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ABSTRACT. The mass balance of Antarctica is one of the crucial factors for determining sea-level
change in a warming climate. The marginal zones of the continent, namely the ice shelves, are most
sensitive to climate change. During the 2009/10 austral summer an extensive glaciological field
campaign was carried out on Fimbulisen, an ice shelf in East Antarctica, to investigate its recent surface
mass balance. Shallow (10–18m) firn cores were drilled and accumulation rates and stable-isotope
ratios determined. For firn-core dating, two different methods were compared: (1) seasonal variations of
stable oxygen isotope ratios (dd18O), and (2) dielectric profiling, including using the volcanic eruptions of
Pinatubo, Philippines (1991), and El Chichón, Mexico (1982), as time markers. The mean annual
accumulation for the period 1992–2009 ranges from 298 to 349mmw.e. a–1. The interannual variability
at the drilling sites is >30%. Accumulation rates show a weak decreasing trend during the past 20–30
years, which is statistically significant only for one of the cores. Stable-isotope ratios were compared to
the snowfall temperature of Neumayer station. Neither the temperatures nor the d18O values show any
trend for the investigated time period.

INTRODUCTION
The mass balance of Antarctica is one of the crucial factors
for determining sea-level change in a warming climate.
Higher precipitation due to higher saturation vapour pres-
sure of warmer air could mitigate sea-level rise (e.g.
Oerlemans, 1982). However, recent studies find no or only
weak evidence for increase in temperature and/or surface
mass balance (SMB). Combining modelling with field data,
Monaghan and others (2006) investigated possible trends in
Antarctic precipitation since the International Geophysical
Year (IGY, 1957/58) and found no increase in the past
50 years. Accumulation studies with shallow firn cores find
both positive and negative trends depending on the region
and time period investigated (e.g. Isaksson and Melvold,
2002). Contradictory results have been found for the
behaviour of temperature. Apart from the Antarctic Penin-
sula, which clearly shows a strong warming trend during the
past century, only weak and often statistically insignificant
near-surface temperature trends are found, the sign of the
trend being dependent on the investigation period (e.g.
Turner and others, 2005; Monaghan and others, 2008).
Generally, the spatial interpolation between the few avail-
able stations remains a problem, in spite of the use of high-
resolution numerical models.

The marginal zones of the continent, namely the ice
shelves, are the regions that are most sensitive to climate
change. They are located in a temperature regime where
positive temperatures and melting of snow already occur in
the present climate (Kaczmarska and others, 2006). Thus,
small changes in temperature and/or precipitation can have
a large effect on the mass balance. Since ice shelves are in
hydrostatic equilibrium with the ocean, the mass-balance

change itself is not important quantitatively but as an
indicator of climate change. Even more relevant is the strong
influence the ice shelves have on ice-sheet dynamics and
glacier outflow, especially in West Antarctica (Jenkins and
others, 2010). Thus it is important to monitor the present
conditions and possible recent changes on the ice shelves as
exactly as possible. In this study, we present results from four
shallow firn cores drilled on Fimbulisen, Dronning Maud
Land (DML), in the 2009/10 austral summer, which cover
approximately the past three decades. This study is part of a
larger project, ‘Fimbulisen top-to-bottom’, with the overall
aim of determining the total mass balance of the ice shelf
combining glaciological and oceanographic methods (http://
fimbul.npolar.no).

FIELD AREA AND PREVIOUS WORK
Fimbulisen is one of the ice shelves that bound DML and is
centred approximately at the Greenwich Meridian, with a
north–south extent from 69.58 S to 71.58 S (see Fig. 1b). It is
the largest ice shelf in the King Haakon VII Sea, the part of the
Southern Ocean that borders DML in the north. The central
part of the ice shelf is fed by Jutulstraumen, the largest outlet
glacier in DML. Jutulstraumen drains an area of 124 000 km2,
and the ice velocity is �1 kma–1 at the grounding line.

Jutulstraumen causes the build-up of a fast-moving tongue
within the ice shelf, Trolltunga (Fig. 1), surrounded by slower-
moving ice to the west and east. Trolltunga sticks out into the
sea at its northern end, which might lead to an accumulation
regime slightly different from the rest of the ice shelf, due to
higher wind speeds and possibly slightly higher temperatures
because of the surrounding ocean water.
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resolution. An annual accumulation in the order of
magnitude 300mmw.e. corresponds to approximately 10–
12 samples per year. The reproducibility of replicate analysis
for the d18O measurements is �0.1%.

Dielectric profiling
Dielectric profiling (DEP) measurements were conducted for
the four firn cores. Electrical conductivity of the firn was
determined in 5mm intervals at a constant temperature of
–208C in the cold laboratory of the Norwegian Polar Institute,
Tromsø. The accuracy of the measurements is approximately
�1% (Wilhelms and others, 1998). The a.c. conductivity
reflects seasonal variations of various ions in the firn and can
thus be used to date the cores by counting annual layers.
However, the method has to be used with care, since
apparent summer peaks may well be due to sea-salt maxima
from single storm events. In cores for which no stable-isotope
data are available, or for which the seasonal variations of
d18O cannot be resolved, DEP data are often used to identify
volcanic peaks as time markers, to be able to calculate the
mean accumulation rate between the found volcanic
eruptions (e.g. Anschütz and others, 2009). Again, the peaks
can have other causes, such as maxima in sea salt or other
ions not related to volcanic eruptions, and without additional
information (e.g. volcanic ash (tephra) layers) it is not
possible to unambiguously define the volcanic time markers.
Details of the underlying physics of DEP as well as the
measuring device are provided by Glen and Paren (1975),
Moore and others (1989) and Wilhelms and others (1998).

Climatological data
Meteorological data are available from the South African
wintering base SANAE III (1959–92), which was situated on
Fimbulisen itself (708180 S, 28220 W), and from the German
Neumayer station (1981–present) on Ekströmisen (708390 S,
88150 W), a small ice shelf �200 km further west (Fig. 1).
Data from the British base Halley, which are available since
the IGY and have been used in previous studies for
comparison with ice cores, are not used in our study, since
the meteorological regime of Halley is too different from the
conditions at Fimbulisen. Halley is situated much further
south (758350 S, 268340 W) and is strongly influenced by the
year-round ice-covered Weddell Sea, which has conse-
quences for both temperature and general atmospheric flow.
The next station close to Fimbulisen to the east is the Russian
base Novolazarevskaya. However, Novolazarevskaya is
situated in an oasis rather than on an ice shelf and has a

fairly particular local climate, which is altered by snow-free
rocks and thus very different from SANAE and Neumayer,
even though they are all under the same synoptic influences.
Unfortunately, SANAE data are available only until 1992
since SANAE III was closed and SANAE IV was built at a
different location further inland. Thus for comparison with
d18O profiles of the shallow firn cores we use annual mean
air temperature from Neumayer station (1981–2010). Since
the d18O values only represent periods with snowfall, we
calculated annual mean temperatures for snowfall condi-
tions using the 3 hourly SYNOP data from Neumayer.

RESULTS
Dating of the cores
For the calculation of annual accumulation rates an accurate
dating of the cores is necessary. Seasonal variations both of
d18O and of conductivity from DEP measurements were
used to date the cores.

Figure 2 illustrates the stable oxygen isotope profiles
(d18O) of the cores. Seasonal variations are clearly visible,
enabling annual layers to be counted. By comparing the
stable-isotope profiles of the different cores, some summer
peaks that were only weakly visible in one core could be
identified. Only in the uppermost parts of the cores is it
difficult to unambiguously contribute peaks to summer
maxima due to poorer core quality.

Figure 3 shows the results of the DEP measurements for
the four cores G3, G4, G5 and M2. Generally, the data are
quite noisy, and an independent dating would be very
difficult. However, by combining DEP and the stable oxygen
data of all cores, it is possible to identify peaks that are most
likely caused by volcanoes. In G5, two striking peaks can be
seen, which might be attributed to the volcanic eruptions of
El Chichón, Mexico (1982), and Pinatubo, Philippines
(1991). Identification of the peaks was supported by a
comparison with the results of Kaczmarska and others
(1994), who investigated a 100m firn core in coastal DML.
Whereas the possible El Chichón peak in the deepest layers
of the cores is outstanding, the Pinatubo peak can only be
found by assuming a certain depth range based on know-
ledge of accumulation rate from earlier studies and/or the
stable-isotope measurements. These peaks can be used as
absolute time markers (within the uncertainty range) for the
calculation of a mean accumulation rate of the time period
between the corresponding eruption and the drilling. The
time of deposition of volcanic material is usually assumed to

Table 1. Location and metadata of firn cores G3, G4, G5 and M2

Firn core Long. Lat. Distance from coast Elev. Length Time period Mean d18O 10m firn temp.

8W 8 S km ma.s.l. m % 8C

G3 0.612 69.823 27 57 10.0 1993–2009 –19.7* –16.3
–19.7{

M2 0.109 70.316 64 75 17.5 1983–2009 –22.2* –18.9
–21.7{

G5 0.041 70.545 83 82 14.5 1985–2009 –22.0* –19.2
–22.0{

G4 0.402 70.902 117 66 16.7 1984–2009 –23.8* –18.6
–23.7{

*Mean over total core length. {Mean 1993–2009 (comparable period for all cores).
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apparent summer maxima, though these might have differ-
ent causes (e.g. high sea-salt concentrations connected to
single storm events). This was also found by Schlosser and
Oerter (2002a) for the dating of shallow cores from
Ekströmisen. On average of all investigated firn cores, the
age derived from DEP profiles was not more than 10%
higher than that determined using stable isotopes.

In spite of some remaining ambiguities, for the reasons
mentioned above the d18O dating is more reliable than the
DEP dating, with an estimated error of �2 years for single
years and approximately 3–4 years for the age of the core.
This estimate stems from the number of annual layers whose
d18O variations could not be unambiguously identified as
seasonal variations and the fact that some of the errors for
single years counteract. Naturally the error also depends on
the length/age of the core.

SURFACE MASS BALANCE
The SMB was calculated using dating by seasonal variations
of d18O and bulk density. The bulk density was determined
directly in the field by weighing/measuring core pieces (10–
50 cm length) smoothed by a polynomial function.

The SMB of the ice shelf is the sum of accumulation and
ablation, where accumulation is the sum of precipitation,
deposition of hoar-frost, and deposition of snow due to
snowdrift, whereas ablation is the sum of sublimation and
erosion due to snowdrift. All melted snow refreezes locally,
so no runoff is observed. Sublimation can amount to up to
�40% of precipitation (Bromwich and others, 2004).
However, the SMB is what is measured in the firn cores. In
all cores, numerous ice layers were found, ranging in
thickness from 1mm to several centimetres; the thickest
ones reached >10 cm. Because of these ice layers, a
polynomial fit was used to calculate the density from the
bulk density measurements. It has been shown that the error
in density influences the SMB much less than the dating
error (Hawley and others, 2008). It is assumed that this

melting happened within one annual layer during summer,
so no mass transport from one annual layer to deeper layers
occurred. These irregular ice layers also mean that it was not
feasible to clearly identify the summer layer of 2008/09. (If
there were one main ice layer, it would indicate the summer
layer. The irregular thick ice layers could not be unambigu-
ously related to the end of summer 2008/09.)

Figure 5 shows the SMB (using the d18O dating) and mean
annual d18O for the four firn cores. Table 2 compares the
mean annual accumulation rates for the time periods
defined by the volcanic time markers based on the DEP
measurements. These annual accumulations are calculated
from the ratio of water equivalent depths above the
identified volcanic time markers to the time-span covered
by the firn column. The relative error estimates are derived
from the root-mean-square sum of the relative errors due to
sample mass determination of �1.4% (Karlöf and others,
2005) and 22%, 12% and 8% due to time-span uncertainty
for the three periods considered, respectively. As a typical
dating error for the volcanic horizons, a value of 1 year was
used, yielding a 2 year uncertainty on the time interval
between the dating horizons. Note that here we implicitly
assume that the errors are independent. Table 2 shows that
spatial differences between the single cores are <15%.

Interestingly, it is not the southernmost core that shows
the lowest accumulation, whereas usually accumulation
decreases with distance from the coast: G3, the northern-
most core, and G5, between M2 and G4, have similarly low
accumulation rates. In the case of G3 the reason is most
likely wind erosion. Other studies of ice-shelf regions have
also suggested that accumulation is lower near the coast
than further inland because snow is lost to the ocean by
wind influence (Swithinbank, 1957; Thomas, 1973; Isaksson
and Karlén, 1994). The low accumulation at G5 could be
due to precipitation differences connected to the orographic
influence of an ice rise to the west, or due to wind influence
(both erosion at the lower-accumulation site and increased
deposition at the higher-accumulation site). Rotschky and

Fig. 4. Comparison of dating of G3 using DEP and d18O measurements.
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considered. We therefore suggest that with the data at hand
our analysis does not provide any robust evidence for the
long-term tendency in SMB in the study area. One should
stress that our findings are for the period considered only
and do not indicate anything in a longer-term perspective.

Comparison with an older, longer core taken on
Fimbulisen in 2000 (S100 (Fig. 1b); Kaczmarska and others,
2004) shows, however, that this trend was already evident
throughout the 20th century. This is also confirmed by
Schlosser and Oerter (2002b), who found a decreasing
trend in core B04, drilled in 1981 near Neumayer station
(see Fig. 1b), which also shows a statistically significant
trend since 1892. d18O is assumed to be linearly related to
air temperature, but is influenced by many other factors, of
which seasonality of precipitation is one of the most
important and can lead to a strong bias in the temperature
signal, or even to a complete loss of this positive correlation
or to anticorrelation (Noone and Simmonds, 1998; Noone
and others, 1999; Schlosser, 1999; Divine and others,
2009). The relationship between air temperature and
accumulation is much more complex than previously
thought. The use of a simple linear relationship between
accumulation rate and air temperature in flow models used
for ice-core dating can thus lead to large errors. It is almost
meaningless to attempt to derive a temperature trend for the
entire Antarctic continent, since for large areas no long-
term, in situ climate measurements are available (Turner
and others, 2002). The trends from the various stations show
a spatially complex picture of change across the continent
during recent decades and do not indicate any consistent
warming or cooling (Turner and others, 2002). The weak
temperature trends observed at different locations in the
past 50 years in Antarctica (Turner and others, 2002, 2005)
have been related to the Southern Annular Mode (SAM;
Marshall, 2003), which describes the climate mode of the
Southern Ocean dependent on the meridional gradient in
air pressure (e.g. 40–658 S). A large pressure gradient (SAM
in its high-index state) means a mainly zonal atmospheric
flow, hence little meridional transport of heat and moisture,
hence lower temperature and accumulation in most parts of
Antarctica. The influence of SAM on accumulation is poorly
understood so far.

Deeper firn cores from Fimbulisen, covering the past 100
years, are desirable in order to be able to calculate
statistically significant trends. A better understanding of the
relationship between accumulation and temperature is
necessary for both correct dating of deep ice cores and to
assess the future evolution of the SMB and solid ice
dynamics of the Antarctic ice sheet and their contribution
to sea-level rise.
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