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Foreword

This publication provides a summary of the proceedings of the Seventh Symposium on Antarctic
Logistics and Operations which was held at the Moller Centre, Cambridge, England during
6-7 August 1996. The Symposium was conducted by the Standing Committee on Antarctic
Logistics and Operations (SCALOP) of the Council of Managers of National Antarctic
Programmes (COMNAP). The Symposium was held in conjunction with the XXIV meeting of
the Scientific Committee on antarctic Research (SCAR).

Up until 1988 and the establishment of COMNAP (and associated formation of SCALOP) the
Logistics Symposia were held under the auspices of SCAR and the Antarctic Treaty Parties.
Since 1988 the Logistic Symposia have been organised through COMNAP/SCALOP and it has
become the practice to hold them biennially in conjunction with the meeting of SCAR.
Summary of Logistic Symposia :-

1962 Boulder - USA

1968 Tokyo - Japan

1982 Leningrad - Russia

1990 Sao Paulo - Brazil

1992 Bariloche - Argentina

1994 Rome - Italy

1996 Cambridge - United Kingdom

Efficient and effective logistics is vital to the success of any Antarctic activity and support to
Antarctic science. National programmes are under continuing pressure to sharpen their
operations and become more cost effective. There are also new requirements on national
operators introduced as a result of the Environmental Protocol. This Seventh Symposium
successfully served to provide a forum for exchanges of information, discussion and the
presentation of new ideas, best available techniques (BATSs) and achievements in a wide range
‘of Antarctic activities.

Thirty (30) good quality papers were presented that had been selected by the Symposium
Selection Committee from over sixty (60) submitted abstracts.
The six topic themes were as follows :-

* Remote Sensing and the Use of Satellites for Science Support.

* Deep Drilling Technologies.

* Significant and Proven Developments in Operations, Logistics and Science
Support.

* Energy conservation.

* Best Available Technologics for Waste Management and the Protecy.cn ol the

Antarctic Environment.

* Science Operation Planniiz and Resource Allocation.



The Symposium attracted record size audiences ranging from 55 - 98 persons, indeed on one
morning it was standing room only. It was also gratifying to see many SCAR participants.

There was a four-day commercial trade exhibition running in association with the SCALOP
Seventh Symposium which reflected the distinct and growing industry related to Antarctic (polar)
operations and logistics. The trade exhibits included more than thirty (30) international
companies representing :

Shipyards, marine support and shipping agents.

Aviation engineering and operations. -

Vehicle and sledge manufacturers.

Special mechanical and electronic engineering designers and fabricators.
Book publishers.

Clothing manufacturers.

Buildings and temporary shelter manufacturers.

Logistic support providers and contractors.

Rope manufacturers.

Manufacturers of waste management equipment and machinery.
Medical consultants.

Telecommunication manufacturers and providers.

Satellite remote sensing equipment and services.

On behalf of the SCALOP Symposium Steering Committee I wish to thank the authors and
presenters for their time and effort in providing the wide selection of superb quality papers.

T also wish to thank all who found time from a busy meeting schedule to attend presentations and
generate stimulating questions and discussion. Likewise my thanks to the trade exhibitors for
professional trade stands & participation throughout their four day exhibit.

Finally I would personally like to thank the members of the 1996 SCALOP Symposium Steering
Committee who assisted in the selection of papers and in keeping the various sub-sections of the
Symposium on track and on time.

Membership of the 1996 SCALOP Symposium Working Group comprised Erick Chiang (USA)
Luis Fontana (Argentina), Pietro Giuliani (Italy), John Hall (UK), Olle Melander (Sweden),
Jack Sayers (Australia) and Raymond Schorno (Netherlands).

John Hall
Chairman of the Seventh SCALOP Symposium Steering Committee.
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Table 1. Ranking of glaciers in Transantarctic Mountains based on their suitability for heavy

tractor train travel (Bindschadler, 1995, personal communication).

Rating Glacier
Good Leverett
Skelton
Darwin/Hatherton
Fair Beardmore (margin)
Beardmore/Mill Stream
Shackleton
Nursery
Poor Starshot
Beardmore (USGS)
Liv
Mullock
Darwin
Darwin/Touchdown
Nimrod
Not practicable Lowery
Robb
Lennox-King
Ramsey
Amundsen
Scott
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Table 2. Synopses of two potential heavy haul traverse routes from McMurdo to South Pole.

(Location of route waypoints can be obtained from the authors.)

Segment Max. Grade Elevation
Skelton Route Distance (km) (%) Speed Limiter (m)
Williams Field to Shear Zone 38 0 minor sastrugi 35
Shear Zone 22 0 minor sast. & crevasses 50
Z.11 to SO (Skelton base) 205 <2 big sastrugi 150
S0 to S3 40 2 big sast. & blue ice 2 200
S3 to S5 12 -2t03 deep soft snqw 2 500
S5to SB 33 7-8, 10 deep soft snow & short 1600
_ steep slopes 2
SB to Plateau 85 <4 unknown 2500
Plateau to South Pole 1473 <1 unknown 3000
Segment Max. Grade Elevation
Leverett Route Distance (km) (%) Speed Limiter (m)
Williams Field to Shear Zone 38 0 minor sastrugi 35
Shear Zone 22 0 minor sast. & crevasses 50
Z11 to LOO 990 <2 unknown 150
L00 to L4 57 4 i large sastrugi 2 1100
L4 to L7 21 5 hard snow & large sastrugi | 1500
L7toL8 6 3to5 bumps 1600
L8to L9 6 6 none 1850
L9toL12 7 2-6 slopes 2100
L12toL18 , 4 2,10, 15 two 0.5 km steep slopes 2| 2400
L18 to South Pole - 443 <2 moderate sastrugi 3000

1 Elevation is the maximum elevation within route segment.
2 Crevasses shown in radar records.
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Figure 1. Velocity contours for the McMurdo and Ross Ice Shelves interpreted from satellite
imagery; interval is m-a-! (Whillans and Merry, 1996). Bold lines show GPR survey lines.
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Figure 2a. Potential tractor routes on the Skelton Glacier.
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Figure 2b. Potential tractor routes on the Leverett Glacier.
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Figure 3. Crevassing (hatched areas) detected in GPR survey lines overlayed on satellite image

(Whillans and Merry, 1996) of McMurdo and Ross Ice Shelves.
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Airborne and Surface Radar Crevasse Detection Along The Proposed Overland Traverse
Route: MciMurdo to South Pole Stations

Steven A. Arcone, Allan J. Delaney and George Blaisdell
U. 8. Army Cold Regions Research and Engineering Laboratory
Hanover, NH

ABSTRACT

Airborne and surface-based ground-penetrating radar was used to profile hidden
crevasses along selected transects on the McMurdo Ice Shelf, and Skelton and Leverett
Glaciers. The transects lie within areas being considered for the overland traverse route from
McMurdo to South Pole Stations. The radar utilized a low-power transmitter and radiated a 2-
cycle wavelet with a local frequency of 500 MHz. The antennas were mounted to a helicopter
and flown at approximately 30 knots. Surface traverses oved at approximately 5 knots. Radar
penetration varied from about 10 to 20 m, depending on aircraft altitude above the ice surface.
Snow bridge dimensions and crevasse walls are interpreted from the placément of strong
diffractions; weaker diffractions are interpreted as being associated with stratigraphic folding.
The hidden crevasses are interpreted as both steep-walled chasms and large cavities, some of
which appear to be connected. Snow characteristics profiled besides folding include wind
slabbing and sagging associated with the snow bridges. Crevasses in the McMurdo Ice Shelf
were confined to a 4-km-wide corridor, within which snow was intensely folded due to the
compression within this area. The shallow snow bridge thickness of some crevasses imply that
they are actively forming. At least 22 crevasses with snow bridges less than 5 m thick were
found along a 2.6-km section of the surface traverse; their widths may generally range from
about 1.4 to 17 m. Severe hidden crevassing occurs along the Skelton Glacier in the vicinity of
Twin Rocks and no route was found that could avoid it. Crevassing along the Leverett Glacier
appears far less severe. A route was found along the Leverett in which most crevasses occurred
beneath snow bridges greater than 8 m thick. A comparison between the airborne and ground
profiles recorded on the ice shelf reveals that less detail of the snow-bridge dimensions was
available from the air due to the faster speed. Advance ground surveys are recommended for
any ground excursions. Longer time ranges and hiQher frequencies can be used to improve
detail and increase information, including cavity depth. This is feasible for surface profiles with
present technology, but airborne work will require faster scan rates.
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INTRODUCTION

Detection of hidden crevasses is a necessary safety measure for selection of an
overland traverse route from McMurdo to South Pole Stations. This traverse is being
considered for a supply route for South Pole Station. At present, the planned traverse must pass
over the transition between the McMurdo and Ross Ice Shelves where a shear zone exists. The
traverse then accesses the polar plateau along either the Skelion or Levereit Glacier. These
three regions all have particular areas of crevassing thai must be avoided or remediated. We
surveyed for crevasses within these areas late in 1995 by using both air- and ground-based
ground-penetrating radar (GPR). Our objectives were to delineate the crevassed zones, and
estimate both the frequency of crevasse occurrence within them and the crevasse snow bridge
dimensions. This paper reports on the resulis of both the ground and the airborne surveys and
also discusses individual crevasse responses. Companion papers in these proceedings discuss
the logistics and operation of the radar system (Delaney et al.), and field investigations of the
crevasses and snow conditions (Blaisdell et al.).

The ability of surface-based high-resolution GPR radiating at bandwidths centered at 80-
=120 MHz to detect crevasses is well documented (Kovacs and Abele 1974; Jezek et al. 1980;
Glover and Rees 1992; Bentley et al. 1992; Clarke and Bentley 1994). Finding crevasses with
radar requires detection and imaging of diffractions produced by crevasses. The formation of a
diffraction image requires a complete crevasse traverse with the GPR antenna, and iherefore,
the embarrassing risk of falling into the crevasse while it is being imaged. Consequently, safe
imaging reguires either an extremely long and unwieldy boom, or a well controlled aircraft radar
platform.

The research done by Glover and Rees in Greenland at 500 MHz and by Clarke and
Bentley on antarctic Ice Stream B with an 80-MHz antenna, is particularly relevant to this work
because the responses to folding and crevassing that they observed are similar to our resulis. in
particular, Clarke and Bentley reported that steep-walled crevasses have weak surface and
strong bottom returns, that crevasse walls are often defined by half-images of diffraction
hyperbolas with stronger responses for rougher walls, and that sagging snow bridges or faulis
can cause weak diffractions that can be mistaken for crevasse diffractions. In this study we used
a 500-MHz center frequency and performed our ground surveys with higher data acquisition
rates than did Glover and Rees or Clark and Bentley. These survey parameters enabled us to
estimate better snow bridge width and depth. We show that crevasse images recorded when the
radar is aboard a low and slow-moving helicopter are similar to those recorded on the ice
surface, despite the added layer of (refracting) air and different antenna directivity patierns. We

find that we are able to distinguish hyperbolas generaied by sagging snow bridges from those

20



due to buried ice-air interfaces by signal amplitude, and by the steepness of the diffraction
asymptotes. We also find strong evidence for the presence of large buried cavities in some of

the areas surveyed.
EQUIPMENT AND PROCEDURES

The foliowing discussion briefly summarizes the operation and deployment of our radar
system. A more detailed discussion is given by Delaney et al. in these proceedings.

Radar System

The GPR system consisted of a GSSI, model 10a+ control unit and model 3102 antenna
transducer. The control system set the frequency filters, gain functions and data acquistion
parameters and also operated a separate video monitor that gave a real-time profile display.
The transducer contained the transmitter and receiver electronics and close-coupled, bistatic and
dual shielded, resistively loaded, bow tie dipoles that produced a 2-2.5 cycle pulse (Fig. 1) with a
local frequency of about 500 MHz. Peak power delivered to the transmitter antenna terminals is
specified by the manufacturer at 8 W. The received radar radio frequency signals were
converted by sequential sampling to audio frequencies for amplification and digitization. Time-
range gain was then applied to the audio scans to suppress the higher-amplitude early returns,
especially from the transducer direct coupling, and enhance the lower-amplitude, later returns.
Data were recorded directly to computer hard drive in 8-bit, 512- or 1024-word scans and
displayedl over a selected calibrated time range window.

Transmit-receive antenna radiation patterns for the model 3102 are shown in Figure 2
(after Arcone et al, 1986). The half-power (3-dB) beamwidths in the principal radiation planes
(the plane parallel with the antenna axis and with the radiated electric field, and the plane
perpendicular to the antenna axis, but parallel with the radiated magnetic field) are each about
70 degrees for the airborne patterns. After accounting for refraction within snow of density about
0.5 gm/cm®, these widths narrow to about 45 degrees and continue to narrow slightly with depth.
The 10-dB beamwidths are 120 to 130 degrées in air and about 70 to 74 degrees in snow. The
wide beamwidth is critical to diffraction detection; a high-gain antenna would give greater
penetration, but little off-axis response. These patterns are to be compared with theoretical
subsurface patterns for a ground-based antenna (Fig. 2). The surface patterns are far more
irregular. In the plane of the profiling transects (H-plane) they are far wider and increase to a
peak value at an angle of 110 degrees from vertical. Therefore, they are more sensitive to

subsurface diffractions.
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Data acquisition and processing

All data were recorded using high- and low-pass filters to remove dc gain offsets (“tilt”)
within individual scans and electronic noise, respectively. Scan density was sometimes
maximized for helicopter speeds of 10-15 m/sec by recordinQ at 8 bits and at 512 samples/scan
to éllow 78 scans per second to be recorded. This necessitated undersampling of the waveform
when recording at scan durations longer than about 120 ns. We found that as few as four
samples for each cycle within the pulse were sufficient to reproduce an interpretable, quality
record.

Post-processing began with a horizontal (scan-to-scan) high-pass "background removal”
filter that eliminated direct aircraft reflections, which occurred at a constant time delay. Normal
inability of the aircraft to hold a constant altitude prevented ice data from being sensitive to this
filter. The ice surface reflection was then normalized (made horizontal by eliminating aircraft
altitude changes). This process allowed responses to stratigraphy within the firn to be
distinguished from multiple aircraft-to-surface reflections.

Transformation of echo time delay {, measured in nanoseconds (ns) into depth d in
meters is generally based on the simple echo delay formula for flat interfaces or point reflectors

d= cti2f (1)

where ¢ is the speed of electromagnetic waves in a vacuum (0.3 m/ns) and ¢ is the dielectric
permittivity of the propagation medium. The factor of two accounts for the round-trip
propagation path. A value of & = 2.2 (snow density about 0.6 gm/cc) was used to translate echo
time delay into snow and firn depths to about 20-m depth.

Data are displayed as echo-time-of-return versus profile distance using a grey-scale, line
intensity format. Both a linear and nonlinear scheme are used for the intensity format. The
linear scheme shows mainly the stronger crevasse diffractions. The nonlinear scheme gives
more tone to weaker events so that responses to the firn layering and faint diffraction
hyperbolas, such as from apices within folding, can be viewed.

Aircraft and Ice-Surface Procedures

The transducer, GPS antenna and their supports were attached to helicopter fuselage
port-side hard-points (Delaney et al., these proceedings). The control unit and power supply were
situated in the rear passenger area. The survey altitude was 3-15 m and air speed was generally
about 15 m/s. Speed was read from aircraft instrumentation and the GPS receiver. Ground
traverses across the McMurdo Ice Shelf were performed by pushing the antenna transducer
ahead of a snow machine at about 2-3 m/s. All surface traverses had first been walked and
probed to establish some measure of &ty for these traverses. .
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Survey position control was provided by a Magnavox MX300 using an extefnal antenna
mounted atop the radar transducer for airborne surveys, and on a sled for the surface surveys.
The GPS acquires an initial position within several minutes and then updates position once every
second. Position way points were manually recorded at the ends of all survey lines, and
incrementally on long survey lines coincidentally with event markers entered onto the radar data

file.
LOCATION OF SITES

The surveys discussed are all located along the western margin of the Ross Ice Shelf
(Fig. 3). The currently proposed route to Amundsen-Scott South Pole Station leaves McMurdo
Station, passes to the north of White Island, and then either winds south around Minna Bluff and
east up the Skelton Glacier, or continues southwest across the Ross Ice Shelf and accesses the
polar plateau along the Leverett Glacier. The route must traverse a 5-km-wide corridor near
White Island known as the McMurdo shear zone, an area where shearing results from the faster
moving ice of the Ross Ice Shelf shifting past the more constrained and slower moving ice of the
McMurdo Ice Shelf. This entire area has a somewhat wrinkled, or turbulent, appearance in
satellite images (Fig. 4), and was suspected of being heavily crevassed. Although the satellite
imagery reveals surface streamlines and undulations, locally the surface appears smooth and
there is no evidence of crevassing.

Parts of the McMurdo Ice Shelf have been well investigated with high-resolution GPR.
Ground-based studies (Kovacs and Gow 1975; Kovacs et al. 1982; Arcone et al. 1994; Arcone
1996) were confined to areas containing a horizontal brine zone where seawater has infiltrated
the more permeabile firn near the surface. It lies between the shelf front and a line running
approximately from the north end of White Island to a point on Ross Island about 10 km from
McMurdo Station. The brine generally blocks any deeper radar penetration. Although the shear
zone lies well to the east of the brine zone, the detailed density profiles obtained by Kovacs and
Gow, the diffraction velocity analysis of Arcone (1996) and Arcone et al. (1994), and the
dielectric permittivity versus snow density calibrations of Cumming (1952) provided us with
enough information to estimate the relative ¢ of firn in order to calibrate depth from the GPR time
delays to better than 10%. Airborne GPR studies have been performed within the shear zone in
the past (Delaney and Arcone 1995) to determine the influence of speed and altitude on airborne
data quality and to define the extent of crevassing. A grid survey was also recorded near the
reported location of a lost bulldozer. At the time of those surveys (January 1994) the satellite
image of Figure 4 was not available. The surveys discussed here were close to, but south of, the

tractor site.
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The Skelton Glacier was chosen as a possible tractor route because of its proximity to
McMurdo Station and its past history of supporting traverses to the polar plateau. Expeditions in
1957 and 1959 encountered severe crevassing near an area known as Twin Rocks, but
successfully reached the South Pole. The Leverett Glacier was chosen for its generally gentle
slope, hard-packed snow surface and its general lack of visible crevassing. Its far distance from
McMurdo Station will require a long traverse across the Ross lce Shelf. Both glaciers have been
investigated by airborne visual reconnaissance, but neither has ever been investigated with GPR
for crevasse detection. Minimal surface reconnaisance on the Leverett was performed in
January 1994 (G. Hamilton,Ohio St. Univ., pers. comm.) and initial flightlines for the GPR survey
were based on that work. Flightlines along the Skelton were established by inspection of USGS

topographic maps and air photos upon which severely crevassed areas are obvious.

RESULTS AND DISCUSSION

Shear Zone

The shear zone airborne and ground transects discussed are located on Figure 4. The
ground profile consisted of three parallel profiles that spanned a swath about 13 m wide. Within
the shear zone crevasses were encountered continuously over an area approximately 2.7 km
wide. A few of these crevasses were opened and one is discussed here. The airborne profile
was one of several that traversed the shear zone, all of which were used originally to define the
extent of the crevassed area. Several other profiles continued 10 to 20 km beyond both sides of
the shear zone and showed only relatively undistorted layers of firn. The surface was dry and
cold during ali surveys. The airborne profiles were performed on 8 November 1995 and the
ground profiles on 1 December 1995. Blaisdell et al. (these proceedings) discuss the exploration
of some of the crevasses surveyed on the ground.

Surface-based radar responses from two (north-side and south-side) paraillel transects
that crossed a steep-walled crevasse are shown in Figure 5. The transect orientation was about
45 degrees to the axis (or strike) of the crevasse. A linear intensity scale is used so that weak
signals are not visible. The horizontal compression factor in the profiies is approximately 2.5.
The blank areas are reflectionless zones that image the crevasse at the transect crossing angle.
The radar time range was not long enough to see any response that we could interpret as the
bottom of the crevasses in the shear zone. The bottom appeared to pinch closed and the exact
radar response .to such a feature is unknown. The imaged representations of the walls are made
possible primarily by the firn stratification that allows reflections to be monitored continuously
with depth, but also by the edges of the hyperbolically shaped half-diffractions that emanate from
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the crevasse walls and are recorded as the crevasse is approached. These diffractions end
abruptly as the wall is crossed; the open crack prevents detection of the wall just passed.

On the north-side survey line of Figure 5, the crevasse had a measured 2.75-m thick
snow bridge, was 3.7 m wide at an unspecified point near the top, and the bottom was 25 m
deep. According to the radar image, the north-side snow bridge is about 3.0 m thick as
measured from the onset of the surface reflection to the onset of the last snow bridge diffraction.
Accounting for the transect orientation, the north side widens in the radar image from about 2.5
m near the top to about 4.6 m at the 6-m depth. Along the south-side survey line the internal
inspection showed the snow bridge was 2.5 m thick, the width near the top was 4.6-7.6 m and the
bottom depth was 28 m. The crevasse appeared to become more cavernous with depth on the
south side and the walls were not straight; i.e., the crevasse curved with depth. According to the
radar image, the south-side snow bridge is about 2.5 m thick, and the crevasse width is about 2
m near the top and widens to about 2.5 m at 6-m depth. The south-side crevasse is very close
to a second, more deeply buried crevasse at about 6- or 7-m below the surface, which is
consistent with the observations. On the north side, however, these two crevasses are more
separated.

The reason for the larger discrepancies (lesser widths) in the radar interpretations of the
south side of the crevasse is not totally clear at the time of this writing, but it appears to be
related to the dip of the stratigraphy near the walls, which in turn, may be caused by the
distortion of the crevasse itself. If the stratigraphic horizons dip across the crevasse, as occurs
on the south side profile in Figure 5, then the horizons near the crevasse walls will continue to be
detected while the radar moves over the crevasse because the dipping strata are then
perpendicular to the direction of the antenna. The opposite case, that of too great a width being
imaged by radar, has also been observed in other crevasses where strata are pushed up on
either side of a crevasse (e.g., the deeper cavity in the north-side profile). In this case,
reflections are not received when the antennas are very near the crevasse walls because the
near-wall strata deflect the signals away from the receiver antenna, thus making the crevasse
appear wider than it is. Other possible reasons precluding exact interpretation of crevasse width
are scattering of energy by the complex snow and ice structure of the snow bridge, complex
propagation paths along the crevasse walls, and scattering from the numerous small fins of ice
that have been observed along the otherwise smooth crevasse walls.

There is much evidence of active dynamics in this area. Many crevasses are beneath
snow bridges less than about 200 cm deep, which implies recent formation. Yearly snow
accumulation rates may be as high as 50 cm, which implies that a crevasse beneath a 2.5-m-
thick snow bridge has been opening for only the past five years. In a shear zone, crevasses can
form “en echelon,” producing regions where their ends may be closely spaced, as is apparently
happening in the south survey line in Figure 5. Figure 6a shows a different example where a
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narrow wall exists between two crevasses that begin at the same depth and appear to widen with
depth. In Figure 6b we see several examples of crevasses, which appear as rectangular cavities
with ledges. These crevasses all occur in a 100-m span and the widths of two of them appear to
increase to greater than 20 m toward the bottom of the record.

In general, we detected 22 crevasses beneath snow bridges of 5 m or less thickness
along a 2.6 km distance on the north survey line. Their widths, accounting for an assumed
average orientation of about 45 degrees to the survey line, ranged from about 1.4 mto 17 m.
The average snow bridge thickness was 3 m and the average width was 7 m. The bottoms of all
these crevasses were greater than 10 m deep and probably extended to over 25 m depth. There
were many more crevasses with bridge thickness in excess of 5 m.

A section of the airborne profile across the shear zone is shown in Figure 7. The
responses to crevasses are obvious as they have the same characteristic open zones of reduced
reflections as do the ground-based surveys. This is understandable in that the wave impedance
of the additional “layer” of air between the antenna and snow surface is still fairly well matched to
that of the snow. The main differences are that they show less definition of the crevasse walls,
and pronounced diffraction responses to the snow bridges are less intense or absent. This is a
consequence of a slower scan acquisition rate (used to obtain a sufficent sampling density for
the scans of 1024 samples/scan) because of the greater profiling speed (note the difference in
length scales between Figures 5 or 6, and 7). The airborne profile obtained over the Leverett
Glacier (discussed below) was obtained at a higher scan rate in deference to a decreased scan

sample density.

Skelton Glacier

Transects on Skelton Glacier along which bridged crevasses were detected are shown
superimposed on a USGS topographic map in Figure 8. The left side of Figure 8 shows the
region around Twin Rocks. During our visits the area was covered with fresh loose snow, and
topographic relief here is severe. The profiles were obtained on 28 and 29 November 1995, at
which time the surface appeared dry. The figure shows areas of conspicuous, open crevassing,
aé depicted on the USGS map and as reported from recent reconnaissance, and sections of
hidden crevassing marked in our radar transects. Although the transects were flown in an effort
to locate routes that could avoid the hidden crevassing, it is apparent that none were successful.
In addition, some lines, such as transect 8, could not avoid open crevassing. High winds were
encountered along all flight lines and aircraft speed varied from about 30 to 60 knots, so that it is
difficult to estiméte the crevasse frequency from the radar records.

A typical segment of a radar profile (transect 8, located at the center of the Twin Rocks
map near the letters “LO” in the word “LOWER”) that shows crevassing on the east side of Twin
Rocks is shown in Figure 9. This is a particularly treacherous area with thin snow bridges, a few
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of which have collapsed (open areas indicated in figure). The record is dominated by diffractions
from within snow bridges and from collapsed snow at the bottom of crevasses. Between 0 and
200 m horizontal distance on the profile the snow stratigraphy appears intensely folded. Many of
the crevasses on this transect appear to be very large, and the radar could not detect any
discernible crevasse bottom within the time range used (approximately 15-m penetration into the

firn).

Leverett Glacier

The Leverett Glacier transects are shown superimposed on a USGS topographic map of
almost the entire glacier in Figure 10. The transects are indicated as LVG1, LVG2, etc. The
map marks areas of open crevassing mapped by the USGS and by a pevious survey of January
1994 (G. Hamilton, Ohio St. Univ., pers. comm.). The transects flown were chosen to avoid
these areas. The entire glacier profile encountered little local relief (sastrugi), but some was
seen in the vicinity of Mt. Beasley. At the time of the survey (24 November 1995), twenty-knot
downglacier winds and fine blowing snow along the surface were encountered on the upper
trunk.

Hidden but apparently deeply buried crevassing was found within LVG1 (Fig. 11), and at
the start of LVG4 (Fig. 12, top). The lower reach of the glacier appears to. be part of the Ross Ice
Shelf, and the orientations of nearby open crevasses to the noritheast are transverse to the
glacier flow lines. The folding (top, Fig. 11) implies compressional stresses in the snow and ice
and the crevasses appear to be forming at synclinal hinges in the stratigraphy. The snow bridges
range in thickness from 8-15 m and the estimated crevasse widths may be as large as 10 m.
More dangerous crevassing nearer the surface occurred along transect LVG4 (Fig. 12, top).
Alternate transects LVG17, LVG18, and LVG19, approximately 1/3 of the way from the lower
reach, were successful in finding a route to avoid near-surface crevassing.

Routing through the upper trunk avoided an area known as the heart-shaped crevasse
region (Fig. 13). This crevassing appears to be within an ice fall and is in the only area with any
significant topographic relief. Only a few hidden crevasses were detected along transect LVG13
(Fig. 12, bottom). transects LVG11 and LVG12 are also along this western bypass and both
appeared to be crevasse-free. This is surprising in view of the open crevassing that also existed
west of LVG13. An alternate route past the heart-shaped area to the east was flown as well and
also found to have only a few crevasses. In Figure 12, the crevasses along LVG13 appear to be
buried over 8 m deep and are possibly as wide as 10 m. An interesting feature is the disposition
of the snow stratigraphy from 40 to 160 m, as indicated by the distinct horizons. We interpret
these horizons as possible yearly melting and refreezing events. The depositional horizons
appear to increase downglacier (towards zero m). Therefore, the ice about the crevasses (and
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over a steeper slope?) may be moving faster than it is beyond the crevasses. We cannot
estimate the slope of this transect, but it is the most severe within the glacier.

CONCLUSIONS

Crevasses within the McMurdo shear zone appear to be both cracks that reach near the
surface, and cavities at depth, some of which appear to be connected. This is consistent with
crevassing in a zone of ice shear. At least 22 crevasses were detected along one 2.6-km
traverse. They may range up to about 17 m in width, and up to 5 m in snow bridge thickness.
Our surface radar survey was safely performed here so that it appears possible to continue an
investigation of any planned route by snowmobile. Any route established in the shear zone will
require periodic monitoring with radar.

Crevasses near Twin Rocks on the Skelton Glacier appear to be mostly large cavities
within folded snow and ice. These areas appear particularly dangerous and we have
photographed holes in the snow cover that appear to contain enormous openings. Several flight
lines failed to find any route past the area that was not crevassed. In contrast, crevasses along
the Leverett Glacier appear far less dangerous. This is surely due to the more gentle topography
and less circuitous ice flow along this glacier. On the Leverett, although crevasse widths appear
to range to about 10 m, a route was found along which depths were mostly greater than 8 m.
We detected far fewer crevasses than expected along the upper trunk where slopes were
steepest, but we think that more would be found if the survey could have extended several more
kilometers south.

Airborne radar profiles appear capable of providing all the information that ground-based
surveys do. However, our air speeds of 30 knots were still too fast for the data acquisition
system we used and we recommend no greater than 20 knots in the future uniess only a general
reconnaissance-grade survey is required. In addition, if airborne GPS remains as inaccurate as
it is at present then any ground traverses with heavy equipment will require an advance ground
system for more precise crevasse detection and location.

Longer time raAnges will be needed to see if clear responses at 500 MHz can be obtained
from crevasse bottoms. This, too, will require faster data acquisition for airborne work at 30-
knots speed; current radars are fast enough for ground work. The use of higher frequencies, 1-2
GHz, should be used to see if they can provide better detail on snow-bridge dimensions and on
crevasse depth. Their narrow beamwidth may make them inapplicable for detecting diffractions
from the air, but possibly make them much better for ground traverses where cavities could be
well defined by reflections only.
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FIGURE CAPTIONS

Figure 1. Radiated waveforms transmitted and received by the airborne 500-MHz antenna
transducer. A single waveform (darkened) is seen at the ice surface reflection, and many others
arrive later from beneath the surface. The waveform marked “direct coupling” is a transmission
directly from the transmitter antenna to the receiver antenna and serves as a reference for

altitude above the ice surface.

Figure 2. Transmit/receive beamwidths in the principal radiation planes for airborne (left) and
ground-based (right), bistatic, shielded and closely spaced antennas. The snow density is 0.5

gm/cc for the surface pattern.

Figure 3. Location of the Shear Zone, Skelton and Leverett Glaciers, along the perimeter of the
Ross Ice Shelf.

Figure 4. Satellite image (after Whillans and Merry, 1996) showing the Shear Zone (between
dotted lines) in relation to White Island and Hut Point on Ross Island. Also located are the
ground and airborne profiles discussed, and the approximate location of a tractor that is lost in a
crevasse (marked “Linda”). The darker parallel bands east of the Shear Zone are flow patterns

from the Skelton Glacier to the south.

Figure 5. 500-MHz profiles recorded across two locations (top: north; bottom: south) on the
same crevasse and separated about 13.7 m. The horizontal scale is compressed by a factor of
about 2.

Figure 6. Examples of crevasse images from the shear zone. Top: iwo closely spaced
crevasses at their point of overlapping within an en echelon pattern. Bottom: large cavities that
appear to widen with depth.

Figure 7. Two segments of an airborne crevasse profile across the shear zone.

Figure 8. Airborne profiles in the heavily crevassed, Twin Rocks area (left) of the Skelton
Glacier. Shaded rectangles and short bars crossing profiles indicate hidden crevassing detected
by radar. Cross-hatching indicates areas of open crevassing. The several flightlines were made
in an effort to find an uncrevassed route. The right-hand map is of the lower Skelton trunk and
shpws a 15-km segment that showed possible crevasse diffractions throughout its length.
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Figure 9. Crevasse profile along transect 8 in the Twin Rocks area of Skeiton Glacier. Sections
with discontinuities in the surface reflections contained visibly open crevasses and are so

marked.

" Figure 10. Airborne profile traverse along the Leverett Glacier. Hatchered areas indicate open
crevasses. Segments 1, 4 and 13 (indicated as LVG1, LVG4 and LVG13 on map) contained

hidden crevasses, most of which are several meters below the surface.

Figure 11. Crevassed segments of transect LVG1. The strong hyperbolas from the bottomn of

the snow bridges originate at least 8 m deep.

Figure 12. Profiles of crevasses at the start of segment L\VG4 on the lower reach (top), and
along segment LVG13 (bottom) near the heart-shaped crevasse area in the upper trunk of the
Leverett Glacier. Figure 10 shows an alternate route (LVG17-LVG18-LVG19) that avoids the

crevassing along LVG4.

Figure 13. The heart-shaped crevasse area on the upper Leverett trunk. The view is

downglacier, to the north towards the Ross Ice Shelf.
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Figure 1. Radiated waveforms transmitted and received by the airborne 500-MHz antenna
transducer. A single waveform (darkened) is seen at the ice surface reflection, and many others
arrive later from beneath the surface. The waveform marked “direct coupling” is a transmission
directly from the transmitter antenna to the receiver antenna and serves as a reference for

altitude above the ice surface.
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Figure 2. Transmit/receive beamwidths in the principal radiation planes for airborne (left) and

ground-based (right), bistatic, shielded and closely spaced antennas. The snow density is 0.5

gm/cc for the surface pattern.
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Figure 3. Location of the Shear Zone, Skelton and Leverett Glaciers along the perimeter of the
Ross Ice Shelf.
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Figure 7. Two segments of an airborne crevasse profile across the shear zone.
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Figure 9. Crevasse profile along transect 8 in the Twin Rocks area of Skelton Glacier. Sections
with discontinuities in the surface reflections contained visibly open crevasses and are so
marked.
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Ground-Penetrating Radar Techniques for Crevasse Detection
Allan J. Delaney, Steven A. Arcone and George Blaisdell

ABSTRACT. This paper discusses radar techniques that we have used for crevasse
detection in Antarctica. It is based on extensive GPR experience and our crevasse detec-
tion investigations during the 1993-94 and 1994-95 Antarctic summers. Tests were
performed using equipment manufactured by Geophysical Survey Systems, Inc. (GSSI),
North Salem, New Hampshire. Images of crevasses were collected when the transducers
were pushed along the snow surface by snow machine or tracked vehicle, at speeds up to
10 mi/h, and attached to low-flying helicopters, at speeds of up to 40 mi/h. Confirmation
of the surface and airborne radar results was obtained on the shear zone between the Ross
and McMurdo Ice Shelves where no surface indication of crevasses could be seen. De-
tected crevasses were exposed to compare their actual size and depth with the radar data.
We first discuss the general construction and operation of a digitally controlled ground-
penetrating radar and the relevance of the operator-controlled variables. Finally, the
methods we have used for both surface and airborne profiling of crevasses are discussed,
and specific examples are drawn from our experiences on the McMurdo shear zone and
the Skelton Glacier. We conclude that under the present limitations of GPR technology,
surface work is far superior for locating crevasses and for determining crevasse width and
snow bridge thickness. Airborne work is most effective as a reconnaissance tool that can
aid the route selection process and for estimates of crevasse density for mitigation plan-
ning. Future airborne work will require radar systems with a faster scan capability to
improve profile quality at higher air speeds.

INTRODUCTION

In the Antarctic, signal propagation conditions for GPR frequencies are nearly
ideal. There are very few near-surface layers or objects to reflect a significant portion of
the radar signals, and the relative absence of liquid water results in very little signal loss
(attenuation). Ii. this cold, low-attenuation environment, detection of layers and voids is
made possible primarily by the contrast in the dielectric permittivities of air, dense snow
(firn), and ice. There is also very little signal interference (electrical noise) in the Antarc-
tic. These conditions allow use of a low-power, broad-band pulse transmitter and a very
high gain receiver. This transmitter-receiver combination can detect closely spaced layers
(high resolution) and distinguish between dense snow and air-filled voids (high sensitiv-
ity), making this system ideal for crevasse detection.

Consideration of a replacement structure at the South Pole and possible transpor-
tation of materials for that construction by surface vehicle, rather than airplane, has
renewed interest in surface traverse techniques. The danger inherent in operating heavy
equipment repeatedly along a narrow corridor of snow and ice that has variable subsur-
face conditions and unseen crevasses necessitates reliable crevasse detection. In 1993 the
U.S. Army Cold Regions Research and Engineering Laboratory (CRREL) was funded by
the National Science Foundation Office of Polar Programs to assess high-resolution
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ground-penetrating radar (GPR) as an expedient crevasse detector. That study success-
fully demonstrated GPR crevasse detection operating both on the surface and from
helicopters (Delaney and Arcone, 1995). During the 1995 Antarctic summer a similar
radar system, operated from a Nansen sled and Alpine snow machine, was used to pio-
neer a surface route through the McMurdo-Ross Ice Shelf shear zone and precisely locate
crevasses for experimenting with techniques for explosive snow bridge demolition
(Blaisdell et al., 1996). The same radar, later mounted on a helicopter, was also flown
over both the Skelton and Leverette Glaciers to reconnoiter possible surface traverse
routes.

Crevasse detection has always been a concern to polar exploration and safe
traverse operation. An early attempt at crevasse detection, incorporating a resistivity
technique and surface contact electrodes, was tested in Greenland (Cook, 1956). A similar
system was tested in Antarctica (Fowler, 1963), operated in front of a Tucker Sno-Cat on
an ascent of the Skelton Glacier. :

More recently, crevasse detection has been implemented using GPR techniques,
as suggested by Kovacs and Abele (1974). In Greenland, Glover and Rees (1992) used
GPR to investigate firn structure and locate shallow crevasses. In Antarctica, the tech-
nique has been used to locate safe areas around field camps and buried utilities. Airborne
profiling using short-pulse radar was suggested by Vickers et al. (1973), and airborne
GPR technology was discussed by Butt and Gamberg (1979). The technique is now used
routinely for many snow and ice investigations, including ice thickness (e.g., Arcone et
al., 1992; Arcone and Delaney, 1987) and detection of water in the Arctic (Arcone et al.,
1989; Kovacs, 1978). In Antarctica, CRREL proved the feasibility of crevasse detection
from helicopters by determining the effects of airspeed, altitude, and radar scan rate on
data quality (Delaney and Arcone, 1995). Also recorded were surface profiles directly
over known and unknown crevasses where measurements of snow bridge thickness were
made, providing a direct correlation between the voids and the radar signatures.

This paper discusses the installation, operation, and limitations of the GPR used
for the 1995 crevasse detection investigations. It is intended primarily as a primer for
potential radar operators. Detailed discussions of the GSSI equipment can be found in the
radar operating manuals. Excellent discussions of signal propagation in snow and ice,
data processing techniques, and radar technology can be found in the extensive GPR
bibliography. The radar profiles recorded during these 1995 investigations are presented
in companion papers at this meeting (Arcone et al., 1996; Blaisdell, 1996).

INSTRUMENTATION

The GPR equipment used for both the 1993 and 1995 investigations was manu-
factured by Geophysical Survey Systems, Inc. (GSSI) of North Salem, New Hampshire.
The 1993 investigations used a GSSI System 4800 control unit that displayed individual
radar scans. In 1995, we used a GSSI System 10A+, which provided higher data collec-
iion rates (the system could be flown faster and still detect crevasses), more sophisticated
signal filtering, and the capability to display in real-time two-dimensional images repre-
senting the subsurface. Both systems consist of a radar control unit, power supply, trans-
ducer, and a cable connection between the control unit and the transducer (Figure 1). Data
were recorded for post-survey processing, display, and printing. Power was provided by a
12-VDC source. A 500-MHz transducer containing a transmitter and receiver in one
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Figure 1. Photograph of the GSSI System 10A+, video display, 500-MHz transducer, and
cables.

housing was used for both surface and airborne profiles. All of the timing pulses, system
power, and received signals are transmitted via the multi-conductor control cable that
extends from the control unit to the transducer.

The radar control unit (a radar signal processor and computer) provides all of the
required timing signals and bias voltages to the transducer, displays the radar signal,and
records scans for future processing or printing. Many of the controls, including time
range, scan rate, signal amplification, and filter setting, are operator-selected, based on
anticipated survey speed and required depth of penetration. A wide range of additional
operating parameters is provided to accommodate the diverse applications anticipated by
GSSI. The specific functions that affect crevasse detection surveys are discussed below.
Detailed discussions are available in the GSSI System 10A+ operation manual.

A coarse acquisition global positioning system (GPS) receiver was operated
simultaneously with the radar. Event markers superimposed on the radar profiles corre-
spond with the stored GPS waypoint information. The GPS antenna was mounted on top
of the radar transducer.

RADAR PARAMETERS
Scan rate :
GPR data are recorded, processed, and displayed as individual scans. A scan is an
operator-selected time interval, measured in nanoseconds (ns), during which echoes are
received, displayed, and recorded. Radar file records, or profiles, may consist of hundreds
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or thousands of closely spaced scans displayed in an amplitude-sensitive format. In
general, more scans per meter of glacier traversed give higher quality profiles. The
maximum scan rate that can be selected with the GSSI System 10A+ is limited by opera-
tor-selected controls, including the number of sample points, data resolution, radar repeti-
tion rate (how frequently pulses are transmitted), and signal processing. These parameters
determine whether data can be displayed real-time or have to be stored and post-pro-
cessed.

The radar scan rate can be tailored to the vehicle speed to obtain a crevasse image
with minimum horizontal exaggeration. The radar display is 640 scans across, and it
scrolls continuously. For surface profiles, a rate of 24 scans/m provides a horizontal scale
of approximately 25 m. This rate can be accomplished by estimating vehicle speed and
adjusting the scan rate to achieve the desired horizontal scale. An alternative is to select a
higher scan rate and use the scan stacking function to reduce the effective scan rate.
Stacking offers the advantage of improved signal-to-noise performance and is fully
discussed in the radar operation manual. For airborne surveys, a minimum of 4 to 8 scans
for each meter of transducer travel can provide reliable crevasse detection and a satisfac-
tory graphic representation of voids. While higher scan rates provide greater detail,
collecting too many scans can greatly distort the scale by exaggerating the horizontal
axis. The operator must determine the minimum data requirements to adequately display
the feature of interest.

The number of sample points (data words) recorded to reconstruct each radar scan
is selected by the operator (256, 512, 1024, or 2048). That number is chosen based upon
knowledge of the radar time range (explained below) and the width of the transmitted
pulse in nanoseconds. The goal is to record enough information to reconstruct the scan
accurately, but not more sample points than are required. Increasing the number of
sample points requires more signal processing time, slowing the speed at which the radar
can operate.

Time range

The radar time range is displayed on the video monitor and on the printed record
as the vertical axis. Travel time ¢ is easily converted to depth d by estimating the speed v
at which the radar waves travel in snow and ice. The simple formula is

d=vt/2
or
d = ct/2Ve

where ¢ is the speed of light in free space (3 X 108 m/s), t is the selected time range, and e
is the estimated permittivity of the subsurface material. The factor of 2 accounts for the
roundtrip travel time. For air, dense snow (firn), and ice, e is 1, 2.2, and 3.2, respectively.
Table 1 gives estimated penetration for a 500-MHz radar signal operating in air, firn, and
ice for several radar time ranges that might be selected for crevasse detection.

Transducer

The radar transducer contains separate transmitting and receiving antennas, the
transmitter electronics, and the receiver/sampler electronics. The received radio-fre-
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Table 1. The relationship between radar time range and es-
timated total depth of signal penetration in air, firn, and

ice.

Time range
(ns) Air Firn Ice

50 7.5 5.1 4.2

100 15.0 10.1 8.4
150 22.5 15.2 12.6
200 30.0 20.2 16.8
250 37.5 25.3 20.9

quency signals are sampled (converted to audio frequencies) before transmission to the
control unit. Commercial transducers are available in a wide range of operating frequen-
cies and configurations (50 to 900 MHz), and transmitter power and receiver gain can be
tailored to operating conditions and the depth of penetration required. The transducer that
provides the best results for both surface and airborne detection of crevasses is a 500-
MHz unit manufactured by GSSI (Model 3102). It is well shielded, compact, and easily
mounted. The short pulse (2 ns) generated by this transducer provides high resolution
(10-15 cm), and the low radiated power {8 watts) penetrates to 30 m depth in cold snow
and ice. ’

When the radar transducer is operated on or within 5 m of the snow surface, it is
possible to obtain high-quality radar profiles. The pulses, emitted by the radar transducer
flying above, travel through the air, snow, and ice with little attenuation and are reflected
back to the transducer from density interfaces. Most of the transmitted signal is coupled
directly into the snow or ice, and reflected-signal amplitudes are significantly greater than
the background noise. However, crevasse signatures can only be detected when the
antenna is in motion. The reflections originating from the snow/air interface, anticipated
in a void, can be distinguished from other subsurface horizons such as those originating
from snow wind-slab layers, because the voids are sporadic features in an almost feature-
less material (snow with barely perceptible layering). The transducer is a broad-beam
device, emitting pulses in a pattern approximately 90 degrees wide. Because of this wide
beam and the changing transducer position, pulses arrive at and reflect from the void
boundaries at slightly different times. This change in arrival time is displayed as a diffrac-
tion pattern that represents the crevasse. Range gain provides amplitude compensation for
signal attenuation with distance. Since every interface encountered in the signal path (air-
to-snow, snow-to-ice, or the reciprocal) can reduce the signal amplitude, maintaining
optimum radar performance is a component critical to successful crevasse detection.

Data acquisition, display, and processing

Two types of signal processing, real-time and post-recording, can be applied to
the data. Real-time vertical filters are used to improve the appearance of the display by
removing DC bias and reducing the amplitude of out-of-band frequency components.
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Real-time stacking can improve signal-to-noise performance and reduce file size. Real-
time horizontal filters are seldom used because they can remove subsurface reflections.
Post-processing can include surface normalization and filtering and background removal
techniques that enhance crevasse reflections. ,

In our crevasse detection work, all profiles were recorded using high-pass and
low-pass filters to remove DC gain offsets within individual scans and to reduce the
amplitude of out-of-band frequencies. Post-processing began by passing the data through
a horizontal (scan-to-scan) high-pass background removal filter that eliminated direct
aircraft reflections, which can occur at a constant time delay. Normal variations in aircraft
altitude ensure that the subsurface data are not sensitive to this filter. The surface reflec-
tions were then made horizontal by eliminating aircraft altitude variation, a process called
normalization. This allows responses to stratigraphy within the firn to be distinguished
from multiple aircraft-to-surface reflections. After normalization, a horizontal high-pass
filter can then be applied again to retain only crevasse signatures (diffractions) in the
record.

Recording 80 scans/s at an airspeed of 25 knots necessitates data storage and GPS
positioning. High-speed data recording and transfer may best be accomplished by record-
ing files directly on computer hard disk. As data are not permanently saved until the file
is closed, it is best to limit file size to 50 Mb (80 scans/s at 512 samples/scan is 48 Mb of
data in 20 minutes). This limitation facilitates post-processing and identification of event
markers on the printed record. File copying and duplicating can be accomplished during
convenient breaks in the survey (fueling, transit to a new site). If continuous resonance -
appears on the radar display, antenna installation is likely to be at fault (a connection
between the antenna shield assembly and the airframe). If data storage capacity becomes
a concern, stacking data (by 2 or 3) is preferable to lowering the scan rate.

SURVEY TECHNIQUES

Surface detection

Surface profiles were conducted with the transducer attached to a fiberglass boom
extending from the front of an LMC tracked vehicle (Figure 2) and with the transducer
mounted inside a large inflated inner tube that skimmed along the surface in front of an
Alpine snow machine (Figure 3). To avoid unwanted reflections and resonance in the
data, both mounts used a minimal amount of metal attached directly to the antenna or in
the signal path. The installation on the tracked vehicle had the advantage of a transducer
elevated about 2 m above the surface. This constant stand-off provided an excellent
surface reference and allowed detection of near-surface features that might otherwise
have been obscured by the signal direct coupling that occurs between the receiving and
transmitting antennas. The rear seating area of the tracked vehicle provided a comfortable
and convenient operating area for both radar equipment and the operator. In-vehicle
operation also allowed us to attach a viewing hood to the monitor to make the display
more visible and minimize the operator bumping his head on the equipment during a
rough ride. DC power was provided by the vehicle electrical system. Profile speeds up to
10 mi/h were possible with the somewhat dubious prototype “ski” arrangement shown in
Figure 2.

The Alpine snow-machine installation was more maneuverable, but an environ-
mental box was required for mounting the radar system because of subzero air tempera-
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Figure 2. The 500-MHz transducer attached to a fiberglass boom assembly that was
pushed and steered by the tracked vehicle. The cable was routed inside the boom, and the
radar operated from the rear passenger seatihg area. Profile speeds up to 10 mi/h were
achieved when operating on the route to Black Island.

tures and blowihg snow exposure on the Nansen sled. Power was provided by an AC
generator operating a regulated DC power supply. The intense light conditions and an
awkward operating position made viewing the radar screen difficult at all but the lowest
profile speeds. The environmental box was not sufficiently padded and resulted in a
temporary equipment failure. However, the data quality was superb, and crevasse images
were readily apparent. These operating difficulties could easily be remedied in future
deployments.

Suggested radar control unit settings for profiling from the surface include:

scan rate 48 scans/second
time range 100 ns
samples/scan 512 eight-bit samples/scan

A segment of data recorded directly over a large crevasse, using the settings
recommended above, is shown in Figure 4. The radar profile was perpendicular to the ice
shear direction, and the survey speed was approximately 4 mi/h. Since 48 scans per
second were recorded, the data appear as a continuous record. The many reflections from
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Figure 3. The 500-MHz
transducer mounted inside
an inflated inner tube and
pushed by an Alpine snow
machine. The radar was
controlled from a Nansen
sled towed behind. Profiles
were recorded at speeds up
to 5 mi/h on unprepared
surfaces.
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Figure 4. (a) A segment of
500-MHz radar data
recorded directly over a
large crevasse in the
McMurdo-Ross shear zone
using the antenna configu-
ration shown in Figure 3.
The horizontal and vertical
scales are 30 and 10 m,
respectively. The top of
the crevasse was con-
firmed to be 2.0 m below
the surface. The was no
surface indication that a
crevasse was present. The
individual radar scans
below, selected from this
profile, show the types of
reflections seen from snow |
wind-slab layers (b) and
the absence of reflections
directly above an air-filled
crevasse (c).
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Figure 4. (b) and (c).

snow layers are represented by the light-colored near-horizontal bands. The crevasse is
indicated by the diffraction pattern (downward curving reflections) and the absence of
horizontal layering near the center of the profile. Shown directly below this profile are
two individual radar scans from the profile. The scan on the left was recorded over
multiple horizontal snow layers, and the scan on the right was recorded directly over the
crevasse. The presence of this crevasse was confirmed by detonating an explosive charge
(Blaisdell et al., 1996). The crevasse was 1.5 m wide at the top and more than 30 m in
depth. A sketch of the excavated crevasse is shown in Figure 5.

Airborne detection

Profiles were recorded with the transducer attached to UH-1N helicopters oper-
ated by the Navy (VXE-6) and ASTAR B-1 aircraft operated by Helicopters New
Zealand. On the UH-1N, the transducer was attached to port-side fuselage hard points
with aluminum angle; the control cable was routed through the gasket at the base of the
sliding door (Figure 6). For the B-1 aircraft, an expedient mount was fabricated from
available materials and attached to skid-assembly bolts and one fuselage hard point
(Figure 7); the control cable was routed through an existing bulkhead opening. On both
aircraft, radar power was provided by deep-cycle 12-volt batteries. This was only a
handling inconvenience on the UH-1N. However, the extra 150 1b. was a significant
operational constraint on the smaller B-1 aircraft. Future airborne radar work should
consider use of aircraft DC power with a 28 VDC to 12 VDC converter to eliminate the
need for cambersome batteries. Both installations used during the 1995 investigations
positioned the transducer too close to the aircraft skid assembly, resulting in some un-
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Snow Bridge
Excavated with Explosives

i3

Figure 5. A sketch of the crevasse detected with the radar and excavated with explosives.
This feature corresponds to and should be compared with the radar scans in Figure 4.

wanted reflections and resonance in the data. While some reflections can be adequately
removed by signal processing, it is best to strive for the cleanest possible signal. Position-
ing the near edge of the transducer at least 40 in. from the skid and as low as possible
usually results in a resonance-free installation. The 3102 transducer, mounted with the
cable connection at the rear, positions the anternas’ axes perpendicular to the airframe.
This prevents direct aircratt reflections and offers a slight performance advantage.
Airborie radar profile work requires two people in addition to the flight crew.
One operator monitors the radar system and records operating parameters, data file
information, flight line information, and GPS waypoints and enters position markers on
the radar record. The second person, familiar with the survey objectives and radar opera-
tional requirements, should coordinate the flight, by providing guidance to the pilots, and
record additional flight-line notes. Comparison of the radar operator’s and the flight
coordinator’s notes was usually needed to reconstruct the flight lines and coordinate data
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Figure 6. The 500-MHz transducer attached to fuselage hard points on the port side of a
VXE-6 UH-1N helicopter. A GPS antenna is mounted atop the radar transducer.

Figure 7. The 500-MHz transducer attached with aluminum angle

and tie-down straps to the port side of a Helicopters New Zealand
ASTAR B-1 helicopter.
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files and GPS waypoints. This is a difficult environment for radar data collection. The
data rate is very high, the system requires vigilant monitoring, and there is a great deal of
flight-line information to record.

To best utilize aircraft time and to minimize tedium for the flight crews, the
surveys are flown at the highest speed allowed by the radar scan collection rate. The
relationship between airspeed and data collection rate is given in Table 2. A target air-
speed of 25 to 30 knots usually provides satisfactory survey results. This speed range
meets the minimum data requirement for crevasse detection (4 to 8 scans per meter)

discussed earlier. The recommended target survey altitude is 6 m (20 ft) above the terrain.

This flight altitude requirement is often more difficult to maintain and depends upon
many factors, including surface definition, wind, and blowing snow. The altitude limita-
tion is a product of both the antenna beamwidth and available radiated power (Delaney
and Arcone, 1995). Requesting flight operations of 25 knots and 6 m usually results in
airspeeds from 20 to 40 knots and altitudes from 3 to 12 m. It is helpful to both the flight
crew and the radar survey to have routine verbal feedback to the radar flight coordinator
regarding airspeed and altitude.

While crevasse features are easily distinguished on the scrolling radar display, the
transducer may be tens of meters past the feature before the operator can react to provide
feedback to the flight coordinator.

Typical radar settings chosen for airborne profile reconnaissance crevasse detec-
tion include:

scan rate 80 scans/second
time range 200 ns
samples/scan 512 eight-bit samples/scan

A segment of post-processed airborne data recorded on the Skelton Glacier is shown in
Figure 8. The time range selected for this survey was 250 ns and aircraft speed and
altitude were 25 knots and 5 m, respectively. Diffractions and reflections from multiple
crevasse features and the undulating subsurface horizons are clearly seen beneath the
smooth snow surface reflection. Reflections resulting from the aircraft reflections usually

Table 2. The relati0n>ship between profile speed and the
number of scans per meter recorded at the maximum
data rate of the GSSI System 10A+ control unit (80

scans/s),
Air speed
knots m/s Scans per meter
10 5.2 154
20 10.3 7.8
30 15.4 5.2
40 20.6 3.9
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Figure 8. A segment of profile data recorded over a crevasse near the head of the Skelton
Glacier using the transducer configuration shown in Figure 7. Airspeed and altitude were
25 knots and 5 m, respectively.

appear as unchanging horizontal bands and have been removed with post-processing
techniques (discussed above). Further discussion and examples of post-processed data
may be found in the companion paper by Arcone et al. (1996).

RECOMMENDATIONS

Reliable crevasse detection with ground-penetrating radar depends upon operator
experience, understanding of general geophysical concepts, and familiarity with electron-
ics. Sound experimental technique is also required, the radar equipment must be main-
tained, and it must be installed in a manner to ensure that unwanted reflections (clutter)
and noise are not introduced into the signal. These reflections could have amplitudes
much higher than those from the snow/air interface, and radar gain compensation would
not permit adequate amplification of the desired signal.

Crevasse detection from low-flying aircraft is primarily a reconnaissance tool that
can aid the route selection process and estimate crevasse density and dimensions for
mitigation planning. Surface radar profiling can provide real-time information on snow-
bridge thickness and crevasse location at vehicle speeds up to 10 mi/h. Although surface
profiling can precisely locate crevasses, the reader is reminded that crevasse signatures
can only be detected when the antenna is in motion.

GPR equipment has been commercially available for about twenty years, and
there have been vast improvements in instrumentation, versatility, and reliability. A new
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GSSI System 2 provides a compact, user-friendly system that may find application as a
crevasse detector when conducting profiles from the surface. However, project objectives
must be carefully evaluated to ensure that a given GPR system meets the anticipated
needs. Furthermore, GPR will be accepted as a crevasse detection tool in Antarctica only
if used routinely and an operator confidence level is established.
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IFRTP - ENEA
I -~ GENERAL ORGANISATION of LOGISTIC TRAVERSES

y

The present paper summarises the experience gained since the start
of the CONCORDIA / EPICA project in the organisation of LOGISTIC
TRAVERSES on the Antarctic plateau.

The project to build a station at Dome C (CONCORDIA) and the
associated deep European ice core program (EPICA) involve the
initial transportation of about 1800 tonnes of equipment to the
site, 1120 km inland. Then every year the normal operation of the
site will require the transportation of about 300 tonnes of
supplies (food, fuel, various equipment).

The characteristics of the transport system needed are dictated by:

- The acceptable net delivery rate;
- The departure point;

- The route used;

- The intermediate passage points;
- The point of delivery;

- The nature of goods to deliver;

- The transport personnel;

- The safety conditions.

The organisation of the global transport operation, all the way
from the manufacture or production site to Dome C is outlined in
the following diagram.
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The present paper deals specifically with the last step of the
transport system, the "Traverse", logistic traverses differ
markedly from scientific traverses, logistic traverses are similar
to commercial transport operations in the sense that they have to:

- Deliver cargo ON TIME, and IN GOOD CONDITION;
-~ Provide a reliable routine service;
- Achieve the best COST PRICE.

Oorganising the traverse operation involves finding proper answers
to the following questions:

- What will the cargo be composed of, and what will the
packaging be ?

- What transport vehicles will be used? What is the optimum
delivery rate ?

- What drivers? How to satisfy their needs ?

- What solutions to the maintenance problems ?

The next pages will present the answers given to these questions and
outline the general organisation of the traverses to Dome C as
operated by IFRTP and ENEA.

A - PACKAGING

To maximise efficiency, the basic packaging unit preferred for the
traverse is the standard 20 foot shipping container. The sleds,
trailers and handling equipment, including the unloading
installations on the shore, were designed for the manipulation of
such containers. Upstream, the items to send to Dome C are designed
or selected for inclusion in 20 foot containers whenever possible.

B - VEHICLES

Two options were possible: load the cargo on the deck of a
self-propelled vehicle, or load it on sleds or trailers towed by a
tractor. In either case, there were no vehicle readily available on
the world market for traverse operation. Our choice criteria were:

- Adaptability to the environmental conditions;

- TEase of use;

- Reliability; .

- Ease of finding and obtaining spare parts close by (in
Australia and New Zealand);

- Useability with respect to ground conditions (ground pressure,
operational speed, ground levelling requirements);

- Load capacity, towing capacity:

~ Fuel consumption.

- Costs

The relative importance of each criterion varies depending on the
main usage envisaged for each vehicle.

To avoid excessive difficulties it was first decided not to engage
into designing a prototype, but to look for commercial vehicles to
adapt to our requirements. We didn’t find any suitable
self-propelled decked vehicle. The choice of tractors useable on
snow and ice in low temperatures is quite limited. Our search for
tractors concentrated on:

- (Civil engineering tractors ("pushing");
- Agricultural tractors ("towing");
- ski field snow grading tractors, but specialised for sSnow) ;
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while our search for towable load carriers concentrated on:

- Sleds:
- Tracked trailers.

= TRACTORS

On the world market, only 3 categories of tractors held our
attention:

= The Caterpillar D series "pushing" tractors (bulldozers):
- The Caterpillar Challenger series agricultural "towing"

tractors;

= The Kassbohrer Pisten Bully (PB) series '"snow grading"
tractors.

The Caterpillar D series tractors, although being excellent

machines, ended up being ruled out because of their high price  and
their low speed. The Caterpillar Challenger series tractors are
agricultural tractors with rubber tracks designed to tow loads on
soft ground. Simple modifications allow their use in summer on the
Antarctic continent. The Kassbohrer PB series tractors are not
towing machines. They are built to grade snow on ski fields and
have an incomparable ability to work with their blade. They have a
very low ground pressure.

Bl.1 Caterpillar Challenger series tractors: The Challengers take

advantage of the Caterpillar savoir-faire in c¢ivil engineering
machinery. They have a low ground pressure (300 hPa), a powerful
engine (215 kW), and a simple robust design. It is a conventional
direct drive powershift transmission (hydraulic clutch, semi
automatic gear box). The Challengers have an operating weight of
15500 kg, a maximum speed (with no load) of 30 km/h and an
operational cruising speed of 10 to 15 km/h when towing loads.

The use of Challengers in Antarctica is recent. Tests performed
with a Challenger 65A and six different towing loads on a ground
surface similar to what is found on about 80% of the traverse route
from Dumont 'd‘’Urville to Dome C indicate an available towing
capability (or pull) of about 6500 daN (tracks slipping limit).

Caterpillar Challenger
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A quick calculation using a pull of 1500 daN utilised by the
tractor to move itself and a towing force of 6000 daN gives a
moving speed V of:

V = Power / Force = 215000 W / 75000 N = 2.87 m/s or 10.32 km/h

It is 1in accordance with what is achieved in the field in routine
traverse operation.

Bl.2 Kassbohrer PB series tractors: These tractors are snow grading
machines designed for use in the ski fields. The PB 330 units are
powerful (240 kW) to be able to push large amounts of snow and
light (9000 kg) to be able to go up steep slopes. The ground
pressure is extremely low (60hPa) so that the machines won’‘t
compact snow too much on the ski runs. Transmission is via
hydrostatic pumps and motors, with electronic controls. The blade,
very easy to handle, is designed for snow. The maximum speed is of
about 15 km/h with no load.

Kassbohrer PB 330

Bl.3 General assesment of Challenger and PB series tractors

The PBs are designed to move on all types of snow, but lose ' some
towing capability because of their low ground pressure on very light
snow. Their technical sophistication makes them fragile for such a
use far from well equipped workshops. The interval between major
service operations is only of about 3000h. Experience shows that
towing heavy loads with a PB is damaging to the hydrostatic trans-
mission, and that you shouldn’t tow more than 13 tonnes on one
sleds. :

But it is the most versatile machine, designed to manipulate snow,
fast, with two seats and providing a comfortable ride with the
flexibility of its 1large tracks. It 1is the best machine to
manoeuvre on difficult terrain.

The Challengers are designed to tow loads and it is possible for
them to tow loads continuously without any durability problem. But
they can lose some towing capability in dry "little-cohesive" snow.
Being of simple robust design, they are low maintenance. They are
not originally equipped with a blade, and attempts to fit one were
not successful (pitching too important, lack of visibility). They
can (mechanically) safely tow at maximum capacity as track slip
will occur before any excessive mechanical stress. Towing at
maximum capacity can occasionally cause the tractor to get bogged
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in irregular ground (bumps, sastruggis...). A winch mounted at the
back of the tractor can help unbogging the tractor itself (The
winch allows the tractor to free itself from the load when
necessary) and can also be useful in rescuing another vehicle. We
won’t mount a winch at the back of a PB as it wouldn’t be visible
from the driver’s seat.

Both types of tractors use about 6 litres of diesel fuel per
kilometre when towing their load. However because of their
hydrostatic transmission, PBs use 4 1l/km when not towing any load
while Challengers will only use 2 1/km.

B2 - SLEDS
15 Tons sled
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The traditional tow used to carry loads on snow or ice is the sled.
The sled was invented in prehistoric times and preceded the wheel.
By instinct the first designers had conceived a simple low ground
pressure device taking advantage in snow fields of the low friction
of the snow.

All traverses on ice caps have used sleds. If about every
expedition had its own design of light sled, there are only few
heavy sled designs. We have used Otaco and Aalener articulated
models, but also use models of our own design: an articulated
decked sled of 15 t capacity and a "tank sled" for bulk fuel. We
are also using a simplified sled in the local handling of loads.
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To 1limit friction, sleds should have a minimum deadweight.
Articulated sleds are then designed to avoid having the towing
effort transiting through the deck via a turntable or turning axle
as this would necessitate a strong hence heavy deck. Instead, the
effort transits via chains and sliding plates through to the front
and the rear ski axles. The disadvantage of this system is that the
front ski assembly turns around a radius R1l, the back axle around a
radius R2. Rl and R2 are different and turning requires a
geometrical compensation, given by the longitudinal translation of
the front ski assembly under the deck.

Sled - Ski assemblies

When turning

Disout Ls Wamporm

The tank sleds are dedicated to fuel, the product most transported
on the traverse. The relatively small 12 m3 tank sits on a single
pair of skis via elastic suspensions. A pair of tank sleds can
carry about the same volume of fuel than a decked sled would, but
with a better net weight / grossweight ratio. In addition the tank
sleds, with no moving components, save on mechanical problems.

Feat

12 m3 Tank sled

This 12 m3 volume is obtained by using standard components, with a
2000 mm long, 2400 mm diameter tube. The steel chosen for the parts
that can suffer shocks and/or high stress is following French
standard NF A42 FP (resilience measured at -50 degC).
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The simplified sleds (also called martyrs) were designed to hold
(store) and/or move locally loads without having to manipulate them
with a loader or crane. These sleds allow easy loading/unloading of
the 1loads on the heavy sleds or tracked trailers, using Jjust a
winch and a simple snow pit. But it is very difficult to use these
light sleds as traverse sleds, even for light loads.

- _TRACKED TRAILERS

If sleds are typically rustic devices, hence considered generally
solid, they become fragile as you increase their size, capacity and
moving speed (10 km/h is a high speed). Increasing reliability
along with performance requires to list all points subjects to
stress 1loads and either limit the number of fragile points or find
technical solutions to avoid stress concentrations. This leads to a
heavy design. The sled stops to be a reasonable option when you
have to carry heavy loads.

Historically, rolling succeeded sliding. It makes sense to try to
replace sKkis by a rolling system involving less towing resistance.
Rolling on soft ground can be achieved using tracks. The tracks
make the 1ink between rotating wheels and the soft ground,
spreading the weight over a large area to achieve 1low ground
pressures. Tracks are a well known solution for traction in self
propelled vehicles, but were practically unknown as passive option
in towed vehicles.

The spread of passive tracks was triggered by the availability of
continuous rubber tracks, appearing in the late eighties in
catalogues of several manufacturers. Until then only existed tracks
made of steel elements connected together or tracks made of
elastomer strips placed side by side and mechanically connected.
The continuous rubber track came with high mechanical reliability
and a motion resistance lower than skis.

We acquired for the traverse in 1994 three trailers equipped with
such rubber tracks. The first unit was designed to carry the
"Living" module while the second unit had a 40 ft flat cargo deck
and the th1rd one a 20 ft flat cargo deck.

40 ft Decked trailer
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We acquired for the traverse in 1995 a fourth unit. The fourth unit
had a 20 ft cargo deck, it is equipped with an hydrostatic motor
located in the rear drive wheel axles. The power is supplied by the
implement pump of the challenger. The system will assist the

tractor when an additionnal drawbar pull is needed (more details
are given in Chapter IV-C).

0 Dec, trailer - Powered and no powered -

IGE!F._“l-T-‘-I.
ACLJI--. Cu;

0 rft trail & 20 Tt Pow rai with Ch

er

= 0F50

C - FACILITIES and LIVING QUARTERS

The "Living® module is divided into two four-berth cabins, one
surgery/radio room, one kitchen/dining room and one cold porch.

The "Store® module was added to the traverse in 1995. It is divided
in two rooms, one for provisions and one for spare parts. For a one

month traverse of eight persons, the food and drinks needed
represent 1200 kg or 2 m3.

The "Energy® module houses the generator set, the water production
(snow melter) and distribution systems, the workshop, the bathroom
and a warm store for medical supplies. The generator set rated at
30 kW powers the two "Living" and "Energy"” modules as well as the
tractor engine heaters during stops to keep engines warm.

A fuel pumping unit is located on the outside of the module and is
used for refuelling the tractors which needs 4 m3 a day. The unit
includes filtering and metering of the fuel.
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Each tractor as well as the "Living" module have fixed VHF
transceivers for 1local communications within the traverse or with
close parties. The fixed transceivers are completed by eight
individual hand-held VHF radios.

The traverse has three different systems for long distance
communications. An INMARSAT C is used to send by telex position
reports and other general work messages. An INMARSAT M is used for
phone and fax, for both work and private communications.
Traditional HF radio is used as back-up for INMARSAT but also for
regular HF voice communications with the stations when out of range
of the VHF system (about 20 km). There are three HF radio units,
one in the "Living® module and two in different tractors.

E - NAVIGATION

Four GPS receivers are placed in four different tractors, all of
the tractors being equipped with a GPS antenna. There is also a
theodolite and a solar compass on the traverse. -

F - TYPICAL, CONVOY - The LOAD

The final choice of the number of tractors was made on three
different grounds: technical, psychological and financial.

Technical criteria included considerations such as convoy length,
maintenance operations during stops, personnel accommodation
requirements and break-down probability.

Psychological aspects concentrated on the organisation of a
wandering group subject to a rythmed routine. Both technical and
psychological evaluations used our past traverse experience.

The final choice is of 7 to 8 tractors operated by a team of 8
persons.

A typical convoy will at least include 7 tractors towing the three
"Living", "Energy" and "Store" modules and enough fuel for a return
trip. The safe amount of fuel calculated for a return trip is 70 m3,
46 m3 for the outward journey towing loads and 24 m3 for the return
journey. These 70 m3 can be housed in six tank sleds. A simplistic
calculation shows that the traverse starts carrying "useful" load
from 3.6 tractors, the front PB tractor towing one tank sled, one
Challenger towing the 3 modules, a second Challenger towing 3 tank
sleds and "60%" of a third Challenger towing 2 tank sleds.

The fuel consumption is high and the amount of fuel transported at
the start of the traverse limits the net load of the convoy. On the
outward Jjourney tank sleds are left along the traverse route once
they are empty, and picked up on the way back. Also, based on the
estimation of the progressive consumption of the convoy, some full
tanks can be left along the route for use on the return journey.

The traverse route is divided in two main zones: the coastal 2zone
from the shore to the point D60 (240 km) and the plateau zone from
D60 to Dome C (880 km).

The coastal 2zone is difficult. It comprises noticeable slopes and
uneven dground that can be of several metres amplitude. The average
speed of the convoys is around 6.5 km/h compared to 9.5 to 11 km/h
in the plateau zone. Also, as demonstrated every year the coastal
zone 1is subject to climatological turbulence. About every season an
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important snow fall or a rise in temperature will disrupt the start
of one or even two traverses. The high initial fuel load, slopes,
uneven ground and climatological disruptions of the first part of
the traverse combine to limit the net useful payload of the convoys.

G = OPTIHMISATION of THE TRAVERSE PAYI.OAD

Gl In the coastal Zone:

One solution envisaged is to divide the traverse system into two
separate traverses, a "short" one covering the difficult coastal
zone and a "long" one covering the 2 zones. This solution has been
set aside for the time being as it would require additional modules
and tractors.

The other solution is to add an eighth tractor to the traverse in
the coastal =zone only, then leave the tractor at D60 and transfer
its 1load onto the other machines. On the way back, the traverse
pick-up this eighth tractor and load it onto an empty sled. This
additional machine could be a Challenger or, because of the slow
speed imposed in this zone, a Caterpillar bulldozer D8 or D7 LGP.
This machine which would be driven by the eighth traverse staff
member, could help with the "opening" of the route by assisting the
front Kassbohrer PB tractor. This assistance wouldn’t be
superfluous as the hardness of the ground in the coastal zone can
sometimes excess the capacities of the PB.

G2 Real fuel needs

The 70 m3 of fuel transported by the convoy as it leaves the coast
correspond to the maximum volume that could be consumed on a return
trip (estimate based on trials including a safety margin). A new
system to be tested next season will consist in installing two 20
m3 tank container along the traverse route and get returning
convoys to dump some of their excess fuel in these two tanks. One
tank will be placed at the junction of the coastal and plateau
zones (D60) and the other halfway between the coast and Déme C.

This will allow subsequent convoys to reduce their initial fuel
load to increase payload as they will be able to tap into the tanks
if necessary.
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ﬂ I - THE TRAVERSE TEAM "

The traverse team requires a specific personality and profile. It
must be able to perform many duties: drive, 1level the ground,
determine its position and navigate, eat well, communicate,
maintain and fix equipment, attend patients and form a coherent,
responsible team.

A_- The work on the traverse

Some of the duties have to be fulfilled by all eight members of the
team while some other duties only need to be fulfilled by one
person.

— Drive: The eight team members must be able to drive a vehicle
towing a 1load while being attentive to onboard indicators and
instruments. They must in addition be intuitive and attentive to
feel the machine and react promptly to any problem. ’

— Level the Ground: Two persons must be able to level the ground
with the Kassbohrer’s blade, continuously and well enough to
provide a good track for the six tractors that follow. This
levelling determines the speed of the whole convoy. It is an
exhausting Jjob and the operator should be replaced every four
hours. This is why there are seven tractors for eight team members.

— Determine Its Position And Navigate:; Two persons must be able to
navigate using GPS and understand simple astronomical phenomena.

One person must be able to determine a position using a theodolite,
the astronomical tables and a logarithm table.

— Eat well: Two persons must be able to organise proper meals for
the tean.

= Communicate: One person in charge of telecommunications must be
able to use Inmarsat as well as HF radio equipment.

— Maintain Equipment: Seven persons (one per tractor) must be able
to carry out basic maintenance on the tractors and their 1loads
(refuel, clean, clear snow, maintain loads secure, check couplings).

— Fix Fguipment: The traverse is a technical adventure with 220 KW
tractors, a diesel generator set, 18 to 25 loaded sleds or trailers.
Four persons must have sufficient experience to intervene on a fully
loaded sled or trailer deck. At least four persons must be expe-
rienced diesel mechanics, one of them must have a good knowledge of
the Kassbohrer’s hydrostatic systems. One person must be a good
welder, and another one an electrician/electronics specialist.

— Attend Patients: The presence of a medical doctor on the traverse
is necessary.

— Form a Coherent, Responsible Team: In such isolation and difficu}t
environment, the team must be coherent and responsible. This

requires a careful choice of all members, but more importantly
requires the presence of a very good assertive leader accepted by
all, capable of taking initiatives and making decisions. This
leader organises the everyday life of the traverse and takes the
decisions when problems occur.

73



Page : 14/25
The team chosen to fulfil all these duties comprises:

- Four Diesel Mechanics, for maintaining and repairing all
mechanical equipment, with at least one skilled in hydraulics.

- One Navigator and Telecommunications Officer, capable of
maintaining his equipment. This member is usally the electrician /
electronician of the team. This position involves a fair amount of
work during traverse stops. :

- One Medical Doctor, who can possibly also be Navigator. He is
usually in charge of the cooking. It is common practice to keep the
doctor away from dangerous activities.

- One Traverse Leader, It can be one of the Diesel Mechanics, but it
cannot easily be the doctor or the Navigator and Telecommunications
Officer. The traverse leader must have a good knowledge of the
project. He must know all the equipment perfectly and be able to
assess its condition in order to take the right decisions.

- One "Open® Member, who only has to be able to drive a tractor and
have good physical abilities. This person can be a scientist doing
en-route studies, a Jjournalist that will report on his trip, a
supplier of equipment, a VIP, a technician in training or a fifth
diesel mechanics etc... He is usually there "au pair" rather than
as a full staff member. It "opens" the traverse to the outside
world by allowing various one-off members to join the team.

B — SOCIAT, CONSIDERATIONS

As previously mentioned, the traverse team must be coherent and
cohesive. Its members must really work "together". The personnel
turnover should be 1low while still allowing the creation of a
sufficient pool of experienced traverse personnel. The problem is
to create a pool of experienced, rigorous professionals and avoid
the succession of strong personalities coming along for the
adventure without caring for the group.

Both professional and personal qualities are essential. The
cohesion of the team requires respect for each other, and the
understanding that every action not carried out properly can result
in extra work load, equipment failure and/or high risk situations
for somebody in the course of future traverses. '

Traverse work starts with the preparation of vehicles and loads
pefore departing and ends with the conditioning of vehicles for the
winter upon return of the 1last traverse of the season. Baad
conditioning for the winter, Yough operation of vehicles or
postponed repairs will sooner or later show their due.

C .~ TRAINING

It is difficult on the employment market to find people with
personal and professional capacities that can make them good
wtraversers®. There are no formal selection criteria, but we
consider aptitude to the environment to be an important issue and
we tend to give preference to people “that have the requested
professional abilities along with a successful wintering past in
Antarctica or mountain work experience. Then, we complement their
skills as required by additional specialised training sessions.
Such sessions include specific training on the Kassbohrer PB and
caterpillar Challenger tractors organised by the manufacturers,
navigation courses at specialised institutions such as the French
National CGeographic Institute or first aid courses.
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“ III - THE SAFETY ' “

A - Risks and Associated Prevention Measures

Total safety can never be reached, but we are making every effort
to reduce risks as much as possible. Risks can derive from the
following sources:

- Crevasses

- Fire

- Loss of food stocks

- Loss of energy production systems

- A vehicle or the whole convoy getting lost
- Cold, Altitude, Sun

- Exhaustion

- Psychological disorders

= Illness

~ Physical accidents

Al. Crevasses: There are crevasses along the traverse route between
km 3 and km 30 (from the coast). The most delicate zone is between
km 6 and km 15. The crevasses are checked and surveyed every year.
A marked route has been maintained until now.

To better survey and 1locate the crevasses, a differential GPS
system was acquired in 1995. The fixed reference station will be
located at Dumont d‘’Urville station and the precision obtained in
the crevasses 2zone will be under 3m. This will also allow a more
precise navigation by low visibility.

A2. Fire: Fire is the most serious risk as it can cause the loss of
one of the three modules or one vehicle. To minimise risks, the main
personnel facilities were divided into two modules that separate the
energy production area from the living area. The two "Energy" and
"Living” modules have no link and personnel has to go outside to get
from one module to the other. The fuel tank for the generator set is
on the outside of the Energy module. The third module is the "Store"
which doesn’t contain any dangerous combustible materials (no
petrol, propane, diesel fuel...) and has no supply of electricity.
The three modules are made of auto-extinguishing material classified
nM1". All electrical installations follow maritime regulations.

A3. Loss of food stocks: This can be caused by fire or the
accidental disconnection of the sled or trailer carrying the
stocks. To prevent a total loss of the stocks, the food is usually
divided in three lots placed in the living module, in the storage
module and on a sled (safety stock).

A4. Loss of energy production systems: This can be caused by fire or
by a problem with the diesel fuel, such as congealing. To prevent

total loss of energy production capabilities, the traverse has at
least one portable generator, propane, kerosene and petrol.

A5. A vehicle or the whole convoy getting lost: This is a naviga?ion
problem. There is one GPS receiver in each vehicle and each driver

has a basic training in navigation. In case there was a problem w@th
the GPS system network itself, the navigator is able to determine
his position astronomically using the sun as reference.
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A6. Cold: The main risk is associated with the 1loss of heating
capabilities following the loss of energy production systems. But
there are also daily risks caused by loss of attention and risk
awareness. The training and briefing of new traverse members on
this aspect 1is necessary. Clothes are appropriate and each person
has sufficient amount of clothes to get changed as needed.

A7. Altitude: Altitude related risks are mostly for personnel
reaching Dome C by plane, not by traverse. Nevertheless, there can
be daily risks on the traverse caused by loss of attention and risk
awareness, notably over-estimation of one’s physical capabilities.
The training and briefing of new traverse members on this aspect is
necessary. The traverse 1is equipped with a compression chamber
since the 95/96 season.

A8. Sun: Sun related risks are mostly concerned with eyes and
possible serious ophthalmia due to UV radiations, and personnel is
provided with adequate sun glasses. The training and briefing of
new traverse members on this aspect is necessary. On the forward
leg to Dome C, "night sun" is especially problematic for drivers as
it is at windscreen height.

A9. Exhaustion: Exhaustion is highly dependent on the schedule
adopted, the environmental conditions and the problems encountered.
The medical doctor and the traverse leader should assess the level
of exhaustion of the personnel and the traverse leader has all
latitude to adapt the schedule and work program to the situation.

Al0. Psychological disorders: These problems, or the possibility of
their occurrence, should be detected beforehand in the selection
process.

All. ITllness: Traverse personnel is subject beforehand to thorough
medical tests. The first main risk is food poisoning. Food stocks
are checked and sorted every year, and storage temperature
requirements for refrigerated and frozen products are carefully
enforced. The second main risk is appendicitis, which the traverse
medical doctor can deal with.

Al2. Physical accidents: It is one of the most delicate problems.
Physical accidents that would have benign consequences in a normal
environment can take dangerous proportions in the traverse
environment. This was showed in 93/94 when the doctor on the second
traverse cut his finger while cooking. Traverse personnel must be
aware of their isolation and take special care in any activity.

B - General approach

Safety 1is absolutely essential. There are several methods. to
prevent accidents and minimise their consequences. The actions
taken in this effect on the traverse are:

- Multiply the number of shelters in the convoy, spread clothes and
sleeping bags.

- Spread food into several stocks

- Link all vehicles and shelters with VHF radio.

- Have several INMARSAT and HF telecommunication systems spread in
the convoy and regularly check them. They are three HF systems
and two INMARSAT terminals, M and C,

- Have several GPS positioning receivers spread in the convoy.
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- Have in the convoy enough Kerosene to refuel an aircraft coming
for a rescue operation.

- Have a medical doctor on the traverse, have experienced
personnel, train one or two traverse members at first aid
technics. :

- Have medical facilities ‘

- Have the tractors equipped with "Dead Man" safety systems
(Challengers from 95/96, Kassbohrers still to be equipped)

It is also worth mentioning an evident action: Use reliable
vehicles and equipment that prevent to have the personnel living in
permanent fear of breakdowns and being exposed to dangerous repair
operations.

The traverse members have to be trained, informed and permanently
aware of their situation. It can seem obvious, but we should still
mention that on the traverse:

- In a blizzard, you should only go outside wearing sufficient
clothing, and possibly attach yourself to a safety rope.

= You should never open the door of one of the modules while the
traverse is moving (for the personnel on rest shift when the
traverse operates on 24 hours a day mode).

=~ You should check before starting the convoy that every person is
there and where they should be.

- You should respect the planned schedule for sending radio
messages reporting the traverse position.

Safety can’t be neglected but imposing excessive safety measures is
not necessary as it could give a false impression of security. The
environment is hostile and the traverse personnel should always
feel it.
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ﬁ IV - TRAVERSE OPERATIONAL INFORMATION j

A - GENERAIL DATA

Al - Driving times and average speeds

Four return traverses have been already completed. The traverse
reported here are traverses purely logistic not involved in any
other works (AWS, Glaciology, RTG ...). The average duration of a

- return traverse to Dome C, including a 2 day stop on the site, is
of 25 days (13 days for outward journey, 10 days the return).

November 1994 traverse: :
Outward (South) journey: 118 H 13 Min, average speed of 9.47 km/h
Return (North) journey : 107 H 15 Min, average speed of 10.44 km/h

January-February 1996 traverse:
Outward (South) journey: 126 H 00 Min, average speed of 8.9 km/h
Return (North) journey : 106 H 50 Min, average speed of 10.5 km/h

A2 - Geographic locations

66° 41’ S - 139° 54’ E
68° 27’ S - 137° 12’ E
75° 07.38 S - 123° 19.02’ E
75° 07.387 S - 123° 19.02’ E

Cap Prud’homme

D60 (Junction plateau)

Dome C Weather Station AWS 8989
Dome C cargo depot

A3 - Global fuel consumption:

The global fuel consumption of the last complete traverse was 54 m3
for a distance of nearly 2300 km. This traverse included 7 tractors
(1 Kassbohrer PB 330 and 6 Caterpillar Challenger 65) and delivered
the nominal amount of cargo to Dome C.

A4 — Daily schedule:

The current normal daily schedule is to get up at 06h00, drive from
07h30 to 19h30 or 20HO0 except for a 40 to 50 minutes lunch break,
spend 1h to 1h30 refuelling, maintaining the vehicles and checking
the cargo, then have dinner and go to sleep. The total number of
hours worked during the day is around 14 hours.

B — TRACTOR ITMPROVEMENTS
Bl - CATERPILLAR CHALLENGER 65s

The six Challenger 65s operate satisfactorily. Howewer a fault
appeared in the differential of our second Challenger tractor
bought in 1993 but our Caterpillar Australian agent William Adams,
with assistance from Caterpillar, conducted all necessary repailrs
on site under the warranty.

Bl.l — Main winterisation modifications

' Theses modifications, undertaken in Tasmania by the Australian
agent William Adams, are now a perfected technique.

GINE CO

* Installation of a fuel priming pump, a water separator and a fuel
line heater in fuel system, addition of a man holg on the fuel
tank, a water collector at the bottom and a drain pipe and tap.
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* Modification of the engine air intake and exhaust system to
include snow separator

Installation of a 12/24 v alternator and a 50 MT starter motor
Installation of Fleetguard heaters in all oil compartments and
tank type heater to cooling systen,

* %

CABIN

* Installation of a marine type roof escape hatch with adjustable
hinge, including external handle and lock facility;

* Manufacture and installation of a double glazed front windscreen

(original curved unit is replaced by 3 smaller flat units fitted

in an adapted frame);

Revision of the front and rear window demisting system including

a second water type heater for rear window. Installation

of heating air pipes around windscreens;

Installation of a new locker and silicon seals on the cabin

door;

Installation of a pyrometer and electronic tachymeter on. the

right hand side of the cabin;

Removal of all levers not used in instruments panel.

* Installation of a bench type driver seat, with 2 rewinding safety
belts. The bench is mounted on a KAB seat base;

* Installation of a road truck type rearview mirror, mounted on
the external handle of the right side of the cabin;

*

*

*

*

FRAME, BODY and BOGIES

* Manufacture and installation of a new bonnet assembly to improve
engine compartment sealing and insulation complete. The bonnet
assembly has large openings and lift off doors for easy
maintenance.

* Manufacture and installation of a heavy duty roll up blanket for
the coolant radiator air intake,

* Manufacture and installation of a sealed sump cover with
relocated dipsticks and filters and transmission guard group

* Manufacture and installation of a heavy duty battery box with 2 x

210 AH batteries and fleetguard battery blankets. Batteries will

are filled" with acid density 1.3 kg/dm3 and connected to an

external 24 V starting/charging plug

Insulation of the Hydraulic tank

Manufacture and installation of ice scraper for drive wheels

Installation of silicone seals in drive and idler wheels

Installation of metalic hubs on wheels

‘Fitting of a 20 ton Hyster winch on some machines

Bl.2 - Increase of towing capabilities

The maximum possible towing effort of the Challenger 65 is around
6500 daN. With the current engine, this effort allows a travelling
speed slightly over 10 km/h. If this is fine for about 80% of the
traverse route, an increased towing capability (through an
increased traction, the two being directly linked) is desirable for
the remaining 20% which present the following problems:

¥ ¥ ¥ ¥

= Lower surface quality close to the shore (Very hard and rough
surface and sometimes, melting snow) and next to Dome C (dry
powdery snow with little compaction by the wind) giving lower
traction capabilities;

- Noticeable slopes (1 to 4%) in the coastal zone, also subject
to occasional fresh snow covering and Sastruggis too hard to
be suitably 1levelled by the PB tractor, both increasing the
towing effort required.
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The first way to increase traction is to have a larger surface of
driving tracks in contact with the ground. The first option would
be to have longer tracks on the tractors. This has been ruled out
as it requires major frame modifications. The option chosen is to
hook to the tractor a tracked trailer equipped with driving tracks
which hydraulic motors are powered by the tractor’s hydraulic
implement pump. The type of track used is the Caterpillar MPS 116’
unit, similar to the MTS unit but with the addition of a Poclain
hydraulic motor placed in the back wheels’ hub.

The second way to increase traction is to improve the effectiveness
of the tractor tracks’ grousers. We will test next season a flat
rubber track with bolted steel grousers.

— KASSBOHRER PB 330s

B2.1 - Main Winterisation modifications

The two PB 330s operate satisfactorily. The modifications,
undertaken by the Italian agent "Kassbohrer Italia®™, are now a
perfected technique.

ENGINE COMPARTMENT

* Installation of a fuel priming pump and a water separator in the
fuel line, addition of a drain pipe and tap,

* Modification of the engine air intake and exhaust system to
include snow separator,

* Installation of heaters in all oil compartments and tank type
heater to the cooling system,

CABIN

* TInstallation of a roof escape hatch, including external handle
and lock facility.
* Installation of a road truck type rearview mirror.

FRAME, BODY and BOGGIES

* Manufacture and installation of a sealed sump cover,

* Replacement of the original batteries by heavy duty batterles,
batteries are filled with acid density 1.3 kg/dm3 and connected
to an external 24 V starting/charging plug

Insulation of the Hydraulic tank

Installation of 2 x 300 1 fuel tanks

Installation of rubber filled tyres;

Fitting of one machine with a 10 T x M Fassi crane

Replacement of standard blade hoses by silicone hoses

* % ¥ ¥ *

B2.2 — New improvements (On ENEA Hachines)
* Manufacture and Installation of double glazed front windscreen

(original curved unit will be replaced by 3 smaller flat units
fitted in an adapted frame).
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C = TRAILER and SLED THMPROVEMENTS

Cl - TRAILERS

The Concordia project group bought in 1994 and 1995 four trailers
built by Elphinstone Engineering in Tasmania to be used in
Antarctica. The first two trailers are equipped each with two
pairs of MTS 73 undercarriages, the third trailer with one pair of
MTS 116 and the fourth trailer with one (powered) pair of MPS 116.

The powered trailer has a fuel tank located in the frame. Each MPS
116 is driven by an hydrostatic motor. the power is supplied by
the implement pump of the challenger. The system will assist the
tractor when an additionnal drawbar pull is needed.

A fifth trailer equiped with VFS undercarriages, generously lent
by William Adams, was also used and tested during the 95/96 summer
season. The VFS had two 116 inches belts. A temporary deck made
out of a sled was bolted onto the trailer.

Cl.l - MTS and MPS Undercarriages:

Except for the hydrostatic motor, the MTIS and MPS units are
similar. They all have idlers made of inflated tyres, rubber belts
and bogies. The undercarriages have travelled nearly 2300 km and
show no sign of excessive wear. Several small problems appeared,
technically minor but disrupting for the operations. The trailers
are heavy and any gain on their deadweight would increase their
net payload. The deck is high (1.65 m from the ground) to give the
tracks sufficient pitching mobility, but it is detrimental to the
stability.

Schematic of the undercarriage MPS and MTS 116.
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1: belt. la: grousers. 2: idlers.
¢ structure. 4: boggies. 5: arm

5a: bolts. 6: shim. 7: belt blocks.

8: Hydraulic motor (if any)
‘Cl.11 The idlers are eguipped with tubeless tyres. This technigue
used universally around the world showed its limits in antarctica
as ice caught between the chassis and the tyres exerts pressure on
the walls of the tyres, making them deflate.
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Cl.12 We should use tyres filled up with foam. The density and the
elasticity of the foam would be equivalent to the tyre inflation
pressure required ( we could not use rigid tyres that would give
too much resistance to deformation). The type of belts that we use
have grousers, but we never get into a situation where these
passive dgrousers are needed (except for the powered trailer). As
the presence of the grousers increase the towing effort, a plain
belt would be preferable. “

Ci.13 - The rubber the belt are made of gets stiffer below - 35
deg. celsius. This in addition to the thickness of the belt, to
the thickness of the pitched grousers and to the "winding radius"
of the 850 mm idler increases the towing effort.

A thinner plain belt made of low temperature rubber would be
preferable, effectively replacing the standard belt designed for
heavy abrasive soil with a belt more suitable for compacted snow.
Also, a thinner belt would diminish the weight of the under-
carriage and would improve the ratio payload / total weight.

Cl.14 - A loaded undercarriage moving on a 0.4 Kg/Litre density
snow creates in front of the belt a roll of snow. Building up this
roll, then crushing it again increases the towing effort. To
minimise this roll, we need like for sleds skis to shift backward
the 1load exerted on the undercarriages. This could be done by
moving the shim (item 6 on figures) from the front to the rear.

Direction of the load

Cl1.15 - MPS Hydrostatic motor. The MTS and MPS undercarriages are
basically similar with for the MPS the addition of the hydrostatic
motor. The motor is protected by steel covers on each side of the
structure. These covers are not protecting the motor from the snow
getting into it. When in contact with the hot motor, the snow
melts then refreezes when the motor cools down during the stops.
After a few cycles, all control systems around the motor are
blocked up, covered with ice.

- ===

(2) W ,,\
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Cl.2 - THMPROVMENTS
40 ft Decked trailer

40 pieds

1600

1250

Front: MTS 73 Back: VFS 50

In order to decrease deadweight, the next trailers will have a
deck width of 2.6 m instead of 3 m, no timber decking and a back
end lowered at 1.3 m above ground instead of 1.65 m. A system will
limit the pitching of the back tracks. Stability will be increased
by rubber blocks placed between the turntable and the transversal
beam linking the front tracks.

Trailer front axle

Rubber blocks

Turntable

Ci.3 - VFS undercarriage

We were quite happy with the performance of the VFS units. The
only problem encountered was similar to those described earlier
for MTS and MPS belts (the belt was thick and getting stiffer in
low temperature). The steel idlers are here well used because of
the elasticity of the system, based on an air suspension similar
to the challenger’s.
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C2 - SLEDS

C2.1 - Cargo sleds

Trailers are heavy and typically have a low net payload to
deadweight ratio. Trailers should only be used for dense loads and
there 1is place for improved sled designs to carry light loads such
as empty construction modules or insulation panels.

The kinematics (See chapter I-B2) of articulated sleds requires
the 1longitudinal mobility of the front ski assembly under the
deck. Depending on the load, this movement can induce very high
efforts in the axles. But this design has the advantage of guiding
the head of the skis on rough terrain and avoids having them
plunging into holes or sastruggis. With an "opening"” machine of
the capabilities of the Kassbohrer PB 330 we can consider
modifying for our convoy the usual sled design as follows:

! Light sled
20 ft unit ‘

Rubber blocks

1T

:Lll“':’éi . '

I T ]

- The deck is removed, and the sled then used only for 20 foot

- containers or handling sleds;

- Each ski assembly supports via rubber pads a transversal beam
terminated by two container locks to secure the load.

- The front and back ski assemblies can be linked by a drawbar
instead of chains. It holds together the two assemblies when
the sled is empty;

C2.1 - Tank sleds

These tank sleds with only one pair of fixed skis can have
problems travelling on rough terrain due to important pitching
caused by the 1lengh of the skis. We minimise the problem by
alternating tank sleds and trailers in the convoys, the trailer
tracks smoothing the terrain. -

A modified design of the skis of this sled will be tested during
the 1996/97 season. The skis will be articulated around a
transversal, horizontal axis. The ski ground pressure will be
balanced along the ski through a set of springs.
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D - ADDITIONAY, EQUIPMENTS

D1 - NAVIGATION

D2

D1.1 - SMOOTHING THE TRAVERSE LINE

It is always advantageous to find a way to "smooth" the traverse
line followed by the convoy from the zigzags allowed by the general
navigation system. We will test the use as marks placed every 10 km
of snow mounts created with the blade of a PB 330. These marks stay
actually visible from one traverse to the next in the same season.
We even expect them to be still visible the following year.

D1.2 - SPOTTING TRAVERSE’S OLD TRAIL

All traverses completed encountered problems with the low
"supporting"” capabilities of the ground in the vicinity of Dome C
(dry powdery snow with little compaction by the wind). In 95/96,
the second traverse managed to spot the traverse’s old trail and
use it on about 90% of the distance, driving on snow previously
compacted by the convoy and achieving a far better performance than
usual in the vicinity of Dome C.

It is then important to find away to spot old trails when they have
been covered by snow. Two options are currently investigated:

- Creation of a surface that would reflect radar signals;
- Precise physical marking of the trail.

D1.3 - NAVIGATING IN BLIZZARD

It is very difficult to move as a convoy in thick blizzard. A radar
installed in one tractor could keep track of the positions of all
vehicles and tows in the convoy and guide them by VHF radio if
necessary. Also, the last tow of each vehicle will be equipped with
a flashing light powered by a battery charged by solar panels.

= FUEL

Water and particles in fuel are a threat to reliability and safety.
even if vehicle tanks are built with water traps and modified fuel
lines. A centrifugation unit was installed at the coast to purify
the fuel before delivery to the traverse. In addition, the pumping
unit used on the traverse to refuel vehicles includes a filtering
system.
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G.LS. for logistic applications at Terra Nova Bay Station

Luigi ROSSI*, Antonio B. DELLA ROCCA*, Donato MANCO**
* ENEA -- INN-RIN-VIS
** ENEA -- Progetto Antartide

1. Introduction

In the widest sense the term G.I.S. (Geographical Information System)
indicates a powerful set of hardware and software tools for collecting, storing,
retrieving, transforming and displaying spatial data and related attributes with the
purpose to satisfy a wide range of applicative needs. Therefore the data set managed
by GIS represents a model of the real world that can be used to study environmental
phenomena, to plan interventions and to optimize decision processes. The data in the
GIS are at scales normally used to represent features identifiable on the Earth’s
surface.

The role of the GIS in environmental management can be illustrated by a graph
as in Figure 1.

Actions
1)
Decisions Managemen.t Problems
Definition
4) (10)
Interpretation 6) X G.LS. Plan and
strategy
3 I ©)
Output Data Input Data
(Maps, images,...) (Field data, images,...) W
1
) 8
G.LS. ¢

Figure 1

Existing data, field data, remote sensing data are stored into the GIS data-base
and upon request (1) produce output data (2). These are interpreted (3) and can
produce decisions (4) and consequent actions (5). If problems arise due to inadequate
data or tools, a redefinition is necessary (6) and this leads to a new plan/strategy for the
GIS: the simple acquisition of new data (7 and 8), an effective new operative method
or the acquisition of the appropriate software/hardware tools (9) or all the possibilities
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together. Moreover the management staff’s decision to obtain a different product may
influence (10) the planning and the operating strategies for the acquisition of new
input data (7 and 8) or tools and the development of new processing methodologies

(9).

The real ground features can be represented by three fundamental elements
(points, lines and polygons/areas) and described in terms of their:
e Jocalization in a reference geographic coordinates system,
e attributes or physical data of each feature (velocity, temperature, radiance, etc.),
e fopological relations between a selected feature and others of the same kind.

Therefore a modeling process that represents the geographic information on a
plane is necessary. It can be made according to two different concepts: vector model
and raster model. In the former case the space is assumed to be continuous and a
point is a pair of coordinates, a line is a set of connected points and a polygon is a set
of connected lines. In the latter case the space is represented by a regular (or irregular)
grid of connected cells (pixels) and a point is simply a cell, a line is a set of aligned
cells and a polygon is a set of contiguous cells. The selected data model influences all
levels of operations performed by the GIS and sometimes the feasibility of certain
operations is denied.

2. The logistic GIS

During the past eleven Italian expeditions at the Terra Nova Bay Station a great
amount of experiences has been collected and a lot of environmental articulate data
have been acquired.

The amount of geographical information that can be collected is practically
unlimited, the threshold depending only on their (acceptable or desired) quality and
effective cost. It is therefore necessary to plan proper geographic information
acquisition strategies (which allow the collection of what is necessary with the
adequate quality level) taking into account the scientific user needs and the
environmenta] variables. A detailed plan of the resources, such as the organization, the
available time and the costs, is also necessary to properly support the research
activities and allow adequate logistic activities for the expeditions (harbours, landing
sites, food, fuel, etc.). (Fig. 2).

Eﬁvironmental Scientific User Needs

. S | Logistic User Needs
Variables and Priorities

— |

Géographic Information Acquisition Strategies Logistics

Figure 2
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As the expeditions were over, the logistic management wanted to satisfy all the
specific needs arosen. Most of these needs can be solved using the appropriate
geographic information but they are very complex and cannot be satisfied with the
usual carthographic methodololgies. They require the availability of an “ad hoc”
logistic GIS.

The GIS, named ILA (Italian Logistics in Antarctica), will allow the logistic
management to have an organic and immediate overview of the activities which are
carried out in Antarctica. This fact will produce a better and more efficient logistic
planning and permit the documentation evolution in time. Such characteristics are
important with respect to the critical antarctic environment and to the high specific
costs of the operations.

At Italian national level the GIS could be used by the several scientific
disciplines as a “tool” for acquiring specific information.

Since the wide dimension of logistic problems in Antarctica is not met in an
organic and structured manner in other national level programs, the logistic GIS will
constitute a particular specialistic tool and will avoid superpositions of activities and
wastes of human, technical and financial resources.

3. The Cost-Benefit Analysis

A very simple cost-benefit analysis (CBA) has been carried out at the
feasibility study stage for the logistic GIS. A CBA is a tool for the management of the
organization to evaluate the strategic and financial implications compared with the
possible benefits.

Effectiveness and efficiency benefits are the CBA “measurements” tools taken
into account. Table I shows some related items.

ost saving and avoidance Strategic
Productivity gain Operational
Better service Managerial
Table I

The cost saving and cost avoidance is obtained by acquiring the existing maps,
digitizing them and making them reliable. In fact a valuable time is spent to find maps,
to add particular data to the map, to extract the produced information or, at least, to
partially copying the new map. These operations have been estimated to require a few
day/man for each expedition. The productivity gain was found in the automatization of
map production by means of standard software procedure in order to have as many
maps as requested with a small cost. Also the requests from the scientific community
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can be better satisfied (better service) if detailed maps for the antarctic sites where the
research has to be carried out are available to the logistic management; that also means
a very cost saving item taking into account what is necessary for the movement of
people and devices in the antarctic environment. At the end another fact must be
considered: the cost of the hardware and software tools has a lighter weight than the
cost of the data. This is because the formers have a short period of life with respect to
the latter which, if accurate and consistent, have a long validity.

The availability of the GIS (effectiveness benefits) will allow the Italian
logistic management to increase the operative capabilities, adjusting them to the higher
levels obtained in the international sphere. Furthermore the GIS will permit a more
organic exchange of information between the national Programs of the various nations
which are involved in activities on the North Victoria Land and its neighbourhood.

A few steps of the program of the logistic GIS were taken, once the CBA gave
its approval. As soon as the project is approved the design will begin.

4. First requirements

The design of the GIS must satisfy specific application needs in order to
produce an effective “working tool” for the logistic management. A very preliminary
analysis of such needs led to the conclusion that a set of cartographic maps at different
and increasing level of complexity was necessary.

There are very few antarctic geographic maps. Many regions need a relatively
frequent updating because of the ice dynamics and the snow cover changes. The ice
cover flows at relatively high velocity (tens of meters per year) and reaches its
maximum in some glacier tongues (more than 1 km per year), moreover the
continental margins and ice shelves change rapidly and substantially, depending also
on the seasonal period.

The available maps from different countries sometimes are not updated and
have great errors, especially in the small scales. Their quality and consistence also
depend on the political objectives of the country that produces the map. Table Il is a
very small sample of the differences present in geographical names and locations of
the same ground features - the names and the coordinate values are from different
gazetteers of the several nations that delivered them. Clearly the production of
antarctic maps will lead to similar (not equal) products with features such as glaciers,
nunataks, and so on with different coordinates and names; consequently also the
contour lines, the coasts, the shelves, and so on will be affected. Improved coordinate
information could be acquired with a very little added investment when the data are
collected.

Since large and medium scale maps of the regions of Italian interest don’t exist,

it is necessary to produce local maps for the logistic applications at a scale ranging
from 1:10,000 to 1:50,000. These maps must have a good accuracy with errors of a
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few tens of meters at most. Particular attention must be put on the importing of data
from other geographical databases for the reasons above indicated. A series of Ground
Control Points (GCP’s) acquisitions by means of Global Positioning System (GPS)
equipments must be also planned. These reference points can be used to precisely
georeferentiate the acquired satellite images in order to use them as carthographic
background. If proper number and distribution of GCP’s are lacking and errors are
present in the maps, researchers often prefer a qualitative approach and process the raw

images.

Pico amarillo Argentina -61,9500 -57,8500
Brimstone Peak Great Britain -61,9167 -57,7500
Bruce Rice Australia -63,5000 101,2500
Bruce Rice Russia -63,8000 '100,3333
Punta Fort William Argentina -62,4333 -59,5833
Punta Fort William Chile -62,4483 -59,6950
Canto Point USA -62,4500 -59,7333
Astrolabe, islote Chile -64,6017 -62,9100
Dobrowolski island Great Britain -64,6000 -62,9167
Guesalaga, islote Chile -64,2717 -61,9833
Bell island Great Britain -642667 -61,9667
Guesalaga island USA -64,2667 -61,9833
Hewitt Glacier New Zealand -83,4667 166,0000
Hewitt Glacier USA -83,2833 167,8333
25 de Mayo, isla Argentina -62,0000 -58,5000
Rey Jorge, isla Chile -62,0500 -58,2500
King George island Great Britain -62,0000 -58,5000
King George island Russia . -62,0833 -58,2500
Kaiser, isla Argentina -64,2667 - -62,0167
Alice, isla Chile -64,2667 -62,0500
Lecointe island Great Britain -64,2667 -62,0500
Wilhelm II land Australia -67,0000 90,0000
Wilhelm II, Kaiser land | Germany -66,8333 89,5000
Wilhelm II land Russia -68,0000 90,0000
Wilhelm II coast USA -67,0000 90,0000
Table 11

At this stage of the GIS design, the proposed levels of complexity are three:
1st level: maps obtained without any additional consistent information with respect to
the already available ones; the first level maps are listed below
e remote field maps,
food and gasoline deposits maps,
landing strip on marine ice maps,
activities and sampling sites maps,
bathimetric maps,
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e overland traverse tracks maps.

2nd level: maps that require the execution of appropriate surveys in order to acquire
updated and correct information in addition to those of the first level; at this point
maps of such kind are:

e crevasses map,

e yearly ice shelves and icy coast lines map, .

e yearly updated general planimetry of the logistic installations map.

3rd level: maps that require the development of specific elaborating methodologies in

addition to those required for the 2nd level; at this point they are individuated as:

e finding of the optimal tracks for overland traverses in standard conditions or in
emergency,

e optimal positioning, on the ground, of specific devices (e.g.: antennas for ‘the

acquisition of the satellite signals),

ground movement assessment,

evaluation of the positioning of possible new buildings, deposits, and so on,

definition and management of protected and special conduction areas,

geographical names management.

S. The GIS Development

In order to properly develop a logistic GIS, the actions to undertake can be
logically subdivided in three phases, in succession. They are respectively indicated as:
1. design,

2. development,
3. management.

Each phase is subdivisible in a series of working sets that can be done
consequently or parallelly. The management phase practically coincides with the GIS
routine activities and has to be considered out of the implementation phase. Fig. 3
shows the different subdivisions and the working sets of each phase.

The design phase can be subdivided into two working sets:
1. detailed user’s needs assessment,
2. design of the data base; this one can be further divided into:
e detailed definition of the needed software/hardware components
e database architecture definition

The development phase will be subdivided into three working sets:

3. Data Acquisition, Normalization and Validation. The acquisition also includes
the input of the data into the database. Normalization permits the removal of the
errors present in the thematic layers and includes the actions (e.g. the visual
inspection) to make them congruent in a geographic and cartographic sense. The
validation will assure the data accuracy.
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4. Functions development. The activities of this working set are directed to the
design and the development of “ad hoc” processing methodologies to satisfy the
required needs.

S. Data accessibility and cataloguing. The activities are referred to the
implementation of procedures that, as a user-oriented interface, permit data
accessibility and their protection from possible violations: the production of a
catalogue will permit to easily know the database contents and to retrieve the
requested information. In this phase the international connection has to be
established.

Design : Development :
- TR
0
u
5) Data Accessibility and Cataloguing t
i M
n a
4) Functions Development e n
a
a g
3) Data Acquisition, Normalization and Validation c e
t m
5 i e
2) Databas¢ v n
design ! i t
1) User’s needs :
assessment e
N M s
‘Start 1 year 3 years Timg

Figure 3

Working sets 3., 4. and 5. can be developed parallelly, each set starting with a
little shift with respect to the preceding one.

A set of intermediate goals, internal at the mentioned phases, is also intended.
The following list is an example of the intermediate goals for the first phase:
e interview to the user to acquire the detailed logistic needs,
e analysis of the needs and definition of the hardware/software tools needed; their
acquisition,
e analysis of the needs and design of the database architecture,
e detailed note for the acquisition of field data in Antarctica.

The interview can be subdivided into two parts: a first interview to the management in

order to identify the high requirements such as the strategy and scope of the GIS, the
list of the desired decision functionalities, the inventory of the data source, and so on
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and a second interview to the Operative Units to assess the detailed needs such as
particular procedures, the acquisition of particular data, and so on. Up to the present
time, a simple interview that served to identify the main goals and some deeper
information (as the association of particular maps to the three map levels) have been
carried out.

At the end of each phase a report has to be provided illustrating the philosophy
of the work, of the selected items, and so on.

During each logical phase of the GIS, feedbacks occour to verify that the
developed products meet the requirements of the user (Figure 4).

i

v

User need assessment # Logical design

Physical design

Implementation

Figure 4

The design and development activities of the GIS can be grouped in the following four
categories: /

e management of the project,

e specific needs characterization and field data acquisition,

design and development of the GIS

e international contacts.

The Operative Units will be involved in the activities of specific competence. The
management of the project will be carried out by a coordination group of the
participating Units. The second category activities will provide the detailed
characterization of the needs (as formats, which data on which maps, and so on) and
the planning of the GCP measurements on the field. The third category involves all the
activities explained in the listed item. In the international contacts the activities will
lead to the exchanges of information and data between the Italian Program and similar
foreign Programs.
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Seventh SCALOP Symposium on
Antarctic Logistics and Operations

Feasibility of Establishing a Snow / Ice Runway
in the 60°E - 120°E Sector of the Antarctic Coast
by
Valery Klokov andValery Lukin
Russian Antarctic Expedition
and
Jack Sayers
Australian Antarctic Division

The concept of an East Antarctica Air Network (EAAN) was presented at the Sixth
SCALOP Symposium in Rome in 1994 (Klokov & Lukin, 1995). The introduction of an air
transport system in East Antarctica, where there is a high density of stations and bases,
would ' encourage national operators in more active collaboration. International
collaboration in creating links between stations and bases would avoid unproductive
duplication of facilities, improve safety and limit environmental impact. A joint-use air
network, including airstrips and fuel depots, could maximise research productivity by
transporting expeditioners and equipment from gateway countries to stations and into the
field thereby reducing travel time for highly qualified professionals.

The EAAN concept met interest from several national Antarctic programs. As a
consequence a feasibility study on establishing hard-surface runways at sites in East
Antarctica, which could be used for intercontinental flight by wheeled aircraft, was
undertaken under an agreement between the Russian Antarctic Expedition and Australian
Antarctic Division. In January/February 1996 a field reconnaissance was undertaken to
find suitable compressed snow/ice runway sites in the East Antarctic coastal zone between
60°E and 120°E longitude. The natural conditions at the four prospective sites, which were
located near Casey Station, the Larsemann Hills, at Druzhnaya IV and Mawson, were
investigated to identify the most favourable sites in relation to both construction and air
operation requirements (Figure 1). i

Four main criteria were applied to each site to determine the suitability for runway
construction and air operations, namely:

° free of crevasses;

) suitability of natural surface gradients;

° snow stratigraphy and the relation of snow accumulation to melting; and

. potential for aligning the runway parallel with the prevailing wind with no

limiting obstacles in the climb path.

In three of the four areas investigated (Larsemann Hills, Druzhnaya IV and Mawson) an S-
76 helicopter was used to make a visual air reconnaissance looking for evidence of
crevassing. Obtaining appropriate information from different altitudes was a major factor
in making judgements of the suitability of the inspected sites. A surface survey was also
conducted to detect small, invisible crevasses along the potential runway centrelines;
probing the snow surface using a heavy ice chisel. The snow was probed in this way at
one metre intervals. An aerial inspection was not available at the time of the visit to Casey
but there was no indication of any cracks on the surface of the area surveyed. There were
no records available from pilots or ground vehicle operators regarding any areas of
crevassing between the S1 site and Lanyon Junction,

95




Sites suitable for landing heavy wheeled aircraft should be reasonably level and the
surface gradients should be appropriate to airfield standards. Required surface gradients
need to be within the specified limits that are 0.02 for longitudinal slope and 0.02 for
transverse slope. The required information on natural relief was gathered partly by using
large scale, 1:50,000 and 1:100,000, topographic maps issued for the permanent station
areas. Useful data was also obtained by analysing the reports of previous surveys which
were made in 1987-1988 south of the Larsemann Hills and in 1987 at the north-east corner
of the Amery Ice Shelf by Russian surveyors, and in 1990 south of Mawson Station by
Australian surveyors. During the reconnaissance in the Mawson area, the surface
gradients were measured on a large blue-ice field using GFPS satellite positioning
equipment As an example, Table 1 gives the values of the longitudinal and transverse
slopes in the runway alignment in the Druzhnaya IV area.

A SIPRE corer was used to study the snow structure at the investigated sites. A
stratigraphic study of the layering of snow, firn and ice lenses enabled the relationship
between snow accumulation and melting to be determined. If the snow accumulation is
extremely high or very low, then the effort needed to build and maintain the runway is
likely to be too labour intensive and difficult. An acceptable range of rate of snow
accumulation is 30-60 cm/yr. The degree of summer melting has a dominant influence on
the usefulness of the runway and its ease of maintenance in the summer months. The
acceptable limit of melt is about 20% of the annual volume of snow accumulation. As an
example, the layering of snow, firn and ice lenses revealed in the cores taken near Casey is
given in Figure 2.

One major requirement is to align the runway in the direction of the strongest winds. In
practice this is not an easy task because, while the actual length of a runway handling
heavy aircraft is around 3000 m, the total airfield area subject to safety regulations and
operating standards covers the surrounding terrain up to 25 km in length and 9 km in
width including the approach and climb-out path (Figure 3). The standard climb-out slope
for most heavy aircraft operating in Antarctica has to be less than 1/60 (0.0166). Large
areas of the Antarctic coast have ice sheet relief limitations or local peculiarities, such as
high mountains or nunatacks, that restrict the possibility to align the runway parallel to the
prevailing wind. Mostly, the choice of runway alignment involves a compromise between
heading away from a high obstacle and heading into the prevailing wind.

To decide on the optimum runway alignment, a combination of map analyses (1: 200,000
or 1: 250,000), field reconnaissance reports and a synopsis of the standard meteorological
data were used. Comprehensive data on wind speed and direction was provided by the
Australian Bureau of Meteorology. Surface meteorological data at Zhongshan Station
(69°22' and 76°22"), published by Chinese Academy of Meteorological Sciences, was used to
characterise the general features of the meteorological regime in the Larsemann Hills area.
During field work the centrelines of all runways were marked using bamboo canes about
2.5 m height with black flags. All canes were labelled on the top as follows: "1996,41 RAE -
49 ANARE".

The general characteristics of the sites investigated are given in Table 2 (Klokov, 1996). This
information enables a general comparison to be made of the relative merits of each of the
four runway sites that were investigated. The Casey area demonstrates the best
opportunity for the construction and operation of a compacted snow runway.
Unfavourable weather conditions (compared with the other alternatives) is the single
negative factor for the Casey area. The recent development in the local observational
network and the establishment of the AWS on the proposed runway site at Casey will,
however, lead to significant improvements in operational forecasting for this area.
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Another prospective location is on Amery Ice Shelf near Druzhnaya IV , however at the
present time, there is an absence of adequate logistical infrastructure at this site. Both the
Larsemann Hills area and the Mawson area are much less suitable for use as sites for
intercontinental air operations.
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Figures

Figure 1. Distances in Kilometres from entry points in Australia and Africa to potential
runway sites in East Antarctica .

Figure 2. Stratigraphy of the upper layers inland of Casey Station. Core were taken on Jan.
27 and on Feb. 26,1996.

Figure 3. Druzhnaya IV area and proposed runway site. The runway centrepoint position:
69°45 S ; 73°37°E.
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Longitudinal

Station (m) Elevation ASL (m) Traverse
Gradient Gradient

Chainage 00 # 32.54

‘Chainage 400 32.74 0.00050 0.0047

Chamage 600 . 32.35 0.00195

Chainage 800 51 000080 60087

Chainage 1000 201 000250

Chainage 1200 3224 0.00115 0.0041

Chainage 1400 31.93 0.00155

Chainage 1600 3242 0.00245 0.003

Chainage 1800 3234 000040

Chainage 2000 3258 0.00120 0.0053

Chainage 2200 13244 0.00070

Chainage 2400 3239 0.00025 0.0069

Chainage 2600 31.86 0.0025

Chainage 2800 31.71 0.00075 0.0085 )

Chainage 3000 3092 000395

Chainage 3200 _ 30.49 0.00215 0.0110

Chainage 3400 208 000315

Chainage 3500 ## 30.00 0.00140 0.0160

Table 1. Surface gradients along the runway alignment at the SE corner of the

Amery Ice Shelf (Druzhnaya IV Base, Sansom Island).
NW end of the 1987 runway alignment
SE end of the 1987 runway alignment

#
##
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Site Casey Progress/ Druzhanaya Mawson
Characteristics Zhong Shan 4%
Position of | 66°17'S 69°26'S 69°45'S 67°45'S
runway 110°47'E 76°19'E 73°37'E 62°41'E
centrepoint
Elevation (m) 400 245 32 475
Airfield site | slope of the ice|slope of the ice |ice shelf blue ice field
location sheet sheet
Runway type Compacted Compacted compacted snow |ice
SNOW SNOW

Weather Moderate Good Good Moderate
Conditions
Runway 90 54 122 155
orientation
Strong  winds | E ENE SE ESE
direction
Snow 30 30-40 60 0
accumulation
(cm)
Melting Low Moderate Low High
Surface Appropriate Inappropriate Appropriate Inappropriate
gradients 0.002-0.028 0.005-0.016 0.019-0.038
Crevassing No Yes No Yes
Existance of [ No No No Yes
high mountains (Masson Range)
upwind of
runway
Distance from |11 4 4 18
logistics base
(km)
Distance from
airports outside
Antarctica (km)
e Hobart 3431 4888 4956 5463
o Albany 3515 4583 4642 4992
e Cape Town 6699 5278 5253 4693

Table 2. General characteristics of the investigated runway sites
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Fig. 3 Druzhnaya IV area and proposed runway site.
(The runway centrepoint position : 69945'S ; 73037'E )
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Continuous Observations of Surface Strain Changes for Safe Working on Sea
Ice

Dougal J Goodman, Adrian P Bateman and David Blake

~ British Antarctic Survey, High Cross, Madingley Road, Cambridge CB3 OET, UK

ABSTRACT

The British Antarctic Survey resupplies its Halley Research Station (75° 35'S 26° 25'W) on the Brunt Ice shelf
every year by unloading cargo from the RRS Bransfield directly onto the sea ice. Cargo is moved either under
its own power or on sledges to the research station across the sea ice and up onto the ice shelf. The sea ice is
typically around 2 m in thickness. Typical loads on the ice are from 2 to 20 tonnes,

To improve the safety of the unloading operation, a system for monitoring the surface strain changes on the sea
ice is under development. The system uses BP strainmeters to monitor strain changes continuously and it is
intended 1o use these signals to provide early warning of potential failure.

The paper presents the examples of observations made and compares the observations to theory.

INTRODUCTION

Each year the British Antarctic Survey (BAS) resupplies its research station at Halley (75°
35°S 26° 22°W) by ship. Cargo is unloaded onto the fast ice alongside the Brunt Ice shelf and
taken by sledge up to the research station. Typical ice loads in the 1995-96 season were from
2 to 20 tonnes.

The sea ice off the Brunt Ice shelf is also prone to break-up by the action of waves formed on
the large seasonally polynya off the ice shelf.

To improve the safety of sea ice operations, BAS has been testing methods for improving the
real time information made available to those responsible for the unloading and loading
operations, A simple system for continuously monitoring the surface strain changes due to
both wave action and to static and moving loads has been deployed. This system could be
developed to provide real time warning of potential failure of the sea ice due to either sea
waves or overloading.

METHOD OF OBSERVATION

During late December 1995 and early January 1996 the BAS vessel the RRS Bransfield
unloaded cargo alongside fast ice close to the edge of the Brunt Ice Shelf at a site designated
by BAS as N9 (75° 06'S 25° 06'W). Cargo was loaded directly onto sledges drawn by
Snocats on the fast ice by the ship’s crane. Near to the loading operation a BP strainmeter
array was set up to monitor continuously the surface strain changes (figure 1).
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The BP strainmeter is an instrument which uses three 0.5 m carbon fibre tubes as length
standards. Inductive displacement transducers monitor displacement changes on the sides of
an equilateral triangle formed by the carbon fibre tubes (Duckworth and Westerman, 1989).
Strain changes of 1 microstrain can easily be resolved. The strainmeter is fixed to the ice with
magnetic clamps clamped onto ice screws with large heads. It can be quickly deployed and
retrieved. Signals from the inductive displacement transducers are fed through an amplifier to
an A to D converter connected to a laptop which sampled the strain signals every 200 ms.

During the second visit to N9 on 2 January, 1996 an ice core was taken to determine the
salinity profile and examine the crystalline structure. The ice thickness varied from 2.0to
2.3m. The average salinity was 4 parts per thousand.

Figure 2 shows a sketch of the layout of the instruments and the position of the strainmeters.
Several active cracks were seen running perpendicular to the ice edge and these are shown on
the sketch.

Figure 1. Strainmeter array monitoring surface strain changes as the RRS Bransfield was unloaded at N9,
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Figure 2: Sketch of layout of the instruments at N9,

FAILURE MODES

The fast ice can break-up in three ways - excessive static load, wave induced failure, or
coupled vibrations created by a moving vehicle. Vehicles and sledges are particularly at risk
when travelling near a free edge either at the edge of the fast ice or when crossing cracks
between floes or between the sea ice and the ice shelf. Careful survey of routes, strict
observation of safety rules - escape hatch open, doors open, driver only to ride in the vehicle
- can reduce the risks of sea ice operations. Risks are increasing as modern vehicles and
containerised loads used in resupply increase in weight.

OBSERVATIONS AT N9

FAILURE DUE TO A STATIC LOAD

When a load is placed on a sledge by the crane of the ship, the sea ice will first respond
elastically and then stresses will be relaxed and redistributed by creep in the ice. Failure is
likely to occur either during the initial loading before the stresses have relaxed or, for a heavy
load, after a prolonged period when creep deformation allows the surface to flood.

The surface stresses will be increased if active cracks are present. These limit the area over
which the load is supported increasing the surface stresses. At the observation site several
long cracks were observed running perpendicular to the fast ice edge. Such cracks form easily
when the wave direction is at an angle to the fast ice edge.

Two failure cases apply for a load acting at the edge of the fast ice - (a) if the load is

concentrated on a small surface area then the maximum stress will occur immediately
underneath the load on the lower surface of the ice or (b) when the load is distributed then the
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peak stress occurs on the upper surface at a distance from the load. In most cases the load is
distributed by the use of Snocats and sledges with wide tracks and skis. Therefore here we
will consider only case (b). :

For a semi-infinite sea ice plate floating on the sea loaded with a load, F, at the a distance, x,

perpendicular to the edge, the solution for the bending moment, M, as a function of the
perpendicular distance, x has been determined (Kerr and Kwak, 1993;). The maximum
bending moment per unit width, M, , occurs at a distance perpendicular from the ice edge

when x =0 and equals:

M. . =013F (1)

max

Interestingly M. is independent of the ice properties and thickness (Calladine, 1982). If

the ice is homogeneous as a function of depth, the maximum surface strain, €max due to this
bending moment equals:
€max = 0-78 F / (E/(1-v2)h2 (2)

where F is a load at the ice edge in Newtons, E Young’s modulus, v Poisson’s ratio and h is
the thickness in m. €max Occurs at 0.786 of the characteristic length, A, in a direction
perpendicular to the ice edge (or about 20 h34). The characteristic length is given by:

A% =4 (Eh’/12(1-v2)) / pg | (3)
where p is the water density and g is the acceleration due to gravity.

E will depend on the salinity and temperature profile in the ice. Sea ice contains vertical brine
channels which contain an equilibrium concentration of salt for a given temperature. Changing
the temperature leads to either pure ice being deposited onto the walls of the brine channels
or melting of ice from the walls and dilution of the salt solution. The stress is supported by
the pure ice matrix so as the sea ice warms up during the spring the pure ice matrix shrinks
increasing the local stress (Sanderson, 1988). Sudden rises in temperature followed by a cold
period require particular caution for vehicle operations because the brine channels will have
expanded increasing the stress on the ice matrix and are often accompanied by surface cracks
formed on cooling. Strain observations can detect such changes in the sea ice. For the same
load change a larger strain change will be observed.

Putting in reasonable values for E = 9,000 MN m™2, v = 034, p=1kgm™, g=981ms>2
gives:

A =24 h3/4 (4)
and
€0 =77 F/ h2 (5)

‘max

where g, is measured in microstrain, F is measured in MN and h in m,
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For a typical load of 0.04 MN (the weight of a Snocat tracked crane used by BAS at Halley)
and the observed ice thickness of 2.3 m, &, equals 0.6 microstrain and occurs at a distance

of 37 m perpendicular from the edge. The characteristic length in this case is 44 m. The
variation of strain with ice thickness and distance from the ice edge is shown in figure 3 for
this case.

microstrain/toad [MN]

Ico thickness = 2.3 m, Young's modulus = 9,000 MN m-2

3 3 s 2 Y DU
1] ¥ L) T L] L ¥ 1 L}

25 4.

L]
o n — w 2
o . .
< <
x/characteristic length
Figure 3. Distribution of microstrain per unit load [MN] for an ice thickness 2.3 m as a function of the

perpendicular distance from the ice edge with a Young’s Modulus of 9,000 MN m2 derived from figure 6 of
Kerrand Kwak (1993).

The maximum strain change occurs at a distance from the load and the ice edge. Ideally the
location of strainmeters should be made at around 80% of the characteristic length from the
ice edge. The characteristic length can be estimated by taking ice thickness measurements and
estimating E and v before they are deployed. If multiple strain observations can be taken in a
perpendicular line from the ice edge then it is possible to find where the maximum strain
changes occur and hence estimate the characteri stic length. From the characteristic length and

a thickness measurement an estimate of the modulus, E/(l-vz), can be deduced.

Observations of this kind were attempted in the field but due to power problems not all the
strainmeters functioned. However, a good record (figure 3) was obtained from one array (site
1 in figure 2).. In this case a Snocat (0.04 MN) and sled were driven slowly past the array and
stopped in line with the ship near the ice edge. In figure 3 the strain signal has been smoothed
to remove the flexural wave signal from the sea waves to look at a vehicle and sledge that were
brought up alongside the ship. From the three observations of strain change after detrending
the principal strain changes and orientation have been calculated. The strain signals observed
are greater than those expected from the theory because the effective modulus has been
reduced by brine channels and the proximity of an active crack running 4.5 m from the
strainmeter array.
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Figure 4: Strain observations as Snocat and sledge went slowly past the strainmeter the array at site 1.

If we assume that tensile stress at failure Gy is 1 MN m-2 for a sudden loading of the ice

(Sanderson, 1988) and a Young’s modulus of 9,000 MN m™2, failure would occur at around
100 microstrain. Allowing a safety factor of, say, 4 operations would be suspended if sudden
strain changes of around 25 microstrain were observed. Deteriorating ice would lead to higher
strain changes for the same load change.

A failure of 25 microstrain is equivalent to the rules of thumb for ice operations that
recommend that the safe load, F in MN for an ice thickness in m is given in many
publications (see for example Ashton, 1986) by:

F <0.35h? | (6)

which can be derived from equation 5 by setting €. to 25 microstrain. The factor 0.35 will
be smaller for warm temperatures , the effects of brine pockets and crack geometry.

FAILURE DUE TO WAVE ACTION

At the end of the first unloading activity in December a heavy swell from the NE broke the
fast ice up into floes with a width perpendicular to the old fast ice edge of between 20 to 30
m. This phenomena is well known and the wave height to induce failure can be estimated
(Goodman et al, 1980).

During the second visit to N9 waves propagating into the fast ice were successfully observed
with the strainmeters. A sample detrended record is shown in figure 5. The frequency
spectrum derived from the whole record shows a dominant frequency of about 0.25 Hz which
is to be expected for wind generated waves over the large polynya observed off the ice shelf.
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Figure 5: Typical flexural waves recorded at N9 with the BP strainmeter.

Waves signals could be continuously observed to provide an estimate of the likelihood of
break-up by waves.

FAILURE DUE TO A MOVING LOAD

When a load is moved across floating ice it will generate waves under and in the ice. Ata
critical velocity the coupling will be a maximum and ice break-up can occur (Nevel, 1970).
The critical velocity is a function of the ice thickness and the water depth. For thin ice the
critical velocity is quite low. For ice 0.25 m thick the velocity is around 20 mph and for ice
2.5 m thick it is around 50 mph for deep water (but in shallow water, say 2 m water depth it
is independent of thickness and only 10 mph).

DISCUSSION

Traditional analysis of ice loading has focused on the vertical deflection of the ice sheet. A
very effective rule of thumb is that if the surface deflection is large enough to cause surface
flooding then it is time to move the load! However, deflection measurements require a
satisfactory datum. During ship operations there is no effective reference point. Continuous
strain change measurements are an acceptable alternative to deflection measurements.

The BP strainmeter provides an effective tool for observing strain changes during cargo
operations on sea ice. Deployment is rapid and could be even quicker by mounting sealed
lead acid batteries in the cover and transmitting data back to a computer on board the vessel
alongside the ice. This computer could provide real time output of reduced data for the cargo
operations supervisor to use in his management of the safety of the operation.

Continuous strain observations could provide improved protection against sudden ice break-
up and warning overloading of sea ice.
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Satellite Communication at Dome Fuji Station:
Operation at High Latitude and Extreme Low Temperature Environment
in the Antarctic Interior

Hideaki Otsuka and Masashi Sano
National Institute of Polar Research,
1-9-10 Kaga, Itabashi-ku, Tokyo 173, Japan

Abstract: The Japanese Antarctic Research Expedition (JARE) uses the International
Maritime Satellite INMARSAT) system for global telecommunications at Syowa
Station (69°00'S, 39°35'E). In 1995, JARE started to winter over at the Dome
Fuji Station (77°19'01"S, 39°42'12"E) to undertake the Antarctic Dome Coring
Project. Dome Fuji is situated at an elevation of 3,810m approximately 1000 km
inland from the coastal Syowa Station. The INMARSAT system is usually only
suitable for areas where the satellite is tracked with an elevation angle of more
than 5 degrees. Although the high latitude location of the Dome Fuji Station far
from satisfies this condition, it was thought that it might be feasible to use the
INMARSAT system because the conditions there would not result in "multipath
fading" which can be experienced with ship-based systems. This is because
snow contains many air bubbles and the snow surface does not behave as an
insulator like the surface of the sea. To prove the above predictions, a field test
was performed using a portable INMARSAT telecommunications device (Model
JUE-45T made by Japan Radio Co., Ltd. ). As a result, telecommunication using
the INMARSAT system was proved to be feasible at Dome Fuji Station where
the elevation angle towards the satellite is nearly horizontal.

Introduction
The International Maritime Satellite INMARSAT) system uses four satellites to provide
telecommunications coverage a over most of the world except for very high latitude areas
(Fig. 1). Since 1981 the Japanese Antarctic Research Expedition (JARE) Syowa Station
(69°00'S, 39°35'E) has used the INMARSAT Indian Ocean satellite for
telecommunication services such as telex, telephone, facsimile, slow scan TV (SSTV),

data transmission and so on.

In 1995, JARE constructed the Dome Fuji Station (77°19'01"S, 39°42'12"E) which is
situated 3,810m above sea level and approximately 1000 km inland from the coastal
Syowa Station. Dome Fuji station was established to support the "Antarctic Dome
Coring Project” which aims to obtain drilling cores up to approximately 3000m depth for
palaeoenvironmental studies (Fig. 2).
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A stable telecommunication system is very important to manage such a remote inland
station. However there was no guarantee that the INMARSAT system could be used at
this very high latitude inland location. Therefore, before constructing the station, a
feasibility study was undertaken which included a field test using a portable INMARSAT

unit at the remote site.

In this paper the results of the field test using a portable INMARSAT unit at the high
altitude location are presented. The present status of the telecommunication system which
has been installed at the Dome Fuji Station is also described.

Telecommunication system at the Dome Fuji Station l
Dome Fuji Station
The Dome Fuji Station is the fourth Japanese station to be constructed in Antarctica. The
station is at the highest point among all Antarctic stations and experiences an annual mean
air pressure of 598.2 hPa. During the first wintering season in 1995, the minimum air
temperature recorded was -79.6°C. As the station is higher than Vostok, it is likely to
that the world's lowest temperature will be recorded there in the near future . An annual
mean wind speed of 5.8 m/s has been recorded there. The station consists of eight
huts; six above and two below the snow surface (Fig. 3). Nine expeditioners winter

over at the station each year.

There are three communications systems operating at the station, namely:
a) 150MHz VHF band transceivers for communication within 50 km area.
b) 600W HF band transceivers for communication in the Antarctic region.
¢) INMARSAT system for the global use including communication with Japan.

Feasibility of using the INMARSAT system

The INMARSAT system provides a communication service between a "Ship Earth
Station" and a "Coast Earth Station" via the geostatioflary Satellites above the equator.
Whilst INMARSAT was originally intended for marine applications, the INMARSAT ;
Organisation allcws the system to be used for terrestrial stations.

The difficulties of operating INMARSAT at Dome Fuji Station are twofold; (1) low
temperature and (2) high latitude resulting in very low tracking elevation.

1) Most electronic devices are not designed to be operated at very low temperatures