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ABSTRACT. Ice-thickness measurements are needed to calculate fluxes through fast-flowing outlet
glaciers in Greenland, Alaska, Patagonia and Antarctica. However, relatively high attenuation of radio
waves by dielectric absorption and volume scattering from englacial water hampers detection of the bed
through warm deep ice. In the past we have had success measuring ice thickness of temperate glaciers
using a ground-based monopulse radar system operating at low frequencies (2MHz). Here we adapt the
same system to operate from an airplane. Test flights over Bering Glacier, Alaska, USA, detected the bed
through ice up to 1250m thick. Flights across the Seward–Malaspina Glacier system, Alaska, resolved
the ice thickness of Malaspina Glacier, but strong hyperbolic-shaped returns obscured the bed echo
through the Seward throat. It is likely that this clutter in the signal was caused by off-nadir returns from
chaotic surface crevasses that are ubiquitous in the throat region.

INTRODUCTION
Recent observations of remarkable changes in flow of outlet
glaciers in Greenland (e.g. Howat and others, 2007), Alaska
(e.g. Meier and others, 2007), Patagonia (e.g. Rignot and
others, 2003) and Antarctica (e.g. Rignot and others, 2008)
all indicate that dynamical responses to warming contribute
significantly to the mass imbalance of glacier systems and
ice sheets. Modelers are now seeking to include these
responses but model development and validation is ham-
pered by a lack of ice-thickness data for many of these outlet
glaciers. Ice-thickness measurements (combined with sur-
face velocities) are fundamental for estimating the ice flux.
Basal conditions (e.g. bed roughness, wet/frozen bed) also
exert strong control on glacier dynamics.

Radio-echo sounding methods are well proven for map-
ping ice thickness, internal structures and basal conditions
of glaciers and ice sheets (Bogorodsky and others, 1985).
Power received from reflectors, such as internal layers and
the ice–bed interface, depends on the characteristics of the
radar system (wavelength �, transmitted power Pt, antenna
gain G), as well as the properties of the reflecting layer and
the overlying ice. For a radar reflector with Fresnel
reflectivity R at depth x, the received power can be written:

Pr ¼
PtG2�2RL xð Þ

64�3x2 : ð1Þ
Equation (1) includes terms to account for losses associated
with geometric spreading (1/4�x2), and losses, L xð Þ, that
include surface transmission losses, dielectric absorption
during the two-way travel, and scattering from structures
such as surface crevasses and englacial inclusions of liquid
water. Losses from dielectric absorption, Ld xð Þ, depend on
the dielectric conductivity � and permittivity " of the ice
column (Cheng, 1989):

Ld xð Þ ¼ exp �4:343
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where �0 and "0 are the magnetic permeability and
permittivity of a vacuum. Laboratory measurements of �
and " for pure ice indicate that Ld xð Þ has a strong temperature
dependence: 5.4 dB km–1 at –208C, 8.8 dB km–1 at –158C,
14 dB km–1 at –108C (Matsuoka and others, 1996) and
31 dB km–1 at –58C (Matzler and Wegmuller, 1987). Labora-
tory data are not yet available for ice warmer than –58C, but
the data show a clear trend of increasing losses near the
melting point. Absorption also increases with impurities, but
with less sensitivity than with temperature (MacGregor and
others, 2007).

Losses from volume scattering can be substantial in
temperate glaciers where crevasses and englacial water
channels are common (Smith and Evans, 1972; Arcone,
2002). Rayleigh scattering theory suggests that when the
scatterers are smaller than the radar wavelength �, scattering
losses are inversely proportional to �4 (Ishimaru, 1978). This
dependence, combined with the radar equation (Equa-
tion (1)) that indicates received power should increase with
�2, suggests that bed detection should improve at low
frequencies. We have had good success imaging basal
topography of temperate glaciers using our ground-based
low-frequency (1–5MHz) monopulse radar system: Black
Rapids Glacier in Alaska, for example, was found to be up to
630m thick (Gades, 1998); Glaciar Tyndall in Patagonia is
up to 740m thick (Raymond and others, 2005). However
surface crevasses and meltwater streams often impede travel
across the surface of many of these glaciers; mapping the
thickness of large outlet glaciers from the surface is often
logistically problematic. For this reason, here we adapt our
ground-based system to operate from an airplane.

METHODS
Our monopulse radar system is similar to that described by
Watts and Wright (1981). Stability of the transmitted power
is improved over the earlier design by the use of MOSFETs
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(metal oxide semiconductor field effect transistors) instead of
avalanche-transistor switches (Weertman, 1993). Our latest-
generation transmitter, which is powered by a 12V battery,
transmits up to 300 pulses per second. The rise time for each
pulse is 15 ns, and the amplitude is �2000V. Since the
transmitter generates a short pulse with a broad frequency
spectrum, the center frequency depends on the character-
istics of the transmit antenna (Weertman, 1993; Gades,
1998). The antenna typically used for a monopulse system is
a resistively loaded half-wavelength center-fed dipole; each
leg of the dipole is one-quarter wavelength; for an airborne
2MHz antenna, each leg is about 40m.

Our latest-generation receiver (a National Instruments
PXI-5122 digitizer) can acquire and average more than 1000
waveforms per second at up to 100MHz sampling (10 ns
digitizing intervals for the waveform) with 14- bit voltage
digitization. With this system, data acquisition rate is limited
by the transmitter repetition rate (300Hz). 14 -bit digitizing
allows us to record concurrently entire waveforms without
saturation and small voltage amplitudes associated with
weak echoes. A laptop computer is used to control the
receiver. The output from the receive antenna is connected
to a radio-frequency transformer (a balun) and then through
a pre-amplifier (Mini-Circuits ZFL-500LN) to the digitizer.

Our system is lightweight (15 kg), low-power and low-cost
(�US$20000).

The long antennae needed for low-frequency mono-
pulsed systems are not well suited for airborne work, but
following pioneering work by Watts and Wright (1981) we
adapted our system to operate from an airplane. For ground-
based profiling we typically operate ‘end-fire parallel’. That
is, the receiver and transmitter are towed in-line behind a
snow machine and the transmit and receive antennae are
also in-line (Gades, 1998). Fulfilling the need to have the
receiver on board the airplane precludes deploying the
leading leg of a half-wavelength receive dipole. Experiments
on the ground with different antenna configurations
indicate: power received degraded significantly when the
transmitter was operated without a full half-wavelength
dipole antenna; in contrast, power received decreased by
only �4% when the leading leg of the receive dipole was
disconnected. Hence, for airborne work, we connected a
full half-wavelength dipole to the transmitter, and a single
quarter-wave antenna to the receiver.

Figure 1 shows the configuration used for airborne
profiling. For these experiments, we used a DHC-3 (de
Havilland single-engine Otter) airplane operated by one of
us (P.C.) out of Ultima Thule, Alaska. The airplane was
located using the global positioning system (GPS). The
receiver was kept on board the airplane and we deployed
the transmitter through a port in the floor of the rear fuselage
after take-off. Spacing between the transmitter and receiver
was 180m. We retrieved the transmitter before landing.
During profiling, the height of the airplane above the surface
varied from about 100 to 150m. Ground speed was typically
�40m s–1.

ICE-THICKNESS MEASUREMENTS
Figure 2 shows results from a test profile flown across the
terminus of Bering Glacier, Alaska, USA, in July 2005. In this
profile, individual waveforms were recorded, but generally
we stack (average) 16 waveforms to reduce system and
environmental noise. Additional processing includes band-
pass filtering, geolocating the waveforms using GPS, and
converting two-way travel time to surface elevation and ice
thickness. Two-way travel time is converted to distance by
assuming a wave speed of 168.5m ms–1 in ice (Glen and
Paren, 1975). This assumption will underestimate ice
thickness for snow-covered regions of the glacier because
the wave speed is faster through snow and firn, and will
overestimate ice thickness in regions of the glacier that
contain a large amount of liquid water (Macheret and others,
1993). The resolution (�1/4wavelength) when using 2MHz
antenna is approximately �40m in air and �20m in ice.

Fig. 1. Configuration used for airborne radio-echo sounding tests with 2MHz monopulse system. The receiver (rx) and GPS were on board
the airplane. The transmitter and power supply (a 7Ah, 12V battery) (tx) were placed in a cardboard tube (total weight of 5 kg) and deployed
through a hatch in the rear fuselage after take-off and retrieved prior to landing. A drogue (a small plastic funnel) was attached to the end of
the trailing leg of the transmit antenna. For this work we connected a full half-wavelength dipole antenna to the transmitter, and a single
quarter-wave antenna to the receiver (i.e. no leading leg connected to the receiver). The leading half of the transmit antenna and the trailing
receive antenna were attached to the tow rope with tape. Spacing between the transmitter and receiver was 180m.

Fig. 2. 2MHz profile across the terminus of Bering Glacier. The
y axis is two-way travel time recorded by the receiver. Time zero is
the time of the first arrival of the airwave from the transmitter 180m
behind the airplane. This longitudinal profile starts up-glacier and
crosses the terminus onto Vitus Lake at km10. The first reflection is
from the surface and the second is from the bed. Maximum ice
thickness (at km2.7) is 306� 7m.
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Uncertainty in the estimate of ice thickness comes primarily
from uncertainty in the wave speed (about �2m ms–1, which
corresponds to �1.2% of the ice thickness) and also from
picking the travel time to the surface and to the bed (�0.01 ms,
which corresponds to�3m). In this profile, the maximum ice
thickness (at km2.7) is 306m with uncertainty �7m.

Results shown in Figure 2 were collected with a single
quarter-wave antenna connected to the receiver. Figure 3
shows a profile acquired in March 2006 across the trunk
region of Bering Glacier. For this profile, the other input to
the receiver was connected to the fuselage of the airplane.

This configuration increased ringing of the system (cf. results
shown in Fig. 2), but power received from the bed also
increased. More tests with different configurations are
planned to optimize the system. In this profile, the maximum
ice thickness (at km16.5) is 760m with uncertainty �12m.

We estimate the surface elevation of the glacier by
subtracting the radar-detected distance to the surface
(calculated by assuming a wave speed of 300m ms–1 in air
and with geometric corrections for the distance between the
transmitter and the receiver) from the GPS-measured altitude
of the airplane. As well as uncertainty in the wave speed,
additional uncertainty arises because the elevation differ-
ence between the GPS on the airplane and the center point
of the transmitter–receiver system (�25m) is not always
constant. Operating the radar system together with a laser
profiler would provide a more accurate geolocated map of
surface and bed topography. Figure 4 shows a compilation of
surface and bed elevations measured along flight-lines over
Bering Glacier in March 2006. Maximum ice thickness
measured with the system was 1250m; at greater depths in
the upper glacier and the Bagley Ice Field the bed reflection
faded into the noise. Agreement of ice-thickness measure-
ments at the five crossover locations was between 3 and
41m, the latter being in an area of steep bed-topography
gradients.

Figure 5 shows flight-lines and surface and bed elevations
over Malaspina Glacier, Alaska, also in March 2006. In the
Seward throat (the region �60.158N, –140.48 E that
separates Malaspina and Seward Glaciers; Fig. 5), strong
hyperbolic-shaped returns obscured the bed return (along
section a–b), so the bed could not be identified reliably. The
hyperbolae are likely caused by off-nadir returns from
chaotic surface crevasses that are widespread through the
Seward throat.

Fig. 3. Cross-section across the trunk of Bering Glacier. The y axis is
two-way travel time recorded by the receiver. Maximum ice
thickness (at km16.5) is 760� 12m. Cross-section end points
(A–A0) shown in Figure 4.

Fig. 4. Flight-lines with estimates of surface and bed elevations over Bering Glacier, overlain on shaded-relief map (based on National
Elevation Dataset, US Geological Survey (USGS) seamless data server, data as of 2002).
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CONCLUSIONS
We successfully adapted our 2MHz monopulse radar system
to operate on board an airplane. Using this simple low-cost
system, we detected the bed through temperate ice up to
1250m thick. We have not yet made a direct comparison of
airborne and ground-based measurements, but our first
impression is that the airborne data are comparable to or
perhaps even better than ground-based data. One possible
reason for the improvement is that surface transmission losses
are reduced when operating from the air.

The uncertainty in ice thickness for 1200m of ice is about
18m; given other uncertainties (such as estimating the
depth-averaged ice velocity from surface measurements),
the accuracy is adequate for estimating ice fluxes through
outlet glaciers.

We plan several modifications to improve the system: (1) a
low-noise balun and pre-amplifier that matches the im-
pedance between the antenna and receiver would improve
the signal–noise ratio; (2) additional filtering and signal
processing (e.g. matched filtering, slope lateral averaging,
and along-track unfocused synthetic aperture radar (SAR)
processing) also has the potential to improve the signal–noise
ratio and detection of weak bed echoes. Specifically,
Legarsky and others (2001) and Peters and others (2005)
have demonstrated that coherent processing of radar data is
an effective way to raise bed echoes above the noise and
clutter. Further, along-track SAR processing is now a well-
established method for eliminating unwanted ray paths and
to reduce the volume that contributes to the clutter (e.g.
Gogineni and others, 1998; Moran and others, 2000). Off-
track reflections can also be problematic, especially when
sounding narrow steep-walled outlet glaciers. Ambiguities
can be reduced by two-pass migration of radar profiles, but
this requires a dense grid of intersecting profiles (Welch and
others, 1998). An alternative approach that has been used
successfully on Mars is to subtract the observed reflections

from reflections expected based on a high-resolution model
of surface topography (personal communication from
A. Safaeinili, 2006; Plaut and others, 2007).
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