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ABSTRACT. We discuss a decameter-wavelength airborne radar sounder, the Warm Ice Sounding
Explorer (WISE), that provides ice thickness in areas where radar signal penetration at higher frequencies
is expected to be limited. Here we report results for three campaigns conducted in Greenland (2008,
2009, 2010) and two in Antarctica (2009, 2010). Comparisons with higher-frequency radar data indicate
an accuracy of +55 m for ice-thickness measurements in Greenland and +£25 m in Antarctica. We also
estimate ice thickness of the Qassimiut lobe in southwest Greenland, where few ice-thickness
measurements have been made, demonstrating that WISE penetrates in strongly scattering environments.
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INTRODUCTION

The current and future contributions to sea-level change
from ice masses around the world remain difficult to
estimate, due to the limited availability of ice-thickness data
(e.g. Jacob and others; 2012). Efficient, airborne ice-
thickness and/or bed-topography data are needed to esti-
mate fluxes of outlet glaciers into the ocean, the total
volume of ice left in drainage basins, and its partitioning
above and below sea level. High-frequency (>50 MHz) radar
sounders are routinely used to map ice thickness, detect
internal layers and provide information about basal condi-
tions (Gogineni and others, 2001). A large number of
airborne campaigns have been conducted in Greenland and
Antarctica over the last decade, especially under NASA's
Operation IceBridge (OIB) (Studinger and others, 2010)
using, among others, the Multichannel Coherent Radar
Depth Sounder (MCoRDS) from the Center for Remote
Sensing of Ice Sheets (CReSIS) (Gogineni and others, 2001;
Allen, 2010; Rodriguez-Morales and others, 2013) and the
High-Capability Radar Sounder (HiCARS) from the Uni-
versity of Texas at Austin (Blankenship and others, 2011;
Young and others, 2011). MCoRDS and HiCARS operate at
bandwidths of 140-210 and 52.5-67.5 MHz, respectively.
Comprehensive ice-thickness maps of Greenland and Ant-
arctica have been produced using data from these and other
systems (Bamber and others, 2013; Fretwell and others,
2013), yet significant gaps exist, in particular at the coastline
and along deep channels occupied by outlet glaciers. An
electromagnetic wave propagating in ice (a dielectric
medium) loses its signal strength to geometric spreading,
absorption, volume scattering and high surface and bottom
scatter. Volume scattering depends strongly on radar
frequency and the presence of liquid water. Regions
containing englacial channels, fractures and crevasses,
either drained or containing liquid water, create scatter
(Smith and Evans, 1972; Arcone, 2002; Catania and
Neumann, 2010). Rayleigh-scattering theory suggests that
when the scatterers are smaller than the radar wavelength,
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scattering losses are inversely proportional to the fourth
power of the radar wavelength (Ishimaru, 1978), so the
sounding of such regions has proven difficult for radar
sounders operating at >50 MHz (Smith and Evans, 1972;
Watts and England, 1976; Watts and Wright, 1981).

In Alaska or Patagonia, where ice is at the melting point
throughout the ice column (Molnia, 2008), only radars
operating below 5MHz have been used to retrieve ice
thickness (Brown and others, 1986; Jacobel and Anderson,
1987; Raymond and others, 2005; Conway and others,
2009; Gades and others, 2012).

In Greenland, especially along the southern coasts,
moulins (Catania and Neumann, 2010), englacial conduits
(Catania and others, 2008), supraglacial lakes (McMillan
and others, 2007) and water-filled crevasses (Lampkin and
others, 2013) are commonly found below the equilibrium-
line altitude (ELA), attesting to the presence of liquid water,
and may limit the ability of the higher-frequency radars to
detect the bed interface by creating a strong scattering
environment.

Based on previous successes with ground-based low-
frequency radar, we have developed, since 2006, a
decameter-wavelength airborne radar sounder (1-5MHz),
the Warm Ice Sounding Explorer (WISE), that is designed to
measure ice thickness in areas where radar signal pene-
tration is limited at higher frequencies. In another paper, we
reported results obtained in Alaska that demonstrate the full
capacity of the system over temperate ice, with ice-thickness
measurements exceeding 1200 m and bed returns obtained
both in the ablation and accumulation areas of all surveyed
glaciers (Rignot and others, 2013a).

In this paper, we provide a succinct description of the
system and the radar data. We then give details of three
campaigns conducted in southern Greenland in 2008, 2009
and 2010, and two in East Antarctica in 2009 and 2010. We
compare radar profiles from MCoRDS and WISE in the
extreme south of Greenland, which is likely to be a
scattering environment. Finally, to assess the accuracy of
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Fig. 1. Configuration used for airborne radio sounding with WISE. The transmitter (tx), receiver (rx) and GPS are on-board the airplane. A
drogue was attached to the end of the antenna. The antenna behaves like a dipole by using the aircraft as a ground plane.

our ice-thickness mappings, we compare the results with
higher-frequency radar data acquired at two sites with dense
grid surveys, one in Greenland and one in Antarctica, hence
representative of both scattering and highly penetrative
environments. We conclude by discussing the impact of
WISE radar sounding in improving our knowledge of ice
thickness and bed topography.

DATA AND METHODS
Instrument design

The WISE radar hardware was originally developed as a
proof-of-concept system for an ice-penetrating radar to
explore Jupiter’s icy moons: Europa, Ganymede and Callisto.
It is based on a prior design of the Mars Advanced Radar for
Subsurface and lonosphere Sounding (MARSIS) (Picardi and
others, 2005), which was designed to penetrate the Martian
subsurface to depths of up to 4 km in ice-rich polar layered
deposits, and up to several hundreds of meters in lithic
environments (Plaut and others, 2007; Mouginot and others,
2010, 2012).

The radar consists of a digital system with a GPS interface,
a radio-frequency (RF) receiver, an RF transmitter with
matching network and an antenna (Fig. 1). The transmitter,
the key component of WISE, was developed under the NASA
Planetary Instruments Definition and Development Program
(PIDDP) with requirements including radiation tolerance,
small size and high efficiency. The design is based on the
MARSIS transmitter built by the University of lowa. The
antenna is constructed inside a 120m long static rope.
Electrically, it is heavily damped to minimize ringing, which
allows operation at low altitudes and a wide frequency
range of 1-5MHz, at the expense of a reduced radiated
power of <1W. Due to its long length, the antenna is
released and retracted in the air via a small opening in the
aircraft floor. To lower the antenna below the aircraft belly, a
Teflon drogue and counterweight is attached to the end of
the antenna, to maintain a shallow antenna angle of ~30° in
flight. This allows the antenna to stay away from the aircraft
fuselage. The antenna coupler drives the resistively loaded
wire antenna against the airplane structure. The antenna
behaves like a dipole, using the aircraft as a ground plane,
and its design was optimized using a Nippon Electronic
Company computer model simulation by the University of
lowa to maximize coupling with the transmitter/receiver.

The RF receiver is a commercial Ritec broadband
receiver, BR-640A, with a frequency range of 100kHz to
50MHz. The analog signal output of the receiver is
connected via a coaxial cable to the input of a 12-bit
analog-to-digital converter (A/D) in a National Instruments
data acquisition computer. The A/D runs at 100 MHz. After
on-board pre-summing of 14-fold, the data are stored into
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16 bits on the computer disk, in sequences of 20min of
acquisition. A conventional GPS receiver is operated at
20Hz along with the radar, with a vertical precision of
~20m. The total mass, including the mounting rack for the
transmitter and receiver, is ~50 kg. The power consumption
of the system is <100 W.

WISE transmits tone or chirp waveforms at a pulse
repetition frequency (PRF) of 1 kHz (Table 1). The tone mode
uses a single continuous-wave pulse centered at 2.5 MHz for
a duration of 1 ps (Fig. 2). The chirp mode transmits a linear
FM chirp centered between 2 and 5 MHz over a bandwidth
of 1-3 MHz for a duration of 3-6 us (Fig. 3).

Radar command parameters (e.g. PRF, center frequency,
waveform (tone or chirp) and sampling rate) are controlled
using a Labview code, and may be changed at any time with
a small time gap between command updates. With on-board
processes (e.g. range compression and pre-summing), WISE
displays radar echograms in real time. This allows the
operator to monitor bed returns during flight and adjust radar
parameters accordingly.

We recorded at altitudes between 250 m and 1 km above
the surface. Lower altitudes increase spatial resolution,
reduce surface clutter and clip radar returns from the
surface. When the altitude is low, surface incidence angles
toward off-nadir targets increase and signals rapidly weaken.
Clipping of the surface returns also limits the saturation of
the receiver, which results in a higher signal-to-noise ratio of
the bed returns.

Processing

For chirp signals, post-processing begins with range com-
pression using a transmitted waveform as the reference
(Fig. 3). Incoherent summation or fully focused synthetic

Table 1. Typical operating parameters for WISE. Measurement
depth for Alaska is from Rignot and others (2013a)

Parameter Value

Excitation (chirp waveform) Tone or chirp

Center frequency 2-5MHz
Bandwidth 1-3 MHz
Pulse repetition frequency 1kHz
Pulse duration 1-5 pus
Antenna length 120m

Antenna gain 0dB
Receiver gain 20-40dB
Operational altitude 250-1000 m
Measurement depth <1.2km (Alaska)
<2.2 km (Greenland)
<3.5 km (Antarctica)
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Fig. 2. (a) Transmitted tone waveform at 2.5 MHz. (b) Echo-radargram acquired in southern Alaska. A background removal filter has been
applied. (c) The blue and green lines represent the surface position from the lidar scanner of NASA’s OIB (Johnson and others, 2013; Rignot
and others, 2013a) and the hand-picked bed from (b), respectively. (d) Received signal (after pulse compression) at the position indicated by

the dashed line in (b).

aperture radar (SAR) processing using a w-k migration
algorithm (Stolt, 1978) follows, depending on surface
roughness and track length. GPS data are also processed
into Google Keyhole Markup Language (kml) format so each
track can be displayed on Google Earth.

The echo profiles are manually digitized to delineate the
glacier bed in three steps: (1) the bed is roughly defined by a
user using a few ‘anchor points’, where the bed return is
unambiguously identified; (2) the maximum intensity along
the lines that connect these anchor points is used to set the
bed position along track (see Figs 2 and 3); (3) this digitized
glacier bed echo is checked at crossing points with other
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tracks or other datasets to limit the possibility of false
detection (e.g. due to off-nadir radar reflections), which is
generally not an issue in Greenland and Antarctica, where
the surface is flat compared to mountainous regions, such as
Alaska or Patagonia.

WISE is often operated at low altitudes above the surface,
hence clipping the surface returns. The surface references
needed to measure ice thickness are from the Greenland Ice
Mapping Project (GIMP) digital elevation model (DEM;
http://bprc.osu.edu/GDG/gimpdem.php) and from the 1km
DEM that combines European Remote-sensing Satellite
(ERS-1) radar and Ice, Cloud and land Elevation Satellite
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Fig. 3. (a) Transmitted chirp waveform between 2 and 5 MHz. (b) E

cho-radargram obtained after range compression. Data acquired in East

Antarctica. Surface is truncated between distances 0 and 60 km because the data were acquired at low altitudes. (c) The blue and green lines
represent the surface position from Bedmap2 (Fretwell and others, 2013) and the hand-picked bed from (b), respectively. (d) Received signal

(after pulse compression) at the position indicated by the dashed |

(ICESat) laser satellite altimetry (Bamber and others, 2009;
Griggs and Bamber, 2009).

ICE-THICKNESS MEASUREMENTS

Greenland

We conducted three surveys in Greenland with WISE in May
2008, April 2009 and March 2010, using a Twin Otter
aircraft from Air Greenland with a total of 18, 37 and
35 hours of survey, respectively. Most of the flight lines
are within 100km of the Greenland ice sheet margins,
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ine in (b).

i.e. where output ice fluxes to the ocean are most
conveniently estimated, most heavily crevassed and the ice
likely contains liquid water.

In terms of maximum penetration depth, we recorded bed
reflections through 2.2km of ice across the ice sheet
between Russell Glacier and Kangerlussuaq Glacier
(Fig. 4). We observed that the signal-to-noise ratio decreases
toward southern Greenland, where ice is exposed to the
highest air temperatures, and hence the highest amount of
liquid water within the ice (Box and others, 2006; Sundal
and others, 2009). The southernmost area of Greenland,
which ends with the 100 km wide Qassimiut lobe, is drained
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Fig. 4. Ice thickness of southern Greenland from WISE during
surveys conducted in 2008, 2009 and 2010. Data in black indicate
no bed return. Thin gray and black lines represent, respectively, the
ice edge (http://bprc.osu.edu/GDG/icemask.php) and the coastline
(Rignot, 2012).

by tidewater glaciers that include Qajuuttap Sermia,
Sermilik and Eqalorutsit Killiit Sermiat, and land-terminating
glaciers, such as Sendre Qipisaqqu Brae and Arsuk Brae.

In the Qassimiut lobe sector, data acquired in May 2013,
June 2006, May 2010, April 2012 and March 2013 by
MCoRDS radar (>150 MHz) provide good measurements of
ice thickness ~50-150km from the ice-sheet margins
(Fig. 5), and gradually degrade as the margins are ap-
proached. Thus, few ice-thickness measurements have been
made in the southern part of the Qassimiut lobe, where bed
topography has remained largely undocumented. WISE,
which flew within 50 km of the ice margins of the Qassimiut
lobe, obtained relatively good ice-thickness data over 50%
of the flight lines flown. We define ‘good’ to mean that the
signal-to-noise ratio for the bedrock echo is >10dB.

Figure 6 compares two echo-radargrams from WISE
(Fig. 6b) and MCoRDS (Fig. 6¢) acquired along similar flight
lines on 22 March 2010 and 9 May 2003, respectively. An
ice-bed return (yellow line) is visible on the 2-5MHz
echogram from 3 to 15 km starting at a depth of 150 m and
reaching depths of 700 m, where no signal is visible within
the MCoRDS echogram. The surface of this particular region
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is very flat, so confusion between surface and ice-bed
returns leading to misinterpretation is unlikely. MCoRDS
data were generally acquired later in the season, and the
lack of return could also be explained by the presence of
substantial surface melt. However, we observe that recent
acquisitions on 8 April 2013, only 2 weeks later in the
season than WISE, did not yield better results.

Ice thickness measured by WISE in the Qassimiut lobe
(Fig. 6) is 300-400m, with local depressions in bed
topography in the front of Arsuk Bree (580m), Sendre
Qipisaqqu Brae (910m), Sermilik Bree (710m) and Eqa-
lorutsit Killiit Sermiat (1100 m).

Along the southwest coast of Greenland, near Kanger-
lussuaq town (Fig. 4), an intensive grid was acquired in 2010
over Russell Glacier with a track spacing of 3 km. NASA
OIB/MCoRDS conducted a similar survey over the
glacier, also in 2010, with a track spacing of 500 m. This
test site (Fig. 8c) is used to evaluate the accuracy of WISE
in Greenland.

Antarctica

We deployed WISE in East Antarctica (Fig. 7) for 35 and
29 hours in January 2009 and January 2010, respectively.
The platform used for deployment was a Twin Otter aircraft
from Kenn Borek Air Ltd, Canada, in 2009, and a Kenn
Borek ‘Basler’ DC3 aircraft in 2010. In 2009, we surveyed
Byrd, Dibble, Mertz, David and Astrolabe glaciers in East
Antarctica. In 2010, we surveyed Frost, Mertz and Astrolabe
glaciers and the Cook Ice Shelf with both WISE and HiCARS
radar. On both deployments, the survey of Astrolabe and
Mertz Glaciers was performed in collaboration with the
Laboratoire de Glaciologie et Géophysique de I’'Environne-
ment, France, with logistic support from the US National
Science Foundation and the Institut Paul-Emile Victor.

Close to the French station Dumont d’Urville, Terre
Adélie, two intensive grids were surveyed over Astrolabe
Glacier in January 2009 and complemented by additional
data in January 2010. These data resulted in a 5km grid of
the lower basin, degrading to 20km in the upper part, but
producing a complete survey of the entire drainage basin,
probably a unique achievement in Antarctica. The drainage
basin of Astrolabe Glacier extends ~200km inland and its
area is ~1500 km?. The bed of Astrolabe Glacier is near sea
level and ends by a partially floating ice tongue that is
~8 km long and 600 m thick. This test site is used to evaluate
the accuracy of WISE in Antarctica discussed in the
following subsection.

Measurement accuracy

The theoretical vertical resolution of the 2.5 MHz WISE data
is one-quarter of the wavelength, or 30 m in air and 17 m in
ice. We assume a constant dielectric permittivity of 3.15 for
ice and do not apply a snow/firn correction. In snow-
covered regions, this means that ice thickness may be
slightly underestimated, whereas in wet or ‘dusty’ ice
regions, ice thickness may be slightly overestimated. Typic-
ally, the ice dielectric constant from field and laboratory
measurements ranges from 3.0 to 3.25 (Bogorodsky and
others, 1985; Macheret and others, 1993), which corres-
ponds to £2% of the ice thickness or £20 m for ice 1000 m
thick. Another source of uncertainty is in the precision of the
position of the airplane from GPS (~20m). As we usually
use a surface elevation reference from an external DEM,
additional uncertainties from these reference surfaces must
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Fig. 5. Ice thickness of the Qassimiut lobe, Greenland, from WISE (left) during three campaigns conducted in 2008, 2009 and 2010 and from
1993-2013 MCoRDS/CREeSIS (right). The coastline is given by Rignot (2012) and the ice edges by http://bprc.osu.edu/GDG/icemask.php.

be taken into account. These errors are nominally ~5-10m,
but could be larger in regions of rapid thinning, such as
Jakobshavn Isbree, Greenland, which thins at a rate higher
than 10ma~' (Thomas and others, 2003). Uncertainties in
ice thickness also result from bed digitizing. In the case of
WISE, the antenna pattern is very broad, and off-nadir
reflections may be problematic, especially along narrow,

b

steep-walled outlet glaciers found in Alaska or Patagonia. In
such cases, identification of bed returns requires crossover
analysis, comparison of the results with a mass-conservation
approach (Morlighem and others, 2011) or comparison with
a simulation of the radar returns from the surface topography
alone using a simple scattering model (Nouvel and others,
2004; Mouginot and others, 2010). Finalization of the bed

Depth (m)

Depth (m)

10 15
Distance (km)

Fig. 6. (a) Flight lines of WISE (blue) and MCoRDS (orange) along the eastern side of the Qassimiut lobe. Background image is from Digital Globe
(Google Earth). (b) Echo-radargram acquired by WISE in March 2010 at altitude ~1500m and a bandwidth of 2-5 MHz. The yellow line
represents the digitized bed. (c) Echo-radargram acquired by MCoRDS in May 2003 at altitude ~3000 m and a bandwidth of 140-160 MHz.
The WISE digitized bed is over-plotted on the top panel. The letters A and B indicate the beginning and the end of the flight lines.
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digitization typically involves several iterations to converge
toward a stable solution.

To determine the accuracy of the digitized ice thicknesses
from WISE, we compare the results with MCoRDS data on
Russell Glacier, central west Greenland, and the HiCARS
data on Astrolabe Glacier, East Antarctica (Fig. 8). On
Russell Glacier, liquid water is likely present at many levels
within the ice substrate, as manifest by the presence of many
supraglacial lakes (McMillan and others, 2007). In 2010
WISE and NASA OIB/MCoRDS conducted extensive grid
surveys of this glacier, with track spacings of 3 km and
500 m, respectively. Figure 8 shows the distribution of the
difference in ice thickness between the two instruments at
the crossover points. The standard deviation of the differ-
ence is 55m and the mean is -28 m. The mean difference
could result from slight differences in surface reference. The
standard deviation is consistent with the expected accuracy
given the sources of error described above. In this region, the
accuracy of the MCoRDS radar was estimated at ~34m, by
comparison with radar tomography (Wu and others, 2011;
Morlighem and others, 2013).

In East Antarctica, ice is not expected to include englacial
meltwater, because it is colder and cleaner, and hence
highly penetrative. We compare WISE with HiCARS over
Astrolabe Glacier (Fig. 8). The standard deviation in ice-
thickness difference is 25 m and the mean difference is 12 m.
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Fig. 8. (a) Crossover analysis between ice-thickness measurements from MCoRDS/CReSIS and WISE over Russell Glacier, Greenland.
(b) Crossover analysis between ice-thickness measurements from HiCARS (UT) and WISE over Astrolabe Glacier, Terre Adélie, East
Antarctica. The distributions (light red) of the difference in thickness for soundings are collected within 100 m of each other in Greenland,
and 50 m in Antarctica. The blue lines are the Gaussian fits applied to the distributions, with the indicated mean and standard deviation.
(c) Flight lines of MCoRDS/CReSIS (light blue) and WISE (light green) over Russell Glacier. (d) Echo-radargram acquired by WISE in March
2010 along the dark green line shown in (c). (e) Echo-radargram acquired by MCoRDS in April 2011 along the dark blue line shown in (c).
The dark green and blue stars represent the beginning of the WISE and MCoRDS echo-radargrams.
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The level of performance measured in Greenland is likely
more representative of the general capability of the system in
challenging environments. A 50 m precision in thickness is,
however, sufficient for many applications, especially con-
sidering that in several sectors discussed here higher-
frequency sensors do not always provide bed returns and,

where they do, the precision is ~30m.

CONCLUSION

We have successfully retrieved ice-thickness measurements
using the WISE 2-5 MHz airborne radar sounder in Green-
land and Antarctica during five campaigns between 2008
and 2010. We report measurements of ice thickness at the
southern tip of Greenland, in the Qassimiut lobe, an area
where probing at higher frequencies is difficult, proving the
ability of the WISE system to measure ice thicknesses in a
highly scattering environment. We note that this achieve-
ment was possible despite many technical and operational
challenges of flying such a long-wavelength radar on a fixed-
wing aircraft. Low-frequency radars are emerging to comple-
ment high-frequency radars, not only for temperate ice
mapping but also for mapping areas traditionally considered
as polar yet scattering, as is the case in southern Greenland.
The WISE data from 2008-12 will be posted at the US
National Snow and Ice Data Center (NSIDC) as part of NASA
Operation IceBridge. Future developments for WISE include
an upgrade of the PRF to 10 KHz. This will allow an increase
in stacking by a factor of ten and therefore improve the
signal-to-noise ratio by 10 dB (Wright and others, 1994).
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