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Abstract

Very high frequency deep radio sounding systems for ice thickness measurements are practically the only useful
apparatuses for large scale radar flight surveys in polar regions. The morphology of the bottom surface of an
Antarctic floating ice tongue, in the Ross Sea area, East Antarctica, was studied using the arrival times of signal
echoes of the radio sounding system. The amplitude variations of radar signals from the reflecting surface were
analyzed to determine the gain or the loss of the reflectors. Such surfaces show quasi-parabolic geometrical
shapes at the ice/water interface with both concave and convex faces towards the sounding system. Electromagnetic
analysis performed on radar echoes indicates that amplitude variations detected by the antenna are focusing or
defocusing etfects only due to the reflector’s shape. A factor in the radar equation that represents the surface
shape when coherent reflectors are involved is introduced. This factor allows us to determine more precisely the
morphology and electromagnetic characteristics of the interface between the media investigated by means of
radio echo sounding.

Keywords radio echo sounding — radio glaciology — the ice surface, showed a rippled bottom mor-
glacier ice tongues phology with a shape of rather regular waves
with a spatial length of about 1-2 km, and with
a depth variation of hundreds of meters (Ta-

1. Introduction bacco ef al., 2000). The analyzed ice thickness
ranging between 150-500 m was calculated
Floating ice tongues are interesting (o evalu- assuming a radio wave velocity of 168 m/us
ate the electromagnetic properties of the media (Bogorodsky et al., 1985).
involved in radar sounding. Among the floating Figure 2 represents a sounding profile of the
ice tongues, the Drygalski Glacier is interesting ice tongue with the rippled bottom surface. The
because of its bottom morphology and ice thick- profile was obtained maintaining the airborne
ness. Figure 1 shows the location of the Drygal- radio echo sounding sysiem at a nearly constant
ski Glacier ice tongue. terrain clearance with a horizontal sampling rate
A longitudinal profile of the bottom surface, of about 20 traces/km.
surveyed at an elevation of about 300 m from A single radar trace in shown in fig. 3; all

traces along the surveyed glacier profile furnish
a quantitative evaluation of the signal amplitude
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Fig. 1. David-Drygalski glacier: USGS topographic map with the survey tlight. Letters A and B indicate the
beginning and the end of the examined profile.

Fig. 2. Ice thickness versus distance of Drygalski ice glacier is reported: a profile of about 50 km is divided into
two parts,
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Fig. 3. Examples of radar trace: on the x-axis the 51.2 us listening time is indicated as well as relevant arrival
times, while on the y-axis the relative amplitude of the signal in a voltage scale is shown.

nelic approach and data processing are present-
ed. The correlation between signal amplitude
and bottom reflection surfaces is discussed.

2. System characteristics and calibration

The employed airborne radio sounding
system operates at 60 MHz with a pulse length
0.3-1 gs and a transmitted power of about 62
dBm (Tabacco et al., 1999). The employed wave-
length does not allow sophisticated antenna
geometry and the radar employed uses dipole or
other linear antennas arranged beneath the wings
of a small aircraft.

Navigation relied upon a GPS receiver on
board giving lengitude, latitude, altitude and
time for each acquired radar trace.

The 51.2 ps time duration of the received
analog echo signal was digitized at the sam-
pling frequency of 20 MHz, Previous laboratory
tests on the 16 MHz bandwidth log-receiver
furnished a range resolution of 8§ m which in-
cludes digitizing errors even in case of poor
signal-to-noise ratio up to 3 dB.

The large receiver bandwidth allows us to
neglect the receiver saturation due to the trans-
mitted pulse, antenna ringing and the first strong
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incoming echo, as well as high bias level due to
the strongest echoes when the lower levels of
amplitude are scaled (Tabacco et al., 2000).

The relation between the input and the out-
put of the log-receiver is the following:

Vy=3.7
P 0 2.1)

where, V,, V are the amplitudes, expressed in
volts, of the output and input signals of the
receiver, respectively.

Relation (2.1) is valid only in the receiver
sensitivity range, from — 110 dBm to — 20 dBm.

The well known expression describing the
received signal power available at the input
of the receiver P related to the transmitted
power £ :

P =P A GI4xD)R (2.2}
was used for calibration. D is the distance cov-
ered along the propagation path, G is the anten-
na gain; A the wavelength, and R represents the
reflection loss i.e. the power loss at the air/ice
and air/seawater interfaces, calculated from
the relative dielectric permittivity reported in
table I.
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Table I. Electromagnetic properties of the con-
sidered media.

Medium Relative permittivity ~ Conductivity
er’ o [S/m]
Air 1.0 0
Ice 3.18 7.95.10°"
Seawater 84.4 4
_ Sea ice 3.44 10°-10"

System calibration was performed in two
different reflecting flat surfaces (ice and water),
to evaluate the contribution of the & term as-
suming the same gain, for both transmitting and
receiving antennas. P, D, R are known quanti-
tics, whereas P_is deduced using relation (2.1)
from the received signal amplitude measured at
the receiver output.

Test flights at increasing altitude and differ-
ent receiver gain were performed to operate
with several levels of received signal avoiding
problems due to the saturation of the logarith-
mic receiver and it was found that G = 2.5 dB.
The calibration of the sounding systemn showed
the same result, when operating on both airfice
and air/seawater interfaces.

3. Amplitude analysis

The echo signal containing information of
all the losses and gains of the radio wave along
its propagation path was analyzed to evaluate
the variation of the received echo signals in
detail.

Assuming the electromagnetic properties of
ice constant in the whole ice tongue, it is possi-
ble to determine the radio electric power of the
echo signal from relation (2.2) which can be
expressed in dB as follows;

P=P+G-LxS [dB] (3.1)
where L is the total loss given by several contri-
butions: absorption of the medium, reflection
and transmission losses at the interface between
the media, and the geometric loss. The term S,
representing the gain-loss factor related to the

622

reflector shape (the bottom morphology, in our
case), is the unknown quantity to be calculated.

The gain due the refractive effect of ice (ex-
isting in case of flat surface as well) can be
neglected for small ice thicknesses. It depends
on the air to ice dielectric permittivities ratio
and the terrain clearance to ice thickness ratio
(Bogorodsky). We foresee that the concave and
convex faces of the ice/seawater interface re-
flector cause a focusing or defocusing effect in
the echo signal producing a high amplitude var-
iation. Such a contribution observed in the re-
ceived amplitude can be evaluated only if the
total propagation loss L is fully known.

In this electromagnetic analysis, it is reason-
able to assume that the transmission and the
reflection coefficients do not change along the
horizontal profile. Therefore, considering all the
loss contributions, L can be expressed as

L=L,+1 +L,+L+L +L [dB] (3.2)
where L, is the geometrical loss due to the
distance of the reflector, L is the absorption of
the ice, L, and L, are the reflection and the
transmission losses at the interface (table II), £,
is the polarization loss due to the orientation of
the receiving antenna with respect to the re-
ceived radio wave and L,_is the scattering loss.

Considering the temperature of ice constant
for the whole surveyed profile as well as chen-
ical composition and surface roughness, the elec-
tromagnetic properties can be calculated (e.g.,
as in Frolik and Yagle, 1995; Herique and Kof-
man, 1997) throughout the length of the profile
(table I).

Table II. Percentage of power lost through the
interfaces considered; R and T are the reflection and
transmission coefficients,

Interface Reflected Transmitted
power ratio power ratio
R T'=1-R
Airfice ice/air 0.08 0.92
Air/seawater 0.64 0.36
Ice/seawater 0.61 0.39
Ice/sea ice 4.10" .9996
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of the Drygalski Antarctic floating ice tongue

The acquired radar trace as in fig. 3 allows
us to scale the time values to calculate the geo-
metric loss L, and the attenuation loss L .

The geometrical attenuation including the factor

2

is given by
4

where D) = 168 -2 -1 being 1 the delay time of the
considered reflector as in fig. 3.

800 800 1000 1100

If we assume the conductivity o in the ice as
reported in table I, L, can be evaluated as

L, =const-o-d (3.4)

being d = 168-2-(t, — ¢} L.e. twice the ice thick-
ness.

In the following analysis L, and £ have been
neglected because of their small contribution
(less than 0.5 dB).

The dielectric permittivity of the various
media also allows us to calculate the reflection
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Fig. 4. Smoothed bottom surface profile (distance versus ice thickness variation) and relative amplitude variation

in dB.
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and the transmission percentage of power losses
R’ and T~ respectively (table IT). The total con-
tribution of the reflection and transmission loss-
es is about 5dB.

The received signal power at the antenna
input P, is obtained using the relation (2.1) from
the voltage amplitude measured at the receiver
output.

Adding all the contributions of (3.1) and com-
bining with (3.2), § can be finally evaluated as

§=P—P—G+L,+L +L,+L, [dB]. (3.5

In theory, for flat reflectors, homogeneous ice,
and a perfect calibration, relation (3.5) is re-
duced to § = 0. On the other hand, non flat
reflectors would produce positive or negative
values of § following the geometrical shape at
the ice/seawater interface. A relatively high pos-
itive value for § is expected when there is a
concave parabolic-like reflecting surface (fo-
cusing effect), while a convex surface is as-
sumed to give 4 negative contribution.

0.8 ~

0.6

0.4 4

spectral amplitude

0.2 H

0.0 1

Infig. 4, there is an evident relation between
S values and bottom reflection surface shape
(curve 1,). The two plotted lines show nearly the
same variation with opposite phase. Concave
surfaces produce very strong signal amplitudes
while convex surfaces give negative contribu-
tions.

Correlation and spectral analyses were per-
formed on bottom reflection surface and signal
data sets. The relatively large Pearson’s correla-
tion coefticient (0.75) and the remarkable coin-
cidence between the frequency spectra of hoth
series (fig. 5) confirm the focusing or defocus-
ing effects detected by the system and the rela-
tion existing between the S function and the
bottom shape.

We performed a numerical simulation aimed
at the modeling of the sub-ice features to ex-
plain amplitude variations found during the
medsurements.

The bottom reflecting surfaces shown in
fig. 2 were divided into different segments cor-
responding to concave and convex faces and

—signal
................... SUTfaCe

frequency

Fig. 5. Spectral amplitude versus frequency of the ice thickness ( dashed line) and amplitude variation of the
signal {solid line), in arbitrary units. The harmonic components, except the one at the lowest frequency, have

the same values.
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Fig. 6a-d. The quadratic regression shows that the parabolas approximated the concave reflectors when they
are in correspondence with the highest level of recorded signal amplitude (a-c) and convex reflector in

correspondence with the lowest level of the signal (d).

the single reflectors were studied. Four particu-
lar concave reflectors corresponding to the high-
est and lowest levels of recorded signal ampli-
tude were analyzed (fig. 6a-d). The curve that
best fits the selected sectors of the profile is a
parabola whose vertex is at the minima of the
curve /..

Positioning the origin of the reference
system coinciding with the flight altitude,
the parabola vertex is nearly in correspond-
ence with the minimum of the considered data
set (fig. 6a-c). The resulting position of the
parabola focus is very close to the flight alti-
tude.

n

When concavity is towards the sounding
system, a focusing gain around 8 dB is expect-
ed. A signal attenuation of 8 dB is found when
the parabola shows the convex face to the anten-
na system as shown in fig. 6d.

4. Conclusions

When performing airborne radio echo sur-
veys, the observed signal amplitudes may be
affected by focusing or defocusing effects due
to the particular shape of sub-ice reflectors. In
the present paper we have shown an example of
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how these effects can be estimated. Radio echo
sounding data carried out along a longitudinal
profile over the Drygalski ice tongue in Antarc-
tica were used to develop an electromagnetic
analysis which has shown a correspondence
between the shape of the bottom reflecting sur-
face (ice/seawater interface) and the signal am-
plitude. Amplitude variations of + 8 dB are well
explained with a quasi-parabolic reflector that
exhibits concave or convex face towards the
sounding apparatus.
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