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Internal and basal ice changes near the grounding line
derived from radio-echo sounding
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ABSTRACT. Evidence of changing hasal and internal ice properties near the
grounding line was derived [rom airborne radio-ccho-sounder observations of the ice
sheet around the Sor Rondane Mountains. Antarctica. From the trailing figure of the
bottom-echo signal. the roughness of the ice bottom near the grounding line was
inferved. Results show that the specular components of scattering begin to appear on
the ice-shell side of the grounding line. Furthermore. double-uip echoes were observed
with a strong scattering in the shell area, and their boundary of occurrence was very
close to the grounding line. This is evidence of interaction between ice and sea water at
the bottom of the ice shell. We also examined the occurrence ol internal lavered
cchoes. In most ol the area around the mountains, internal echoes were observed
continuously, but they were not found at or close 1o the ice shell, The boundar
between the appearance and disappearance of internal-laver echoes is distinet. and
oceurs 20030 km inland from the grounding line, These results sugeest that some major
change may occur in the internal ice on the inland side of the grounding line,

INTRODUCTION

Most ol the Antarctic coast is covered by ice shelves
comprising about 11% of the wtal arca of Antarctica, In
the transitonal arca hetween an ice shell and an ice sheet,
changes ol ice property are expected 10 occur in the
bottom and internal ice. The grounding line is deflined as
the boundary at which the ice bottom changes contact
[rom rock to sea water, and it divides the ice shell from the
ice sheet. Changes in the iee-bottom property oceur at the
grounding line because of the interaction between ice and
sea water, Accurate determination of the grounding-line
position is necessary not only for predicting likely ice-
sheet and ice-shell” responses 1o changes in climate. but
also for understanding internal ice physies in this
transitional area. Airborne radar observation. as well as
being a uselul way to examine the ice-hotiom topogra-

phy. can also be used to diagnose physical properties off

the ice sheet. To determine the position of the grounding
line. methods using a radio-echo sounder have been used.
lor example, a hydrostatic-halance equation using surface
and bottom topography. amplitude change of the hottom
ccho Jacobel and others, 1991), and measuring the radio
scattering strength at the bottom of the ice (Nishio and
Uratsuka, 1991). However, calculation of the scattering
strength is easily allected by other parameters, especially

what values in the ice are used for the attenuation
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cocllicient, and data including many spikes. We pre-
viously reported an algorithm for inferring dependence of
scattering at the bottom of the ice on the angle of
mcidence. Preliminary results ol this analysis showed that
smooth bottom features were observed in the ice-shell
arca far from the grounding line ' Uratsuka and others.
1989 ). This paper shows that the incidence-angle
dependence of scattering  coeflicients at the bottom
measured by radio-echo sounding confirms that the
position of the grounding line can be determined by
detecting diflerent degrees of bottom roughness. This
method complements the method of detecting dillerences
in the scattering strength caused by different underlving
materials,

Some  work based  on ice-core samples provided
valuable information on vertical chaneges in internal
structure such as three sources ol the internal mass of the
ice shellr the accumulation of snow in this area. ice from
the upstream ice sheet, and [rozen sea water (Wakahama
and Budd, 1976: Oecrter and others, 1992,
survey is necessary to understand  how  the internal

A wider

structure ol the ice shell will he modilied and the
dynmamics at the transitional region near the grounding
line. Scattering detected by a radio-echo sounder can be
used 1o examine internal ice structure. In most areas of
the ice sheet, internal laver echoes that indicate the
internal stratigraphy of the ice sheet are observed by
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radio-echo sounding. We analyzed the occurrence of these
internal layer echoes and found that the areas where they
are absent are concentrated at or close to the ice shelll

RADIO-ECHO-SOUNDER OBSERVATION

The Sor Rondane Mountains are located at about 20
30°E. 71 73°S in east Antarctica. There is an ice shell
about 100 km north of the Ser Rondane Mountains,
whereas the southern side of the mountains is about
2000 m above sea level; thus the altitude of the
mountainous ice sheet along a north south line changes
by about 2000 m. Figure 1 is a map of the topography of
this area with the flight lines taken for airborne radio-
echo-sounding measurement. Observation with a
179 M Hz airborne radio-echo sounder was carried out
in the austral summer of 1986 by the 27th Japanese
Antarctic Research Expedition (JARE-27). Specifications
of the radar are shown in Table 1. The resolution of the
radar can be changed by choosing from three diflerent
pulse widths, and most of the observations used a 250 ns
pulse (21 m resolution in ice). The radar was able to
measure ice up to 2500m thick. Digital data were
accumulated with an on-board 0.25in (0.63 cm) cassette
recorder, along with the aireraft navigation data: Omega
and GPS (position), radio and pressure altimeter
(altitude) and gyroscope (attitude). A more detailed
description of the radar system is given by Uratsuka and
others (1989).

BOTTOM SCATTERING CHARACTERISTICS
Bottom scattering characteristics in the ice shelf

The bottom features of ice shelves are very important for
understanding the mass balance of ice sheets (Thomas,

1979) because ice and sea water interact at the ice-shelf
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QQ? 7
Ao

Table 1. Specifications of the radio-ccho sounder

Transmitter

Receiver

Antenna

Frequency
Peak power
Pulse width
PRF

Sensitivity
Noise figure
Type

Gain

Beam width

Resolution in ice

179 MHz

1 kW
60/250/1000 ns
1 kHz

110dBm
1dB

3 element Yagi
8.15dBi
70

5/21/84 m

hottom (Morgan, 1972). In particular, the roughness of
the jce-shelf bottom is an indication of the interaction
between ice and sea water. Neal (1979) investigated the
smoothness of the bottom of the Ross lee Shelf using an
“ESM recording™ of radio-echo sounding. Other rescarch
investigating bottom features of ice shelves by radio-echo
sounding has also been reported (Shabtaie and others,
1987; Jenkins and Doake, 1991 ). These reports discuss the
reflection coefficient from bottom echoes, Generally, the
scattering coefficient, which is defined in radar equations
(e.g. Ulaby and others, 1982), is used for discussing the
properties of the target plane. The scattering coellicient
describes the effeets of both boundary roughness and
differences in the medium helow the ice, and is dependent
on the incidence angle. If the target plane is very smooth
comparable to the radar wavelength, the scattering will
he specular and the incidence-angle dependence will he
restricted in the small incidence-angle range. In the
extreme case ol a smooth surface, the reflection coefficient
calculated in the equation in. for example, Shabtaie and
others (1987) is approximately the same one defined in
plane-wave theory, and independent of the radar pulse

25% 0°E i

Fig. 1. Surface topography and flight lines of radio-echo-sounding observations around the Sor Rondane Mountains.
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width. T'he Fraunhofer criterion shown below is a more
quantitative indicator of specular scattering (Ulaby and
others, 1982):

Ah < A (1)

32cosd

where # is the incidence angle, A is the wavelength, and
Ah is the root-mean-square height deviation. Assuming a
179 MHz frequency, the mean roughness value ol the
Fraunhofer criterion is less than about 5 em in the nadir
direction. As a larger deviation of Ah is possible in the
arca illuminated by the same pulse-range gate, it is better
to use scattering cocllicients delined (rom a radar
cquation rather than as reflection coeflicients,

When the radar system has a wide antenna-heam
pattern rather than a pulse-illuminated area, the echo
shape formed by the scattering signal is stronely
dependent on the incidence angle. The incidence angle
can be calculated from the delay time, and the scattering
coeflicient can be inferred using an appropriate radar
equation, In the case of an ice sheet, the radar equation
should include the effect ol refraction at the airfice
interface. Uratsuka and others (1989 proposed a radar
equation which satsfies the above conditions, as [ollows:
P.G2Xero () 2 (0)) cos® 0,

)

B=— : -
B2 L2(H + Z)(H + =)

exp(—2z/6). (2)

Here. ¢” is the scattering coellicient of the incidence angle
at the ice-sheet bottom, n is the refractive index, z is the
ice thickness, and # is the refractive angle (equal o the
incidence angle at the bottom |, which through Snell's Taw
is related to @y, the angle of incidence on the surface. We
deline € as £ = cosfhy/ cos .

In addivon, these geometrical parameters should be
related to the delay tme £ as [ollows:

H nz

et = _
cos fy

(3)

cos 0,

Other parameters are delined as follows: P, is received
power; P is transmitted power; G s antenna peak gain;
S(0)) is normalized antenna pattern; A s wavelength
=1.67m): 7 is pulse width: e is light speed; & is
penetration depth: H s airplane altitude; L is system loss.

Uratsuka and others (1990) reported the incidence-
angle dependence of scattering coellicients along a flight
line in the ice-shell arca and concluded that specular

scattering, inferred by the incidence-angle dependence ol

the scattering coeflicient, increases with distance from the
grounding line. Here, we examine differences in the
simoothness of a grounded ice hottom and a Hoating ice
bottom very close to the grounding line.

Bottom scattering characteristics near the ground-
ing line

A tentative grounding line is shown as the dashed line in
Figure 1. This line was determined by comparing the ice-
bottom topography measured by a sounder and cal-
culated by the hydrostatic equation:

h=0.1241d (1)
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where d is the inferred ice thickness and A is the measured
elevation ol the ice surface above sea level (Nishio and
Uratsuka, 1991 ). Scattering coeflicients that are within
I km of this tentative grounding line on the inland and
ice=shell sides are plotted in Figure 2. These plots are
derived [rom Equations (2) and (3), using the data from
the A-1.-2.-11, -12 and -13 Qight lines shown in Figure 1.
As Figure 2 shows. the scattering features from the inland-
ice side and from the ice-shell (floating-ice) side are
typically different. In the incidence-angle range ol 10
207, scattering coellicients of ice from the inland side are
5 10dB greater than those of floating ice. In this analysis.
we did not calculate the scattering coellicients at
imcidence angles of less than 100 because then the
scattering signals arrived at the receiver simultaneously.
T'he values of the scattering coellicients are sensitive to the
attenuaton coellicients and  these are assumed 10 he
constant in depth. Nishio and Uratsuka (1991 discussed
the relationship between the grounding line and the
scattering coellicients at the nadir incidence (@”(0): mean

value at incidence angles of 01071 of the ice-shell bottom

along a flight line (A-13) using Equations (2) and (3).
They showed that a”(0) of floating ice is about 10 20dB
higher than that of inland ice. This difference mav be
caused mainly by the differences in media; rock or water.
The position ol the grounding line determined by
Liquation (4, agreed with that determined by radar
analysis to within a few kilometers. Based on this, we
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Fig. 2. Incidence-angle dependencies of seatlering
coeffictents near grownding line detevmined wsing  Eyqua-
tions (2) and (3). Upper panel (a) summarizes the dala
Sromea zone Ikm inland of the grounding line. Lower panel
() summartzes the data from a Zone 1km on the ice-shelf
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suggested that scattering coeflicients are a good indicator
of the position of the grounding line. However, the
distribution of scattering coellicients along a flight line
includes many spikes, which are caused primarily by error
in the inferred attenuation coeflicient. Figure 2 confirms

that differences in the ice bottom exist not only in terms ol

the contrasting material but also in terms of roughness.
Information from scattering in the nadir direction ”(0)
and the incidence angle dependence a”(f) is complemen-
tary. Combining this and our present results shown in
Figure 2 suggests a very steep dependence of the the
scattering cocflicient on the incidence angle in the range
0 20", These results suggest that a boundary of strongly
specular scattering exists very close to the grounding line.

Double-trip echoes
On the ice shelf, double-trip scattering echoes were often

observed. Double-trip echoes occur when the pulse
reflects twice from the ice/water interface and once from

the ice/air interface. Double-trip echoces are indicative off

relatively low power loss due to attenuation in the ice
and /or specular scattering. As shown in Figure 3. double-
trip echoes are observed only on the ice-shell arca, and
their appearance begins at the grounding line in some

observations. Though the bottom part ol the ice shell

consists ol saline ice which attenuates radio waves, radar
rellections are stronger there. This strong signal appears
to be due to specular scattering. These results are
consistent with Uratsuka and others (1990) and Nishio
and Uratsuka (1991).

OCCURRENCE OF INTERNAL-LAYERED
ECHOES

A differential fliered 7 scope (DFZ) is very useful for
studying the layered echoes within internal ice. The DFZ

15°E 20°E

image is produced using the first derivative of the received
power against the vertical distance. In about 70% of our
observations, internal layers are detected using DFZ
images. This filter process clearly shows the peaks of
echoes and reduces the wide dynamic range of a radar
signal to a limited dynamic range for display. As such.
these [iltering ellects emphasize the leading edge of
echoes, but the strength ol an image is no longer
proportional to the scattering strength. [t is important
o take these filter effects into account when discussing the
occurrence of internal-layer echoes detected by DFZ
images. To avoid conlusion due to terminology, we deline
the “internal layer™ as a physical layer of ice. the
“internal echo’™ as the echo signal [rom internal ice, the
“layered echo™ and “internal-layvered echo™ as layered
characteristics in the internal echo. and the “DFZ image™
as the diflerential filtered image bhetween the ice-surface
echo and the ice-bottom echo. We have to distinguish
strictly between the lavered echo and the layered pattern
which is shown by DFZ., because in some cases the layered
pattern shown results [rom a mixture of internal ice and
surface features that originate in the same range gates
owing to the wide beam antenna of the radar system.

Classification of DFZ images

To avoid being misled by instrumental disturbances,
filtering eflects or conlusing surface echoes, we classified
the DIFZ images into [our categories according to their
lavered pattern, echo strength and other characteristics.
Type A is assigned when typical layer echoes exist. As
shown in Figure 4a. the layer pattern is continuous and
the echoes occur at regular intervals. Type B is assigned in
a less tvpical case, though internal echoes can be
distinguished from other echoes as shown in Figure 4h.
This case includes echoes which are not always multiple-
layered or stratified, but obviously have internal causes.
An example of type C is shown in Figure 4¢ where it is

25" 30°E

Fig. 3. Appearance of double-trip echoes: thick lines indicate occurrence and duration of the double-trip echoes along the

Sight line.
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Fig. 4. Lixamples of DEZ tmages: (a) Typical case of layered echoes ((yfre 1) : (h) Example of bpe B only one obeiows
stralified echo is found: (¢) Multiple echoes appear to have an infernal origin. bul may be caused by a surface feature ( 1ype
C )i (d) Nolayered stinctire was_found ( tyfre I ). Every horizontal distance in these figures is 14.0 km. Sampled points are

showon in Liaure 3.

diflicult to distinguish the echoes caused by various factors
such as surface topography or rocks on the surlace.
Images aflected by instrumental problems for any reason
are classified in type DL Instrumental problems occurred
when the ice sheet was o shallow 1o distinguish the
surlace echo, when the image was obtained with a 60 ns
pulse width which is wo short o digitize. when the
arrcraft was changine direction. or when the aireralt
altitude suddenly changed. Finallv, we deline images
where the pattern is random and no apparent layering

exists as type B (see Fie. 4d .

Alter rough surveying using only the image pattern,
we examined differences in pulse width and echo strength
between all categories except type 1. We found, for
example, that strong surface echoes sometimes exeeed the
internal-lavered  signal level and prevent the internal
layering from appearing in the DFZ image. This kind of
DFZ image was reclassified as tvpe D, The change from
type A or Bio type K is very sudden and the signal level
hecomes weaker, Alter detailed examination of the echo
strength of type E, however. this does not mean that no
scattering existed in the internal ice. but only that any
layered or structured patterns were not observed. It may

be possible 10 detect lavered echoes with dilferent

https://doi.org/10.3189/50022143000030562 Published online by Cambridge University Press

nstruments  that use diflerent radio frequencies or a
finer resolution. The results from along the (light lines are
plotted  according 1o the above classification on  the

topographic map shown in Figure 5.
Occurrence of layered echo

From Figure 5. we can see that except for the areas where
there was an instrumental (type D1 oor surlace-feature
disturbance (type € problem. internal echoes are
continuously observed in most of the area. However, no
lavered echoes are observed at or near the ice shell
Harrison (1973 reported that the appearance of internal-
layered echoes was very rare in the Ross Lee Shell region,
but he concluded that this was due o a radar problem.
However, no serious instrumental problem  occurred
during our observation of the ice shell. The transition
from the presence of internal lavers 1o their absence is
very clear along a topographic contour line of about
600 m.

grounding line.

which is about 20 30km inland from the
Internal echoes also failed 1o appear where llight lines
were perpendicular to the inferred flowline, for example,

around 217 E, 71 40"S (site (e), Fig. 3) and around 22° E.
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Fig. 5. Map of layered echoes: ®, 0, ~, and x denote type A, B. C and E, respectively. Type D is shown as a blank. CGray

zones represent the area of lype E. Sampled points shown in Figure 4 ave displayed by (a), (b), (¢c) and (d).

72°25'S (site (f), Fig. 5). Antennas of the radar system
were installed under the wings of the airplane, and the
clectric-field direction was along the direction of the
airplane heading. That is, the antenna polarization ol the
radar was in the same direction as the flight line.

DISCUSSION

The boundary hetween the appearance and the absence
ol lavered cchoes is about 20-30km inland from the
arounding line. Clearly the absence of internal layers is
not caused by the influence of sea water, and we have
climinated the possibility of an instrumental problem.

It is interesting that lavers at all depths disappear at
the same point. If separation of the internal layers is
smaller than the radar resolution, which depends on the
pulse and beam widths, neighboring peaks will be fused.
This is plausible i a tendency towards narrower
separation is observed. However, we did not find such a
tendency. Observation using different radio [requencies
may show a different boundary, but the internal ice
change which causes the absence of layered echoes may
occur at a point in the inland ice sheet far [rom the
orounding line. Fujita and Mae (1994) proposed that the
internal layered echoes are caused by a vertical change in
the fabric pattern or acidity. They estimate that
scattering due to fabric-pattern change is larger than
that due to acidity change at a frequency ol 179 MHz.
The internal-layer echoes scem likely to disappear near
the grounding line due to deformation of the [abric,
Deformation of the fabric can also occur inland from the
orounding line due to other strong forces such as tides.

Internal ice change also causes a polarization effect. as
discussed in detail in the next sub-section. Woodrull' and
Doak (1979) showed that the polarization ol radio echoes
from the ice-shelf bottom changed between inland and
floating ice because of a dillerent propagation eflect. They

https://doi.org/id)ﬁ89/50022143000030562 Published online by Cambridge University Press

suggest that this difference was caused by the effect of
tidal strain on erystal orientation. However, the ice
thickness at the grounding line is less than 1000 m in our
case, much smaller than the distance from the grounding
line to the boundary line where the echoes stop
appearing. Therelore, the difference is difficult to explain
by tdal force.

It should be noted that other radar observations of a
lower frequency in the ice shell reported the existence of
internal layers (Jacobel and Bindschadler, 1993). Also, 1t
is difficult to explain the isolated internal layer at about
99°E, 75° S in our data (site (g), Fig. 3).

Polarization problem

The region along the line from 267 E, 71720"S 1o 28" K,
70°50'S (around mark (d), Fig. 5) may also be explained
by the polarization effect.

We already suggested in the last paragraph of the
previous section that the internal-layer disappearance
relates to the angle between the ice-llow direction and
polarization of the radar antenna. Fujita and Mae (1993)
reported that the internal signal strength depended on the
antenna orientation, when using a 179 MHz ground-
based radio-echo sounder. Further analysis by Maeno
and others (in press) found that the attenuation in ice
depended on the antenna direction, and the antenna
direction of maximum attenuation was along the f{low
The

experiments in which co-polarized antennas were rotated

direction. above two results were obtained by
at the same spot. In our case. the tendency of the echo
strength is similar to the above results, but is not as clear,
since we did not control the antenna orientation at the
same point. Controlled experiments are necessary to
confirm the relationship between the appearance of
layered structure in the radar signal and antenna
direction. A theoretical approach may provide useful

ideas. Some models are proposed to investigate depolar-
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ization by internal ice layers (Woodrull and Doak, 1979:
Liu and others. 1994). However, they have no results on
the internal laver's appearance.

CONCLUSION

We examined the basal characteristics near the grounding
line using radio-ccho-sounding data. The scattering
coeflicients ol the nadir direction changed when very
close to the grounding line, the position of which we hacd
previously determined by hydrostatic balance. The
difference in scattering strength was due to the different
material below the ice and changes in the hottom
roughness. In this paper. a clear difference in the
smooth-bottom features was detected a few kilometers
[rom the grounding line using radio-echo-sounding data
to analyze the incidence-angle dependence of the
scattering coeflicient. This smoothness that begins at the
grounding line scems to he caused by the effect ol sea
water under the ice sheet. The appearance of double-trip
echoes supports this beliel. Deteeting  differences in
bottom roughness complements detecting diflerences in
the scattering strength due to different underlying
materials. To date, a combination ol these methods
allows us to determine the position of the grounding line
to within a lew kilometers. On the other hand. the

absences of the internal laver were found in the ice shelf

about 2030 km inland from the grounding line through
the classification of the DIFZ image according o the
appearance characteristics of the internal Taver and echo
strength. This fact suggests the internal change forward
ice shell occur at this point. Another disappearance was
[ound where the antenna polarization is perpendicular o
the ice-flow direction. This polarization problem should
be theoretically and experimentally examined in detail.

Further investigation is necessary to explain the above
results and the mechanism of the internal laver.
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