportional to the sum

of the energy backscattered by each air-filled pore in the
illuminated ice volume. As shown in Fig. 1, in the absence
of any processing, this illuminated volume is a bowl con-
taining every point with an equivalent optical path length
as the subnadir point. Appendix A describes in detail how
we compute this geometry. The scattering process within
this volume is inherently incoherent, resulting in geometric
spreading losses proportional to the inverse fourth power of
range and producing an isotropic angular scattering pattern.
Appendix B derives the volumetric radar cross section and
extinction coefficients which, substituted into our geometric
model, give the discrete approximation to the volumetric radar
equation shown in (2). Here, Pg is the power received by the
radar, Pr is the peak transmit power, G is the antenna gain,
T is the transmission loss through the ice surface, 4 is the free
space wavelength, 4 is the platform altitude, z is the depth of
interest, n s is the refractive index of firn, oy, (r, €) is the radar
cross section of a single scatterer as a function of radius and
permittivity, A; is the illuminated area at a given layer, ¢; is
the porosity of the layer, &, is the absorption efficiency, and
& 1s the scattering efficiency. We have discretized the firn pack
into M layers each of thickness Az

Pr (z)

PrG*1%)2
= 700 (1, €)
(4m)* n2 (h n if)

U 3
X ZAiAZi¢i (47[7)

i=1

i 3
* exp —22 Azjpj (m)[fa (r,€)+&s (r, €)
j=1
)

For this mechanism, we model the pore radar cross section,
absorption efficiency, and scattering efficiency using Mie
theory [44], where the background medium is pure ice with
a permittivity of 3.17 and the inclusions are air with a
permittivity of 1. The porosity of a given layer is derived from
the average depth-density profile of the B26 ice core over the
discrete layer thickness relative to the density of glacial ice
(917 kg/m?). Although some coherent summations have been
applied to our data, the effective beamwidth after hardware
presums is larger than physical half-power beamwidth for both
systems, so for this analysis, we assume that the illuminated
ice volume is not altered by processing.

Since this model estimates absolute power, the radar data
must be absolutely calibrated before comparison. To do so,
we assume that the surface is a quasi-specular reflector
with some root-mean-square (rms) height, o, calculated from
Airborne Topographic Mapper (ATM) lidar collected coinci-
dent with the radar data [56], [57]. Then, the absolute power
of the surface return is given in (3), where IT|2 is the Fresnel
reflection coefficient, k is the wavenumber, and N is the
number of hardware presums applied to the data [58]

NPrG2)2|T)?

@r Y Gh) exp[—(2ko)?]. 3)

Pr (0) =
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predicted power for mean pore radii of 1 cm and 1 mm, respectively.

We conduct a parameter sweep over a range of physically
plausible pore radii from 1 mm to 1 cm [47], [59] at 1-mm
increments and compute the mean square error between the
modeled and observed depth-power profiles in each frequency
band. As r < k for both systems, scattering is confined to
the Rayleigh regime, and as expected, we find a monotonic
increase in backscattered power as pore radius increases.
However, due to the small pore size relative to the illuminating
wavelengths, geometric spreading losses proportional to the
inverse fourth power of range [44], and the low dielectric
contrast between air and glacial ice, volume scattered power
is at least 40 dB below the surface return in both frequency
bands. In contrast, the second power maximum observed
in the data is typically 10-15 dB below the surface return
(see Fig. 8). In addition, this model fails to predict horizontal
layering and cannot reproduce the sharp power decay observed
below 60 m depth.

To understand if the observed power plateau could ever be
produced by volume scattering, we conduct a further parameter
sweep of radii from 1 cm to 0.5 m. The closest, although
still poor, fit to the data is achieved for a radius of 0.4 m.
For inhomogeneities beyond this size, the backscattered power
decreases again due to high absorption and scattering losses
in the firn. Regardless, near meter-scale air-filled voids in the
firn are unobserved and physically unlikely. Density inhomo-
geneities of this size might be plausible, particularly in the case
of refreeze features in percolation zones. The presence of any
water or brine in the firn pore space would also significantly
alter these results and might make volume scattering a more
plausible mechanism in regions of significant surface melt,
crevassing, or on ice shelves. However, in dry polar firn,
volume scattering seems unlikely to account for the observed
power plateau.

As further confirmation, we compare the angular scattering
function of a volume scattering medium to the observed
Doppler spectra. The radar cross section is isotropic; therefore,
the only contributors to angular decay are the radar antenna
beam pattern and the increasing distance to the scattering
voxel with angle. As we limit our analysis to angles between
—7° and 7°, neither factor contributes significantly in this
analysis and the modeled angular scattering behavior is effec-
tively independent of the observation angle. However, the
observed angular scattering patterns decay rapidly with an
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Simulated power from firn volume scattering compared with depth-power profiles from (a) AR and (b) MCoRDS3. Dashed and dotted lines show

increasing angle (Fig. 5). Therefore, we assess that in the dry
snow zone, volume scattering cannot account for the bright
firn returns observed in both VHF and UHF airborne radar
data.

C. Quasi-Specular Reflections

If, instead, firn is predominately a stratified medium, the
observed subsurface power profile is produced by the interfer-
ence of quasi-specular reflections at interfaces between layers
of different densities [49]. To test this hypothesis, we employ
a 1-D layered dielectric medium model where the permittivity
of each layer is directly proportional to its density following
the empirical relationship in (4) where p is the layer density
in g/cm3 [60]:

€ = (140.845p)%. “)

The layer thickness is set by the sampling interval of the
B26 density profile. We neglect the imaginary component
of the dielectric constant, as the dielectric contrast from
conductivity changes is negligible compared to that induced
by density changes in the firn [48].

The depth over which significant constructive or destruc-
tive interference among secondary reflections can occur is
approximately equal to the system range resolution in firn [61].
Therefore, we estimate the effective reflection coefficient for
each range bin by applying the transfer matrix method [62]
to the stack of layers in each range bin, setting the half-space
above the bin to the permittivity of the last layer in the previous
range bin and the half-space below the bin to the permittivity
of the first layer in the next range bin.

This model successfully reproduces the magnitude and trend
of the depth-power profile in both frequency bands using
only the B26 high-resolution density measurements and radar
system frequency and bandwidth parameters as inputs to the
model (see Fig. 9). It also predicts clear horizontal layering
in the firn. We conclude that at nadir, the dominant radar
scattering mechanism in dry polar firn is likely coherent quasi-
specular reflections at interfaces of variable density. However,
a 1-D model cannot address the angular scattering behavior
evident in the empirical Doppler spectra. Therefore, we also
consider modifications to this model, which are still consis-
tent with a power profile dominated by coherent reflection
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Fig. 9. Empirical data (in blue) compared with simulations (in orange). Depth-power profile from the (a) AR and (b) MCoRDS3 are compared to simulated
reflection coefficients from the 1-D layered dielectric model (Section IV-C). (c) rms error between simulation and observation as a function of depth, where

the blue curve is AR error and the orange curve is MCoRDS3 error.
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Fig. 10. Comparison of the AR Doppler spectrum at 55 m depth (orange
curve) with the ideal response (blue curve) from a specular surface with a
10% additive amplitude noise in the time domain.

at normal incidence but include some off-nadir scattering
mechanisms.

1) Doppler Spectrum Errors: 1t is possible that only spec-
ular reflection occurs in the firn, but the observed Doppler
spectrum is broadened by random phase and amplitude errors
between traces that propagate through the FFT. In addition,
the width of the main lobe may be limited by the frequency
resolution of the FFT. However, as shown in Fig. 10, we find
that these errors fail to reproduce the observed spectra.
At small angles, the spectrum is significantly wider than the
ideal FFT response, indicating that this broadening is not
solely the result of limited frequency resolution. Because the
Fourier transform is linear and unitary, the addition of additive
white Gaussian noise in the time domain can raise the noise
floor in the frequency domain [63], but cannot reproduce the
high power observed only at low frequencies. It is possible that
some forms of multiplicative, colored, or non-Gaussian noise
affect the spectrum, but given the consistency in the power
trend across different systems and collection dates, we assess
it is more likely that the observed spectra are the result of
off-nadir scattering.

2) Rough Layers: For rough surfaces with rms heights
less than a quarter wavelength, a strong coherent reflection
component is present at normal incidence as observed, but
some off-nadir scattering still occurs [25], [64]. It is, therefore,
possible that the observed angular scattering behavior is the

result of small-scale roughness in the horizontal profile of iso-
density layers. Snow trench studies indicate that topographic
surface expression is lost through compaction in the upper
1-2 m of the firn [52], [53], and that draping over bed
topography is unlikely close to the surface [65]. This, along
with the specularity of the Doppler spectra and the tight
distribution of the along-track phase gradient around zero
in both radargrams, suggests that the subsurface layers may
be well-modeled by relatively small perturbations to a flat
plane. Therefore, we apply the simplified integral equation
method (S-IEM) developed by Fung and Chen [66] to model
the scattering behavior of the firn, under the assumption
of negligible interference between layers due to incoherent
scattering.

This model assumes a statistically stationary scattering
surface, which can be parameterized by some rms height, o,
and correlation length, L. The particular formulation used in
this article neglects multiple scattering or shadowing and is,
therefore, consider valid for ko < 2 and an rms surface slope
of less than 0.3 [66]. To remain within this region of validity,
interface rms heights in firn should not exceed 30 cm for
MCoRDS3 or 8 cm for the AR and the correlation length must
be longer than 1.4 m and 30 cm, respectively. The surface rms
heights measured from the coincident collection by the ATM
lidar system fall between 4 and 7 cm [56], [57], which suggests
that this model should be valid for our data.

The co-polarized radar cross section from the S-IEM model
under these assumptions is given in (5). The full form
of I is provided in Appendix C. Here, the subscript f
denotes that we consider the wavenumber and illumination
angle in the firn at the depth of interest, accounting for the
variable index of refraction as calculated from the density
profile

K X W2k sindy)
al(0) = ﬁ exp[—2(k o cos0)*] % Z |]”|2+
n=1 '

(5)

W is the surface spectrum, which corresponds to the Fourier
transform of the surface correlation function. For this analysis,
we assume an exponential correlation function with W taking
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Estimates of rms height and correlation length in each range bin from the rough layer inversion. Dotted curves show the results of the inversion of the

AR data. Dashed curves show the results of the inversion of the MCoRDS3 data. Solid curves show the results of the joint inversion in both frequency bands.
(a) Estimated rms height in each range bin. Red error bars show the range of surface rms heights measured over the MCoRDS3 transect from ArcticDEM,
coincident ATM collection, and RSR inversion of the radar data. Blue error bars show the range of surface rms heights measured over the AR transect from
the same three data sources. (b) Estimated correlation lengths. (c) rms error for each inversion.

the form given in the following equation:

2xnl?

W™ (2k s sin0) = .
@k Sin07) = Fo Gk Lsin, P11

(6)

The S-IEM model does not include the normal incidence
coherent-reflected component. To derive this component,
we use a similar approach to [67], starting from the radar
cross section of a specular dielectric disk as defined in [68],
assuming that the illuminated area is equal to the first Fresnel
zone, and modifying it with the coherence loss function
derived in [25]. Then, the radar cross section at normal
incidence takes the form in (7), where |T'|? is the Fresnel
reflection coefficient at normal incidence

2 2
i :27r (h+35) 1T

: 7 exp[—(2kra)?]. 7
f

To evaluate this model, in each range bin, we invert for the
rms heights and correlation lengths which separately minimize
the mean square error between the modeled scattering behavior
and the MCoRDS3 and AR data, as well as a single rms
height and correlation length which jointly minimizes the
mean square error between model and data in both frequency
bands. This is achieved with a parameter sweep of rms
heights between 5 mm and 8 cm, incrementing every 1 mm,
and correlation lengths between 0.5 and 8 m, incrementing
every 10 cm. Prior to calculating the mean square error, both
the data and model output are normalized to their respective
maximum values. Therefore, the model is constrained to fit the
difference in power between the specular peak and scattered
component, as well as the angular rate of the power decay,
but not the absolute magnitude of the scattering coefficient.

If this model is representative of the radar scattering physics
in firn, we expect the following behavior. First, the mean
square error between the model and data should be small.
Second, the individual and joint inversions should all produce
similar estimates of rms height and correlation length. Finally,
due to ongoing compaction and snow grain rearrangement,
layer roughness should be on par with or less than surface
roughness.

The results of the inversions are presented in Fig. 11.
In addition, Fig. 12 shows the comparison of the spectra
modeled from the jointly inverted rms heights and correlation
lengths with the observed data. The rms error between data
and model is very good in all cases. The estimated rms heights
at the surface fall within the range of rms heights calculated
from the coincident ATM data [56], [57], ArcticDEM [69], and
radio statistical reconnaissance (RSR) inversion [64], [70] of
the radar surface return. The trend in layer rms height behaves
as anticipated, with rougher layers close to the surface and
smoother layers at depth. The estimated correlation lengths
also fall within physical plausible ranges. The greatest dis-
crepancy in the result is the large difference in estimated rms
height between the MCoRDS3 and AR inversion—roughly
5 cm versus 2.8 cm. However, there are a number of reasonable
explanations. Most plausibly, the limited angular resolution
of the FFT may prevent the resolution of the full height of
the specular peak in the MCoRDS3 data. Only a 2-4-dB
greater peak would be required to bring the MCoRDS3 rms
height estimates in line with those from the AR. In addition,
the larger bandwidth and wider cross-track beamwidth of
the MCoRDS3 system likely contribute cross-track clutter
to the spectrum, increasing the apparent scattered power and,
therefore, the rms height.

To further validate this model, we simulate the expected
SCR at the B26 site from 100 m depth to the bed and compare
it to an estimate of the SCR derived from the MCoRDS3 data.
Clutter is simulated using the geometry model described in
Appendix A. We assume a firn depth of 90 m and calculated
o at each layer using the S-IEM model. The rms height and
correlation length are taken from the MCoRDS3 subsurface
inversion. The reflection coefficient for each layer is calculated
from the 1-D layered dielectric model described in this section.
Given that the transmission coefficients of the firn layers are
near unity and the total two-way attenuation through the firn
layer is calculated from the B26 conductivity profile to be
less than 3 dB; we neglect the attenuation term in the clutter
model. We assume unfocused SAR processing with 35 coher-
ent summations and model the MCoRDS3 cross-track beam
pattern as the projection of a jinc pattern on to the surface in
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Fig. 12.

Doppler spectra simulations with the S-IEM rough layer model. (a) Simulated AR Doppler spectra [compared to Fig. 5(a)]. (b) Example of

the simulated (orange) and observed (blue) AR spectrum at 30 m depth. (c) Difference between simulated and observed AR spectra. (d) Simulated
MCoRDS3 Doppler spectra [compared to Fig. 5(b)]. (¢) Example of the simulated (orange) and observed (blue) MCoRDS3 spectrum at 30 m depth.

(f) Difference between simulated and observed MCoRDS3 spectra.
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(a) Comparison of the simulated (orange) and observed (blue) SCR as a function of depth in the MCoRDS3 radar data. Some of the discrepancies

are likely due to inexact knowledge of the cross-track antenna beam pattern. (b) Difference between simulated and observed SCR. Negative numbers indicate

an underestimation of clutter and positive numbers indicate overestimation.

the cross-track direction. The signal is taken to be the value
of the calibrated, smoothed radar trace after 20 additional
coherent summations. This automatically accounts for the
appropriate reflection coefficients, geometric spreading loss,
and attenuation through the ice column without requiring that
we separately estimate those values. The empirical SCR is
estimated to be the difference between a raw trace and a trace
at the same location after 20 additional coherent summations

when both traces are normalized to their respective surface
powers.

The results are presented in Fig. 13. We find very good
agreement between model and data at depths above 1300 m,
where cases of apparent underestimation are likely caused by
regions where the signal is already greater than the clutter in
the raw data, preventing a good estimate of observed SCR.
Below 1300 m, our model consistently overpredicts clutter.
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TABLE 11
MEAN SQUARE ERROR OF OPTIMIZED MODELS

MCoRDS3 Accumulation Radar
Depth-Power Doppler Depth-Power Doppler Mean Square Error
Category MODEL Profile Spectrum Profile Spectrum

Volume Scattering Imm pore radius 6433 dB 754 dB 5401 dB 661 dB 8459 dB

lem pore radius 2541 dB 754 dB 1929 dB 661 dB 3344 dB

40cm pore radius 360 dB 754 dB 1459 dB 661 dB 1807 dB
Quasi-specular Layers 1D model 22.8dB -- 46.9 dB -- --

Spectral Noise - 80.3 dB - 186 dB 209 dB

Rough Layers -- 5.04 dB -- 4.96 dB 52.6 dB

This is likely the result of discrepancies between our analytical
approximation of the MCoRDS3 cross-track beam pattern
and the true antenna pattern. Published analysis of the beam
pattern only extends to 60° off-nadir [40], and at these depths,
near-surface clutter is illuminated at angles above 70°. Given
ground plane effects, the true antenna pattern likely decays
more rapidly at large angles than our analytical approximation.

V. MODEL COMPARISON

As this article employs an inverse hypothesis testing
approach to understand the radar scattering behavior of polar
firn, we now compare the mean square error for each model.
Table II provides a summary of these results. For each model,
we calculate four error terms: the mean square error between
the model and depth-power profile of each radar system from
0 to 90 m depth and the mean square error between the model
and Doppler spectra of each radar system from 0 to 90 m depth
and —7° to 7° along-track. We then sum these four terms
in quadrature to give the total error listed in the right-most
column of Table II.

While we cannot rule out all other hypotheses for the
observed scattering behavior, we find that the quasi-specular
layer model provides the best fit to the depth-power profiles
and angular scattering functions in both frequency bands, given
physically plausible model parameters. Therefore, we assess
that of the mechanisms considered, the most plausible radar
scattering mechanism in dry polar firn is a quasi-specular
reflection at interfaces of variable density, with off-nadir
scattering likely controlled by small-scale roughness in the
iso-density profile produced by local spatial variability in
topography, deposition patterns, and compaction rates.

VI. RADAR SYSTEM PARAMETER ANALYSIS

Having addressed the question of mechanism, we apply
our best fit model to evaluate the frequency, bandwidth, and
altitude dependence of both the firn power plateau and the
clutter it produces.

To study the behavior of the plateau itself, we apply
our 1-D layered dielectric model (Section IV-C) to depth-
density profiles from six Greenland and Antarctic ice cores
[31], [71]-[73]. The resultant profiles are highly similar, with
some variations in firn depth and the prominence of the
plateau. We take the ensemble average of these simulated
reflection coefficients to be representative of the average
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Fig. 14. Simulated firn layer reflection coefficients normalized to the surface
reflection. Each plot shows the ensemble average of simulation runs using
the 1-D layered dielectric model applied to depth-density profiles from six
Antarctic and Greenland ice cores [31], [71]-[73]. Each row is analogous
to a depth-power profile such as those shown in Fig. 10(a) and (b) and the
power plateau is evident as the bright region centered around 45 m depth.
(a) How the depth-power profiles changes as the system center frequency
increases. Bandwidth is held constant at 30 MHz. The power plateau becomes
increasingly bright and well-defined at higher frequencies. (b) Change in the
depth-power profile for different system bandwidths at a constant frequency
of 435 MHz. As the bandwidth decreases and range resolutions grow larger,
the power plateau is both brighter and encompasses a greater range of depths.

response of polar firn. Our results show that the magnitudes
of the firn layer reflection coefficients in the power plateau
increase as the system center frequency is increased or band-
width is decreased (Fig. 14). As a result, it is possible to
partially mitigate this increase in the reflection coefficient with
increasing center frequency by employing wider bandwidths.
We find that below 80 MHz, the power plateau is generally at
least 25 dB below the ideal surface reflections for bandwidths
above 5 MHz. Between 80 and 200 MHz, the power plateau
can still be kept below this threshold without increasing the
system fractional bandwidth beyond 50%. Above 250 MHz,
this mitigation is no longer possible, requiring fractional
bandwidths above 100%. Therefore, the simplest means to
limit the absolute power of firn echoes is to employ sounding
frequencies below 80 MHz.

To examine the frequency, bandwidth, and altitude depen-
dence of the total near-surface clutter, we calculate the
expected clutter radar cross section at a depth of 2600 m,
the mean ice thickness in the region where this behavior is
prevalent. We define the clutter radar cross section as follows:

M
Onse = D, AziAio)(Ti 0. Lis A7, 00). @®)

i=1
The illuminated area, A, is calculated as described in
Appendix A. We calculate the normalized radar cross
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Fig. 15. Simulated clutter radar cross section at a depth of 2600 m. Each
plot is simulated from the layer rms heights and correlations lengths estimated
by joint inversion of the MCoRDS and AR Doppler spectra, applied in the
S-IEM scattering model. (a) How clutter magnitude changes with frequency
and bandwidth (range resolution). Altitude is held constant at 600 km. (b) How
the clutter magnitude changes with frequency and altitude. Bandwidth is held
constant at 6 MHz. The small-scale variations with frequency are the result
of variations in the layer reflection coefficients due to thin-film interference
within range bins.

section, ¢?, from the S-IEM model using the rms heights and
correlations lengths derived from joint inversion of the radar
data and the Fresnel reflection coefficients calculated from the
1-D layered dielectric model.

Fig. 15(a) shows the clutter radar cross section for a range of
frequencies and bandwidths at a fixed altitude of 600 km. The
total magnitude of the clutter is greatest at high frequencies
and low bandwidths, consistent with increased off-nadir scat-
tering due to the large rms heights relative to the wavelength,
and a large illuminated area contributing to the clutter power.
(Note that the oscillations in the clutter power as a function
of frequency are due to variations in the layer reflection
coefficients from thin-film interference.) These results make
it clear that increasing bandwidth to offset an increase in the
frequency is most effective in the HF and VHF bands.

Fig. 15(b) shows the clutter radar cross section for a range
of frequencies and altitudes at a fixed bandwidth of 6 MHz.
We find a significant increase in clutter power with increasing
frequency and increasing altitude. This behavior is intimately
tied to the surface correlation length. Assuming a fixed surface
correlation length, then at low frequencies, the correlation
length is quite short relative to the wavelength and the scat-
tered power is nearly constant across all illumination angles.
Therefore, as the platform increases in altitude and clutter
cells move from being illuminated at angles of around 30°
to angles around 3°, the increase in the backscattered power
is only a few dB. On the other hand, at higher frequencies,
the correlation length is long compared to the wavelength,
and scattered power peaks near nadir with a more rapid fall-
off with increasing angle. The change in illumination angle
with platform altitude can then result in an increase in the
backscattered power of nearly 30 dB. Altogether, these results
suggest that for a fixed-bandwidth orbital sounder, HF or
lower VHF center frequencies will always be most effective
in suppressing this type of near-surface clutter.

Although our analysis in Section IV-B clearly demonstrated
that volume scattering cannot account for the firn power
plateau seen in airborne radar data, we consider the pos-
sibility that volume scattering from density inhomogeneities
might contribute significantly to the total clutter budget in an
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Fig. 16. Volume scattering metrics as a function of frequency and inhomo-
geneity size. In dry polar firn, the particle radius is generally less than a few
centimeters. Larger radii might be possible in percolation zones or planetary
settings. (a) Comparison of the difference between rough layer clutter and
volume scattering clutter at 2600 m depth, 600 km altitude, and a bandwidth
of 6 MHz. Positive numbers indicate that roughness clutter dominates, where
negative numbers indicate that volume clutter is greater. (b) Total two-way
attenuation through the firn column due to volume scattering. The color scale
has been saturated at 30 dB of loss.

orbital geometry. We model the volumetric clutter radar cross
section at a depth of 2600 m, altitude of 600 km, and band-
width of 6 MHz for a range of frequencies and inhomogeneity
sizes. The density contrast is assumed to be 50 kg/m? with a
fractional volume of 30%. Fig. 16(a) shows that under these
conditions, rough interface scattering will almost always be
the dominant clutter source, with the exception of sounding
meter scale inhomogeneities frequencies in the HF band. More
importantly, Fig. 16(b), which shows the total two-way loss
through the firn column for these scenarios, demonstrates
that in almost any volume scattering scenario which might
produce noticeable clutter, the accompanying attenuation is
the dominant effect. Our results suggest that in the dry polar
firn, volume scattering is not a constraining factor for sounding
even in the low GHz range, but that inhomogeneities on the
scale of a few tens of centimeters could rapidly produce
prohibitive losses in the firn column for UHF sounders.

VII. LINK BUDGET ANALYSIS

Of course, for practical system design, the SCR is the metric
of greatest interest. Here, we conduct a basic link budget
analysis to compare the performance of 45- and 435-MHz
sounders in terms of SCR and signal-to-noise ratio (SNR) for
a range of bed depths and reflection coefficients. The radar
system and englacial parameters are presented in Table III.
We assume that the subglacial interface can be treated as a
quasi-specular reflector and apply (9) to calculate the signal
power, on the basis of studies which suggest that even small
coherent facets within the illuminated footprint are sufficient
to maintain a geometric fall-off rate proportional to the
inverse square of range [67], [74]. Here, Lic. is the englacial
attenuation

pe — PrG*22T*L2, |IT?
- 2
(4r)? [2 (h + ni)]

Peters et al. [58] give bed reflection coefficients between

—6 dB for a thawed till bed and —33 dB for a frozen
bedrock bed. We extend this range by —20 dB to account
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TABLE III
LINK BUDGET PARAMETERS

Parameter Value
Center Frequency 45 MHz, 435 MHz
Bandwidth 6 MHz
Transmit Power 100 W
Antenna Gain Isotropic — 0 dB

Array — 16 dB

Altitude 600 km
Pulse Length 85 us
Pulse Repetition Frequency 242 Hz
Velocity 7562 m/s
Attenuation Rate 10.7 dB/km
IT|? Range -85dB to -6 dB
Depth Range 1000-4000 m

for some roughness loss. We also consider the detectability
of deep internal layers, using reflection coefficients between
—80 and —65 dB based on [75]. The englacial attenuation
rate is taken to be 10.7 dB/km following Matsuoka et al. [76].
We assume a plausible peak transmit power of 100 W for
a high technical readiness level system [77] and a platform
altitude of 600 km. Noise power is calculated using the
form in (10), where K is Boltzmann’s constant, f is the
system bandwidth, T,y is the antenna temperature (taken to
be 290 K), and the frequency-dependent empirical term is a
parameterization for sky temperature based on [78]

408 x 10°
Py = KA 1| 446 (%)

We consider four scenarios: pulse compressed data with
an isotropic antenna pattern, unfocused data with an isotropic
antenna pattern, SAR focused data with an isotropic antenna
pattern, and SAR focused data with a cross-track array. For the
purpose of this analysis, we consider a feature to be detectable
so long as both the SCR and SNR exceed 0 dB.

Fig. 17 shows the detectability of various englacial fea-
tures in pulse compressed data. The 45-MHz system has
significantly better SCR, with smooth beds shallower than
2000 m already unaffected by clutter, whereas we expect
clutter to dominate all 435-MHz data. The SNR, however,
is the dominant constraint at this processing level, with all
signals well below the noise floor. For example, the 45-MHz
system would require approximately 30 dB of additional gain
to detect those signals which are above the clutter floor—
equivalent to increasing transmit power to 1 kW, pulselength
to 850 us, and antenna gain to 10 dB, for example. It is clear
that azimuth processing will be critical to system performance
regardless of frequency.

In the next scenario, we implement unfocused SAR process-
ing by coherently summing traces over the diameter of the
first Fresnel zone. This has the effect of both raising SNR by
stacking and lowering clutter power by narrowing the effective
beamwidth. Therefore, the results are highly sensitive to the
choice of pulse repetition frequency (PRF). Fig. 18 shows the
result of this analysis for a PRF of 242 Hz, the maximum

2.47

+ Tant (10)
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Fig. 17. Modeled SNR and SCR for an orbital sounder at 600 km altitude
after pulse compression. An isotropic antenna beam pattern is assumed.
(a) SCR at 435 MHz. (b) SCR at 45 MHz. (c) SNR at 435 MHz. (d) SNR
at 45 MHz.
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Fig. 18. Modeled SNR and SCR for an orbital sounder at 600 km altitude
after coherent summation over the first Fresnel zone. An isotropic antenna
beam pattern and PRF of 242 Hz is assumed. (a) SCR at 435 MHz. (b) SCR
at 45 MHz. (c) SNR at 435 MHz. (d) SNR at 45 MHz.

PRF possible if we restrict the system to a single pulse in
the air at a time. At 45 MHz, this is sufficient to overcome
clutter for nearly all bed conditions shallower than 3000 m.
While the 435-MHz SCR sees significant improvement, it is
still insufficient to ensure the detection of more than shallow,
thawed beds. Unfortunately, regardless of frequency, the SNR
continues to lag. Even with a 100% duty cycle (equivalent
to a PRF of 11.7 kHz at the assumed pulselength), coherent
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Fig. 19. Modeled SNR and SCR for an orbital sounder at 600 km altitude
after SAR focusing using an aperture equal to ten times the diameter of the
first Fresnel zone. An isotropic antenna beam pattern is assumed. (a) SCR at
435 MHz. (b) SCR at 45 MHz. (c) SNR at 435 MHz. (d) SNR at 45 MHz.

summation over the Fresnel zone is insufficient to raise
englacial layers or rough and frozen beds deeper than about
1500 m above the noise floor.

Focused SAR processing allows us to migrate power over
a much longer distance than the first Fresnel zone while
simultaneously improving the azimuth resolution of the data.
Here, we consider an aperture length of ten times the diameter
of the first Fresnel zone, with results shown in Fig. 19. This
level of processing is sufficient to achieve reasonable SCR for
both systems. For the 45-MHz system, we expect that clutter
would only limit the detection of englacial layers deeper than
3000 m. At 435 MHz, englacial layers are still fully obscured
by clutter, but we can detect all thawed beds and most frozen
or rough beds shallower than 3000 m. Once again, SNR is the
constraining factor in feature detection.

Finally, we consider the impact of implementing some
forms of cross-track antenna array, in addition to SAR
focusing. Here, we consider a half-power beamwidth of
approximately 2.5°, equivalent to a linear array of 40 dipole
elements at half-wavelength spacing. As shown in Fig. 20,
this is sufficient to bring nearly all englacial signals above the
level of the clutter at 435 MHz. However, this would require
at least a 28 m cross-track array, which would be a significant
technical challenge, far beyond existing heritage and high
technical readiness level systems. However, this suggests that
proposals for distributed sounding systems [79], [80] or other
novel methods of cross-track array synthesis could signifi-
cantly improve orbital system performance in the upper VHF
or UHF bands. In addition, for airborne radar sounders, it is not
unreasonable to consider using UHF center frequencies, given
that cross-track half-power beamwidths on the order of 15°
can achieve similar clutter suppression in airborne geometries,
as demonstrated by the success of the CReSIS Ultra-Wideband
sounder centered at 320 MHz [18].
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Fig. 20. Modeled SNR and SCR for an orbital sounder at 600 km altitude
after SAR focusing using an aperture equal to ten times the diameter of the
first Fresnel zone. A cross-track beamwidth of 2.5° is assumed. (a) SCR
at 435 MHz. (b) SCR at 45 MHz. (c) SNR at 435 MHz. (d) SNR at 45 MHz.

-100

Altogether, our analysis suggests that while HF and low
VHF systems offer a significant advantage in near-surface
clutter suppression, SNR will be the first constraining factor
in bed detection for any orbital radar sounder. As a result,
any system design must consider how to maximize the PRF—
for example, by using a burst mode [81]—and expect to
implement full 2-D synthetic aperture focusing as a standard
component of the data postprocessing routine. Given this base-
line, a 435-MHz system is potentially viable, particularly as
the shorter wavelength improves the feasibility of engineering
a cross-track array. As the near-surface clutter gradient is
relatively flat across the UHF band, it may even be feasible
to consider L-band orbital sounding in the interior [82].
In this case, any frequency dependence of englacial attenuation
and the scattering properties of the bed may place stronger
constraints on the choice of center frequency than near-surface
clutter. Alternately, suborbital platforms operating below the
ionosphere might offer the possibility to operate in the HF
band for clutter suppression while taking advantage of much
slower flight velocities to improve SNR through increased
integration time.

It may also be appropriate to adjust the choice of geophys-
ical target to maximize the system performance. As expected,
our analysis indicates that orbital sounding is most likely to
be successful in regions with high basal reflection coefficients
and low total attenuation. This suggests that particularly in
Antarctica, sounding toward the ice sheet margins, where
lower ice thickness, a shallower firn pack, and the presence
of thawed beds [83]-[85] are more advantageous to the link
budget, may not be significantly more difficult than sounding
in the deep interior. The greatest challenges in these regions
are surface and basal roughness and volume scattering, which
require complementary optimization of azimuth processing
methods and cross-track clutter suppression. We do not treat
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heavy crevassing or temperate ice in fast-flowing regions, and
these are likely to remain significant challenges for any radar
system.

The implications of our analysis for orbital radar sounding
of icy satellites and planets depend heavily on local environ-
mental factors. The stratigraphy evident in the Martian polar
ice caps, for example, is understood to be the result of the
accumulation of water ice and dust layers shaped by climatic
processes [15], [86], [87], strongly analogous to conditions
in the terrestrial ice sheets. Our analysis, consistent with the
success of the MARSIS and SHARAD missions, suggests
that for such an environment, HF radar sounders are a safe
choice. This is particularly true if there is evidence of ongoing
accumulation since these rough layers are the intermediate
product of compaction processes. Unfortunately, ionospheric
attenuation and distortion make this an impractical choice
for Earth-observing satellites [20]. On the other hand, in the
absence of significant atmosphere, the metamorphic character
of Europa’s icy shell is likely shaped by internal marine,
convective, or tectonic processes rather than accumulation
[16], [88], [89], with the possible exception of potential
plume deposits [90], [91]. Therefore, this type of near-surface
clutter is unlikely to constrain the radar sounding of such
environments. Together with recent optimistic assessments of
volume scattering losses in icy regolith [92], this suggests that
the VHF sounding of Europa may be limited by attenuation
rather than clutter [89].

VIII. CONCLUSION

We find that for radar sounding in the VHF and UHF
bands, dry polar firn behaves primarily as a stratigraphic,
rather than volume scattering, medium, where scattering is
dominated by quasi-specular reflection at interfaces between
layers of different densities. Our results indicate that off-nadir
scattering is likely controlled by scattering from small-scale
roughness in the horizontal density profile that results from
spatial variability in deposition and compaction patterns. As a
result, the near surface may contribute significant clutter in
stratigraphic environments with active accumulation. This clut-
ter is weakest in the HF band, increases rapidly across the VHF
band, and is effectively constant across the UHF spectrum.
This suggests that for Earth-observing satellites, the low VHF
range is ideal for near-surface clutter suppression. Increas-
ing system bandwidth will generally improve performance
under these clutter conditions, although the high fractional
bandwidths required to achieve noticeable improvements are
often impractical due to ITU spectrum allocations. Given these
constraints, at 6-MHz bandwidth, a 45-MHz sounder offers
on the order of 40 dB better firn clutter suppression than a
435-MHz sounder.

On terrestrial ice sheets, this type of quasi-specular layered
firn is most common in the cold, high-elevation interior, where
the mean ice thickness is on the order of 2600 m. Due
to englacial attenuation in this thick ice, SNR, rather than
SCR, will be the first constraining factor in bed detectability.
Therefore, a critical consideration for system designers will
be how to achieve high azimuth processing and antenna
gain, regardless of the center frequency. Given these baseline
requirements, UHF sounders may be viable, particularly if the
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shorter wavelength permits implementation of a cross-track
array which can improve both SCR and SNR. Alternately,
designers might consider suborbital platforms or choose to
optimize instruments for sounding toward the ice sheet mar-
gins where high basal reflectivities, thinner ice, and thinner
firn are more advantageous to the system link budget.

APPENDIX A
RADAR SOUNDING GEOMETRY MODEL

Here, we provide a detailed explanation of the sounding
geometry model used to simulate the volume scattering and
rough layer clutter power as a function of depth. The geometry
under consideration is depicted in Fig. 1. We first consider the
most basic geometry for unprocessed data collected with an
isotropic antenna. In this case, the power received by the radar
from a given depth, d, is the sum of the power backscattered
from anywhere in the illuminated volume of the ice sheet
where the round-trip time-of-flight falls within the following
interval, where & is the platform altitude, njc. is the index of
refraction in ice, d is the target depth, Jr, is the system range
resolution, and c is the speed of light in a vacuum:

% n 2njce (d — Ory) - TS% n 2dnice.
c c

Y

The received power at depth d is then the sum of the backscat-
tered power over the entire volume defined by this interval.
We assume that the englacial properties, such as porosity
or layer roughness, which define the backscatter coefficient,
change only with depth over the radar footprint. Therefore,
we discretize the depth domain into layers of thickness Az,
calculate the backscattered power from each layer, and inte-
grate over all layers to find the total received power.
The power backscattered by a layer is given by the standard
radar equation [58]
P — PrG*i2T?LL,
4
(47)3 n? (h T i)

ice Nice

Ac?. (12)

If we assume an isotropic antenna beam pattern, then the terms
which change for each layer will be the illuminated area, A,
the radar cross section of the layer, 09, and the dielectric
loss, Lizce. A variety of models can be used to calculate a9,
depending on the relevant englacial properties. Similarly, LizCe
can take a variety of forms. For now, we will assume the
general form in (13), where d is the target depth and [ is
the generic one-way loss term which may be a function of
the vertical position

L2, =exp[-2ld].

1

13)

Therefore, we will describe how A is calculated, as this
is general to the model. The models and assumptions used
for ¥ and LizCe will be discussed in the context of specific
applications. In general, we assume that these coefficients are
fixed over the illuminated area at a given depth.

At any given layer, A is a function of the platform alti-
tude, target depth, system range resolution, and the index of
refraction of ice. Specifically, it takes the form of an annulus,
where the outer radius is fixed by the iso-delay curve of the
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target range bin, and the inner radius is fixed by the iso-
delay curve of the next shallowest range bin (see Fig. 1).
To calculate these radii at a given layer, we find the corre-
sponding refraction point at the surface, following the methods
discussed in [36] and [93], which allows us to then solve
for the in-air and in-ice components of the geometric path.
In our implementation, at each depth, we use a mean index
of refraction through overlying firn layers, calculated from the
B26 firn core density profile.

We implement various forms of radar focusing by adjust-
ments to this raw scattering area. For unfocused SAR process-
ing, the effective along-track beamwidth can be calculated
from (14), where N is the number of coherent summations

PRF
0 =sin~! |:7( N )/lj| .

14
2ony (14

As shown in Fig. 1, sufficient coherent summations can restrict
the along-track beamwidth to the extent that only cross-
track portions of the illuminated annulus now contribute to
the clutter. This restricted area can be derived from basic
trigonometric relationships between beamwidth and platform
viewing geometry, combined with the geometric formulas for a
circular segment. Full synthetic aperture focusing can be dealt
with similarly, where x, the along-track contributing extent,
is set by the azimuth resolution of the focusing algorithm,
which is given approximately by (15), where A is the length
of the focusing aperture [24]
2 (L)

X=—— (15)

In addition, we can simulate the effect of a cross-track
beam pattern by allowing G to vary over the illuminated area.
We assume that the antenna pattern is isotropic along-track
and uses an analytical approximation of the pattern of the
form G (x,y) = f(y), where y is the cross-track direction
and x is the along-track. G(x, y) is normalized to maximum
power. Then, the antenna gain factor is the integral of the
G (x, y) along the outer circumference of the illuminated area,
normalized by the integral of an isotropic beam pattern over
that same region.

Altogether, our geometry model takes the form given below,
where the implementation of the various terms has been
discussed above

22
Pr(z) = Pri T .
@l (h+ L)

Nice

M i
x [ZGizaioAiAz,- xexp | =2 I;Az;
i=1 j=1

(16)

APPENDIX B
VOLUME SCATTERING RADAR EQUATION

Here, we discuss additions to the basic geometry model
needed for the volume scattering calculations. The basic
model is given in (16). From [44], if we assume that the target
volume consists of independent scatterers, then the radar
cross section of the scattering volume is equal to the total
volume multiplied by the sum of the radar cross sections of

all particles in a unit volume
a7)

V is the total illuminated volume, N, is the number of scatter-
ing particles in a unit volume, and oy, is the particle radar cross
section. We will make two simplifying assumptions here. First,
all particles in the scattering volume are spherical, and second,
the variance in particle radius is very small compared to the
illuminating wavelength. Under these conditions, we treat the
volume as containing N identical particles of some mean
radius r and dielectric constant €. Then, (17) simplifies to

oy, = VNyop (r,€) = Nop (1, €) . (18)

In order to calculate the total number of air-filled pores in
the ice volume illuminated by the radar, we must account
for the variable density of the firn. Within each discrete layer
in the firn, the porosity is given by the following equation:
gi=1-"20 (19)
Pice
Here, p; is the density of a given layer taken from the firn
core profile and pjc. is the density of solid ice, taken to be
917 kg/m>. Then, the number of air pores in a given layer of

firn is.
3 3
Ni = Vigi (—47”3) = AiAzigi (—47”3)

Vi is the illuminated volume of the layer, which we already
know to be A; Az; in our basic geometry model. Then, the total
number of particles in the illuminated volume is simply the
sum of the particles in each layer

U 3
N = AiNzidi | —= ).
.ZI: 1Az (47rr3)

=

(20)

21

Following [94], we take the two-way path loss through a layer
to be exp[—27], where 7 is given by:

3dd
r= 2 e O+ E ol

4rr (22)
&, is the pore absorption efficiency and & is the pore scattering
efficiency. The distance d traveled through the ice will be
different for pores at different depths. Therefore, this atten-
vation factor will be different for each layer. We must also
account for the variable porosity in the attenuating layers
above the layer of interest. While, strictly speaking, the radar
path length through each layer in the firn is a function of
the platform viewing geometry, target depth, and layer index
of refraction, we will make the simplifying assumption that
this path length is roughly equal to the layer thickness. For
an airborne platform sounding the shallow subsurface, this
approximation will introduce around 1% error in the distance
traveled through each layer, and less for an orbital platform

(3
t= ]Z_; (m) PjAzjlca (r,€) +&s ()] (23)

Putting all of these components together, we derive the fol-
lowing approximate discretized volumetric radar equation for
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S
R, =T (0)+ [ (0)—T ()] (1 - —T) (29)
ST0
E |Fr? 352, GoesO yyn (osing) .
T = : 5
oo (ko cos@)z’l 2121 (0) .
Dol | Fr + (—exp[(kg cos@)z]cose) W (2k sin §)
8I (0) |2
Sto = = am— 3]
7o ‘ Fr cosé €1Y)
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monostatic radar sounding of the shallow subsurface:

Pr (2)
PrG2T?)?

B (4r)? n? (h+i)

ice Nice

u 3
X Z AiAzidi (m)

i=1

700 (1, €)

drr

i 3
X exp —ZZAZ]‘¢j (—)[@: (r,e)+& (r, €)l
i=1
! (24)
APPENDIX C

SIMPLIFIED INTEGRAL EQUATION METHOD

Here, we provide the full form of the vertically co-polarized
coefficients used in the S-IEM scattering model. Full explana-
tions of these terms can be found in [66]

I}, = (2ko cos8)" f,, exp[ko cos )1+ (ko cosO)"Fy,
(25)

2Ry
(26)

cosd’

fvv =

In the following terms, €, is the relative permittivity of
the scattering interface. The S-IEM coefficients were derived
assuming that the incident wave was in the air, with a per-
mittivity of 1. However, we are interested in scattering when
the wave is incident from a different layer of firn. Therefore,
we use an effective ¢, which is chosen such that the difference
in permittivity to air is equal to the difference in permittivity
between the two firn layers of interest. This is a reasonable
substitution since the reflection coefficients depend on the
gradient of permittivity, rather than the absolute value. I'(#) is
the p-polarized Fresnel reflection coefficient evaluated at the
incidence angle of interest

-2
sin“ 6
Fvv = ( i) (1 + Rv)2

cosf €

27
. 1 1
—2sin“d | —+—)(1+Ry) (1 —Ry)
cosf ¢
sin@ € (1+sin®0)

cosf

g =+ ure —sin’@.

(1—Ry)*

(28)

The S-IEM model employs transition coefficients in place
of the traditional Fresnel reflection coefficients, the forms of
which are given in (29)—(32), as shown at the top of this page.
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