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ABSTRACT. As part of the International Trans-Antarctic Scientific Expedition
project, the Italian Antarctic Programme undertook two traverses from the lerra Nova
station to Talos Dome and to Dome C. Along the traverses, the party carried out several
tasks (drilling, glaciological and geophysical exploration). The difference in spectral
response between glazed surfaces and snow makes it simple to identify these arcas on
visible/near-infrared satellite images. Integration of field observation and remotely sensed
data allows the description of different mega-morphologic features: wide glazed surfaces,
sastrugi glazed surface fields, transverse dunes and megadunes. Topography global
positioning system, ground penetrating radar and detailed snow-surface surveys have
been carried out, providing new information about the formation and evolution of
mega-morphologic features. The extensive presence, (up to 30%) of glazed surface caused
by a long hiatus in accumulation, with an accumulation rate of nil or slightly negative, has
a significant impact on the surface mass balance of a wide area of the interior part of East
Antarctica. The aeolian processes creating these features have important implications for
the selection of optimum sites for ice coring, because orographic variations of even a few
metres per kilometre have a significant impact on the snow-accumulation process.
Remote-sensing surveys of aeolian macro-morphology provide a proven, high-quality
method for detailed mapping of the interior of the jce sheet’s prevalent wind direction

and could provide a relative indication of wind intensity.

INTRODUCTION

The snow deposition process is very complicated on the
Antarctic Plateau, because blowing snow 1s intense,
accumulation is low, and snow remains in the form of
aeolian particles on the surface. Snowdrift transport changes
the topography, and the topography alters the wind field
again in a feedback systern between the cryosphere and
atmosphere. Many types of surface features, such as sastrugi,
snow dunes, pitted patterns and glazed surfaces, are distribu-
ted on the surface of the Antarctic ice sheet in varying degrees
of scale and frequency as a result of interaction between the
atmosphere and the ice-sheet surface. Recently, extensive
snow megadunes have been described. These features occupy
> 500000 km? and are oriented perpendicular to the regional
katabatic wind direction (Fahnestock and others, 2000b;
Frezzotti and others, in press).

As part of the International Trans-Antarctic Scientific
Expedition (ITASE) project, the Italian Antarctic Pro-
gramme undertook two traverses from the Terra Nova Bay
station (TNB; 74°41'S; 164°06"E) to Talos Dome (TD;
72°48'S; 159°06' E; 2316 m) and to Dome G (DC; 75°067S;
123°23" E; 3232 m). The scientific objectives of the traverse
programme were to develop a high-resolution interpretation
and three-dimensional map documenting the last 200—
1000 years of climate, atmospheric and surface conditions
over the eastern DC drainage area.

The traverse to TD was performed from 3 to 30 November

1996, and the distance covered was about 600 km (Frezzotti
and others, 1998). The traverse to DC started from GPSI1 on
19 November 1998 and reached DC on 5 January 1999 after
1300 km (Fig. 1). The first 400 km of the traverse followed the
same route (up to 31Dpt) as the 1996 traverse (Frezzotti and
others, 1998). Along the traverse, the party carried out several
tasks (drilling, glaciological and geophysical exploration,
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Fig. 1. Schematic map of the PNRA—ITASE traverse route,
including firn-core location (drill sites), megadune area,
main ice divide and figure locations. 31D pt, 31 Deposit; DG,
Dome C; McM, McMurdo; MdPt, Midpoint; TNB, lerra
Nova Bay station; 1D, Talos Dome.
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etc). The route was identified and surveyed in Italy from
georeferenced satellite image analysis (Landsat Thematic
Mapper (TM), European Remote-sensing Satellite-1 (ERS-
1) synthetic aperture radar (SAR} and Advanced Very High
Resolution Radiometer (AVHRR)) and using a digital
elevation model (DEM) derived from an ERS-1 radar
altimeter (Rémy and others, 1999).

In most of the East Antarctic plateau there are no
meteorological records, and it is only at particular times of
year that effective ground-based research can be carried
out, due to the harsh climate and the lack of daylight.
Remote-sensing analysis can provide information about
the surface wind field through the survey of location,
direction and areal extent of surface features formed by aeo-
lian processes (Bromwich and others, 1990; Frezzotti, 1998).
This paper combines field observations and remotely sensed
data to describe surface morphology along the traverse, pro-
vides new information about processes of formation of aeo-
lian features, and carries implications for snow
accumulation, distribution and variability. On the local
scale, there is continual interaction among processes such
as wind, radiation balance and temperature variations of
the snow surface; in particular, the surface energy balance
and katabatic wind patterns are highly interrelated. Smooth
and glazed surfaces should also be considered types of sur-
face features, although they differ from other types which
are generally distributed in a zonal form with a certain
width and orientation. The morphology and formation of
snow surface micro-relief in Antarctica has been well docu-
mented by numerous workers (e.g. Watanabe, 1978; Good-
win, 1990). In this paper we focus on the macro-
morphology of the surface of the Antarctic ice sheet sur-
veyed by satellite image analysis and recognized and
studied in field surveys.

METHODOLOGY
Remote sensing

The location of macro-relief features (glazed surfaces,
transverse dunes, megadunes, glazed-surface sastrugi fields)
and their direction and extent were determined by remote-
sensing analysis.

In this study we have integrated field surveys with
satellite images of Landsat 4 and 5 TM (66/113, 20 February
1992; 72/113,13 January 1992; 78/113, 15 January 1992; 81/113, 20
January 1992; 84/113, 17 January 1992), Landsat 7 Enhanced
Thematic Mapper Plus (ETM-+) (8l/114 and 81/115, 2
January 2000) and U.S. National Oceanic and Atmospheric
Administration (NOAA) 12-14 AVHRR (November 1994
November 1999). The Landsat TM and ET'M+ have a pixel
resolution of 30m and seven spectral bands: three in the
visible wavelength region (bands 1-3), three in the near-
infrared wavelength region (bands 4, 5 and 7) and one
region of thermal infrared wavelength (band 6). The
Landsat 7 ETM+ has panchromatic band with a higher
pixel resolution of 15 m. Landsat images were georeferenced
by means of geographical coordinates derived from the
satellite ephemeris; the geolocation of ETM+ has a 1o error
of 50m (personal communication from R. Bindschadler,
2000). The AVHRR images were collected by the high-
resolution picture transmission (HRPT) receiving station
installed at TNB. AVHRR sensors installed on NOAAs
satellite have a pixel resolution of l.1km at nadir in five
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spectral bands: visible red (band 1), near-infrared (band 2),
middle infrared (band 3) and thermal infrared (bands 4
and 5). More than 200 AVHRR images from NOAA 12-14
meteorological satellites, with <30% cloud cover over the
plateau, were analyzed, having been selected from those
acquired by the HRPT station from 1994 to 1999. In this
study we used the images acquired by NOAA 14 on 16
November 1995 (0505h GMTT; solar azimuth 308°; solar
elevation 30°). The ephemeris-based geolocation is accurate
to only about £3 km (Fahnestock and others, 2000a), so the
re-projection was performed using the Antarctic Digital
Data Base (BAS and others, 1993) and DEM provided from
Rémy and others (1999). The projection used is polar
stereographic from the World Geodetic System (WGS84)
ellipsoid, with the plane of projection parallel to 71° S,

The satellite images were analyzed, compared and
organized into a geographic information system (GIS)
using ERDAS, TerraScan and ARCINFO software. Image
processing included routine procedures such as radiometric
corrections, noise and striping removal, and application of
special linear stretches of individual bands after inspection
of grey-value histograms to enhance surface features and
characteristics.

Field survey

A spatial distribution survey of the micro-relief surface type,
size and orientation was conducted along the route during
the austral spring—summer (November-December). The
spring season provided the best opportunity to investigate
micro-relief development and distribution, because the
observed micro-relief formed during winter, when most
annual precipitation and the strongest katabatic surface
winds occur (Goodwin, 1990). The roughness of the snow
surface, as well as the orientation and size of the surface
relief, was measured over 500 m x 500 m quadrates at inter-
vals of 5 km along the traverse and continuously along some
profiles in the megadune area. The micro-relief features
observed were classified according to the system described
by Fajiwara and Endo (1971) and applied to Japanese and
Australian Antarctic Research Expedition (JARE and
ANARE) traverses inland in the plateau region of Dronning
Maud Land and Wilkes Land (Goodwin, 1990). The mean
azimuths of the micro-relief were measured by magnetic
compass and converted into true bearings by GPS, and the
mean height of the micro-relief was recorded using a ruler.
The surface micro-relief observed is divided into three types
{Watanabe, 1978; Goodwin, 1990):

depositional features formed from wind-transported
friable snow (barchanoid, dune, etc.);

redistribution features formed as a result of erosion of
depositional features (sastrugi, pits, etc.);

erosional features formed from the long-term exposure
to katabatic winds (glazed surfaces).

In the first 400 km, the 1998/99 data show the same
general orientation in sastrugi directions and types that
were noted during the 1996 expedition.

Surface elevation profiles and local topography along the
traverse TNB-DC was measured by global positioning
system (GPS) (Urbini and other, 2001), whereas regional sur-
face topography was analyzed using a DEM of Antarctica
with digitized element resolution of 1 km, provided by Rémy
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Fig. 7 Surface elevation, micro-relief morphology and internal
layering along the megadune profile redrawn from Frezzottt
and others (in press ).

along the traverse between 2200 ma.s.l. (74°30'S, 153°20" E)
and 3150ma.sl (75°15'8S, 127°20" E). Transverse dunes are
present in sporadic areas between 2200 and 3000 mas.l,

mainly downwind of the wide glazed surface (Fig. 2), where
the surface decreases in slope and the atmosphere above the
surface has a wave motion. Transverse dunes are perpen-
dicular to the slope and similar to that reported by Black
and Budd (1964) in Wilkes Land. Extensive presence of trans-
verse dunes (>100 000 kmz), defined as megadunes, occurs
along the traverse route between 75°27'S, 129°56'E and
75°25"8,129°14" E (Fig. 6) and has been recognized by Fahne-
stock and others (2000b) and described in Frezzotti and others
(in press). Megadune crests are found to be perpendicular to
the prevailing katabatic wind direction but present an angle
in the direction of the general surface slope at regional scale
turning to the left under the action of the Southern
Hemisphere Coriolis force (Frezzotti and others, in press).
The megadune surveyed along the traverse has a
wavelength of about 3km and an amplitude of 2-4m, in
agreement with the results of Fahnestock and others’
(2000Db)
located on the leeward slope of the megadune, while severe
sastrugi (up to 1.5 m high) are located on the uphill slope
(windward). Alternating sastrugi (up to 40 cm) and glazed
surfaces are located at the bottom of the inter-dune area
(Fig. 7). A buried megadune sedimentary structure (Fig 7)
has been surveyed by GPR-GPS (Frezzotti and others, in
press). The presence of long-term hiatus surfaces (glazed
surfaces) on the downwind faces of megadunes, and of
accumulation—redistribution forms (severe sastrugi) on the
uphill faces, suggests the surface migration of megadunes
uphill (to windward). The uphill migration could be related
to increased extension and uphill migration of severe
sastrugi burying the slip face (long-term hiatus surfaces) of
previous windward megadunes. Migration and ice-sheet

remote-sensing analysis. Glazed surfaces are
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Fig. 8. Durections of sastrugi surveyed during the traverses; wind direction inferred from satellite images, satellite image location,
streamlines of wind-field model ssmulation ( Parish and Bromwich, 1991) and drainage basins.
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surface flow (Bamber and others, 2000) show a close module
(with the difference being due to the Coriolis force) but
moving in the opposite direction and therefore having little
or no absolute movement (Frezzotti and others, in press).
This result supports the satellite observation by Fahnestock
and others (2000b) that shows an identical pattern of
branching and megadune expansion in images acquired
34 years apart with a maximum possible shift of 60ma .
Analysis of surface slope and satellite images indicated that
the slope along prevalent wind - direction and glazed
surfaces is a crucial factor in the genesis of megadunes.
Megadune formation could be explained by feedback
between the megadune surface and the atmosphere. To
explain the cyclic variation of the redistribution and erosion
process of snow along a slope by an atmospheric wave, the
atmospheric wavelength must be the same order of
magnitude as the megadune (3—4km). A gravity—inertia
wave disturbing the geostrophic equilibrium of katabatic
wind must be formed with weak amplitude (3—4 m), and
the triggering occurs at the break in slope along the preva-
lent wind direction (Frezzotti and others, in press). Pettré
and others (1986) hypothesized the formation of a gravity—
of 40km, disturbing the geostrophic
equilibrium, to explain periodic oscillations in accumu-
lation at the break in slope 200 km from the Adélie Cooast.
Classification of the glazed surface and snow using Landsat
ETM+ images indicated that the glazed surface covers
about 20% of the megadune area.

These feedback systems between the cryosphere and
atmosphere have important implications for the choice of

inertia  wave

sites for ice coring, because orographic variations of even a
few metres per kilometre have a significant impact on the
snow-accumulation process. The extensive presence of
glazed surface caused by a
accumulation, with a zero or slightly negative accumulation
rate, has a significant impact on the surface mass balance of

long-term  hiatus in

a wide area of the interior of East Antarctica.
Aeolian direction

The micro-relief directions measured on the field are parallel
to the directions detected from the macro- morphology sur-
vey inferred from satellite images (Fig. 8). However, the field-
inferred directions show the surface wind pattern in much
greater detail and reveal areas of diffluence, divergence and
confluence as a result of mesoscale topography. Satellite
image data provide a large spatial coverage and are more
representative at the regional scale. Directions detected in
the field and by satellite data generally follow the predicted
katabatic wind-field surface (Parish and Bromwich, 1991)
from MdPt to DG (higher plateau); more differences are
present in the confluence zone from MdPt to GPSI over rela-
tively steep slopes and mainly between M2 and 31Dpt. The
difference between the observational and model (Parish and
Bromwich, 1991) results could be related to the coarse spatial
resolution of the model (50 km) and the inaccuracies of the
surface topography (Drewry, 1983) used for modelling
(Bamber and Huybrechts, 1996). Sastrugi and macro-mor-
phology surveys show an angle between the wind direction
and the direction of general surface slope at regional scale
(Fig. 8). The difference between wind direction and slope
decreases from the interior of the plateau (DC) to the conflu-
ence area of TNB. Wind direction turns to the left under the
action of the Coriolis force in the high plateau, and becomes
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directed in a more downslope direction near the steep coastal
ice slopes in response to the sudden enhancement in the
katabatic acceleration (Bromwich and others, 1990). The sur-
face reliefin the region from GPS1 to MdPt is oriented in two
main directions. Micro-relief of a redistribution type is
oriented parallel to the maximum slope, while micro- relief
of the depositional type is oriented 30-70° off maximum
slope. It is highly probable that the surface relief of the
depositional type is formed by cyclonic storms, while that of
the redistribution type is formed by katabatic winds. Near the
dome area (TD and DC) the snow surface becomes smooth,
with micro-reliefs oriented in two main directions.
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