
A 1.7-centimeter-thick slab of the wind-packed snow surface
was found to have a specific gravity of 0.419. This specific
gravity versus dielectric constant is in agreement with Cum-
ming's (1952) findings but not with Gudmandsen's (1971),
which indicate a specific gravity of 0.406 at a dielectric con-
stant of 1.81.

Following the above measurements, the antenna was
pulled along the snow surface for a distance of 10 meters.
The graphic record of transceived radar impulse informa-
tion collected on this traverse is shown in figure 2. In the
record three distinct reflection layers are apparent. The nar-
row time banding on the record at layer 2 indicates high fre-
quency reflection from a 'thin or low" dielectric discontinui-
ty while the wide band at horizon 3 indicates low frequency
reflection from a "thick or higher" dielectric discontinuity.
Unfortunately, the thickness and structure of these layers
were not determined for lack of coring equipment.

The X-Y plot of the two-way travel time of the radar im-
pulse in the snow at the north side of the profile is shown in
figure 2. Using the time scale determined from the earlier
calibration, the two-way travel time (t) to the three internal
layers a, b and c was determined to be 8.2, 12.3, and 15.4
nanoseconds. Assuming an effective dielectric constant of
1.8 for the snow, the effective velocity (Ve) of the radar im-
pulse in the snow was calculated to be 0.226 meter per
nanosecond from:

D= V -e2

The depth (d) to layers a, b and c was then determined to be
0. 85, 1.40, and 1.74 meters from:

V

This pilot study has revealed that layers of dielectric
discontinuity can be detected at shallow depths in polar
snow. Information on the composition or structure of inter-
nal layers was not obtained, but the shallow depth at which
they were detected suggests that they represent density varia-
tions in the snow, perhaps associated with summer melt
features less than 5 millimeters thick. A density variation is
also suggested by Keliher and Ackley (1976), who have ex-
plored theoretically conditions that could cause dielectric
discontinuities in polar snow and ice.

This study was supported by National Science Foundation
interagency agreement DPP 74-23654. The field assistance of
Thomas L. Fenwick is greatfully acknowledged as is the data
reduction assistance of Anne H. Kennedy and the consulta-
tion of Rexford Morey, all with Geophysical Survey Systems,
Inc.
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Antarctic pack ice cover
variations
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Figure 2. Graphic record of impulse radar profile informa
tion obtained on short traverse on the snow of the McMurdo
Ice Shelf. On right of the graphic record is a representative

radar transceive impulse.
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Pack ice in the Southern Hemisphere in 1971-1973
dissipated later in the year and covered a larger area than
between 1974-1976 and probably also between 1966-1970.
The variation was generally in phase with fluctuations of
snow cover in the Northern Hemisphere.

This is a tentative result of our investigation of the
seasonal and year-to-year variation of snow and pack ice
fields in both hemispheres. The purpose of the study is to
quantify the information contained in National Oceanic
and Atmospheric Administration and Navy snow and sea-
ice charts and generate time related indices reflecting the
impact of snow and ice cover on climate. The present report
deals only with the Southern Hemisphere.

Sea ice around Antarctica is now routinely charted in
weekly intervals by the Fleet Weather Facility of the U.S.
Navy. Polar stereographic charts, in a scale of 1:18,000,000,
show several categories of sea ice concentration in octas. The
maps are prepared from visual interpretation of visible, in-
frared, and microwave satellite images, extensively cross
checked by ship and aircraft reports. They are available for
the 1971-1972 antarctic summer season and continuously
from December 1972 onwards.

The ice extent in selected seasons of the 1966-1972 period
was studied by Streten (1973) and Sissala et al. (1972). We
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(3) A rapid dissipation of the pack begins in November
and continues through January, with a noon solar angle be-
tween 25 and 40°. The wind breaks up the pack
simultaneously from the outer edge, from leads and
polynyas along the coast, and in leads and large polynyas
within the pack interior.

Figure 2 shows secular changes of the pack-ice area be-
tween 1967 and 1977. The average monthly ice extent for
November from 1971 and the extent at the end of November
for the 1967-1976 period are shown. A comparison of the
November ice extent with the 12-month running means for
the 1973-1976 interval shows that the changes of November
extent could be considered representative for the entire 10-
year period. If the relationship is valid, the peak annual
averages were reached in 1971-1973, in phase with the max-
imum snow coverage in the Northern Hemisphere (Kukla,
1976). Independent estimates of July and August ice cover
for 1968, 1969, and 1970 by Sissala et al. (1972), of March
1969 coverage byStreten (1973), and of the average monthly
ice extents during the late 1950s by Treshnikov (1967) all in-
dicate that the ice extent in the late 1950s and 1960s was
significantly less than in the early 1970s.

This study is supported by National Science Foundation
grant ATM 76-01062.

have reconstructed the ice edge (using available ESSA
television cloud photography and ship and aircraft reports)
for several additional intervals in this period. Additional
charts are needed to complete the set of monthly summer
maps for the 1966-1971 interval.

The pack ice area was measured using a 2° latitude by 2°
longitude grid overlay, which changes to 2° latitude by 40
longitude south of 70 0S. The following classes were
distinguished: (1) open water outside the pack-ice edge, (2)
open water within the pack, (3) ice of average concentration
from 1 to 3 octas, (4) 4 to 5 octas, (5) 6 octas, (6) 7 to 8 octas,
and (7) sea ice of unspecified density. The data are
tabulated separately for five meridional segments (figure 1).
The 1967-1971 summer monthly set and the 1972-1977 2
week set will be made available upon completion. An ab-
sorption index (q) representing the amount of radiation ab-
sorbed by the surface under fixed atmospheric conditions,
also will be calculated. The following tentative observations
can be made thus far:

(1) The buildup of ice fields from the February minimum
between 3 and 4 million square kilometers to the September
maximum of up to about 20 million square kilometers is
relatively slow. The accretion takes place in the zone with a
noon solar angle of about 10° or less. Large polynyas and
areas of weak ice are formed in the Ross Sea and in the area
centered around 65°S. 10°W., probably due to the effects of
upwelling (Zwally et al., 1976).

(2) In August the inner pack is closed, with less than 3 to 5
percent open water. However, from infrared photographs a
significant proportion of thin, young 'warm" ice is observed
in leads that alternately reopen and refreeze. This observa-
tion is based on preliminary comparisons of August 1976
microwave images with enhanced VHRR infrared
photographs U. Zwally, W. Dehn, and G. Kukla, in
preparation). Former estimates of the open water ratio in
the antarctic winter pack need revision (Ackley and Keliher,
1976).
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Figure 2. Upper curve:
12-month running mean of

2 pack-ice extent around
Antarctica, plotted on ter-

_J minal date. Scale on right.
Middle curve: Average ice
extent for November.
Scale on left. Lower curve:
Ice extent at the end of
November. Scale on left.
Range of uncertainty in
1968 and 1969 is shown by

the vertical bar.

Iceberg thickness profiling using
an impulse radar

AUSTIN KOVACS
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Development and refinement of radio and radar echo
sounding techniques over the last decade have resulted in in-
struments that provide continuous profiles of subsurface
features and interfaces in snow, ice, and ground that
previously were unobtainable. During the 1976-1977 austral
summer, I used an impulse radar system to obtain con-
tinuous profiles of the relief and lateral extent of the brine
infiltration layer in the McMurdo Ice Shelf and of saline ice
growth on the bottom of the Koettlitz Glacier tongue
(Kovacs and Gow, 1975, 1977).

The impulse radar also was taken to a 100 to 500 meter
tabular iceberg drifting in McMurdo Sound (figure 1) to
determine if the system could be used to measure the
thickness of icebergs. A helicopter from USCGC Northwind
transported us to the iceberg. Besides an antenna, the radar
equipment consisted of an electronic console, a graphic
recorder, a 12-volt car battery, a 12-to-115 volt converter,
and an electronic interface box. This equipment was placed
in a lightweight Fiberglas boat sled (Ahkio). The antenna
rested on the snow surface and was fastened to the back end
of the sled with a 0.5-meter tether. The sled antenna
assemblage was then pulled by a member of the helicopter
crew along the major axis of the iceberg. Care was taken to
keep well back from the ends of the iceberg, which could
have calved because of wave erosion undermining the ice
walls at sea level.

The center frequency of the impulse radar system is in
part a function of the size of the antenna used. In this study,
the antenna fan was approximately 1 meter long, which

resulted in a pulse center frequency of 100 megahertz and
frequencies of 50 and 150 megahertz at the - 3 decibel
points. In theory, the transmit-receive antenna radiates
short pulse electromagnetic energy that penetrates below the
surface and is then reflected from one or more subsurface
features back to the antenna. The two-way travel time of the
pulse is displayed in real time on the graphic recorder in a
manner similar to a single-trace acoustic-profiling system
used for subbottom profiling of marine sediments. The
return times are equated to distance by assuming an effec-
tive dielectric constant of the medium between the surface
and the subsurface reflector.

Figure 2 shows the graphic record of the travel times for
the reflected impulse signal along the 400-meter-long
traverse. This record shows that the firn on the south end of
the iceberg contained a brine layer (Kovacs and Gow, 1977).
The concentration of the brine within much of the layer ef-
fectively blocked transmission of the radar impulse.
However, near its terminus the layer must have been thinner
and contained weaker brine that allowed the antenna-
radiated electromechanical energy to pass through, because
the bottom relief of the iceberg is plainly in evidence. It is
apparent from the record that this iceberg had significant
bottom relief. A third horizon, which extended across the
north half of the iceberg near the bottom, also appears on
the record. The nature of this reflective interface is not
known.

Sy assuming effective dielectric constants of 2.1 for the
firn above the brine layer and 2.8 for the firn and ice be-
tween the top and bottom of the iceberg, the depth to the
brine layer and the thickness of the iceberg can be deter-
mined from:

Ve =
	r

where V = effective velocity
c = velocity of radar signal in air = 3x108 meters

per second
= effective dielectric constant
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