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ABSTRACT. Level-line surveys at a num be r of sites on th e Anta rctic Peninsul a since
t he early 1970s have shown a lowering of th e ice su rface elevation in a reas wh ere the
climate is warm enough for melting to occur du ring summer. R esults a re presented here
fro m annual surveys on the ice ramp at Rothera Point. O ver a n 8 year peri od, a large
prop ortion of the ra mp shows a generally stead y reducti on in surface elevati on. The
uppermost part of the ramp shows no clear trend. T he ice ramp has suffered a mean rate
of surface lowering of 0.32 m a- I w.e. over the peri od of the surveys, which is simil ar to that
seen at other sites on the Anta rctic Peninsul a. Meas ured ice velocities on the ramp a re low,
so the surface lowering ca n be attributed di rectly to changes in surface m ass balance. Th e
surveys coincide with a period oflong-te rm increase in temperature a nd abl ation seen in
meteorological records. Compa rison of the observed surface lowering with temperature
da ta shows a good agreement, a nd we conclude that increasing air temperatures in the
region will raise abl ation a nd increase the recession rate of the ice ramp.

INTRODUCTION

The most substa ntial pa rt of the ice cover of the Anta rctic
Peninsula is the ice cap of the central plateau. T hi s is d rained
by glaciers which flow into relatively small ice shelves or
calve directl y into the sea. Al ong the west coast there are
ma ny mountaino us, glaciated isla nd s with their own ice
caps, pi edmonts and glaciers. Th e An tarctic Penin sul a has
the wa rm est clim ate in Antarctica and, despite comprising
only 6.8% of its area, receives 25% of the continent's total
accumulati on (D re wry and Morri s, 1992). Evidence for a
recent climate warming on the Anta rctic Penin sul a has come
from tempera tu re record s (King, 1994; H arangozo and
others, 1997) a nd from the a nalysis of bore hole temperature
profiles (Nicholls a nd Paren, 1993). At the same time, evidence for the retreat of ice shelves has been presented (e.g.
Doa ke a nd Vaughan, 1991; Rott a nd others, 1996; Vaughan
a nd Doake, 1996), apparently resulting, at least in part, from
increasing air temperatures. There have also been reported
changes in a number of glaciers a nd perennial snow patches
on th e Anta rctic Peninsula which have been proposed to be
related to a regional clim ate warming (e.g. Splettstoesser,
1992; Morri s a nd Mulvaney, 1996; Fox and Cooper, 1998).
Here we present the changes observed in the ice ramp at
Roth era Point on the Antarctic Peninsul a (Fig. I) a nd rel ate
them to the local temperature record and other meteorological data.
ROTHERA POINT ICE RAMP

Rothera Point is a small peninsula situ ated on the southeast
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of Adelaide Isla nd, off the wes t coast of the Antarctic Peninsula. Access from the peninsul a to the island is via a n ice
ramp forming the southern limit of the Wormald Ice Pi edmont (Fig. I). T he surface elevation of the ra mp rises from
10 to 110 m a.s. l. , over a hori zontal di stance of around
600 m. Following the establishment of a scientific station on
Rothera Point in 1975, the ramp saw considerabl e yearround vehicle traffi c, la rgely in support of aircraft operations from a skiway on the piedmont. This traffic increased
steadily over the years. In earl y 1990, constructi on of a g ravel r unway between the station a nd the ramp began a nd by
1992 all aircraft operations had been transferred to thi s runway. Subsequent traffic on the ramp has been light but there
are no data to indicate whether use of the runway has led to
increased dust accumul ati on on the ramp, with the potential
for a reduction in albedo a nd increased insolation.
A survey programme was beg un in February 1989 to
monitor the ice ramp's m ass bala nce a nd to detect a ny
cha nges. Monitoring of the ice ramp complements the
level-line surveys established el sewhere on the Antarctic
Peninsul a (e.g. Richa rdson, 1986; Morris a nd Mulvaney,
1996). A single line was surveyed up the ramp (Fig. I) by
optical tacheometry using a theodoli te a nd infrared distance measurement, a nd ti ed to a nearby rock station . Th e
same line has been repeated at aro und the same time each
year, initi a ll y using the same technique, but more recently
by kinematic GPS profiling.

SURVEY RESULTS

A selection of the survey res ul ts (1989, 1992 a nd 1997) is
shown in Figure 2, to give an indication of the ice-ramp
geometr y a nd the overall cha nges which have occurred . Figure 3 shows the differences between each survey a nd the
ll3

Smith and others: Surface lowering of ice ramp at Rothera Point

Wormald Ice
Piedmont

\

RyderBay

Puppis
Pikes

o

500

metres
65"W

\ ...

~----------------------------~~--~
Fig. I. Location maps qfthe Marguerite Bay area, Antarctic Peninsula and Rothera Point, showing places discussed in the text. On
the righthand map, permanent ice or snow cover is white; contours arefrom British Antarctic Survey (1995; 10- 40 m contours are
from sheet lA, 50 m and abovefrom sheet lB). (Contours are shown only for the ice ramp and adjacent areas) The two arrows on
the lower part of the ramp mark the positions of velocity measurements and indicate the flow direction. Numbers in boxes are the
corresponding velocity magnitudes (m a- ]. Short, dashed line at the top qf the ramp marks the edge qfa windscoop and the upper
end qf the survey line.

1989 data. Over most of the ramp there has been a largely
consistent lowering of the surface with time, although there
are short distances over which the surface rose slightly
between consecutive surveys. Near the top of the ramp, the
pattern is less consistent, with the surface elevation rising
and falling within a range of around 2 m, but there has still
been an overall lowering of the surface over the period of
the surveys. The difference in changes between the top of
the ramp and the rest of it is possibly due to the difference
in elevation and the associated decrease in air temperature
with altitude (Morris and Vaughan (1992) derived a lapse
rate of -0.0082 °C m- I for the west coast of the Antarctic
Peninsula ), but local variations in ablation and accumulation due to nearby topography may be considerable. Mean
changes over the whole length of the survey line will be considered from now on.
Mean surface elevation changes between successive surveys are given in Table 1. The data show an overall lowering,
with net gains occurring in only two of the survey periods
(1990- 91 and 1993- 94). The mean rate of surface lowering,
along the whole survey line, for the eight years between
early February 1989 and late January 1997 was 0.32 m a- I
w.e. (assuming an ice density of 850 kg m - 3).
The movement of marker stakes on the ice ramp (Fig. I)
shows that the ice-flow velocity is low (around 0.1 m a-I
down the slope), indicating that any surface elevation
changes are dominated by accumulation and ablation,
rat her than by the ice dynamics. This conclusion is supported by the results of a ground-penetrating radar (GPR)
survey car ried out along the survey line in November 1996
(Fig. 2). This shows an undulating pattern of internal reflechttps://doi.org/10.3189/1998AoG27-1-113-118 Published online by Cambridge University Press

114

tors which does not appear to be consistent with any significant ice flow. The G PR profile also shows that the bed of the
ramp is everywhere above sea level, varying in elevation
between around 5 and 75 m a.s.l. This means that, irrespective of any retreat of the ramp caused by local meteorological conditions, it is unlikely to suffer enhanced retreat
caused by melting at its base by sea-water.

TEMPERATURE AND ACCUMULATION
Following Robin (1977), Morris and Mulvaney (1996) used
mean annual temperature as an indicator of whether surface melting occurred during the summer months at various
sites on the Antarctic Peninsula. Sites with a mean annual
temperature warmer than - 11 °C were assumed to suffer
summer melting, whereas colder sites were not. Mean
annual temperature at Rothera between 1977 and 1986 was
- 6.4°C (Morris and Vaughan, 1992). Summer melting of the
surface of the ice ramp is therefore assumed to occur and is,
in fact, sometimes observed in the form of surface runoff.
Despite considerable interannual variability, records from
1945 to 1990 show a long-term trend of increasing mean
annual air temperature on the Antarctic Peninsula, at a rate
of 0.067 °C a- I (King, 1994). Mean annual temperatures at
Rothera Point during the period of the ramp surveys (Table
1) were variable, including the warmest year yet recorded
(1989; Morrison, 1990), but the data continue to confirm
King's long-term warming trend. The seasonal air temperatures at Rothera show that this trend is caused mainly by
progressively warmer winters.
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Fig. 2. Selected surface elevation profilesJor the ice ramp at Rothera Point and the results ofthe GPR survl!J conducted in November
1996. The lifthand ends ofsurvl!Js and of the GPR profile mark the bottom of the ramp. The righthand ends mark the edge ofa
windscoop where the ramp joins Reptile Ridge (Fig. 1). The GPR profile has been shifted down slightlY, so the surface elevation is
absolute Jor the survey data onry. An AGC filter has been applied to the GPR data. Arrivals parallel to the ramp sll1foce are
instrument noise. The ic~bed interface is the strongest arrival below the surface along the prqfile and is marked with arrows.
The GPR profile is slightlY longer than the 1997 survl!J because ofsome winter accumulation remaining at the foot of the ramp.
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Fig. 3. Cumulative diffirences between the 1989 survey and each qftheJollowing ones. The data at the veryJoot qfthe ice ramp have
been truncated, prior to 20 mfrom the distance origin.
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Table 1. Mean rates cifsurJace lowering along the whole cif the
survey line on Rothera Point ice ramp, and mean annual temperatures

Surveyyear

!v[ean mte ofsurface lowering

lvfean annual temperature

1

°C (year )

ITIa

1989-90
1990- 91
1991 - 92
1992- 93
1993- 94
1994-95
1995- 96
1996- 97

Mean value
over 8.0 years

w.e.

0.69
-0.08
0.47
0.48
--0.38
0.63
0.71
0.03

-1.8 (1989)
- 3.4 (1990)
- 5.1 (1991)
- 5.3 (1992)
- 4.1 (1993)
- 5.4 (1994)
-5.3 (19950
-3.7 (1996)

0.32

Table 2. Comparison cifsurface lowering cif rates and rates cif
mass loss per degree -day between Rothera Point ice ramp and a
number cifother sites. Where ranges are quoted, mean values are
given in parentheses

Site

Surv'J' dates Mean rate of
sU1face lowering

Rothera Point
Moraine Corrie a
Stephenson
Nunatak'
,
Puppis Pikes
a
St Pancras
Spartan Glacier"

1989-97
1986-93
1985-93

0.32
0.52
0.10

1986- 93
1986- 93
1970- 74

- 0.05
- 0.11
0.06- 0.19 (0.11)

White and
Sverdrup
Glaciers c

1960-63

Mass loss per
degree-day

Mean annual
tempemture

Antarctic Peninsula

0.3-5.7 (2.17)

1.9- 15.0 (6)

-6.4
- 11.1 "
- 11.6
- 15.2
- 19.5
- 11.1"

Arctic Canada

Accumulation has not been measured on the ice ramp,
but data are available from a stake scheme on Roth era
Point. Surface mass balance ranged between around +0.2
and - 0.1 m snow per month in 1989, for example. It has been
decreasing since at least 1981, at a rate of 0.1 ± 0.03 m of
snow per year (0.03 m a- I w. e., assuming a density for surface snow of around 300 kg m - 3). Although local meteorological effects could be different at the ramp and at the stake
scheme, this suggests that a regional reduction in surface
balance probably plays at least some role in the changes
observed on the ramp. There is evidence for an increase in
precipitation at Rothera since at least the mid-1970s (Turner
and others, 1995, 1997) which suggests that the reduction in
surface balance is the result of increased ablation.

ANTARCTIC PENINSULA LEVEL-LINES AND
CHANGES IN THE ICE COVER
The overall retreat of the ice ramp at Rothera Point, and the
mean surface lowering rate, can be compared directly with
similar measurements from a number of other sites on the
Antarctic Peninsula (Table 2). Rates of surface lowering
are broadly similar to that of the ice ramp.
~orris and Mulvaney (1996) presented a study of levelline results from eight sites on the Antarctic Peninsula. They
found that, over an 8 year period, the surface elevation
decreased at sites where the mean annual temperature was
warmer than around - 11 QC. At colder sites, there was either
littl e change or else an increase in the surface elevation. Two
of Morris and Mulvaney's (1996) sites (Moraine Corrie and
Stephenson Nunatak) showed a lowering of the surface. The
rate of surface lowering at Moraine Corrie is greater than at
the ice ramp, but the possible effects of unknown ice
dynamics and surface moraine in Moraine Corrie could be
significant (Morris and Mulvaney, 1996). Two of the colder
sites from Morris and Mulvaney, which showed an increase
in the surface elevation (Puppis Pikes and St Pancras ), are
also included inTable 2, for comparison. Morris and Mulvaney (1996) concluded that, at warmer sites, ice bodies are
shrinking due to increased summer ablation. Conversely, at
colder sites, ice is thickening in response to increased accumulation. Both these effects are likely under a warmmg
climate and will have opposite influences on the surface
mass balance (Warrick and Oerlemans, 1990).
https://doi.org/10.3189/1998AoG27-1-113-118 Published online by Cambridge University Press
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6.3 t

a Morris and Mulvaney (1996).
"Jamieson and Wager (1983).
r Braithwaite (1981).
" Assumed to be the same as that at Fossil Bluff (Morris and Mulvaney,
1996).
t Summer ablation measurements only.

Jamieson and Wager (1983) presented data from Spartan
Glacier (Fig. I), a site only 30 km north of Moraine Corrie.
Surface lowering rates between November 1970 and February 1974 are given in Table 2. During this period, mean
annual temperatures in the Marguerite Bay region were up
to 2.5 C warmer than the long-term trend (King, 1994).
Stonington Island lies 90 km southeast of Adelaide
Island on the eastern edge of Marguerite Bay (Fig. 1). A
simi lar ice ramp to that at Rothera Point once connected
Stonington Island to the mainland of the Antarctic Peninsula. No survey data are available for the Stonington Island ice
ramp, but disintegration occurred during the 1980s, leading
to its complete loss by 1990, a process suggested as being
associated with a warming trend on the Antarctic Peninsula
(Splettstoesser, 1992), possibly combined with the influence
of sea water on the ice base.
Q

CLIMATE-RELATED GLACIER MASS-BALANCE
STUDIES
The record of air temperature from Rothera Station allows
a degree-day approach (Braithwaite, 1981) to be applied to
the ice-ramp survey-line data. Degree-day methods are a
simple, quantitative approach to correlating ablation with
temperature, and allow comparisons between different sites.
From a study of four glaciers in Arctic Canada, Braithwaite
(1981) concluded that, whilst long-wave radiation was the
main source of energy for ablation, the best correlation with
measured ablation was with air temperature. The sum of
positive degree-days, S, is given by:
n

S

=

L: aiT;)
1

where T; is the mean daily temperature, n is the number of
days between consecutive surveys, and a; = 1 for Ti ;:::
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o.ooe and et; = 0 for T; <

0.0°e. The average mass loss per
positive degree-day at various sites is given in Table 2. The
values from Spartan Glacier are directly comparable with
the ice-ramp data as both are from year-round records, i.e.
including accumulation and ablation. The difference
between these two sites may be due, for example, to higher
accumulation at Rothera or a greater influence of radiation
at Spartan Glacier. The examples from Arctic Canada are
from ablation measurements only, and hence are expected
to be higher than the ice-ramp values. Figure 4 shows S calculated for consecutive survey periods on the ice ramp,
compared with the corresponding surface lowering rates.
The two lines agree well, indicating that surface ablation is
related to air temperature at this site. The li nes in Figure 4
also suggest that a value of S of greater than around 100 is
required for net a nnual mass loss on R othera Point Ice
ramp. If S is lower than 100 then there is net mass gain.

CONCLUSIONS
The ice ramp at Rothera Point has been receding, at least
since 1989. This recession may have been happening for
many years, but there are currently no data to quantify this.
The mean surface lowering rate between February 1989 and
J anuary 1997 was 0.32 m a- I w.e. Similar rates of wastage
have been reported elsewhere on the Antarctic Peninsula
Uamieson and Wager, 1983; Morris and Mulvaney, 1996)
and are to be expected from energy-balance modelling
(Oerlemans, 1994). The observations of the ice ramp thus
support the conclusions of other studies, namely, that the
decadal warming trend observed on the Antarctic Peninsula
h as resulted in the retreat of ice bodies at relatively warm
sites due to enhanced ablation, and in ice-body growth at
relatively cold sites due to increased precipitation.
The observed surface lowering coincides with a period
oflong-term increase in temperature and ablation and with
a long-term decrease in the surface mass balance, seen in
meteorological records from Rothera Station. The lowering
rate can be compared directly with the trend of decreasing
surface balance at the stake scheme of 0.03 m a 1 w.e. The big
difference between these two values, from sites less than
I km apart and at sim il ar elevations, emphasises the local
nature of the detailed meteorological conditions at individual sites, probably largely the result oflocal topography.
T here is a good correlation between air temperature
https://doi.org/10.3189/1998AoG27-1-113-118 Published online by Cambridge University Press

and surface lowering rates. "Ve therefo re conclude that
increasing air temperatures in the region will raise ablation
and increase the recession rate of the ice ramp.

DISCUSSION
Although the observed retreat of the ice r amp correlates
well with air temperature using the degree-day approach,
increasing temperature may not be the only reason for the
mass-balance changes. Variations in radiation, [or example,
may also have an effect. We cannot rule out the possible
effect of increased dust accumulation on the ramp, resulting
from the nearby gravel runway. It is also interesting to note
that ice-core data from the Antarctic Peninsula show increasing levels of dust in the atmosphere over the previous
few decades (e.g. Thompson and others, 1994), possibly
related to retreat of the ice cover at low altitudes (personal
communication from D. A. Peel, 1997).
Rothera Point ice ramp is only a small ice body, and,
taken alone, the results of the surveys wou ld be of littl e significance. However, they are important because they add to
an increasing body of evidence suggesting an influence o[ regional warmi ng on the ice masses of the Antarctic Peninsula.
The dramatic retreat and break-up of Antarctic Peninsula ice
shelves is also believed to be a response to the observed warming trend (Doake and Vaughan, 1991; Vaughan and Doake,
1996). The particular value of the R othera Point ice-ramp
surveys and simi lar results is that they reveal a consistent
pattern of change in the ice cover of the Antarctic Peninsula
at sites where it cannot yet be detected by satellite or other
remote-sensing methods.
Th e data presented here have three particula r advantages over other Antarctic Peninsula level-line surveys.
First, the surveys have been repeated annually, rather than
separated by many years. This allows an appreciation of
interannual variability and avoids the possibility that a survey during an anomalously warm or cold year will have a
disproportionate effect on the analysis. Secondly, the close
proximity of R othera Station provides a good record of
meteorological data with which to compare the survey
results. Thirdly, we can show explicitly that ice flow has an
insignificant effect on the measured mass-balance changes,
allowing these changes to be attributed to variations in
ablation or accumulation. Finally, prior to the construction
of the gravel runway, there were some fears that a future
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deteriora tion of the ice ramp at Rothera Point could be as
rapid as that seen at Stonington Island, causing severe
problems for aircraft operations. T he fact that the bed of
the ice ramp is above sea level suggests that a simila r rapid
disintegration is unlikely.
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