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Multichannel ice‑penetrating radar systems can be
used to generate radar volumes: three‑dimensional
data structures that capture variability in backscat‑
tering intensity as a function of along‑track position,
two‑way travel time and elevation angle. By digitizing
surfaces within these data volumes, the production
of wide‑area, fine‑resolution digital elevation models
(DEMs) of the ice‑bottom interface (measured through
kilometres of ice) is now possible. This paper reviews
this technique (‘radar swath imaging’), explores its
methodological principles, describes its operational
requirements and highlights recent scientific advances
enabled by radar swath imaging. Observations of
glacier and substrate morphology and physical prop‑
erties inferred from swath data have already been
used to improve our understanding of ice‑shelf melt,
basal sliding and subglacial sediment and water
transport. Lessons learned from these initial surveys
should inform future data collection strategies, so that
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radar swath imaging can be deployed in the most productive way possible during upcoming
major field campaigns, including the Fifth International Polar Year and beyond.
This article is part of the Theo Murphy meeting issue ‘Next generation ice‑sheet bed

measurements’.

1. Introduction
Radio‑echo sounding (RES) has been instrumental in glaciological research since the 1960s, facil‑
itating the mapping of ice sheets and the characterization of their basal conditions [1]. Despite
its widespread use, RES has produced a somewhat limited picture of the Antarctic and Green‑
land Ice Sheets. This is, in part, due to an inherent disparity in the density of sampling along‑
and across‑track when collecting data using conventional RES methods. Radar systems collect
data with very fine resolution along profiles (with samples every approx. 1 m), but the spacing
between profiles is typically three orders of magnitude larger (with lines spaced every 1–10 km).
As a result, digital elevation models (DEMs) of subglacial topography derived from radar data
are usually degraded to some resolution between the along‑track and across‑track spacings, with
information lost during the gridding process [2]. Such gridded datasets have proven incredibly
valuable for catchment‑scale studies, capturing the long‑wavelength topography and (in some
cases, e.g. [3]) the statistical character of the bed, but they fail to reproduce the true topography
at metre scales, limiting what is possible for local ice‑flow modelling and process studies.

Radar hardware advancement over the last 20 years has improved data quality, and accompa‑
nying developments in signal processing have made it possible to reduce the disparity in along‑
and across‑track resolutions. Multichannel radar systems (designed to see through thick, warm
ice) have seenwidespread use tomap ice thickness. These systems transmit frommultiple antenna
elements simultaneously to generate a downward‑focused beam. Separately recording backscat‑
tered energy with each element in the array enables direction‑of‑arrival (DoA) analysis (or beam
forming) in the cross‑track direction during post‑processing [4] and the unique determination of
scatterer position perpendicular to the profile direction. When single‑channel radar profiles are
collectedwith sufficient density, this type of target discrimination can be accomplishedwith three‑
dimensionalmigrationmethods, full‑waveform inversion or downward continuation, as has been
demonstrated using data collected fromMartian orbital radar [5]. But multichannel radars enable
this with a single pass. We call this type of data collection (analogous to multibeam sonar imag‑
ing) ‘radar swath imaging’, the data generated by these systems ‘radar volumes’, and the systems
capable of this data collection ‘swath radars’.

Since its first proof of concept in [4,6,7], radar swath imaging has yieldedmaps of alpine glacial
valleys [8], ice shelves [9] and ice‑sheet subglacial topography at unprecedented resolution [10–
12]. This paper deconstructs the data collection and processing workflow for the generation of
radar volumes (outlined in figure 1) and presents an overview of the capabilities and limitations of
swath radar systems, the possible applications of radar volumes in glaciology and considerations
for future survey design and software development to enhance future imaging capabilities.

2. Principles of radar swath imaging
RES involves the transmission, scattering and measurement of electromagnetic waves. Radar
hardware transmits an electromagnetic pulse and records a time series of the amplitude and phase
of the local electric field, capturing energy scattered in the subsurface returning to the systemwith
a time delay defined by the range to the scattering target. While the goal of RES is to reconstruct
the geometry of features in the subsurface, this is an underconstrained problemwhen range is the
only observable (i.e. without knowledge of the DoA for backscattered energy). Below, we lay out
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Figure 1. Typical workflow to derive high-resolution digital elevation models (DEMs) of the bedrock topography (described
in §2), with examples of conventional, two-dimensional radar data products and three-dimensional swath radar data prod-
ucts. Three-dimensional radar volumes capture the intensity of subsurface backscattering as a function of along-track position,
range to the target, and the direction of arrival (DoA) for returning energy. Example radar data presented are from Northern
Greenland (frame 20110502_01_017) available from the Open Polar Server [13].

some of the fundamental concepts in geophysical imaging that allow for the unique determination
of scattering target locations, and through that, radar swath imaging.

Ice‑penetrating radars collect a series of backscatteringmeasurements along profiles, with each
acquisition separated from the previous one in space and time. By assuming that scattering targets
are stationary, it is possible to use this sequence of measurements to solve for the along‑track DoA
(described in terms of an ‘azimuth angle’) for backscattered energy. While this resolves features
in the along‑track dimension, it does not enable target discrimination in the cross‑track dimen‑
sion. The number and configuration of antennas used for data collection dictate whether or not
radar swath imaging (determination of the DoA, or ‘elevation angle’, in the cross‑track direction)
is possible. Radar swath imaging requires a multichannel array, consisting of multiple antennas
arranged perpendicular to the profiling direction.

Simultaneously transmitting from multiple antennas in a linear cross‑track array results in a
wave field characterized by constructive and destructive interference that varies as a function of
angle. The directions with the greatest constructive interference (described as the ‘main lobe’)
are perpendicular to the linear array, which for typical ice‑penetrating radar, maximizes trans‑
mit power at nadir. The wider the array, the narrower the main lobe. For off‑nadir directions,
the nature of the interference and the integrated signal varies as a function of angle, resulting in
radiation (or ‘beam’) patterns that exhibit ‘side lobes’: directive beams at wider angles separated
by destructive interference nodes.

The array size and element density control two critical features of the beam pattern of an array:
(i) the main beamwidth and (ii) the amplitude of undesirable off‑axis ‘grating lobes’. The effect of
changes in array configuration on these two properties is shown in figure 2. The beamwidth de‑
pends on the ‘electrical width’ of the array: the ratio of its physical length to the wavelength of the
transmission. Electrically narrow arrays result in a wider beam and coarser cross‑track resolution
(figure 2A). Grating lobes arise when the spacing between elements in the array is greater than
one half‑wavelength, and they introduce ambiguity between signals in the main beam and those
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Figure2. Figures describing the theoretical (A–C) andpractical (D) implications of array design for radar swath imaging. In this
figure, arraygeometries showthepositionof individual antennaelements in a linear array (measured innumber ofwavelengths
from the array centre line,𝜆). The associated beam patterns show the signal gain due to the combined effects of an individual
element’s radiation pattern (an example of which is shown in the blue pattern on panel A) and the destructive and construc-
tive interference from simultaneous transmission or recording across the full array. Panel A shows the effect of increasing array
width, which narrows the main beam. Panel B shows the effect of increasing array density, which reduces the influence of off-
nadir grating lobes. Panel C shows the effect of introducing ramped phase delays across the array,which change the direction of
themain beam. Panel D (i–viii) shows the practical effect of changing the arraywidth on the resultant cross-track, DoA images.
These images were generated using data collected from subsets of the UHF-COLDEX array flown during the 2023-24 Antarctic
NSF COLDEX field season. Increasing the array width (primarily) and number of elements in the array (secondarily) improves
scattering target discrimination. Data products were generated for the data frame 20240112_09_022, available through the
Open Polar Server [13].

off‑axis (figure 2B). Radar swath imaging quality improves when arrays are electrically wide and
sufficiently dense to eliminate grating lobes.

By systematically introducing phase delays between antennas in an array, the pattern of in‑
terference changes, and it is possible to direct (or ‘squint’) the main lobe of the beam pattern
(figure 2C). When phase delays are applied at transmission, radar systems can illuminate and
measure features in only one target direction. The same concept (combining signals with struc‑
tured phase delays) can be applied to the received signals, such that returning energy from some
angles is amplified and energy from other angles suppressed, a technique called ‘delay‑and‑sum
beam forming’ in the time domain and ‘Doppler focusing’ in the frequency domain [14]. This
is one strategy for producing a three‑dimensional radar volume using a cross‑track array. Two‑
dimensional images, each squinted in a different direction using delay‑and‑sum beam forming,
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can be stacked into a three‑dimensional radar volume, and scattering events within the volume
can be used for swath imaging. While this is not the most common approach for radar volume
generation, it provides useful intuition for the structure of radar volumes like those presented in
figure 2D. Using data collected in East Antarctica from a 22‑channel array flown as part of the Na‑
tional Science Foundation Centre for Oldest Ice Exploration (NSF COLDEX, [15]), we produced
cross‑track DoA images with a variety of different arrays to demonstrate the effect of array size on
image quality. The results, presented in figure 2D(i–viii), demonstrate the practical effects of array
width and density on cross‑track DoA determination, which we use to make recommendations
for future systems and surveys in the following section.

3. System and survey design considerations
Multichannel radar systems capable of swath imaging have been deployed on a number of dif‑
ferent airborne and ground platforms, with a variety of array sizes, transmit pulse characteristics
and survey geometries. Each instrument and survey choice has implications for the scientific util‑
ity of the data collected and should be considered when planning a field campaign. We discuss
some of the most effective trade‑offs in the following sections.

(a) Transmit configuration
The optimal transmit characteristics differ for swath imaging and conventional profiling, and
thus, the first step in radar swath imaging is optimizing the hardware and transmit pulse char‑
acteristics for the measurement objective (figure 1 (1,2)). As described above, arrays are most
effective at discriminating between scattering targets in the cross‑track dimension when they are
dense and electrically wide. However, higher frequencies (which allow for physically small but
electrically wide arrays) tend to have lower penetration through ice, making full‑ice‑thickness
sounding and swath bed mapping difficult. The bandwidth, which defines the range resolution
of the system, also has implications for swath generation. Some cross‑track image synthesis ap‑
proaches require the array be ‘narrowband’; that is, arrivals from individual targets of interest,
measured across the array, must appear in the same range bin. For ‘wideband arrays’ (which are
long relative to the range resolution), coregistration of images from different antenna elements
may be impossible without reducing the angular extent of the scatterers resolved [16]. This rep‑
resents the first set of trade‑offs between nadir imaging priorities (which, to a point, benefit from
wider bandwidth and therefore range resolution) and swath imaging priorities (which benefit
from electrically wide but narrowband arrays).

Transmitting using all antenna elements across awide cross‑track array produces a narrow but
intense beam, which will enhance the signal‑to‑noise ratio (SNR) for nadir targets but fail to illu‑
minate the off‑nadir targets used to construct the swath topography. There are two transmit‑pulse
strategies that are used to address this issue when attempting to produce three‑dimensional radar
volumes. The first is simply transmitting from a narrow subset of the array, resulting in a wide
but weak transmit beam. Alternatively, data can be collected using a sequence of distinct trans‑
mit pulses. By transmitting using all antennas multiple times, with appropriate phase delays to
generate a different beam direction for each pulse (e.g. a left‑, down‑ and right‑pointing beam),
it is possible to maximize total transmit power output without sacrificing angular coverage. To
transmit multiple directed beams requires high phase precision across the array, and therefore,
careful transmit calibration either in the lab (by measurement of electrical path lengths to each
transmit element with a network analyser) or in the field (by transmitting out of each antenna el‑
ement individually and recording scattering using a single receive element to determine transmit
phase offsets).

Each transmit strategy has advantages and disadvantages, but both will degrade the SNR for
nadir targets relative to conventional nadir‑only imaging. The former, transmitting from a small
sub‑array, has the advantage of being operationally simple. But it can reduce the SNR of the data
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by two mechanisms: radar hardware may limit the total power transmitted from a sub‑array
(when compared to transmit power from the full array) and the antenna gain associated with
the more directive beam is lost. For example, if only one of N transmit elements is used, the total
transmit power may be reduced by a scaling factor of 1∕N (depending on hardware architecture).
The change to antenna gain will produce another 1∕N scaling, resulting in a 1∕N2 SNR drop. The
latter strategy, transmitting a sequence of directed beams, is operationally more complex but has
advantages over using a single sub‑array. The reduced beamwidth usually results in the illumina‑
tion of fewer scatterers per pulse, which leads to improved angular estimation [16]. In addition,
this strategy may result in a smaller reduction in SNR relative to the sub‑array approach. The
time‑integrated power transmitted in any one direction will still be a fraction of what it would
be without the multipulse sequence, but if N beams are used, the total SNR will drop by only a
factor of 1∕N. When the system characteristics allow, we recommend the use of directive beams
to illuminate off‑nadir targets rather than wide‑beam, low‑power transmission.

Finally, some limitations of the array design can be overcome by modification of the transmit
pulse sequence. Each transmit antenna and receive antenna pair contributes to the characteristics
of the array; functionally, the number of measurements made by the array is the product of the
number of transmit pulses and the number of receivers, with the apparent phase centre of each
measurement being the weighted mean position of the transmit and receive antennas used. For
systems with significant grating lobes owing to an insufficiently dense physical array, it is pos‑
sible to increase the effective array density by transmitting a sequence of pulses from different
physical positions within the array. This approach, colloquially called ‘ping‑pong transmission’,
improves DoA determination at the cost of decreased SNR (again, scaling transmit power by a
factor of 1∕N, where N is the number of distinct pulses). Arrays should aim to be greater than
five wavelengths wide and satisfy the element spacing requirements (less than 1/2 wavelength) to
minimize grating lobes; ping‑pong transmission should therefore only be used when the physical
array does not meet these requirements.

(b) Logistics costs
Multichannel systems require more resources than single‑channel systems. They can be heavier,
they can require more space and power, and they can have higher data rates, requiring robust on‑
board storage and channel synchronization mechanisms. Antenna integration is also more com‑
plicated owing to the additional antenna elements. However, the specific costs associated with
these systems are ultimately dependent on system architecture (e.g. increasing transmit power
increases the weight, cross‑polarimetric antennas are heavier and generally less aerodynamic,
system centre frequency changes antenna size and fairing configuration, and system bandwidth
affects total data volume) and therefore must be considered on a mission‑by‑mission basis.

Weight and power requirements are particularly important to consider as low‑power or low‑
logistics platforms for radar sounding, such as uncrewed aerial vehicles (UAVs), become more
widespread [17,18]. Past swath radar campaigns have not been power limited, but some did use
heavy electronics and antennas that reduced platform range. Recent engineering work has fo‑
cused on reducing weight. For example, Won et al. [19] demonstrated broadband (170–470 MHz)
open‑sleeve dipole antennas weighing only a few pounds, and later 32 of these antennas were in‑
tegrated on a Basler aircraft without the need for custom hardpoints because of their lightweight
aerodynamic design. Based on Arnold et al.’s [20] recently developed four‑channel CReSIS UAV
radar, the electronics for an eight‑channel system with 800 W peak transmit power would weigh
about 15 kg, consume 80 W for the digital system and receivers, and consume transmit power
ranging linearly from 20 to 200 W for duty cycles ranging from 1 to 10%. Single or multichan‑
nel systems of this weight class would result in essentially no change in range for crewed aerial
platforms.

In contrast with swath imaging from crewed vehicles, multichannel imaging via UAVs is con‑
founded by the platform size. Smaller UAVs, such as quadcopters, are unlikely to be able to

Downloaded from http://royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2024.0549/6134210/rsta.2024.0549.pdf
by guest
on 23 April 2026



7

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A

384:
20240549

.........................................................................................................................

support a swath very‑high‑frequency system, although it may be possible to combine some plat‑
forms in a multistatic radar set‑up to achieve swath processing. Even larger UAVs, such as the
Windracers ULTRA MK2, would suffer range reductions owing to the extra weight and antenna
drag of existing swath‑capable systems, so at present, we consider operation most feasible on
crewed aircraft or ground missions.

system, although it may be possible to combine some platforms in a multistatic radar set‑up to
achieve swath processing. Even larger UAVs, such as the Windracers ULTRAMK2, would suffer
range reductions owing to the extra weight and antenna drag of existing swath‑capable systems,
so at present, we consider operation most feasible on crewed aircraft or ground missions.

(c) Survey design and platform selection
Because swath systems are defined by their angular resolution (rather than a fixed cross‑track spa‑
tial resolution), increases in range to the target will result in increased swath width but decreased
lateral resolution.High‑altitude airborne platforms can producewide swaths of topography at the
cost of coarser cross‑track resolution. When the project objective is to produce a seamless DEM,
flights should be collected no further than 2 km apart when flying at standard acquisition alti‑
tude (between 100 and 1000 m above the ice surface) for typical ice thickness (greater than 1000
m), assuming otherwise ideal imaging conditions.

Ground‑based systems have advantages and disadvantages, all a product of travelling slowly
and coupling directly to the snow, firn, or ice. Airborne platforms lose angular coverage due to re‑
fraction at the air–ice interface, which functionally restricts downgoing angles to less than 34◦ (the
critical angle for radio waves in ice). By coupling to the surface, ground‑based systems experience
reduced refractive effects but have difficulty collecting data where the surface is too soft, where
the surface is too hard, or in crevassed terrain. Their slower platform speeds (less than 10 km h−1,
compared with airborne speeds between 200 and 600 km h−1) allow for improved SNRs via aver‑
aging in hardware but reduce daily coverage, restricting collection to smaller areas. For targeted
surveys, especially in regions with high relief, steeply sloping englacial layers or high loss ice,
ground surveys will produce better results than airborne surveys and should be considered.

Where the subglacial topography is smooth, scattering from off‑nadir can be weak or non‑
existent. Because subglacial topography tends to be smoother in the ice‑flow direction than across
the ice‑flow direction, to maximize the signal in cross‑track images, profiles should be collected
along flow when radar swath imaging is a primary survey goal. This has the added benefit of
providing stratigraphic measurements that are more easily linked to ice‑flow models [21].

4. Data processing
Generating three‑dimensional radar volumes requires precise position information and phase
calibration, synthetic aperture radar (SAR) processing, and DoA determination. Once three‑
dimensional radar volumes are generated, two‑dimensional surfaces must be extracted by ei‑
ther manual or automatic data annotation. The typical processing and interpretation workflow
(currently implemented in the Open Polar Radar Toolbox) is outlined in figure 1 (4–9).

Processing starts with analysis of data collected by global navigation satellite system receivers
and inertial navigation systems, which provide precise geolocation and motion compensation
for coherent SAR processing. Then, time and phase differences for each channel that arise from
system characteristics (inherent to the radar hardware) must be determined and corrected for.
Like transmit equalization, receive equalization can either be done in the lab or corrections can be
generated empirically from field measurements.

For near‑nadir targets, the phase differences measured between elements in the array can be
explained by (a) system effects (unique to each of theN channels) and (b) the incoming, cross‑track
DoA for the energy. This yields a total of n + 1 unknowns required to explain theNmeasurements.
If one assumes that a scattering target is exactly at nadir, any measured phase differences must be
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entirely due to system characteristics, which can then be removed. In circumstanceswhere the tar‑
get position is unknown, it is possible to use multiple targets to uniquely determine the scattering
direction and phase equalization coefficients across the array. Every target with a distinct arrival
angle near nadir adds one new unknown (the DoA to that target) and N more measurements,
allowing for the unique determination of phase delays in the system. This type of receiver equal‑
ization is conventionally performed using data from the beginning of each season and updated
whenever the hardware configuration is altered.

For targets arriving from wide angles, phase differences measured across the array can de‑
viate from the expected phase ramp, largely due to interference between the direct arrival of
backscattered energy and near‑field reflections of that energy from the ground plane (in the case
of airborne systems, typically the wing or fuselage). Data collection over known, static features
(e.g. the ocean surface or rock surfaces for which there are independent DEMs) can be used to
perform array manifold (or ‘steering vector’) calibration. This is the empirical determination of
system‑induced, DoA‑dependent deviations from the expected phase inmeasurements across the
array. Datasets collected in the Canadian Arctic show significant position errors for targets more
than 50◦ off nadir when no steering vector calibration is applied, resulting in a characteristic but
erroneous upward curvature (‘smiling’) to the swath topographies [16]. For surveyswith complex
antenna fairings intending to use the wide‑angle measurements, steering vector calibration is a
necessary step.

Once receiver equalization, steering vector calibration and SAR focusing are complete, three‑
dimensional images can be generated. Delay‑and‑sum beam forming [22], periodogram, mini‑
mum variance distortionless response and MUltiple SIgnal Classification (MUSIC) algorithms
(all found in [23]) and maximum likelihood estimation approaches [7] have each been applied to
multichannel radar data to perform cross‑track DoA determination. All of these algorithms gen‑
erate three‑dimensional volumeswhich reveal both the qualitative nature of subsurface scattering
and the precise location of subsurface targets. In these volumes, rough interfaces (such as the ice‑
sheet surface and ice‑sheet bed) act as multiple scattering targets and backscatter across a range
of angles, producing traceable horizons in cross‑track slices of the radar volume. By digitizing
those horizons and using time‑of‑flight information for the backscattered energy, it is possible to
reconstruct the geometry of the interface in three‑dimensional space, converting from two‑way
travel time and DoA to x/y/z position, accounting for refraction across the ice–air interface.

The implementation of the MUSIC algorithm and the sequential tree re‑weighted (TRW‑S)
auto‑annotation scheme in the Open Polar Radar Toolbox has beenwidely used to generate swath
topographies (e.g. [8–12]). This approach has strengths and weaknesses. The MUSIC algorithm
generates the best scatterer localizationwhen the number of targets is small relative to the number
of independent measurements (described by [4], referencing [24]). But the MUSIC volume does
not directly reflect the amplitude of the cross‑track scattering, so while it produces high‑quality
target locations, it cannot be used for amplitude analysis. Future work, focused on radiomet‑
ric properties rather than subsurface geometry, should further explore the other beam forming
techniques, which preserve amplitude information from the original data.

TRW‑S is one of a very small number of implemented auto‑annotation schemes. At its core, it
solves an optimizationproblemdesigned to generate surfaces that closely followmaxima in the in‑
tensity of the three‑dimensional radar volume, regularized by along‑ and cross‑track smoothness
parameters and surface slope expectations [25]. Unconstrained, the TRW‑S algorithm has diffi‑
culty reproducing the true surface in the data volume. In practice, then, surface extraction requires
the manual generation of ground‑control points to improve algorithm performance, a labour‑
intensive task. But once complete, swath DEMs can be used for a variety of scientific applications,
described below.
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Figure 3. Compilation of swath DEMs from [8–12], presented at equal horizontal scale but different vertical scale. This figure
captures the diverse textures revealed by radar swath imaging in ice-sheet interior sites (left and centre columns), at ice-sheet
grounding zones (top right), and in alpine glacier valleys (bottom right).

5. Published applications of three-dimensional radar volumes and swath
topographies

Where they have been collected and processed, three‑dimensional radar volumes have been
used creatively to better understand ice‑flow processes and ice‑sheet history. Continuous, fine‑
resolution DEMs have been produced for parts of Thwaites Glacier [10] and the onset of the
Northeast Greenland Ice Stream [12], and individual swaths have been produced and interpreted
at Hercules Dome [11], the grounding line of Kamb Ice Stream and the Ross Ice Shelf [9] and
in the Canadian Arctic [8] (figure 3). In addition, new data have been collected over Thwaites
Glacier, the East Antarctic Plateau, the Ross and McMurdo Ice Shelves and in coastal Dronning
Maud Land for the purpose of radar swath imaging. As the quantity of radar swath data collected
grows, novel applications of these data emerge. Here, we describe some of the ways swath data
have been used to date and provide suggestions for their future application.

With the first regional DEM generated using radar swath imaging, Holschuh et al. [10] demon‑
strated that swath radar can map the glacier subsurface at resolutions comparable to modern
DEMs of other terrestrial environments. This naturally led to comparisons between subglacial and
postglacial landscapes, and thus, radar swath topographies have been used to improve our under‑
standing of glacial geomorphology. By resolving bedform orientations and shapes across broad
areas under Thwaites Glacier, Holschuh et al. [10] were able to test models of bedform generation
published in the glacial geology literature. The swath data led to two important discoveries:

— Fine‑resolution DEMs allowed for detailed water‑flow routing, producing water path‑
ways that are orthogonal to the ice‑flow direction. The orientation of bedforms is con‑
sistent with ice‑flow direction but not water‑flow direction in the region, indicating they
are probably formed by sediment transport by ice and not by water (following the rilling
hypothesis) proposed for some elongate subglacial bedforms (e.g. [26]).

— The size distribution of bedforms is weakly correlated with the basal shear stress in the
region, andwhen comparedwith co‑located seismic data, it is apparent that the presence
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of bedforms is itself indicative of substrate material strength [27]. That discovery implies
radar swath‑derived DEMs could be used to infer material properties using geomorpho‑
logical indicators and constrain spatial variability in model‑implemented sliding laws or
basal friction coefficients.

Radar swath imaging of the bed at the onset of the Northeast Greenland Ice Stream (NEGIS) by
Carter et al. expanded on this work, revealing the basal conditions of the ice stream as well as its
past ice dynamics [12]. Mega‑scale glacial lineations (MSGLs) were identified far into the interior
of the ice sheet (approx. 600 km upstream of the grounding line), forming beneath relatively slow‑
flowing ice. This was a surprising result; preceding the publication of the data at NEGIS, MSGLs
had only been observed in areas with ice velocities greater than 100m year−1, closer to the termini
of Rutford Ice Stream [28,29] and Thwaites Glacier [10]. The inference that these MSGLs prob‑
ably formed in situ under modern‑day slow ice velocities (less than 60 m year−1) questions the
paradigm that MSGLs are exclusively associated with fast ice flow [12].

Previous studies of NEGIS inferred saturated, high‑porosity, deforming sediments across the
region around the EastGRIP drill site from seismic data analysis [30,31]. This interpretation be‑
came more nuanced after swath radar data collection, as the landscape revealed by the high‑
resolution DEM implies a mixed bed assemblage, comprising both hard bedrock outcrops and
softer sediments, comparable to paleo‑ice stream beds in theNorth Sea [32]. Crag‑and‑tails identi‑
fied beneath very slow‑flowing ice, outside of the current shearmargins of theNEGIS, also suggest
a potential spatial evolution of the north‑western shear margin, as the elongation of these land‑
forms would indicate that they experienced streaming flow conditions at some point in the past
[12].

Even without seamless regional DEMs, individual radar swath topographies have been used
to understand the statistical character of the ice‑sheet bed, and through that, make inferences
about substrate material properties and the glacier flow regime. At Hercules Dome, individual
swath DEMs show elongate bedforms within major topographic troughs in the region [11]. These
bedforms are not oriented parallel to the modern ice‑flow direction, but rather, are parallel to the
trough axis. These data were used to infer the presence of soft sediment in the valley troughs,
corroborated by regional gravity surveys, and establish the paleo ice‑flow conditions (streaming
flow parallel to the trough axis), which together have implications for the dynamics of ice‑sheet
regrowth following deglaciation of West Antarctica [11].

At the grounding zone of Kamb Ice Stream, individual swaths capture themorphology of ama‑
jor (200m tall) subglacial channel that drains into the cavity under the Ross Ice Shelf [9]. These data
reveal both large‑scale continuity of the channel into the ice shelf and complexity in its morphol‑
ogy downstream,with lateral offsets and apparent changes in channel depth (probably associated
with time‑varying discharge). They also expose grounding‑zone parallel ridges that probably re‑
flect periodic variations in basal melt or ice discharge rates where the ice goes afloat. With precise
estimates of channel volume and shape, swath data enable better melt‑rate estimation and plume
or cavity circulation modelling for this system.

While prognostic modelling using the full resolution of swath‑generated DEMs has not yet
been performed, targeted diagnostic modelling experiments have been conducted using the
DEMs generated for Thwaites Glacier. The goal of the study by Hoffman et al. [33] was to deter‑
mine whether or not 25 m resolution DEMs were sufficient to capture the majority of the system’s
form drag (the resistance to ice flow induced by the macroscale morphology of the ice base, sep‑
arate from skin drag, the inherent strength of the interface between ice and rock). This work
shows that, on average, reproducing the observed velocity with smoother topography (such that
it no longer captures the shortest‑wavelength features) requires artificially higher stresses at the
model’s interface between ice and rock. But the change in skin drag due to topographic smooth‑
ing was not uniform across the Thwaites domain. Where the bed was roughest as observed by the
swath radar (corresponding with the regions thought to be bedrock based on collocated seismic
data [27]), resistance to flow at the interface was high and less sensitive to smoothing. A conclu‑
sion of Hoffman et al. [33] was that 25 m resolution DEMs are still insufficient to capture all of the
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Figure 4. A summary of the horizontal spatial scales for the processes and properties that govern basal drag, typical model
resolution and the resolution of radar-derived observations (both profiles and gridded products). Schematic diagrams high-
light controls on basal drag, including (A) the effective contact area between ice and rock controlled by the configuration of
subglacial hydrologic system, (B) resistance to flow associated with englacial debris, (C) form drag due to regelation and en-
hanced creep around bed topography and (D) skin drag due to changes in sediment pore pressure. Swath radar data bring the
resolution of DEMs (hatched in grey and orange) closer to the scale used by local models (E, e.g. [34,35]), to the scale required
for mesh refinement at the edges of catchment-scale models (F, e.g. [36,37]) and to finer resolution than current continental-
scale models of ice flow (F).

features relevant to the ice‑sheet stress balance, but they can be used to evaluate local sensitivity
to errors in the prescribed topography. As the ice‑sheet modelling community works to include
time‑evolving bed friction in ice‑sheet models, it becomes increasingly important that we develop
observational methods capable of separating the (time‑dependent) interface properties from the
(static) morphological components of drag. In addition, Hoffman et al. [33] show how swath to‑
pographies capture the two‑dimensional spectral character of the bed, which may be useful for
inferring sub‑resolution features (and, critically, their orientation) for use in analytical calculations
of form‑drag at all scales.

6. Future applications
Radar swath imaging extends the fine resolution of one‑dimensional profiles to the cross‑track
dimension, providing some of the first, entirely data‑derived representations of the ice‑sheet bed
with the scale and coverage required for fine‑resolution ice‑sheet modelling. These data have
begun to address two major goals within the glaciology community:

(i) Close the model resolution‑observation gap: reduce the discrepancy between the finest res‑
olution numerical models and the resolution and coverage of observational boundary
conditions employed by those models.

(ii) Close the process‑observation gap: define unresolved processes that affect ice flow and de‑
velop measurement concepts that can inform their implementation in ice‑sheet models.

Historically, the scale at which glaciological processes play out at the ice‑sheet base, the scale at
which we represent ice sheets in models, and the scale at which we have measured real ice‑sheet
systems have been vastly different (figure 4). If our goal is to close the gap between process, model
and observation by generating spatially complete knowledge of the ice‑sheet bed, it will require
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collecting more and new types of data. The utility of radar swath imaging in accomplishing this
goal will depend on how future data are collected; individual profiles with locally fine resolu‑
tion but incomplete coverage have different applications than continuous regional surveys. We
provide a vision for each of these data collection approaches below.

It is possible to produce DEMs with uniform, 25 × 25 m resolution using radar swath imag‑
ing when radar volumes are overlapping. That requires line spacing that is narrower than the
swath width, coverage that is as dense or more dense than typical surveys collected in the last 20
years. Resolution refinement in models is prioritized (i) at and upstream of the grounding zone of
marine‑terminating glaciers and (ii) in other areas of fast flow where complex subglacial hetero‑
geneity in ice‑sheet properties affects the stress balance. High‑resolution DEMs of ice shelves can
also help inform models of sub‑ice‑shelf circulation and subglacial discharge. As a result, radar
swath imaging as part of initiatives like Antarctic RINGS [2], which target these dynamic areas,
will bring the greatest benefit, assuming attenuation and scattering allow for deep imaging near
the grounding zone. However, without 2–5 km line spacing everywhere in Antarctica and Green‑
land, radar swath imaging is not itself a solution to the problem of improving continental‑scale
data products, required for accurate projection [38,39].

As an alternative strategy to dense data collection, disjoint swaths can be collected and used
to improve interpolated data products. Packages like GStatSim [40] use the statistical character
of the bed to improve interpolation, and individual swaths capture multidimensional statistics
of the bed, exposing variability and local anisotropy in bed topography that can be used both
as part of the statistical input to kriging interpolation (improving the variogram used to define
observational weights) and to identify abrupt changes in the statistics of the landscape to inform
piecewise interpolation strategies. While relying on interpolated products will still result in some
of the same loss of information and reduction in resolution that occurs when interpolating profil‑
ing radar data, products informed by individual swaths have the potential to have higher fidelity
when compared with the true topography than interpolated products only informed by profiles,
as they contain multidimensional statistics that profiles do not. More work is needed to under‑
stand where ‘realistic’ but not ‘real’ boundary conditions are sufficient for modelling, to motivate
this style of survey rather than seamless DEM production.

‘Glacier sliding’ is a parameterized process that represents the integrated effects of englacial
debris [41], fine‑scale bed roughness [42,43], substratematerial strength [44–48], cavitation [49–53]
and effective pressure [54,55] on the glacier stress balance (figure 4). It is unlikely that observations
will ever capture everything required to model glacier sliding at true scale across ice‑sheet catch‑
ments, raising questions about how observations should inform the way we implement sliding
parameterizations. Hoffman et al. [33] show that the spectral character of resolved roughness may
tell us about features below the resolution of swath radar, andMuto et al. [27] show that the quali‑
tative nature of bed features may reflect substrate material properties. Spectral analysis of swaths
combined with inferred material properties from morphological differences could therefore be
used to generate bed topographies that are realistic in all orientations, producing boundary con‑
ditions that are more robust to changing flow conditions than those generated using only along‑
and across‑flow profiles corresponding to the modern flow field. More work spanning the field
and lab should be done to expand the range of inferencesmade possible using profiling and swath
radar.

In addition to their use in DEM generation, radar volumes have the potential to improve the
way we interpret the structure and properties of the ice itself [56]. Most englacial scattering arises
from stacked specular interfaces. As a result, only one englacial target is typically observed per
range shell within the three‑dimensional radar volume (as seen in the radar volume shown in
figure 1). In some places, however, englacial scattering appears diffuse, with targets arriving from
multiple angles within the same range shell. This probably occurs where there is entrained de‑
bris [57], englacial melt water or gradual transitions in the ice crystal fabric, resulting in volume
scattering [58]. When combined with polarimetric radar, three‑dimensional radar volumes could
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help us understand the complex nature of scattering in complex basal ice, which has been a source
of uncertainty in ice‑core site selection surveys over the past decade [59].

Finally, the DoA associated with scattering from specular layering within the ice sheet can
inform analysis of ice deformation. When combined with along‑track slopes derived from SAR
processing, the surface normal for englacial layering can be measured, allowing the true layer
slope magnitude and direction to be determined. This could be used to better understand the
integrated history of deformation that produced the sloping layers [21]. Measurements of layer
slopes also enable repeat‑track interferometric processing of profiling radar data. Radar inter‑
ferometry uses phase differences between radar measurements taken at the same place at two
different times to infer how the subsurface geometry is evolving. But slight errors in the position
of the radar during the two acquisitions, leading to a non‑zero spatial baseline, can induce signifi‑
cant phase changes independent of subsurface deformation. Knowledge of the three‑dimensional
layer geometrymakes it possible to correct for this error in phase and directlymeasure subsurface
strain using repeat radar measurements [60].

7. Conclusions
Radar swath imaging is a valuable new tool for the study of ice sheets, generating data that can
be used to measure three‑dimensional ice‑sheet geometry, understand ice‑shelf melt, infer sub‑
stratematerial properties, testmodels of landformdevelopment and improve projections of future
glacier change. As planning progresses for the major field campaigns of the coming decade (e.g.
Antarctica InSync and the Fifth International Polar Year), radar swath imaging should be con‑
sidered for areas where fine resolution mapping will have the most value. This includes current
and future ice‑sheet grounding zones, dynamic ice shelves, areas of fast flowwith high subglacial
relief and regions that are presently slow‑flowing but were subject to faster flow in the past. In
addition, targeted surveys capturing a range of glaciological environments not already sampled
by swath radar have the potential to transform our understanding of subglacial erosion, depo‑
sition, glacial geomorphology and englacial properties (crystal‑orientation fabric and englacial
debris entrainment). While radar swath imaging has limitations (e.g. more stringent platform re‑
quirements, higher weights, implications for power draw and data storage needs and dense line
spacing requirements for continuous coverage), it provides a novel view of ice‑sheet structure
and subglacial environments and will contribute significantly to the way we map ice sheets and
glaciers over the coming decades.

Data accessibility. Radar data processing and analysis were performed using tools developed as part of Open
Polar Radar, https://gitlab.com/openpolarradar/opr/ [61]. Data products (presented in figure 2) and exam‑
ple processing code (which can be used to reproduce the three‑dimensional data products provided from
SAR focused conventional imagery, available through the Open Polar Server) can be found in the Harvard
Dataverse persistent repository with the following citation: [62]. Raw and intermediate data products are
available through the Open Polar Radar project—for access to the data server and processing resources, con‑
tact: opr@openpolarradar.org. Digital elevation models plotted in this manuscript are available through their
source manuscripts.
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