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ABSTRACT 

In [980-81, [983-84 and [985-86 airborne surveys 
with an electromagnetic reflection (EMR) system were made 
of Ekstrom Ice Shelf, Antarctica. The EMR data were 
supplemented by measurements of surface elevation with 
radar a[timetry during flights at a constant pressure altitude. 
The accurate measurement of ice thickness in areas with 
clearly developed bottom reflectors was used to generate a 
plot of surface elevation against ice thickness. The effect of 
changing barometric pressure during the flights could be 
reduced by this means. Elevations were calibrated over the 
open sea at the beginning and end of each flight. 

On the basis of these data, the surface elevation, ice 
thickness and i50static anomalies have been mapped over the 
ice shelf. 

SURVEYED AREA 

During the German Antarctic Expeditions of 1983-84 
and 1985-86 more than 9700 km of flight lines in western 
Neuschwabenland, especially Ekstr6m Ice Shelf, the Kottas 
Mountains [Heimefrontfjella] and the Krau[ Mountains 
[Vestfjella] were digitally recorded by the electromagnetic 
reflection (EMR) method by the Dornier-228 research 
aircraft Polar 2 (Thyssen and Kahnt 1984, Thyssen 1985a 
and b, Hoppe and Thyssen 1987). Georg von Neumayer 
Station served as the base for these flights. 

Eighteen tracks totalling about 3 [00 km were flown 
over Ekstr6m Ice Shelf. The data are sufficient for mapping 
the ice thickness, the surface elevation and other 
characteristics of the 6000 km 2 ice shelf. A general view of 
the flight lines is given in Figure I. 

ICE THICKNESS AND FREEBOARD 

During the flight the EMR data were collected at the 
rate of four records per second . To obtain the results 
presented in this paper we used every eightieth data point. 
This corresponds to a distance of [.8-2.0 km, depending on 
the speed of the aircraft. By this means the essential 
features of the ice shelf can be shown. The complete data 
set will permit a more detailed evaluation of special 
structures. 

Taking the ve[ocity--depth function derived from the 
area close to Georg von Neumayer Station (Blindow, 
unpublished), ice thicknesses were calculated from the 
reflection travel time. The same velocity--depth function 
was applied over the whole ice shelf, because a comparison 
with results from Filchner-Ronne Ice Shelf shows that 
variations between different regions are small. 

The maximum error due to any uncertainty in the 
ve[ocity--depth function represents less than 3 m in ice 
thickness. Owing to errors in navigation and selection of the 
reflection signals, this error in the ice thickness is 
considered to be negligible. 

Reflection horizons were determined in the EMR field 
record 
in ice 
digital 
[0 ns. 
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to an accuracy of 60 ns. This corresponds to an error 
thickness of 5 .5 m. The error may seem large, as 
techniques of processing allow a precis ion of nearly 
However, for the area[ evaluation of ice thickness 
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Fig. l. Map of flight lines on Ekstr6m Ice Shelf (grounding 
line and ice front from maps of the Institut fur 
Angewandte Geodtisie (I984a, b, 1985a, b, c». 

an accuracy of 5.5 m is sufficient, because the distance 
between single flight lines was too great (up to 20 km in 
places) to justify more detailed analysis. 

In addition to the EMR measurement, the radar 
altitude, the pressure altitude and the actual navigation data 
of the aircraft were digitally recorded. 

From the radar altitude, at a constant pressure altitude, 
the surface elevation (free board) of the ice shelf can be 
determined. For this it is important to record the radar and 
pressure altitude above sea-level at the beginning and end 
of each flight and, if possible, also during the flight. 

Changes in altitude and in the pitch and roll of the 
aircraft influence both altimeters. The high-frequency 
element in the changes in altitude was reduced by averaging 
the data with a 5-point running mean filter. In addition, 
changes in barometric pressure influence the pressure 
altimeter. These changes can be checked by taking into 
account the buoyancy of the ice shelf. Therefore the 
free board of the ice shelf is plotted as a function of the 
ice thickness at each measuring point (Fig. 2). 
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Fig. 2. Freeboard as a function of ice thickness (dashed 
line: least-square fit from measurements; straight line: 
theoretical model, using a depth-density function of 
Herron and Langway (1980)). 

Grounded areas of the ice shelf or an unrecognized 
basal ice layer show higher surface elevations than those of 
ice in hydrostatic equilibrium. We have therefore only used 
data from clear and undisturbed specular-reflection signals. 
The coefficient of correlation between freeboard and ice 
thickness is calculated to be r = 0.963, indicating a 
functional coherence of high quality. From a linear 
regression analysis using least squares we derive a 
straight-line model 

h = (0.1101 ± O.OOIS)H + (12.4 ± 0.4) (I) 

(dashed line in Fig. 2) for ice thicknesses greater than 
100 m. Using this model it is possible to check the surface 
elevation at each measuring point from the ice thickness 
recorded by the EMR. This allows us to reduce the 
effect of changes in barometric pressure on the elevation 
measurement in areas with clean specular reflections from 
the bottom of the ice shelf. The mean error in surface 
elevation is calculated to be 2.S m and in ice thickness to 
be 10 m at track intersections. 

The equilibrium of a floating ice shelf can be 
calculated (Coslett and others 1975) by 

(2) 

where Pw is the density of sea-water, Pi the density of 
pure ice, H the ice thickness, h the free board, and C the 
equivalent length of air contained in a unit vertical column 
of the ice shelf. 

Assuming that Pi = 0.917 Mg m - 3, Pw can be calculated 
from Equations (I) and (2) to 1.030S ± 0.002 Mg m-3. 

Within the limit of error this value is equal to sea-water 
density of 1.0279 Mg m-3 , which was calculated from the 
salinity and potential temperature of the Wed dell Sea 
north-west of Kapp Norvegia. According to Foldvik and 
others (198S), the salinity of this region is 34.68%0 and the 
potential temperature is 0.2°C. Where Pw = 1.030S Mg m-3

, 

C can also be calculated by this equation to be 
13.94 ± 0.45. This value is slightly higher than was found 
to apply to Brunt Ice Shelf (Coslett and others 1975). 

An isostatic curve can also be estimated from a depth
density function . For this calculation a semi-empirical model 
by Herron and Langway (1980) was used. The model was 
derived for densities up to 0.8 Mg m- 3 , but an extrapolation 
to the density of pure ice (Pi = 0.917 Mg m -3) is still a 
useful approach. The values for the accumulation rate a, the 
initial snow density Po and the mean annual temperature T 
are given by Reinwarth (1982), estimated from a snow-pit 
near Georg von Neumayer Station (a = 0.3S m/a (water 
equivalent), Po = 0.446 Mg m-3, T = -17°C). In Figure 2 
the isostatic curve determined from the Herron and 
Langway model is plotted as a straight line, using a water 
density of Pw = 1.0279 Mg m-3. 

The relatively small but systematic difference between 
the linear fit and the model curve amounts to 1.0-1.5 m. 
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Fig. 3. Surface elevation of Ekstrom Ice Shelf (dashed line: 
insufficient data) 

The reason can be insufficient accuracy in the mean density 
of sea-water and / or too high a density for the ice shelf. 
The difference can be analysed in more detail if 
glaciologicaI parameters for the whole ice shelf are known. 
Relevant data have been measured during the German 
Antarctic Expedition 1986-87 (personal communication from 
O. Reinwarth) , but the results are not yet available. 

Surface elevations and ice thicknesses with their 
coordinates have formed the data base for a contour 
programme. In addition, ice-front data were taken from the 
maps compiled by the Institut fur Angewandte Geodasie 
(1984b, 1985a, b, c). For the map of the surface elevation 
we chose a 10 m contour interval for the ice shelf and 
100 m for the inland ice sheet (Fig. 3). For the map of 
the ice thicknesses we chose isopleths with SO m intervals 
(Fig. 4). 

Ekstrom Ice Shelf, which lies between Halfvar Ridge in 
the east and S0rasen in the west, drains ice from the inland 
ice sheet of western Neuschwabenland . The ice shelf reaches 
thicknesses of up to 900 m. The main direction of flow is 
deflected to the north-north-west, probably due to locally 
grounded areas in Atka Bay. The grounding line can be 
estimated mainly by its strong gradient of elevation. On the 
eastern side of S0rasen an ice stream can be seen. 

On the basis of these results a three-dimensional model 
of the surface elevation of Ekstrom Ice Shelf was compiled 
(Fig. 5). We have no information about the surface elevation 
from the northern part of Halfvar Ridge. This region (A) is 
insignificant in the three-dimensional model. 

ISOSTATIC ANOMALIES OF EKSTRGM ICE SHELF 

From the compilation of surface elevation and ice 
thickness, fundamental features of Ekstrom Ice Shelf can be 
deduced: 
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Fig, 4. Ice thickness of Ekstriim Ice Shelf (dashed line: 
insufficient data). 

Fig. 5. Three-dimensional model of the surface elevation of 
Ekstrom Ice Shelf (vertical exaggeration x58) (region A: 
no data). 

By means of the equilibrium formula (Equation (I», a 
theoretical freeboard can be calculated from the ice 
thickness at every measuring point. The difference between 
the measured and calculated free board represents the 
deviation from hydrostatic equilibrium (according to 
Equation (I». The limit of proof for a deviation amounts 
to ±4 m. For ice shelves a deviation of zero is expected. 
For grounded regions the ice shelf is not in equilibrium, so 
the surface elevation is higher than for a floating ice shelf. 
Then the difference between the measured and calculated 
freeboard is a so-called positive isostatic anomaly. However, 
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Fig. 6. Map of isostatic anomalies on Ekstriim Ice Shelf 
(dashed line: boundary between areas of different 
bottom-echo characteristics). 

for floating ice shelves an apparent positive anomaly is 
possible. This is the case if saline sea ice freezes on to the 
base of the ice shelf. Since the absorption of 
electromagnetic waves is too great to obtain a bottom
reflection signal, the internal reflection signal may be 
interpreted as the bottom of the ice shelf. A positive 
anomaly results from the calculation of buoyancy (cf. 
Thyssen 1986, 1987). 

On the basis of this concept, we calculated a 
contour-line map for the isostatic anomaly (Fig. 6) in order 
to investigate the possibility of saline ice freezing on to the 
base of Ekstriim Ice Shelf. 

Figure 6 shows that there is no area on the whole of 
Ekstrom Ice Shelf which gives a positive anomaly within 
the error limit. However, over large areas of Ekstrom Ice 
Shelf a negative isostatic anomaly is recognizable. This 
deviation from buoyancy is at the most -12 m. It can only 
be explained by an increase in the mean density of the ice 
shelf. A detailed examination of EMR records from this 
area reveals steplike features in the bottom reflection 
(Fig. 7). The travel times differ by more than 500 ns at 
places only I km apart. These local structures are difficult 
to explain as normal bottom reflections, because a variation 
in the ice thickness of 45 m must at least influence the 
equilibrium of the ice shelf and thus the surface elevation. 

These structures and the negative anomaly may possibly 
be interpreted as sedimentary debris in the lower part of 
the ice shelf, which may be transported from inland . This 
was suggested by Robin (1958) from reflection-seismic 
measurements in the same area. Electromagnetic reflections 
at different depths can be due to an inhomogeneous 
distribution or a varying concentration of debris. Where 
Pw = 1.0279 Mg m-3 , Pi = 0.917 Mg m-3 and the density for 
the sediments is 2.6 Mg m-3 the volume of the sedimentary 
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Institut fiir Angewandte Geodasie. 1985a. Luflbildkarle. 
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Frankfurt am Main , Institut fur Angewandte Geodasie 
(IfAG). 

,., Institut fiir Angewandte Geodasie. 1985b. Luflbildkarle. 

Fig. 7. EMR field record from the negative-anomaly area 
in the south of Ekstrom Ice Shelf. 

debris in this layer can be estimated. The density of the 
45 m thick layer of debris-loaded ice is equal to 
1.1375 Mg m-s with 4.6% by volume of debris . By this 
hypothesis an anomaly of -10 m can be explained . However, 
we cannot exclude the possibility that a part of the negative 
anomaly is caused by a local area of more rapid snow 
densification (and hence lower values of C) , perhaps 
associated with wind erosion. 

These hypotheses suggest a possible cause of the 
negative anomaly in the southern part of the ice shelf. At 
the present time it is not possible to achieve the same 
accuracy in the north-western part of the ice shelf because 
the bottom-reflection signals cannot be measured so 
accurately. The decrease in the negative anomaly from the 
grounded area in the direction of flow implies a decrease in 
the mean density of the ice shelf. It may be caused by 
bottom melting, with a loss of the sedimentary debris . 
Figure 6 shows a dashed boundary which separates areas 
with different bottom-echo characteristics. In the north the 
electromagnetic reflections are strong and well defined, 
whereas in the south the reflector is characterized by rough 
and weak signals . 

A flow-line model of Ekstrom Ice Shelf which uses 
these data is in preparation . 

ACKNOWLEDGEMENTS 

This work has been supported by the 
Bundesministerium fur Forschung und Technologie, the 
Deutsche Forschungsgemeinschaft and the Ministerium fur 
Wissenschaft und Forschung Nordrhein- Westfalen. 

MAPS 

Institut fur Angewandte Geodasie . 1984a. Bildmillenubersicht. 
Antarklis-Expedition /983/ 84. Ekstriim Schelfeis . / : 500000. 
/ . Ausgabe. Frankfurt am Main, Institut fur Angewandte 
Geodasie (If AG). 

Institut fiir Angewandte Geodasie. 1984b. Luftbildkarle, 
Alltarktis-Expeditioll /983/ 84. Georg-voll-Neumayer-Statioll , 

Anlarktis-Expedilion 1983/ 84. Georg- voll-Neumayer-Slaliol1 , 
1 : 50 000 . Frankfurt am Main, Institut fiir Angewandte 
Geodasie (If AG). 

Institut fur Angewandte Geodasie . 1985c. Luflbildkarte. 
Antarklis-Expedilioll /983/ 84. Georg-voll- Neumayer-Station 
( West ), 1 : 50 000. Frankfurt am Main, Institut fur 
Angewandte Geodasie (If AG) . 

REFERENCES 

Blindow, N. Unpublished. Bestimmung der Machtigkeit und 
des inneren Aufbaus von Schelfeis und temperierten 
Gletschern mit dem hochauflosenden elektromagnetischen 
Reflexionsverfahren . (Dissertation, Westfalische Wilhelms
Universitat, Miinster, 1986.) 

Coslett, P.H., M. Guyatt, and R.H. Thomas. 1975. Optical 
levelling across an Antarctic ice shelf. Br. Antarct. Surv. 
Bull. , 40, 55-63. 

Foldvik, A., T. Gammelsr0d, and 
Hydrographic observations from the 
the Norwegian Antarctic Research 
Polar Res., 3(2), 177-193. 

T. T0rresen. 1985. 
Weddell Sea during 
Expedition 1976/ 77 . 

Herron, M.M., and C.C. Langway, jr. 1980. Firn 
densification: an empirical model. J . Glaciol., 25(93), 
373-385. 

Hoppe, H., and F. Th yssen . 1988. Ice thickness and bedrock 
elevation in western Neuschwabenland and Berkner Island, 
Antarctica. Ann. Glaciol ., 11, 42-45 . 

Reinwarth , O. 1982. Arbeiten der Gruppe Glaziologie/ 
Meteorologie der Filchner-Schelfeis-Expedition 1980/ 81 . 
Ber. Polarforsch., I, 22-25. 

Robin, G . de Q. 1958 . Glaciology Ill. Seismic shooting and 
related investigations. Norwegian-British-Swedish Alltarctic 
Expedition . 1949-52. Scientific Results. 5. 

Thyssen, F. 1985a. First results from Polar-2-
measurements on the Filchner and Ekstrom ice shelves. 111 
Kohnen, H., comp. Filchner-Ronne-Ice-Shelf-Programme. 
Report No. 2. Bremerhaven, Alfred- Wegener-Institute for 
Polar Research, 131-132. 

Thyssen, F. 1985b. The instrumentation of the aircraft 
"Polar 2". In Kohnen, H., comp. Filchner-Rolllle-Ice-Shelf
Programme. Report No. 2. Bremerhaven, Alfred-Wegener
Institute for Polar Research, 130. 

Thyssen, F. 1986. The central part of the Filchner/ Ronne 
Ice Shelf. III Kohnen, H., comp. Filchner-Rollne-lce-Shelf
Programme. Report No. 3. Bremerhaven, Alfred- Wegener
Institute for Polar and Marine Research, 81-83. 

Thyssen, F. 1988 . Special aspects of the central part of 
Filchner-Ronne Ice Shelf, Antarctica. Ann. Glaciol ., 11, 
173-179. 

Thyssen , F., and W. Kahnt. 1984. Glaziologisch-
geophysikalische Flugvermessungen in der Umgebung der 
Georg-von-Neumayer-Station, in Neuschwabenland sowie 
auf dem Filchner-Schelfeis in der Umgebung der 
Filchner-Station. Ber. Polar forsch ., 19, 149-155. 

183 https://doi.org/10.3189/S0260305500006510 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500006510

	Vol 11 Year 1988 page 180-183 - Ekström Ice Shelf, Antarctica - F. Thyssen and K. Grosfeld

