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[1] The U.S. contribution to the International Trans-Antarctic Scientific Expedition
(ITASE) program obtained several ice cores from the West Antarctic Ice Sheet. Because of
proximity to the Pacific Ocean, the West Antarctic ice cores are expected to have an El
Niño–Southern Oscillation (ENSO) signature. The ITASE 2001-5 core d18O isotope was
selected for detailed analysis here because its location, high annual accumulation, and
record length make it an ideal candidate for capturing the effects of regional circulation
anomalies in the isotopic composition. The 2001-5 core is compared to two other cores, the
2001-2 and 2001-3 cores, which are further west and therefore capture some spatial
variability of the regional circulation on various time scales. Analysis shows that several
phenomena, including ENSO, leave a signature in the ice cores. Evidence suggests that
ENSO signals in the ice cores are significantly modulated by low-frequency variability.
Correlation with the Southern Annular Mode (SAM), global temperature, Pacific Decadal
Oscillation, and ENSO shows that temperature and ENSO generally appear to have the
strongest influence on the 2001-5 isotope signal while there is no clearly dominant single
influence in the other cores. Results suggest that the teleconnection between ENSO and
the 2001-5 core is quite dependent on the state of the SAM. Specifically, when the
Southern Oscillation Index (SOI) and SAM are in phase, there is an ENSO related pressure
anomaly west of the Antarctic Peninsula, in the vicinity of the ice cores studied. This
extends previous findings to span the entire 20th century.
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1. Introduction

[2] The isotopic composition of the snow on West Antarc-
tica is anticipated to show large variability on El Niño–
Southern Oscillation (ENSO) time scales because of its
proximity to the Pacific Ocean and ENSO’s influence on
both the Amundsen Sea Low [Bertler et al., 2006] and the so-
called Antarctic Dipole (ADP) circulation anomaly [Yuan,
2004;Harangozo, 2000]. ENSO has been shown to influence
these features as well as characteristic southern hemisphere
features such as the Southern Annular Mode (SAM) [Fogt
and Bromwich, 2006; L’Heureux and Thompson, 2006] and
the zonal wave 3 [Raphael, 2004]. All of these atmospheric
features will be accompanied by variations in the mean
condensation and transport processes that will influence the
isotopic content of the precipitation deposited at any given
ice core site through differences in the temperature history
and mixing characteristics as noted below.

[3] The variations in the isotopic composition of ice cores
reflect a history of climate and are often used to construct
long-term temperature records [e.g., Aristarain et al., 1990;
Jouzel et al., 2000]. While the temperature-isotope relation-
ship is generally robust [e.g., Jouzel et al., 1997], there are
many other influences that affect the isotopic composition
of the ice core. Consider a parcel of air with water
evaporated at midlatitudes; as the parcel cools, the water
molecules with heavier isotopes of hydrogen and oxygen
precipitate preferentially because their lower vapor pressure
causes them to condense more readily. If the temperature
gradient along the transport path to the ice core site is
reduced, there will be less depletion relative to some mean
isotopic content, and this will give rise to a positive
anomaly. Confounding this simple view, locally evaporated
water mixed into the poleward moving air will generally
enrich the overlying vapor [Noone, 2008]. As such, a
positive isotope anomaly may appear from an anomalously
large contribution from local sources. Further complexity of
an isotopic signal in an ice core is added by wind drifted
snow, especially in West Antarctica where katabatic winds
may transport isotopically depleted snow from the Antarctic
interior, resulting in a negative isotope anomaly. The
difference between local evaporative enrichment, reduced

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, D17110, doi:10.1029/2007JD009107, 2008
Click
Here

for

Full
Article

1Department of Atmospheric and Oceanic Sciences and Cooperative
Institute for Research in Environmental Sciences, University of Colorado,
Boulder, Colorado, USA.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JD009107$09.00

D17110 1 of 17



depletion due to temperature, and variability due to blowing
snow cannot be detected in a single isotope record, however
these influences are all affected by regional circulation
characteristics. Because of their role in regional climate,
spatial patterns of atmospheric and oceanic variability must
therefore be considered in developing a thorough under-
standing of the observed isotope records. Neglecting the
temperature dependence of the isotopic fractionation, the
most isotopically enriched snow in West Antarctica is
associated with the features that transport vapor most
directly from the source, the Southern Ocean, to the site
of interest.
[4] To understand the influence of ENSO on the isotopic

content of the snow deposited in West Antarctica, the means
by which the tropical signals propagate to high latitudes
must be considered. Turner [2004] provided a review of the
ENSO teleconnection to Antarctica and concludes that the
clearest connection is through the Pacific South American
(PSA) pattern but there is a great deal of variability in the
Antarctic’s response to individual events. Mo and Paegle
[2001] note that the PSA modes exhibit a zonal wave 3 in
the midlatitudes, and indeed are spatially coincident with
the Pacific circulation associated with the ADP. They draw
equivalence between their first PSA mode, the second EOF
of geopotential height, and Karoly’s [1989] southern hemi-
sphere response to ENSO. Karoly [1989] showed that a
Rossby wave train is excited in the tropics by the deep
convection associated with Sea Surface Temperature (SST)
anomalies during ENSO events. The Rossby wave train
propagates to high latitudes yielding a blocking high in the
area of the Amundsen-Bellinghausen Sea (ABS) during
warm ENSO (El Niño) events, with anomalies of opposite
sign for cold (La Niña) events, as shown by Turner [2004]
for eight El Niños and six La Niñas from NCEP-NCAR
reanalysis. The differences between the Rossby wave trains
that arose from four individual El Niño events were studied
by Lachlan-Cope and Connolley [2006]. They showed that
there are peculiarities from event to event that depend on the
spatial distribution of tropical SST anomalies relative to
areas of ascent. These peculiarities change the Rossby wave
source regions and as a result modulate the ABS pressure
anomaly’s amplitude and location. They explain a signifi-
cant Faraday temperature difference between 1987 and
1997 as being a result of the positive pressure anomaly
closer to the Peninsula in 1987, and therefore an anoma-
lously cold temperature that year.
[5] The ABS pressure anomaly forms one center of action

of the Antarctic dipole and modifies the location of the
Amundsen Sea Low [Bertler et al., 2006]. Turner [2004]
notes that such high-latitude features will be modulated by
variations in westerlies, which will result from, among other
things, SAM variability, further complicating the interpre-
tation of the tropical to west Antarctic teleconnection using
in situ observations. Rather than basing the analysis on in
situ proxies, Harangozo [2000] found a more clearly
defined ADP in sea level pressure (SLP) correlations with
interseasonal changes in SST, and deduced the stronger
dependence of the regional atmospheric flow on the rate of
change of ENSO state rather than the state of the SSTs.
[6] There is no clearly defined phase relationship between

ENSO and West Antarctic precipitation, as shown by
Bromwich et al. [2000]. Using ECMWF operational analy-

ses and reanalyses, they show a 1980s to 1990s phase
reversal of the west Antarctic moisture flux convergence
(MFC) versus the Southern Oscillation Index (SOI). In
contrast to their findings, Genthon and Cosme [2003] find
that there is not a phase reversal but point out that there is
phase opposition between the Bellinghausen-Weddell Sea
area versus the Amunsdsen-Ross area with respect to
ENSO. Their study suggests a spatial sensitivity of the
precipitation phase that is also highlighted in Bertler et al.
[2006] who discuss the opposition of warming/cooling
phase of the eastern and western Ross Sea correlated with
ENSO. Specifically, the displacement of the Amundsen Sea
Low during El Niño causes katabatic flow of cold air from
the interior of the continent to the western Ross Sea
resulting in more sea ice in that area despite warmer SSTs
which reduce the sea ice in the eastern Ross Sea [Bertler
et al., 2006].
[7] This study focuses on interpreting the circulation

patterns associated with the isotopic record from the ITASE
2001-5 ice core compared with records from the 2001-2 and
2001-3 cores [Steig et al., 2005; Schneider et al., 2006].
These cores were extracted from West Antarctica, near the
coast and in proximity to the Pacific Ocean (Figure 1), and
the isotope records are resolved at monthly intervals. The
2001-5 core covers the entire 19th and 20th centuries and
the 2001-2 and 2001-3 cores are dated for the late 19th and
the entire 20th century. Given their location and high tem-
poral resolution, it is expected that they reflect ENSO and
other variability, and as such give an indication of how West
Antarctic climate is influenced by the tropical Pacific.
[8] In a study of surface mass balance (SMB) of West

Antarctica, Genthon et al. [2005] compare these three cores
plus three other ITASE cores further west to ERA 40
analysis/reanalysis as well as the SOI and SAM. Their
results show that at the core sites of interest to this study,
the surface mass balance correlates weakly with SOI and
moderately strong with an undetrended index of the SAM.
The isotopic record will not necessarily reflect a similar
relationship to the SOI and SAM as the SMB because the
isotopic composition is controlled by the conditions under
which both evaporation and condensation occurs upstream,
and not just the net deposition at the site. The results of
Genthon et al. [2005] show that local meteorological
influences and postdepositional processes are responsible
for a significant portion of the SMB signal at any particular
site, and therefore the site-to-site correlations are very small,
where the ERA 40 site-to-site SMB correlations are rela-
tively large. Importantly, they find that the variability in
accumulation is dominated by local processes but we
speculate that the isotopic composition of the accumulated
snow studied here will be a function of the regional
circulation characteristics. At the 2001-5 site, Genthon et
al.’s [2005] correlation with the ERA 40 analysis is strong
and statistically significant, suggesting that it is influenced
to a lesser extent by the small-scale perturbations and
therefore the best candidate for determining teleconnection
patterns to the tropical ENSO. Further support for using the
2001-5 core is given by Steig et al. [2005], who found that
the 2001-5 core has detectable seasonal variations for its
entire depth, where some cores lose seasonal variations to
isotopic diffusion in the firn.
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[9] Section 2 discusses the temporal signal of the 2001-2,
2001-2 and 2001-5 ice cores and the ENSO signals therein.
Section 3 identifies the associated circulation anomalies by
correlating the 2001-5 ice core signals with SLPs, showing
that there is multidecadal variability in the phase of ENSO
that is linked to the isotope signal in the cores. To explain
this, we identify the differences in the spatial patterns of
temporal correlations from three epochs of strong ENSO
activity. Variability on ENSO time scales is separated from
the lower-frequency variability and trends to identify the
dominant features that shift the way that ENSO influences
the ice core records. The analysis continues by considering
decadal variation in the ice core data and the Pacific
Decadal Oscillation (PDO), which prompts a discussion of
the role of the PDO in modulating the southern hemisphere
circulation response to ENSO. Concluding the analysis, the
relative influences of ENSO, PDO, SAM, and global
temperature on the isotope signals are estimated by corre-
lating them all with the isotope signals at time scales from 1
year to 25 years, to provide guidance in understanding the
role of circulation changes on the records.

2. Temporal Signature of ENSO in ITASE
2001-5, 2001-2, and 2001-3 Cores

[10] The ITASE 2001-5, 2001-2, and 2001-3 ice cores
were extracted from sites close to the Antarctic Peninsula

and the Pacific coast of Antarctica (Figure 1), and are dated
at monthly intervals starting before the 20th century. The
three core sites are in the Pine Island–Thwaites drainage
system while the 2001-5 core is near a topographic ridge
between mainland Antarctica and the peninsula at 89.1�W
77.1�S. The 2001-2 and 2001-3 cores are on a slope facing
the Pacific Ocean at 102.9�W 77.8�S and 95.6�W 78.1�S,
and are approximately 300 km and 500 km, respectively,
from the coast. These locations are advantageous for col-
lecting precipitation from coastal cyclonic activity, especial-
ly the 2001-5 core, because of its proximity to the Antarctic
Peninsula and Drake Passage. Kaspari et al. [2004] com-
pared the accumulation rates of the West Antarctic ITASE
ice cores and found that of the cores in this vicinity, these
sites have the greatest accumulation rates (43.6 cm for
2001-2, 33.1 cm for 2001-3, and 34.2 cm water equivalent
per year for 2001-5), and they have the greatest standard
deviation of accumulation, implying sensitivity to various
seasonal influences.
[11] Dating of the ITASE ice cores was performed by

Dixon et al. [2004] and Steig et al. [2005]. The accuracy
and precision of the dating is a critical issue when
performing the correlative studies here. Their method of
dating the core was done by annual layer counting, primar-
ily by identifying the summer peaks in non-sea-salt sulfate
concentration, and validated with stable isotopes and other
seasonal chemical variations and by identifying volcanic
markers. They conservatively estimate the accuracy to be
better than ±2 years, and ±1 year in the more recent parts of
the cores. Subannual dating is achieved by assuming the
isotope maximum occurs in January, and dividing the
remainder into 12 equal depth samples. Though it is
unlikely that there is equal accumulation in each month,
Steig et al. [2005] argue that the precision of the January
peaks in non-sea-salt sulfate are within one month and the
winter troughs are within 1–2 months of the nominal
midpoint, 1 July, of each year. Given this accuracy and
precision this data provides a powerful tool for understand-
ing West Antarctica’s sensitivity to seasonal ENSO.
[12] Isotope ratios were obtained from the cores at the

University of Washington using standard CO2 equilibration
for oxygen and reduction of chromium for hydrogen [Steig
et al., 2005; Schneider et al., 2005, 2006]. The ITASE
2001-2 and 2001-5 cores’ time series of deseasonalized
d18O anomalies relative to the annual mean d18O values of
�29.8% in 2001-2 and �31.8% in 2001-5 are shown in
Figure 2. They have standard deviations of 1.86% and
1.96% and mean seasonal amplitudes of 1.4% and 1.8%
respectively. The 2001-3 core time series of dD has an
annual mean of �253.5%, a standard deviation of anoma-
lies of 11.8% and seasonal amplitude of 12.1%. The ice
cores’ time series is accompanied in Figure 2 by the
Southern Oscillation Index (SOI) provided by the Austra-
lian Bureau of Meteorology (available from http://
www.bom.gov.au/climate/current/soihtm1.shtml). For all
time series, the annual, 5-year and 15-year moving average
anomalies are shown to assist in identifying low-frequency
interannual variability. While the SOI is considered a
standard and robust measure of ENSO activity, values prior
to 1935 should be viewed with caution as there are ques-
tions regarding the consistency and quality of the Tahiti
pressure values prior to 1935 [Ropelewski and Jones, 1987].

Figure 1. Location map of ice cores used in this study.
Contour intervals of topography are every 200 m.
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