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ABSTRACT. The European Project for Ice Coring in Antarctica (EPICA) includes a
comprehensive pre-site survey on the inland ice plateau of Dronning Maud Land. This
paper focuses on the investigation of the 18O content of shallow firn and ice cores. These
cores were dated by profiles derived from dielectric-profiling and continuous flow analysis
measurements. The individual records were stacked in order to obtain composite chronol-
ogies of 18O contents and accumulation rates with enhanced signal-to-noise variance
ratios.These chronologies document variations in the last 200 and1000 years.The 18O con-
tents and accumulation rates decreased in the 19th century and increased during the 20th
century. Using the empirical relationshipsbetween stable isotopes, accumulation rates and
the 10 m firn temperature, the variation of both parameters can be explained by the same
temperature history. But other causes for these variations, such as the build-up of the snow
cover, cannot be excluded. A marked feature of the1000 year chronologyoccurs during the
period AD1180^1530 when the 18O contents remains below the long-term mean. Cross-cor-
relation analyses between five cores from the Weddell Sea region and Dronning Maud
Land show that 18O records can in some periods be positively correlated and in others
negatively correlated, indicating a complex climatic history in time and space.

INTRODUCTION

The European Project for Ice Coring in Antarctica (EPICA)
focuses on the drilling of deep ice cores at two sites: Dome
Concordia in the Indian/Pacific sector, and Dronning Maud
Land in the Atlantic sector of Antarctica. The low accumu-
lation rates at Dome Concordia ensure the likelihood of
obtaining a climatic record over several glacial cycles, as at
Vostok. The higher accumulation rates in Dronning Maud
Land allow for a more detailed record over the last glacial
cycle. Additionally, the possible link between the climates of
the Atlantic sector of Antarctica and of central Greenland via
the Atlantic Ocean was a reason for selecting a drilling site in
Dronning Maud Land. The inland ice of Dronning Maud
Land was still a rather unexplored part of the Antarctic ice
sheet. Therefore, an intensive pre-site survey programme
was set up to define the position of the drilling site. It com-
prised ice-thickness measurements by airborne radio-echo
sounding surveys (Steinhage and others, 1999), ice-flow
measurements by global positioning system and glaciological
investigations. Norway, Sweden, the Netherlands, the United
Kingdom and Germany are involved with traverse work and
airborne surveys. The glaciological studies revealed, among
other things, the spatial distribution of accumulation rates
across Amundsenisen (Van den Broeke andothers,1999;Oerter
and others, 2000) and the accumulation history during the last
millennium (Sommer andothers, 2000a).This paper focuses on
the stable-isotope content of the firn and ice. The time series of
the stable-isotope content document the climate history of the
last millennium.The regional distribution of the stable-isotope

content of the near-surface snow and the firn temperature at
10 m depth provides an isotope^temperature relationship, a
measure of the sensitivity of the isotope composition to
climate change at least in the Holocene.

Holocene climate records are attracting increasing atten-
tion for at least two reasons:

possible man-made warming must be seen in the context
of the Holocene climate variability;

records are necessary for general circulationmodel numeri-
cal experiments, which are expected to contribute to the
understanding of the climate system and of the regional
and temporal variability, which is documented in the
records from different regions.

In the case of Antarctica, only a few records span the last
millennium and provide detailed information for this period
(for a review see, e.g., Mosley-Thompson, 1995; Peel, 1995).
The annually resolved records from Dronning Maud Land,
presented here, will supplement these records. They provide
detailed information on the climate during the last millen-
nium in the Atlantic sector of the inland ice of Antarctica.

FIELDWORK

The1997/98 field season in Dronning Maud Land is described
in detail by Oerter andothers (2000).The traverse programme
includedthe drilling of 15 firn cores at12 locations downto 30^
42 m depth, and of three ice cores to 115^150 m depth (Fig. 1).
Additionally, snow-pit samples were taken to ensure proper
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representation of the near-surface layers, because core quality
is usually reduced in the uppermost 2 m. The firn cores from
Amundsenisen were labelled FB9803^FB9817 (for details see
Oerter and others, 2000, table 1). Some of the core analyses
were performed in field laboratories at Neumayer station,
which were equipped with devices to measure dielectric prop-
erties of the firn and ice (dielectric profiling (DEP); Wilhelms
and others, 1998), the density by gamma-ray attenuation
(Gerland and others, 1999), and some of the major chemical
constituents by continuous flow analysis (CFA; Sigg and
others,1994; Sommer andothers, 2000a,b). Additionally, facil-
ities were available for cutting and subsampling the cores for
further analysis.The cores and the subsamples were shippedat
the end of the field season to the cold storage of the Alfred-
Wegener-Institut (AWI) in Bremerhaven. The stable-isotope
analyses were performed in the laboratories of AWI in
Bremerhaven and GSF in Neuherberg. Stable-isotope depth
profiles were measured with a depth resolution of about two
samples per year and were not done to support the dating of
the cores. Isotope results are given as deviation from theVien-
na Standard Mean OceanWater (V-SMOW) in per mil; the
accuracy of the 18O measurements is better than 0.1%.

RESULTS1

Dating of the cores

The firn cores were dated using the depth profiles resulting
from DEP and CFA (Oerter and others, 2000; Sommer and
others 2000a; Go« ktas and others, 2002). The CFA and DEP
profiles contain stratigraphic signals, which result from the
seasonal variations of the snow chemistry and from acid-
containing layers deposited after volcanic events. The acid

layers from the eruptions of the volcanoes Krakatao (1883),
Tambora (1815) and an unknown one (1809), Kuwae (1458)
and El Chichon (?) (1259) served as reference horizons (for
DEP profiles see Oerter and others, 2000, fig. 2). Between
these reference horizons a depth^time relation was estab-
lished by layer counting.The dating of the cores at the hori-
zons is as accurate as the volcanic chronology. In between,
the accuracy is estimated to be about 2% of the time inter-
val to the nearest reference horizon. Uncertainty arises
because parts of the profiles are missing and because the
profiles allowdifferent stratigraphical interpretation.To cal-
culate time series of accumulation rates and stable-isotope
content, only the dating down to the deepest detectable vol-
canic horizon has been used, even if cores reached further
back in time, to avoid inaccessible dating errors. None of
the 15 shallow firn cores is long enough to reach the horizon
of the Kuwae eruption (1458), but 13 of them contain the
horizons caused by the volcano eruptions in 1815 and 1809.
The three deeper cores were dated over the last millennium.

1 The depth profiles and time series of the 18O contents are
archived at the PANGAEA database (www.pangaea.de)
of the World Data Center for Marine Environmental
Sciences at AWI, Bremerhaven.

Fig. 1. Map of Dronning Maud Land showing the AWI
traverse route 1997/98 and drill locations. Elevation data based
on European Remote-sensing Satellite (ERS-1) altimetry
(courtesy ofJ. Bamber, University of Bristol).

Fig. 2. Annually resolved 200 year time series of 18O content
from 16 locations on Amundsenisen (Fig. 1).The values are
shown as deviation from the local mean.
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Records of accumulation rates and isotope content

Records of accumulation rates and stable-isotope content are
based on the depth^time relations and on depth profiles of
stable-isotope content and firn density and are approximately
annually resolved, the sampling error is less than half a year.
Altogether there are 16 records which span the last 200 years
(Fig. 2), and three 1000 year records (not shown).

The individual records are poorly correlated. In the case
of the 200year chronologies, only 57 of 120 cross-correlations
are significant (95% confidence level) between the 18O
records, and only19 between the records of the accumulation
rates. This could mean that the records contain no common
(climatic) signal. That, however, is most probably not the
case. The number of significant correlations is certainly low,
but higher than it would be for records consisting of random
numbers. Further, the records are from a restricted area
extending 500km from west to east and 200 km from north
to south at Amundsenisen.Therefore, it is probable that they
contain a common climatic signal, which is superimposed by
noise inherent in the snow archive (deposition noise; Robin,
1983). Under this assumption, the common signal can be
enhanced by stacking the individual records, and under the
further assumption that the statistics of the noise are the
same in all records, the signal-to-noise variance ratio can be
estimated by simple variance analyses (Fisher and others,
1985; Johnsen and others, 1997) to assess the climatic signifi-
cance of the records.

To calculate composite records, the individual records

were normalized (· ˆ 0, Var ˆ 1) and the normalized
records stacked. Finally, these intermediate records (· ˆ 0
and ¼ < 1) were multiplied by the mean of standard devia-
tions of the individual records (Figs 3 and 4).The purpose of
this procedure was to ensure that each record contributes in
the same manner to the composite record. Actually, it
makes no difference if the composite records are calculated
according to this procedure or as a simple average over the
individual records.

Signal-to-noise variance ratio

The cross-correlation coefficients (rxy) indicate low signal-
to-noise variance ratios (F ) in the individual records. The
equation F ˆ rxy/(1 ^ rxy) connects both parameters (Fisher
and others, 1985). Alternatively, F can be assessed with the
mean variance of the individual records (X ), the variance
of the composite record (X0) and the number of the indi-
vidual records (N) by the equation, F ˆ ^ [Var(X0) ^
Var(X)/N]/[Var(X0) ^ Var(X)], which is based, among
other things, on the assumption that the variance of the noise
in the composite record is reduced by N (Johnsen and others,
1997). Regarding the records from Amundsenisen (Table 1),
the signal-to-noise variance ratio is 0.14 and 0.04 for the
records of the 18O contents and the accumulation rates,
respectively. In the composite 200year records these ratios
are enhanced by a factor of 16 so that the variance of the
signal in relation to the total variance, F /(1 ^ F), increases
from 12% to 69% and from 4% to 40%, respectively.

F allows calculation of the variance of the noise, and
assessment of confidence ranges in the records. Further, the

Fig. 3. Composite 200 year records of 18Ocontents (below) and
accumulation rates (middle). Each record consists of 16 indi-
vidual records; the individual 18O records are shown in Figure
2; for the records of the accumulation rates see Oerter and others
(2000).Temperature records were calculated from the composite
records using the empirical 18O^temperature and accumu-
lation-rate^temperature relationships and smoothed with a
45 year Gaussian low-pass filter (above).The error bars indi-
cate the 2s standard errors of the values.

Fig. 4. Composite 1000 year records of accumulation rates (a)
and 18O contents (b). Each record consists of three individual
records before 1800 and of 16 records thereafter. Also shown are
the smoothed records (by use of a 60 year Gaussian low-pass
filter) and the 95% confidence intervals of these records.

Table 1. Mean variance of individual records (X) and vari-
ance of composite records (X0) and the signal-to-noise vari-
ance ratio (F ) in the individual records

Record of Var(X) Var(X0) F

18O contents (1.50%)2 (0.63%)2 0.14
Accumulation rates (19 kg m^2 a^1)2 (6 kg m^2 a^1)2 0.04
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signal-to-noise variance is a measure of resolutionpower of the
time series. The higher the value of F the more sensitive is the
record. For F values of 0.89, such as in the Greenland records
(Johnsen and others, 1997), short-term variations of 18O con-
tents are easier to detect than at Amundsenisen (White and
others, 1997). To make the time series from Amundsenisen as
sensitive as the Greenland records, they must be stacked to re-
duce the variance of the noise. If only one record is available,
the noise must be reduced by filtering techniques, which also
affect the high-frequency part of the signal. In consequence,
only strong and/or persistent signals can be detected. Figure 5
shows which signals can presumably be detected in the
planned EPICA Dronning Maud Land core.

Regional distribution of the stable-isotope contents

Averages of the 18O contents over the last 200 or the last
40 years (for the shorter firn cores see Oerter and others,1999)

were used forcompilationof the local data. Mixing the datasets
is justified, because the meanvalues inboth periods are similar,
even thoughremarkable fluctuationsof the annual18Ocontents
in the last 200years are observed (Fig. 3). The correlation
between the local means of 18O content and firn temperature
at 10m depth is very close (Fig. 6). The isotope^temperature
relationship, d…¯18O†=dT ˆ 0.77 §0.14%K^1 (n ˆ 19, r ˆ

Fig. 5. Detection limits for 18Osignals in a noisy record depend
on the strength of the signal and its duration (orequivalently on
the number of stacked records) and on the standard deviation of
the noise.The signal is assumed to be a rectangular pulse for

Table 2. Firn cores sampled on Amundsenisen, 1996^98.The
mean local 18O contents and the scatter (1s) of the annual
values for the given periods are shown

Locality Core label 18Ocontent
(1960^1995) (1810^1997)

% %

DML01 DML9601 ^43.40§1.63
DML02 DML9602 ^44.88§2.41
DML03 DML9703 ^43.42§1.79
DML03 FB9809 ^43.79 §1.43 ^44.13 §1.65
DML04 DML9704 ^47.12 §1.74
DML05 B32 ^44.60§1.91 ^45.13 §1.53
DML05 DML9705 ^44.28§2.06
DML05 FB9807 ^44.28§1.60 ^44.67 §1.32
DML06 DML9706 ^47.51 §1.85
DML07 B31 ^44.55§1.62 ^44.95§1.30
DML07 DML9707 ^44.27§1.99
DML08 DML9708 ^46.67 §1.87
DML09 DML9709 ^48.40§2.47
DML10 DML9710 ^49.13 §1.65
DML11 FB9803 ^39.21 §1.64
DML12 FB9817 ^42.95§1.27 ^43.46§1.47
DML13 FB9816 ^42.43§1.46 ^43.42§1.48
DML14 FB9815 ^44.01 §1.40 ^44.13 §1.34
DML15 FB9814 ^45.29§1.23 ^45.56§1.42
DML16 FB9813 ^45.11 §1.75 ^46.09 §1.61
DML17 B33 ^46.52§1.29 ^46.61 §1.39
DML18 FB9804 ^42.24§1.51 ^42.65§1.51
DML19 FB9805 ^44.65§1.80 ^44.57 §1.41
DML20 FB9808 ^43.43§1.36 ^43.72 §1.53
DML21 FB9810 ^45.46§1.69 ^46.00 §1.71
DML22 FB9811 ^47.89 §1.61 ^48.01 §1.70
DML23 FB9812 ^46.71 §1.80 ^47.04 §1.81

Note: For further information on the geographical position of the drilling
sites and the firn temperature at10 m depth see Oerter and others (2000).

Fig. 6. Isotope^temperature relationship based on spatial
distributed data on Amundsenisen (cf.Table 2). Open symbols
mark sites with deficit accumulation rates according to the10 m
temperature (Oerter and others, 2000).

Fig. 7. Isotope temperature (with the 95% confidence range)
and the Northern Hemisphere temperature reconstructed by
Mann and others (1998). The isotope temperature record is
smoothed with a 7 year Gaussian low-pass filter. Deviations
from the 1890^1940 average are shown.
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0.94) is typical for regions where precipitation is formed
above the temperature-inversion layer and formed under
supersaturation and adiabatic conditions (Lorius and
Merlivat, 1977). The regional distribution of the 18O content
is much more regular than that of the accumulation rates.
Obviously, processes that influence the accumulation rates,
like winderosion, have no influence on the stable-isotope con-
tent. For example, at some sites in western Dronning Maud
Land (south of the ice divide) the accumulation rate is lower
than expected from the firn temperature (Oerter and others,
2000), but the 18O contents of the firn from these sites fit into
the isotope^temperature relationship (Fig. 6). That means
that the seasonal distribution of the precipitation in
Dronning Maud Land must be more or less the same, regard-
less of the accumulation rates2.

DISCUSSION

The residual noise in the composite 200year chronologies is
still high, as can be seen from the standard errors in Figure 3.
Short-term variation of the accumulation rates is not displayedat
all. The signal-to-noise ratio of the 18O records is higher, so
variations of the 18O contents with periods around 15 and
20 years (according to spectral analysis) can be detected
including minimum values around 1885. Long-term variations
are displayed in both records. Remarkably, these variations

are similar, with low values at the turn of the 20th century.
This common long-term signal is the reason for a significant
correlation between the two records (r ˆ 0.29). There are at
least two possible ways of explaining these variations. First,
the build-up of the snow cover has altered over the centuries.
A 40% change in winter-to-summer precipitation ratio could
account for the observed variation (assuming an isotopic dif-
ference of 10%18Obetweenwinter and summer precipitation).
Second, long-term temperature changes have simultaneously
influenced the accumulation rates and the 18O contents.
Indeed, nearly the same temperature development could
explain the variation in the records (Fig. 3) assuming that the
temperature relationships, d…¯18O†=dT ˆ 0.77 §0.14%K^1

(Fig. 6) and d…Acc†=dT ˆ 6.4 §1.5 kg m^2 a^1 K^1 (Oerter
and others, 2000), which are based on spatial distributed data,
hold in time. Possibly, we see the result of a combination of
processes, some of them still not taken into consideration.
Adopting the temperature scenario, the record would stand
for a temperature increase in the 20th century, which occurred
almost entirely during the decades 1910^40. This period coin-
cides with the first period of global warming in the 20th cen-
tury (Fig. 7), according to the temperature reconstruction by
Mann and others (1998), which was ascribed by Delworth and
Knutson (2000) primarily to the variability of the coupled
ocean^atmosphere system.The second period of globalwarm-
ing, beginning in1978 andattributed primarily to greenhouse-
gas forcing (Intergovernmental Panel on Climate Change,
2001, http://www.ipcc.ch), is not seen on Amundsenisen.
Further, the strong fluctuations in the 18O record are not dis-
played in the temperature record and are perhaps not tem-
perature-induced.

The1000 year chronologies from Amundsenisen also dis-
play remarkable features (Fig. 4), notably a 350year period

2 The data from the automatic weather station at DML05
indicate that the accumulation is dominatedbya few heavy
snowfalls each year (Reijmer andVan den Broeke, 2001).

Fig. 8. Cross-correlation between time series from Antarctica. Panels are arranged as a cross-correlation matrix.The diagonal
elements show the time series, and the other elements series of cross-correlation coefficients calculated in a moving100 year window.
Data for Dolleman Island from Peel and Mulvaney (1992), for Ronne Ice Shelf from Grafand others (1990) and for northBerkner
Island from Mulvaney and others (2002).
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from AD1180 to1530 with decreasing d18O values anda return
to values before 1200 within a short 50 year period. In this
context, the increase of the d18O values in the 20th century
and the values at the end of the century are by no means
extraordinary.The Little IceAge cold period, which is widely
seen in the Northern Hemisphere, and has also been detected
byThompsonand others (1986) in tropical Quelccaya ice cap,
Peru, is not present in Dronning Maud Land. This period
1650^1850 is characterized in Dronning Maud Land by
strong fluctuations of 18O contents around average values.

The composite records can be regarded as representative
for Amundsenisen. The only other isotope record from this
area (Isaksson and others, 1996) fits into our composite
record, and in the common period 1865^1990 displays the
same 18O trend (0.00618O^% a^1). The Weddell Sea region
had a different climate history, as revealed by cross-correla-
tions between the few available records, which are well dated
and annually resolved.These records are from the north and
south domes of Berkner Island (Mulvaney and others, 2002),
from Dolleman Island (Peel and Mulvaney, 1992) and the
central Ronne Ice Shelf (Graf and others,1990).The result of
a cross-correlation analysis is largely dependent on the time
interval considered. Therefore, the relationships between
records will be described by a series of correlation coefficients
calculated in a moving window rather than by a single value.
For the calculations a 100 year window was selected (Fig. 8).
With one exception, the coefficients oscillatebetween positive
and negative values. For example, the records from south
Berkner Island and Dolleman Island are correlated nega-
tively in the 19th century and positively in the 18th century.
The records from south Berkner Island and the Ronne Ice
Shelf are longer and allow calculation of a 420 year series of
correlation coefficients.The series is comparable with the for-
mer one in the last 300years and displays variations with a
period of about 200years. The corresponding series from the
two Berkner Island records indicates a similar correlation
pattern but with a 100 year phase shift. The reasons for these
findings in records from locations only 140 km apart are still
unclear. Positive and negative correlations can also be seen
between the records from south Berkner Island andDronning
Maud Land.

CONCLUSION

Differences in the climate history of Antarctic regions are
known from reviews by Mosley-Thompson (1992) and Peel
(1992). The Little Ice Age provides one prominent example.
The new records from Amundsenisen give further informa-
tion about the variability of climate in space and time in the
Atlantic sector of Antarctica. The composite 200 and 1000
year records of accumulation rates and 18O contents, built
from16 short and 3 long individual ice-core records, respect-
ively, are regarded as representative for Amundsenisen. Pre-
sumably, both types of records document the climate history
in this region of Antarctica. The isotope^temperature rela-
tionship indicates that the sensitivity of 18O values to tem-
perature changes is as large as in other inland regions of
Antarctica. This relation based on spatially distributed data
is believed to hold also in time at least in the Holocene. The
relatively low signal-to-noise variance ratio in the records sets
limits for the detection of signals and/or reduces the time
resolution of the record that will be retrieved in the next few
years within EPICA in Dronning Maud Land.
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