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Abstract: In the 1986-87 austral summer, ice thickness measurements using a
new designed airborne radio echo sounding system were carried out in the Shirase
Glacier drainage basin and Roi Baudouin Ice Shelf, Princess Ragnhild Coast, East
Antarctica.

The accurate determination of ice thickness during the flight was supported by
measurements of surface elevation calibrated over the open sea at the beginning
and end of each flight with radar altimetry. Location was determined by an
OMEGA system and satellite Global Positioning System (GPS).

The ice sheet profile along the flow line of the Shirase Glacier and ice shelf
along the flight line from Asuka Camp to the Roi Baudouin Ice Shelf were de-
termined and bottom features such as subglacier water layer and grounding line
were clarified by finding the radio backscattering coefficients.

The accurate surface elevation and backscattering coefficients obtained from the
radar equation are adequate for locating the grounding line and detecting its ac-
curate location within a few kilometers.

It is also shown that the subglacial water layer was inferred from the backscat-
tering coefficients of radio echo sounding along the Shirase Glacier flow line. The
water layer thickness is estimated to be 0-30 cm at the interface between the base
of the ice sheet and the bedrock in the regions downstream of Shirase Glacier.

1. Introduction

In the Japanese Antarctic Research Expedition (JARE) program, radio echo
sounding has been conducted; a newly designed radio echo sounding system to be
carried on a Pilatus PC-6 aircraft was developed in 1985 (URATSUKA et al., 1988). In
the 1986-87 austral summer, measurements of ice thickness using the new radio echo
sounder were carried out in the Shirase Glacier drainage basin and the Roi Baudouin
Ice Shelf, Princess Ragnhild Coast, East Antarctica (Fig. 1).

Measurements of ice sheet movements indicated thinning of the ice sheet in the
Shirase Glacier drainage area (NISHIO ef al., 1989; NARUSE, 1979). The thinning could
be caused by basal sliding if the base of the ice sheet is at the melting point (MAE and
NARUSE, 1978). Therefore, we measured the more detailed profile of ice thickness
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Fig. 1. Antarctica. The area of this study is outlined (Asuka Camp and Syowa Station). The
foating ice shelves are shaded and the hachured regions are marine-based portions of the

ice sheet resting on bedrock more than 500 m below sea level.
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Fig. 2. Map of bedrock topography in the areas of Shirase Glacier, Yamato, Belgica and Sor
Rondane Mountains. The only 0-m contour is depicted and grounding line of the Roi
Baudouin Ice Shelf is shown by the solid line (the dotted line is infered). Straight thick
solid lines show the flight course of ice thickness measurements by airborne radio echo

sounding.
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along the flow line of Shirase Glacier by radio echo sounding as shown in Fig. 2 and
estimated the physical characteristics of the interface between the base of the ice sheet
and the bedrock derived from radio backscattering coefficients calculated from the
radar equation.

The Roi Baudouin Ice Shelf with a area of about 30000 km? is located north of the
Ser Rondane Mountains and Belgica Mountains, downstream from the East Queen
Maud Land ice sheet (Fig. 2). The surface elevation exhibits almost flat shape from
the coastal edge of the ice shelf to the inland region and then it shows an abrupt
steepening until the inland ice area (NISHIO ef al., 1984).

So far, the ice thickness in this region has been determined by gravity measure-
ments along a few surveyed lines from Breid Bay to the polar plateau through the Sgr
Rondane Mountains (VAN AUTENBOER and DECLEIR, 1978). A few profiles of gravity
measurements showed that most of the base of ice sheet lies well below sea level and
is grounded, but the grounding lines between Roi Baudouin Ice Shelf and the grounded
ice sheet have not yet been determined by the gravity measurements.

The marine-based ice sheet in the northern part of the Sgr Rondane Mountains
and Belgica Mountains is drained by a series of outlet glaciers. In order to predict
likely ice sheet and ice shelf responses to future change in climate, it is essential to
determine the locations of grounding lines. It could be that the retreat of grounding
lines is caused by net thinning of the ice shelf and, on the contrary, the grounding lines
advance when the ice shelf and ice sheet are growing thicker. Therefore, it is important
to determine the locations of grounding lines accurately.

This paper shows that the accurate surface elevation and radio backscattering
coeflicients obtained by radio echo sounding are useful for determining the locations
of grounding lines and the physical conditions of the interface between ice sheet and
bedrock.

2. Airborne Radio Echo Sounding Equipment and Data Recording

New airborne radio echo sounding (NIPR-III) equipment was designed prior to
JARE 27 and used for the majority of this work.

The radio echo sounding system with 179 MHz was carried on a Pilatus PC-6
aircraft. The antenna array consisted of two (transmission and reception) antennas,
3 elements Yagi antenna of a quarter-wavelength, mounted beneath aircraft wings.
The system was usually employed with a 250 ns nominally square pulse and a peak
output power of 1 kW. Other pulse lengths of 60ns and 1 ps could also be selected for
sounding thinner or thicker ice. Each pulse was transmitted every | ms through a 3
element Yagi antenna; the received signals were amplified through a preamplifier of
limiting low noise. The system performance with a 250 ns pulse at 1 kW power out-
put was measured to be — 110 dBm as the minimum sensitivity of the received signal.

The output signals from the receiver in A-scope form were provided to a digitizer
for the recording system. Digitized signals of A-scope form, averaged over 256 frames
where one frame is formed from the return signal from one pulse. The digitized signals
are recorded every second by a 1/4-inch cartridge type digital data recorder through a
data processor with the navigation data being altitude (radio and barometric altimeters
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with thermometer), positioning (VLF/omega and GPS receiver), and attitude (Gyro).

3. Radio Backscattering Coefficients Derived from the Radar Equation

The radio backscattering coefficients of ice and bedrock interface are derived from
the radar equation. The attenuation in ice and refraction effect air/ice interface
should be taken into consideration to construct radar equation. The received signal
from ice/bedrock interface is in the followings:
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where P, is the transmitted power, P, the received power, G the antenna peak gain, 2
the wave length in free space (=1.67 m), A the pulse length in free space, /" and gz%* are
the transmission rate at the air/ice interface and the scattering coefficients at the ice
sheet bottom, f(#,) the normalized antenna pattern, « =4.343 x ¢ the attenuation coef-
ficient, n the refractive index, H the airplane altitude, z the ice thickness which can be
calculated from the time difference between two peaks and L the system loss. &
defined as £=cos #,/cos 6,, 6, is the refractive angle (equal to the incidence angle to
the bottom) and is related to 4, through Snell’s law.

In addition, these parameters can be calculated from the delay time ¢ using the
following relation.
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In this paper the radio backscattering coefficient is defined as /¢’ for conve-
nience because of difficulty of separation between /” and g,’:.

4. Estimation of Subglacial Water Layer

The power reflection coefficients obtained by ground-based radio echo sounding
along the flow line of the Shirase Glacier indicated that the areas where the ice sheet
has been thinning and where high driving stress has been shown in the Shirase Glacier
area correspond to areas with a “wet” bed and ‘“‘water-film” bed (OHMAE et al., 1988).

To clarify the bottom features of ice sheet based on the radio scattering char-
acteristics, we have calculated the radio backscattering coefficients at 179 MHz and
0°C for several types of boundaries taking the following values of permittivity for
polar ice, various waters, and a representative rock as tabulated in Table 1 (SHABTAIE
et al., 1987). In order to estimate the subglacial water layer, radio backscattering
coefficients are derived from the reflection coefficient calculated using a three layer
model. Figure 3 shows the power reflection coefficient and backscattering coefficient
as a function of the thickness of the subglacial water layer for two ice-water-rock
models, one with groundwater (¢=10"2 S-cm) and the other with polar ice meltwater
(6=2x10"%S-cm). The values of backscattering coefficient was —8 to —10dBm
underneath the ice shelf corresponding to the ice/seawater interface as shown in
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Table 1. Values of permittivity for polar ice, water and rock
(SHABTAIE et al., 1987).

Ice e*=3.2exp(—0.0071i)
Seawater (salinity—32%o) e*=1500exp (—871i)
Groundwater (salinity—1%o) e*=95exp (—331i)
Polar ice meltwater e*=86exp (—0.07i)
Rock e*=T7.4exp (—221i)
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Fig. 3. Power reflection coefficient (SHABTAIE et al., 1987) and backscattering coefficient as a
function of the thickness of the subglacial water layer for two ice-water-rock models, one
with groundwater (6 =107% S-cm) and the other with polar ice meltwater (6=2x10"8
S-cm).

Fig. 6.
From this diagram the thickness of subglacial water layer at the base of the Shirase
Glacier is estimated as shown in Fig. 8.

5. Grounding Lines

Because of the importance of the grounding line to arguments relating to the
stability of marine ice sheets and to measurements aimed at discovering whether the
marine-based ice sheet is growing or shrinking, we have made a particular effort to
describe where it lies along the coastline of the Roi Baudouin Ice Shelf. To find the
grounding lines, we now consider all the elevation data obtained by airborne radio-
echo sounding. Since the ice surface elevations measured from the radar altimeter
are tied to the sea surface, the elevation contour map can be used to interpolate the
grounding line between known points. For a floating ice shelf in hydrostatic equi-
librium,

p-D=p(D—H) (3)
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where D is the ice thickness, H the elevation of the ice shelf above sea level, p, the
density of the displaced seawater and g the mean density of the ice column. On the
Roi Baudouin Ice Shelf, p will generally will vary from place to place, but the average
density is assumed to be 900 kg/m?. The density of seawater is taken to be 1027.5 g/m3
as reported by SHABTAIE and BENTLEY (1987). Therefore, the resulting hydrostatic

equation is H=0.1241 D(m).

6. Results and Discussion

Figure 4 shows the profile of the ice sheet surface, bedrock elevation and radio
backscattering coefficients along flight line AB between Breid Bay and the polar plateau
through the Asuka Camp and Sg¢r Rondane Mountains in Fig. 2. The surface
elevation gradually increases toward the S¢r Rondane Mountains from Breid Bay
where the ice rise is formed and most of the base of ice sheet lies below sea level at a
depth of approximately 400 m, that is, it is a marine-based ice sheet which is grounded
on the bedrock.

In contrast, the ice sheet on the southern side of the Sgr Rondane Mountains
with surface elevation of more than 2500 m has a damming effect on the ice flow caused
by the elevated surface elevation, and the bedrock elevation on the polar plateau is
higher than 1000 m, extending to the Valkyrdomen in the central region of Queen
Maud Land ice sheet (DREWRY, 1983). The radio backscattering coefficients reflected
at the ice/bedrock interface in the marine-based ice sheet are a little larger by ap-
proximately 10-20 dB than those on the polar plateau. We can interpret the sub-
stantially larger power reflection coefficients and also the larger radio backscattering
coefficients in the marine-based ice sheet as indicating the presence of subglacial water
at the ice/bedrock interface or a wet base in the bottom layer of the ice sheet.
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Fig. 4. Profile of ice sheet surface, bedrock elevation and backscattering coefficients along the
fight line between Breid Bay and the interior region on the ice sheet through Asuka Camp

shown by the solid line AB in Fig. 2.
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In Fig. §, the profile of ice sheet surface, bedrock elevation and bottom topography
of Roi Baudouin Ice Shelf are shown along flight line Al between Asuka Camp and the
coastal edge of the ice shelf in Fig. 2. The white line in Fig. 5 indicates the flight al-
titude of aircraft at approximately 400 m during the radio echo sounding. The echo
strength at the ice/seawater interface in the ice shelf is stronger than that at the ice/
bedrock interface underneath the ice sheet. The coastal region in the ice shelf shows
smoother bottom features than those near the grounding line; the bottom crevasse
appears to be at the bottom of the ice shelf.

Figure 6 shows the profile of ice sheet surface, bedrock elevation and bottom
topography of the ice shelf, and radio backscattering coefficients obtained by the digitiz-
ed data in Fig. 5. The elevation of the ice shelf bottom calculated by hydrostatic equi-
librium eq. (3) using the value of ice thickness is in good agreement with the measured
ice shelf bottom indicated by the dotted line in Fig. 6, but the computed elevation of
ice sheet bottom is far from the measured elevation of bedrock under the grounded ice
sheet beyond the grounding line. Therefore, it becomes possible to find the accurate
location of the ice shelf grounding line in the area where surface elevation increases
toward the interior region. The radio backscattering coefficients also indicate rapid
decrease at the grounding line toward the interior region. These coefficients in the
grounding zone tend to be weaker by approximately 20 dB than those in the floating
ice shelf downstream from the grounding line. We can also interpret the larger value
of approximately 20 dB of radio backscattering coefficients at the ice/seawater interface
than at the ice/rock interface. To define the value of radio backscattering coefficient
at the ice/seawater interface in Fig. 6, it is determined by the average value of —8 dB
to —10dB. Based on the average value, the diagram shown in Fig. 3 is computed by
a conversion procedure from the power reflection coefficient as a function of the
thickness of the subglacial water layer described by SHABTAIE et al. (1987).

Thus, the accurate surface elevation, the ice thickness measurement and the radio
backscattering coefficients obtained by the radar equation can predict the accurate
location of the grounding line, probably within a few kilometers.

In the Shirase Glacier drainage area, the area with surface elevation of about
2500 m has a wet bed as has been derived from the power reflection coefficient in the
wet model (OHMAE et al., 1988). This area agrees with the area where the bed tem-
perature is above —1°C, thinning of the ice sheet has been occurring and there is a
high driving stress.

The profile of ice sheet surface and bedrock elevation along the flow line of Shirase
Glacier from the terminus to G2 is shown in Fig. 7. The terminus of Shirase Glacier
is floating ice approximately 450 m thick. The surface elevation rapidly increases
toward the interior, but the bedrock elevation is nearly close to sea level.

In Fig. 7, there are bright (purple color) radar returns characteristic of wet con-
ditions. Our interpretation rests heavily on melting point temperatures calculated as
a function of pressure by assuming a steady state.

In the area where the surface elevation is lower than 2000 m in the Shirase Glacier
along the flow line between the terminus and G2, the radio backscattering coefficients
are calculated using radar eq. (3) and the subglacial water layers are estimated using
the diagram indicated in Fig. 3. Where the Shirase Glacier rests on a wet bed, its
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Fig. 5. Profile of ice sheet surface, bedrock elevation and bottom topography of Roi Baudouin
Ice Shelf along flight line of Al between Asuka Camp and the coastal edge of the ice shelf

shown in Fig. 2.
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4

¢

Backscattering
coefficient (dB)
[

d

weight is supported partly by the subglacial water and partly by the solid bed. As
shown in Fig. 8, in the terminus of Shirase Glacier, sea water is present in the areas of
floating ice and in the areas of surface elevation less than 1500 m, and the subglacial
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Fig. 7. Profile of ice sheet surface, bedrock elevation and bottom topography of ice sheet along
the flow line of Shirase Glacier between G2 and Shirase Glacier shown in Fig. 2.
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subglacial water layer at the base of the ice sheet along the flow line of Shirase Glacier
between G2 and Shirase Glacier shown in Fig. 2.
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water layer is thicker than 30 cm, but, in the areas of surface elevation more than
1500 m, it is thinner or the bed is wet in basal conditions.

The bed underneath the ice sheet at elevation less than 2000 m is not frozen
everywhere. This area is in good agreement with that where the bed temperature is
above —1°C calculated by steady state assumption, but it might be frozen to the solid
bed beneath the ice sheet in the interior portions. This new radar sounding confirms
that the bed in the lower portions of Shirase Glacier is also wet and that a subglacial
water layer may be present where radar sounding suggests the exsistence of trapped
water associated with the slopes of surface terraces in Fig. 8. For a more detailed
interpretation of basal conditions in Shirase Glacier, we would require the surface
topography by satellite altimetry, ice thickness measurements and continuous direct
velocity measurements.
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