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Abstract As part of the United States’ contribution to
the International Trans-Antarctic Scientific Expedition
(ITASE), a network of precisely dated and highly resolved
ice cores was retrieved from West Antarctica. The ITASE
dataset provides a unique record of spatial and temporal
variations of stable water isotopes (5180 and OD) across
West Antarctica. We demonstrate that, after accounting for
water vapor diffusion, seasonal information can be suc-
cessfully extracted from the ITASE cores. We use meteo-
rological reanalysis, weather station, and sea ice data to
assess the role of temperature, sea ice, and the state of the
large-scale atmospheric circulation in controlling seasonal
average water isotope variations in West Antarctica. The
strongest relationships for all variables are found in the
cores on and west of the West Antarctic Ice Sheet Divide
and during austral fall. During this season positive isotope
anomalies in the westernmost ITASE cores are strongly
related to a positive pressure anomaly over West
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Antarctica, low sea ice concentrations in the Ross and
Amundsen Seas, and above normal temperatures. Analyses
suggest that this seasonally distinct climate signal is due to
the pronounced meridional oriented circulation and its
linkage to enhanced sea ice variations in the adjacent
Southern Ocean during fall, both of which also influence
local to regional temperatures.
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1 Introduction

The instrumental climate record from Antarctica is among
the shortest, with most series only starting in 1957. Although
there have been considerable efforts to develop spatially
complete data sets (Chapman and Walsh 2007; Monaghan
etal. 2008; Steig et al. 2009), knowledge of Antarctic climate
variability prior to the mid-20th century is mainly restricted
to proxy information extracted from ice cores.

Since the pioneering studies by Epstein et al. (1963) and
Dansgaard (1964), oxygen and deuterium isotope ratios
(6'®0 and 0D, hereafter referred to collectively as J) pre-
served in snow and ice have commonly been used to assess
past variations in Antarctic climate. While ¢ is often con-
sidered a paleothermometer, there are a number of factors
influencing the isotopic composition of accumulated snow
and ice such as changes in source region, transportation
path, timing of precipitation, and post-depositional altera-
tions, all significantly modifying the relationship between
0 and temperature (e.g. Noone and Simmonds 2002a;
Masson-Delmotte et al. 2008). Accordingly, the correlation
between local temperature and O is either low or the
regression slope varies significantly over time at some
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locations (e.g. Epstein et al. 1963; Schneider and Noone
2007; Sime et al. 2009). Other studies suggest that signif-
icant correlations between  and temperature in Antarctica
mostly arise from the covariance of temperature and pre-
cipitation amounts (Noone and Simmonds 2002a), or the
covariance of temperature and sea ice concentrations
(Bromwich and Weaver 1983). In order to correctly
interpret past J-variations a comprehensive understanding
of the various influences affecting changes in isotopic
compositions is therefore needed.

There exist several studies relating isotopic variations
across Antarctica to the state of the large-scale atmospheric
circulation, indicating that this relationship is complex,
possibly varies over time, and is often modified by the El
Nifo Southern Oscillation (ENSO). Focusing on the very
strong positive d-anomaly found in West Antarctic ice cores
in 1941, Schneider and Steig (2008) demonstrate that this
event can be related to a persistent positive pressure
anomaly offshore, which they suggest was induced by a
strong El Nifio event with particularly pronounced warming
in the central tropical Pacific. Some studies (Schneider and
Noone 2007; Gregory and Noone 2008; Divine et al. 2009),
using J-records from various parts of Antarctica, find a
signature of the quasi zonally-symmetric Southern Annular
Mode (SAM) as well as of ENSO. They note, however, that
the relationship to ENSO is intermittent and strongly
dependent on the state of the SAM. Other studies show that
neither SAM nor ENSO are necessarily the most useful
measure of the relevant dynamics controlling isotope vari-
ations in Antarctica. For example, Schneider et al. (2004,
2012), Steig et al. (2009), and Ding et al. (2011) find that
temperature variations and trends in West Antarctica are
related to the zonally asymmetric wavenumber three and
Pacific South American (PSA) patterns (Mo and Ghil 1987).

Changes in sea ice concentrations are also commonly
cited as a major contributor to Antarctic J-variations (e.g.
Bromwich and Weaver 1983; Grootes and Stuiver 1986;
Thomas and Bracegirdle 2009). The modeling study by
Noone and Simmonds (2004) provides a general frame-
work for understanding the influence of sea ice on stable
water isotopes and shows that a reduction of sea ice con-
centration directly changes J through the injection of rel-
atively enriched water vapor and also indirectly by
reducing, through an increased sensible heat flux, the
stratification of the air mass aloft thus allowing the air
masses to penetrate deeper into the continent. Noone and
Simmonds (2004) accordingly argue that particularly the
coastal areas of Antarctica are sensitive to sea ice changes.
In contrast, the more interior parts of the continent are less
sensitive to sea ice changes since they receive moisture
mostly through large-scale transportation, which has few
interactions with the ocean surface near Antarctica (Noone
and Simmonds 2002b, 2004). In practice, separating the
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influence of sea ice and atmospheric circulation is difficult
because they are highly correlated (Cavalieri and Parkinson
1981; White and Peterson 1996; Stammerjohn et al. 2008;
Turner et al. 2009; Schneider et al. 2012).

With various factors acting upon the composition of
stable water isotopes in precipitation, a network of well
distributed and precisely dated ice core profiles is needed to
fully represent isotope variation and its relationship to
climate. This is particularly true for West Antarctica where
topographic boundaries formed by the main ice drainage
divides are expected to further influence the precipitation
distribution (Kaspari et al. 2004; Steig et al. 2005; Nicolas
and Bromwich 2011). Here, a network of eight precisely
dated and spatially well distributed d-records from West
Antarctica is related, on a seasonal time scale, to temper-
ature, large-scale atmospheric circulation, and sea ice
concentrations. These records represent a unique opportu-
nity both to assess the climate signal preserved in West
Antarctic ice cores with high temporal resolution and to
determine how and why the climatic signal varies spatially.

This paper is structured as follows: Sect. 2 introduces
the data and methods used, focusing on the technique
applied to account for the effect of water vapor diffusion.
Section 3 presents the results. We find that the year 1980
manifests a prime example where the joint influence of sea
ice and atmospheric circulation on stable water isotopes is
unambiguously captured in the ice core records. We also
show that the cores located in the western part of West
Antarctica contain the strongest climate signal, particularly
in the austral fall season. Section 4 discusses the results,
puts them into context with earlier studies, and presents
implications for paleoclimatic reconstructions from West
Antarctic ice core water isotopes.

2 Data and methods

We use water isotope data collected under the United
States’ contribution to the International Trans-Antarctic
Scientific Expedition (ITASE; Mayewski et al. 2005),
atmospheric circulation data from ERA40 (Uppala et al.
2005), sea ice data from HADISST (Rayner et al. 2003),
and instrumental temperature from Byrd Station. Since the
majority of the ice core records considered here end in
1999 (Sect. 2.1) and the climate data at high southern lat-
itudes are reliable only from 1979 onwards (Sect. 2.2), we
limit our analysis primarily to the 1979-1999 period.

2.1 ITASE cores
We use isotopic measurements (6'%0 and 6D) from shal-

low, highly resolved ice cores drilled across West Ant-
arctica. The isotopic concentrations were obtained at the
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University of Washington by mass spectrometry, using
CO,-equilibration and reduction on chromium; all data are
available through the United States National Snow and Ice
Data Center (Steig 2009). Description of the analytical
methods are given in Steig et al. (2005), Schneider et al.
(2005) and references therein. Eight cores are selected on
the basis of their length (at least extending back to 1900)
and degree of isotope diffusion; these are US ITASE cores
2000-1, 20004, 2000-5, 2001-2, 2001-3, 2001-5,
2002-2, and 2002—4. The top ~1-2 m of the isotope
profiles are from uncompacted snow, which is more diffi-
cult to sample. We therefore neglect this top part, thereby
losing 1-5 years of the most recent period. This shortens
most records to 1999, and core 2002—4 to 1997. We extend
core 20024 to 1999 using the adjacent snow pit data. We
find excellent agreement between ice core and snow pit
6'80 and 6D in the overlapping period. Both 6'0 and 6D
are available for most cores; we select either of them
depending on which of the two time series is more com-
plete. Because they are effectively identical (scaled by a
factor of 8) we do not generally distinguish 6'*0 and 6D in
the text, using ‘0’ to refer to either one. The deuterium
excess parameter (d = 0D — 8%5'%0) is of interest but is
not considered here because the differential diffusivity of
6'80 and 6D (Johnsen et al. 2000) makes it impossible to
meaningfully relate sub-annual d variations in these cores
to the original composition at the surface. Similarly, we do
not consider accumulation variations since sub-annual
information, which is of primary interest here, cannot be
obtained from the accumulation time series. While Kaspari
et al. (2004) report a climatic signal in the annual accu-
mulation time series of the ITASE cores, we do not find
any clear relationship between accumulation and  on
annual time scale. This point towards different key drivers
behind variations in accumulation and ¢ and should be
further explored in future research.

Dating of the ITASE cores is primarily based on iden-
tifying the austral summer peaks in non-sea-salt sulfate
(nssSO4>7), nominally assigning it to 1 January (see Dixon
et al. 2004 and Steig et al. 2005 for details). We calculated
monthly averages by linearly interpolating between the
summer peaks, assuming a constant accumulation rate
throughout the year. While this assumption may not be
strictly valid, Bromwich et al. (2004) report seasonal
variations in snowfall amounts across West Antarctica to
be smaller than 25 %. Furthermore, Steig et al. (2005) use
the in-phase occurrence of nssSO,>~ with peaks in summer
nitrate and stable isotopes along with other indicators to
demonstrate that the precision of the assignment of months
is =1 month. Schneider et al. (2005) show that the seasonal
isotopic cycle in the ITASE cores is highly significantly
(r > 0.9) correlated with the local seasonal temperature
cycle, both showing a broad minimum in austral winter.

Although there are several other highly resolved ¢ time
series available from West Antarctica, we restrict our
analysis to the ITASE cores, since this dataset has the
crucial advantage that the dating was conducted by the same
investigators, using the same methodology for all cores and
also putting much emphasis on accurate cross-dating of the
cores (Dixon et al. 2004). We also do not include the
WDCO5A core of the West Antarctic Ice Sheet (WAIS)
Divide project (White and Steig unpublished data), but we
note that the results presented here are maintained when
including this particular core, and are therefore relevant to
the interpretation of the deep ice core which was recently
drilled at WAIS Divide. Figure 1 illustrates that the ITASE
cores are a good spatial representation of West Antarctica
with cores located on (core 2000-1), east (2001-3, 2001-5),
west (2000-4, 2000-5), as well as south (2001-2, 2002-2,
2002-4) of WAIS Divide. This is important considering that
the pronounced topography (Fig. 1) along with the various
circulation systems affecting West Antarctica (Sect. 1) are
expected to significantly alter the distribution of precipita-
tion and its isotopic composition across this region. Char-
acteristics of the cores are given in Table 1.

2.1.1 Forward diffusion of the ITASE d-profiles

While the accumulation rates in West Antarctica (Table 1)
are generally high enough that isotopic diffusion may be

Weddell
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Bellingshausen
Sea

700,
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Fig. 1 Locations of the ITASE cores (red dots), Byrd Station (black
rectangle), and the West Antarctic Ice Sheet Divide core (WDC;
black star). Contour lines indicate the topography of West Antarctica
[meters above sea level] as derived from the ETOPO2 dataset
(available at the Research Data Archive from the National Center for
Atmospheric Research)
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Table 1 Overview of the ITASE records considered in this study

Core name 2000-1 20004 2000-5 2001-2 2001-3 2001-5 2002-2 20024
Longitude 111.24°W  120.08°W  124°W 110.01°W  95.65°W 89.14°W 104.99°W  107.99°W
Latitude 79.38°S 78.08°S 77.68°S 82°S 78.12°S 77.06°S 83.5°S 86.5°S
Elevation (m) 1791 1697 1828 1746 1620 1239 1957 2586
Accumulation (cm a~" w.e.) 20.12 17.37 12.89 39.06 29.84 35.58 3345 10.1

Full length of record 1673-2001 1789-1999 1718-2001 1891-2002 1858-2000 1779-2000 1894-2001 1592-1999
Isotope analyzed oD 5'%0 oD 5'%0 oD 5'%0 5'%0 oD

Mean annual temperature (°C) —27.87 —-27.39 —27.83 —26.82 —25.53 —26.57 —29.31 —40.71

The accumulation is calculated over the 1961-1990 period, the mean annual temperature over 1979-1999 using the ERA40 2-m temperature

(Uppala et al. 2005) at the grid box co-located with the ITASE cores

neglected at annual time scales (see e.g. Cuffey and Steig
1998), its impact must be accounted for in interpretations
of seasonal data. Damped frequencies in the isotopic profile
can in principle be restored using deconvolution as intro-
duced by Johnsen (1977). However, Cuffey and Steig
(1998) found that while deconvolution was useful as an aid
in dating ice cores using seasonal isotope variations, it
provides little additional information on seasonal anoma-
lies. Furthermore, small dating and measurement errors in
the record are amplified by back-diffusion, potentially
leading to spurious correlations. Hence, we choose here to
forward-diffuse the isotopic profiles; that is, we smooth the
records with appropriate filters such that the amplitude of
the seasonal ¢ anomalies is equally damped throughout all
ice core profiles. We note that this procedure will tend to
increase the autocorrelation in the data, but that this can be
accounted for by appropriately reducing the degrees of
freedom in the calculation of significance levels of corre-
lations (Bretherton et al. 1999). Details of the forward-
diffusion approach are given next. Vinther et al. (2010)
applied a similar approach to ice core  records from
Greenland.

First, in order to determine how far back in time the
annual cycle in the water isotopes is detectable at a sta-
tistically significant level (p < 0.05), we subject all eight
ITASE 0J-profiles to a wavelet spectral analysis, following
the methodology outlined in Torrence and Compo (1998).
As expected and as stated in Steig et al. (2005), the annual
cycle is detectable throughout the entire record (up to
220 years) in the high accumulation cores located east of
WAIS Divide (cores 2001-3 and 2001-5), while it is rap-
idly lost in the lower accumulation cores west of the divide
(minimum extent: 50 years in core 2000-5). This deter-
mines the maximum year to which we expect sub-annual
information to be preserved.

Next, we estimate the degree of diffusive smoothing by
empirically determining the diffusion length ¢ at each
month ¢ as (Johnsen et al. 2000)
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where, #: time at a given depth in the core, with = 0 at the
surface, A: wavelength of the harmonic cycle (12 months),
A»/Ao: ratio of the amplitude of the annual cycle at time
t to the initial amplitude A, (relative amplitude).

Here, the initial amplitude of the annual cycle is defined
as the maximum amplitude of the record. The maximum
amplitude is not always found in the very top of the record,
but always within the most recent few years. The
assumption is necessarily made that the initial amplitude of
the seasonal cycle is constant. In order to avoid spurious
noisy estimates of diffusion length due to variations in the
seasonal timing of snowfall, sampling error etc. and to
rather obtain the long-term changes in annual cycle
amplitude, we smooth the time series of relative amplitude
with a 31-year running mean; for the uppermost layers, we
use a progressively shorter averaging window, with the
uppermost layer being a 15-year average. We use a 31-year
smoothing since this is a standard time window for ‘cli-
matological’ estimates. We emphasize, however, that our
results are not sensitive to the choice of the window length.
Using a shorter window length (e.g. 7 or 15 years) does not
change our results (Suppl. Figs. 1 and 2). The diffusion
length ¢ represents the characteristic distance over which
the isotopic signal has been smoothed due to the molecular
diffusion of water vapor, and is related to the depth-
dependent diffusivity of water vapor in firn, D, by

z(1) 05

dt 1

a(t) = e 4tz(t)/ Ddz (2)
0

where z is depth. Note that as defined here, ¢ has units of

time, rather than depth, because it is estimated from the

time-profiles, rather than depth-profiles, of the isotopic

variations. Also, the diffusivity D here implicitly includes
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Fig. 2 Annual diffusion length ¢ [months] calculated for 380 (black
line) and 6D (gray line) of the ITASE 2000-1 core, along with the
annual accumulation rate (cm a~! water equivalent; smoothed with a
31-year running mean; blue line) at this site

the influence of vertical strain (see Johnsen 1977; Cuffey
and Steig 1998; Johnsen et al. 2000 for extensive discus-
sions of isotope diffusion in firn).

Figure 2 presents the calculated diffusion length for the
ITASE 2000-1 core, along with the accumulation time
series, showing that the diffusion length increases rapidly
for the upper ~80-100 years (corresponding to 30-35 m
depth in this particular core), but shows a strong relation-
ship to accumulation rates thereafter. This relationship is
expected since a higher annual accumulation means that
the diffusion affects a shorter time interval in the firn (see
also Supp. Fig. 1). Notably and as expected from the dif-
ferent fractionation factors (Johnsen et al. 2000), the dif-
fusion length derived for oD is smaller than for 6'%0; that
is the former is slightly less affected by diffusion than the
latter. We also note that the calculated ratio in diffusion
length between 6D and 6'0 is very similar (averag-
ing ~ 0.95) to what is expected from theory (Johnsen
et al. 2000).

Next, we apply additional diffusive smoothing to each
record, such that all data in all records have been subject to
the same amount of smoothing. That is, the largest diffu-
sion lengths of all eight ITASE records is determined and
the original time series 0,,c45ureq are additionally smoothed
by convolving them with the filter f,;;

5diffused :fadd * 5measured (3)
where * denotes convolution. The filter, f,;; is the
normalized Gaussian, following Johnsen et al. (2000):

faaa(t) = exp(—0.5t%/a2,,) (4)

1
Oadd \/2_7'5
where 2,,(t) = 0% (tmax) — 0°(1).

Note that f,4q is a function of time (i.e., of depth in the
core) and thus the convolution is calculated separately for
each month ¢. See the electronic supplementary material for
more details and derivation of these relationships.

Importantly, the maximum diffusion length o¢(fmnax)
found in all cores back to 1979 is ~ 1.5 months, based on
the 31-year smoothed estimates, and ~2.5 months based
on shorter window lengths. That is, the isotope signal on
time scales longer than a few months will not be appre-
ciably influenced by the diffusion of water vapor, though
the o-values at the edges of the seasons may be slightly
mixed due to diffusion. We therefore use 3-month average
isotopic values in the cores, after correctly forward dif-
fusing the time series. Figure 3 presents the eight monthly-
resolved ITASE cores before and after diffusing them to
1979, illustrating that the changes are small and generally
restricted to the most recent few years. Note that we could
include the additional core US ITASE 1999-1 in our study
if we were to accept larger values for o(fy.x). We have
chosen not to include this record due to the low elevation
and accumulation at this site (see also Steig et al. 2005),
but note that including this core does not qualitatively
change our results. Similarly, in the southernmost core
(2002-4), the generally low accumulation rates (see
Table 1) mean that isotopic information is expected to be
mixed across seasonal boundaries during years with par-
ticularly low accumulation. Consequently, this core is not
used for in-depth analysis of the seasonal climate infor-
mation preserved in the ITASE cores, but is included in the
more general analysis on annual time scale or for single
years in order to have a spatially more complete picture.
Finally, some of the winter minima in the low-accumula-
tion core 2000-5 might be obscured by diffusion (Fig. 3).
We nevertheless opt to include this particular core in the
sub-annual analysis note, however, that excluding this core
does not significantly alter our results (see Sect. 3).

2.2 Reanalysis and observational data

We investigate the relationships of seasonal isotopic vari-
ability in the ITASE cores to the atmospheric circulation
over Antarctica, sea ice variations offshore of West Ant-
arctica, and local and regional temperatures. For circula-
tion, we use the ERA40 500 hPa geopotential heights
(hereafter Z500) south of 30°S (Uppala et al. 2005) and for
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Fig. 3 Original (blue) and forward-diffused (red) monthly resolved
and standardized 6'%0/0D values 1979-1999 of the eight ITASE
cores used in this study. Table 1 lists the isotope used for each core

sea ice the fractional sea ice coverage off West Antarctica
(180°-70°W) from the HadISST data set (Rayner et al.
2003). Choosing pressure levels other than 500 hPa yields
similar results. Selecting the regional area of the sea ice
field leads to slightly better organized spatial patterns than
using the entire hemisphere with the results presented here
not being dependent on this selection. To characterize the
dominant circulation and sea ice modes, empirical
orthogonal function (EOF) analysis is performed on the
covariance matrix of the latitude-weighted climate fields.
This is done separately for each season: austral summer
(DJF), fall (MAM), winter (JJA), and spring (SON). The
linear trend is removed prior to EOF analysis; this has a
significant effect only on the patterns derived for austral
spring and summer sea ice concentrations—essentially a
shift in the order of the EOFs and/or the spatial loadings—
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with no influence on the results presented here. Throughout
this manuscript we use the term ‘EOF pattern’ to indicate
the spatial fields derived from the analysis while the cor-
responding time series are referred to as ‘principal com-
ponents’ (PC).

For temperature the updated instrumental series from
Byrd Station by Monaghan et al. (2008) is used, having the
advantage that it is located within the area spanned by
those ITASE cores which show the strongest relationship to
climate in all seasons (Sect. 3). Prior to 1998, the Byrd
record remains the same as described by Monaghan et al.
(2008), which we briefly summarize here. The authors used
monthly mean temperature observations from the manned
Byrd station record from January 1957 to September 1970.
From October 1970 to December 1978, only a few scat-
tered summer observations were available from the man-
ned Byrd station record, and therefore the missing months
for this period were infilled with temperatures estimated
using multiple linear regression with other Antarctic
manned station records. After 1979, an automatic weather
station (Byrd AWS) was installed at the former manned
station. From January 1979 through December 1997,
missing Byrd AWS temperatures were infilled by Shuman
and Stearns (2001, 2002) with a technique that employed
satellite microwave brightness temperatures. Byrd AWS
observations were available for 68 % of the months during
this period, and thus 32 % of the months were infilled using
the Shuman and Stearns technique.

Beginning in 1998, the missing monthly mean Byrd
AWS temperature data have been infilled using tempera-
ture records from four nearby AWS stations, the first two of
which were installed in 1994 (Suppl. Table 1). For a
monthly mean to be considered valid, at least 70 % of the
hourly measurements for a given month must be available.
For months that have less than 70 % of measurements due
to AWS outages, the Byrd AWS temperatures are esti-
mated by equally weighting the adjusted temperature of
each nearby AWS that has data available for a given
month. The adjusted temperature for each of the contrib-
uting stations is calculated by adding the long-term
(1995-2009) monthly average temperature difference
between that station and Byrd AWS to the station record
prior to weighting, thereby giving the effective temperature
at Byrd AWS. For the twelve-year period from 1998 to
2009, the Byrd AWS observations are available for 64 %
of the months, and therefore the weighted infilling was
required for 36 % of the months. To test the accuracy of
the infilling methodology, the seasonal averages of the
weighted infilled Byrd AWS seasonal estimates were
compared with the actual Byrd AWS data for the periods
during which the Byrd AWS data were available (Suppl.
Fig. 3). The infilled estimates agree closely with the values
at Byrd AWS (* = 0.99, p < 0.001, RMSE = 0.64 °C),
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indicating that our methodology for infilling missing Byrd
AWS data after 1998 is robust. This is further supported by
comparing the updated Byrd AWS record with the Steig
et al. (2009) temperature record at the grid box collocated
with Byrd; the two records are very similar despite dif-
ferent methodologies.

3 Results

Figure 4 presents the annual means of the ITASE cores for
the period 1900-1999, expressed as regional and overall
averages of the eight cores. While the cores all show a
similar multidecadal evolution, spatially distinct differ-
ences are found that relate to the position of the cores with
respect to the WAIS Divide. As shown in the correlation
matrix in Table 2, cores to the east and west of WAIS
Divide, respectively, have statistically significant correla-
tions only with the cores located within the same region of
West Antarctica. The core 2000-1, located on the WAIS
Divide, is the only core that shows significant correlations
with cores from all parts of West Antarctica. This suggests

that this location is representative for large parts of West
Antarctica, which is of particular relevance for the inter-
pretation and significance of the deep ice core (expected
total age of about 100,000 years) recently drilled at WAIS
Divide, about 22 km from ITASE core 2000-1.

In Table 2, and throughout the paper, correlation coef-
ficients presented are based on linearly detrended data and
tested with a two-tailed ¢ test, reducing the sample size T
according to the lag-1 autocorrelation of the data (r; and r»;
Bretherton et al. 1999):
1—r 1

T"=T
1—|—l"17’2

(5)
3.1 The strong 1980 anomaly

A distinctive feature of the annual average isotope records
shown in Fig. 4 is the very strong d-anomaly found in the
year 1980 (see also Fig. 3). This positive anomaly is par-
ticularly pronounced in the westernmost cores (2000-1,
2000-4, 2000-5), and there is a corresponding strong
negative anomaly in the southernmost core (2002—4).
Indeed, 1980 is the single largest positive anomaly on

Fig. 4 Standardized 6'%0/6D 4 N N N N N N N
annual means of the ITASE Southern cores
cores 1900-1999, expressed as 3 Svfstfer?nc:;?:s N
regional averages. The red line All cores
is the mean of the southernmost 2r /4 7
cores (2001-2, 2002-2, A ‘ |
2002-4), the green line the " L A \, \ LN | \ |
mean of the easternmost cores g A ]l _ i ’ ’ s'ﬂ 1 é\ 1] IR “ 'l “\ ‘ A /:‘
(20013, 2001-5), and the blue g ° \Vr' N/ 2 \vl 1 “"" I r)\ I /v TAIRY \ i \y
line the mean of the "L ‘)‘ ! I /“‘\ | \’A‘ VAT I \ ']
westernmost cores (2000-1, A ' " V \,
20004, 2000-5). The thick ol ‘ |
black line is the mean of all
eight cores 3l i
_ | | | | | | | | |
?900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
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Table 2 Correlations of the annually averaged ITASE cores 1900-1999
Divide West South East South
2000-1 20004 2000-5 2001-2 2001-3 2001-5 2002-2 20024
2000-1 0.228 0.317 —0.204 0.288 0.214 0.022 —0.019
20004 0.228 0.301 —-0.122 0.033 0.120 0.136 —0.063
2000-5 0.317 0.301 —0.033 0.061 0.155 0.081 0.086
2001-2 —0.204 —0.122 —0.033 —0.135 —0.163 0.167 0.221
2001-3 0.288 0.033 0.061 —0.135 0.291 0.037 0.114
2001-5 0.214 0.120 0.155 —0.163 0.291 —-0.019 0.139
2002-2 0.022 0.136 0.081 0.167 0.037 —0.019 0.053
20024 —-0.019 —0.063 0.086 0.221 0.114 0.139 0.053

Significant values (p < 0.05) are underlined and in bold. The top row indicates the location within West Antarctica as shown in Fig. 1
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record in the 2000—4 core, which is the westernmost core
except for nearby 2000-5 (which also has a strong positive
anomaly in 1980). The single largest negative anomaly in
the 2002—4 core, which is the southernmost core, also
occurs in 1980.

Besides the strong d-anomaly, a significant climatic
event also occurs in 1980, and this year therefore offers a
useful case study of the complex relationships between
West Antarctic isotopic variations and regional sea ice,
local temperature, and the large-scale atmospheric circu-
lation: the smallest sea ice extent in the Ross Sea in the
post-1979 satellite era (particularly in MAM; Comiso and
Nishio 2008) is found in 1980, while a record high sea ice
extent is concurrently found in the Weddell Sea (Cavalieri
and Parkinson 2008); this is a clear example of the Ant-
arctic Dipole introduced by Yuan and Martinson (2001).
Furthermore, the second largest positive deviation of the
first PC of annual mean, linearly detrended Southern
Hemisphere (SH; <30°S) Z500 from both ERA40 (Uppala
et al. 2005) and NCEP (Kalnay et al. 1996) for the time
period 1957 through 2001 is found in 1980 and is related to
a positive circulation anomaly centered over the Amundsen
Sea. Additionally, Genthon et al. (2005) find a very strong
positive (negative) surface mass balance anomaly in the
westernmost (easternmost) part of West Antarctica in 1980,
reflecting the moist onshore (dry offshore) winds prevailing
in this year. Moreover, 1980 is the second warmest year
since the record started in 1957 at Byrd Station (only 2007
is warmer), with MAM of 1980 being the overall warmest
and JJA of 1980 being the overall second warmest year.
Finally, the station-based SAM index of Marshall (2003)
also shows strongly negative values during MAM of 1980.

Figure 5 shows the 1980 seasonal mean anomaly fields
(with respect to the 1979-1999 mean) of HadISST Ant-
arctic sea ice concentrations and ERA40 Z500 along with
the seasonal mean z-scores of the ITASE J-profiles (stan-
dardized over the 1979-1999 period). The ITASE z-scores
are represented by colored circles with the size reflecting
the magnitude of the deviation. The z-values of the eight
cores are given in the Table of Fig. 5. During austral
summer (DJF), large d-anomalies are only found for the
western- and southernmost cores, with the pronounced
positive isotopic anomaly spreading eastward as the year
advances. Peak anomalies in the majority of the cores,
reaching up to 2.6 standard deviations, are found in austral
fall (MAM) and winter (JJA) with, however, the largest
anomalies in the easternmost core occurring in JJA and
austral spring (SON). Remarkably, both the negative sea
ice anomaly and the related strongly positive circulation
anomaly also show an eastward movement from DIJF to
SON with the peak intensity as well being found in austral
fall and winter. A similar, slightly stronger height anomaly
is found in the upper levels of the atmosphere during 1980
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(not shown), indicating an approximately equivalent
barotropic vertical structure of the atmosphere, suggesting
that the circulation anomaly is an atmospheric forcing of
the sea ice rather than a response to the sea ice anomaly
(Bretherton 1964; Hoskins and Karoly 1981).

The correspondence of above normal ¢ values in most
ITASE cores with low sea ice concentrations in the adja-
cent ocean and anomalously high geopotential heights in
1980 (Fig. 5) presumably results from both the increased
transport of high ¢ moisture from lower latitudes into West
Antarctica and the anomalously large influx of fresh, iso-
topically less depleted, water vapor from the relatively ice
free Southern Ocean. This is consistent with expectations
from model simulations (e.g. Noone and Simmonds 2004).
Additionally, there is an eastward seasonal propagation in
the peak signal in the ITASE cores that is concurrent with
the eastward propagation of the positive atmospheric cir-
culation and the negative sea ice anomalies, which clearly
shows that seasonal information can be extracted from the
ITASE ¢ profiles. The year 1980 thus exemplifies the joint
influence of atmospheric circulation and sea ice on West
Antarctic isotopic compositions. However, this represents
only a single year. In the next section, we consider whether
the same relationships observed for 1980 can be found
more generally on a longer time scale.

3.2 Long-term seasonal climate information preserved
in the ITASE cores

We now compare the complete seasonal time series
(1979-1999) of the ITASE cores with Antarctic sea ice
concentrations, the large-scale atmospheric circulation, and
temperature at Byrd Station. Significant correlations are
generally found only for the westernmost sites, cores
2000-1, 2000—4, and 2000-5. This is an important finding,
suggesting that the location of the ice core profiles is much
more important than the snow accumulation rate, which is
comparably low at these westernmost sites (Table 1). We
accordingly next focus only on the results obtained for the
three westernmost ITASE cores, using the first PC time
series (hereafter referred to as ITASE PC 1) of the linearly
detrended and standardized data. As for Z500 and sea ice,
the ITASE EOFs are calculated for each 3-month period
separately. The first EOF explains 55-65 % of the total
variance of the three cores and the associated PC 1 is very
similar to the simple average of these cores, with seasonal
correlations ranging from 0.95 to 0.99. All three cores
contribute significantly to ITASE PC 1 with, however, the
westernmost cores (2000—4, 2000-5) having the largest
weight in all seasons (Suppl. Fig. 4). We note that highly
significant correlations (p < 0.05) between the three cores
is found for all seasons and that the results presented here
essentially also apply to the three individual cores. In the
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Fig. 5 Seasonal 6'%0/6D
z-scores (blue indicates
negative, red positive
deviations) of the ITASE cores
along with the spatial anomalies
(wrt 1979-1999) of HadISST
Antarctic sea ice area fraction
and ERA40 Z500 for the year
1980. The size of the blue and
red dots in the four panels
reflects the magnitude of the
ITASE z-scores given in the
table with the scale shown in the
center of the four panels. Bold
values in the table indicate the
season with the largest z-score
for each core

sea ice area fraction

2000-1 | 2000-4 | 2000-5 | 2001-2 | 2001-3 | 2001-5 | 2002-2 | 2002-4
DJF -0.816 | 2.257 2.125 | -0.766 | 0.415 | -1.236 1.036 | -2.217
MAM 0.436 2.582 | 2.422 1.047 | -0.665 | -0.620 | 0.591 -2.410
JJA 1.487 2.283 1.964 0.883 0.165 1.252 | 0.169 [ -2.031
SON 1.935 | 2.017 0.707 | -0.980 | -0.512 | 1.213 0.540 | -1.074

following, we present results based on the cores diffused to
the equivalent of 1979. Diffusing these three ITASE cores
to 1957, the results presented later for Byrd Station tem-
perature and Z500 are also confirmed for the 1957-1999
period (not shown).

3.2.1 Regression of ITASE PC 1 against Z500 and sea ice

Figure 6 presents for the four conventionally defined sea-
sons the regression of the standardized ITASE PC 1 against
the Antarctic Z500 and sea ice fields. Significant correla-
tions (p < 0.05) are depicted by the gray shaded areas
(Z500) and the thick black contour lines (sea ice),
respectively. In order to isolate the influence of the strong
1980 anomaly, the results are presented with and without
including 1980 in the regression and correlation calcula-
tions. Comparison of these results with the 1980 event
(Fig. 5) allows one to determine whether the spatial

structure and amplitude of the atmospheric circulation and
sea ice anomalies found in 1980 constitute a unique event
or are rather a typical representation of the circulation and
sea ice patterns that influence the seasonal isotopic varia-
tions in western West Antarctica.

The Z500 regression patterns derived with and without
including 1980 (Fig. 6), are similar for all seasons except
JJA. In both cases, statistically significant correlations over
West Antarctica are found in DJF and MAM, and to a lesser
degree in SON. For DJF (Fig. 6, top row), a positive
anomaly in ITASE PC 1 is strongly related to a well
developed positive circulation anomaly in the Ross and
Amundsen Seas, with zonal wind anomalies dominating
over West Antarctica. For MAM (Fig. 6, second row), a
similarly strong positive Z500 anomaly is found which,
however, is centered over West Antarctica (to the east of the
DIJF anomaly center) thus inducing predominantly meridi-
onal onshore winds towards western West Antarctica.
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with 1980 without 1980

MAM

JA ZEY)

SON

Fig. 6 Regression of the standardized seasonal ITASE PC 1 against
ERA40 Z500 (contour interval 2 m) and HadISST sea ice area
fraction for the four conventionally defined seasons DJF, MAM, JJA,
and SON 1979-1999. Areas with significant correlations (p < 0.05)

For JJA (Fig. 6, third row), a similar pattern is found but it is
not statistically significant; this positive circulation anom-
aly over West Antarctica is largely due to the inclusion of
1980. For SON (Fig. 6, bottom row), significant correla-
tions between ITASE PC 1 and Z500 are found only for a
positive circulation anomaly west of the Ross Sea. Similar
results are found for sea ice, with again a small dependence
on including or withholding 1980 (Fig. 6, columns 3 and 4):
A very strong and highly significant negative correlation
between ITASE PC 1 and sea ice in the Ross and Amundsen
Seas is found in both MAM and JJA, with the significant
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with 1980

g

without 1980
®

sea ice area fraction

are shaded in gray (Z500) and encircled by a thick black contour line
(sea ice), respectively. 1980 is included in columns 1 and 3, while this
year is excluded prior to correlation and regression in columns 2 and 4

area being closer to the West Antarctic coast in MAM.
During these two seasons, the long-term relationship
between ITASE PC 1 and sea ice agrees very well with the
pattern found in 1980 (Fig. 5), while larger differences
prevail for DJF and SON. These results therefore demon-
strate that positive -anomalies in the westernmost ITASE
cores—as exemplified by 1980, but not limited to that sin-
gle year—are generally related to strong, anomalously
onshore winds towards these sites, and corresponding
negative sea ice anomalies in the adjacent Ross and
Amundsen Seas.
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3.2.2 Seasonal correlations between ITASE PC 1
and the dominant modes of Z500, sea ice,
and near-surface air temperature

Figure 6 demonstrates that the isotopic composition of the
westernmost ITASE cores shows seasonally distinct pat-
terns in the relationship to the large-scale atmospheric
circulation and sea ice. These spatial regression patterns
are very similar to the dominant modes (EOF 1) of the
atmospheric circulation and sea ice (Suppl. Fig. 5).
Accordingly, we next investigate how ITASE PC 1 is
related to the seasonally dominating modes of circulation
and sea ice, as well as to temperature at Byrd Station over
the period 1979-1999. As shown in Fig. 6, ITASE PC 1 is
significantly related to the circumpolar Z500 field while
significant correlations with sea ice are mainly found for
the Pacific Sector of West Antarctica. Accordingly, the
entire SH south of 30°S is used for the calculation of the
7500 EOFs while the limited area of 180°~70°W is used
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Fig. 7 Correlation coefficients between ITASE PC 1 and the first
(top left panel) and third (top right panel) PC of ERA40 Z500 south
of 30°S, the first (middle left panel) and second (middle right panel)
PC of HadISST West Antarctic [180°~70°W] sea ice area fraction,

for sea ice. The results presented next are maintained when
considering the entire SH for sea ice.

Figure 7 (left panels) shows correlation coefficients
between ITASE PC 1 and the first PC of SH Z500, the first
PC of West Antarctic sea ice concentrations, and temper-
ature at Byrd Station for three month averages (see also
Supp. Fig. 2). The corresponding EOF patterns are found
in Supplementary Fig. 4. Note that positive correlations in
Fig. 7 mean for all seasons that above normal J-values are
generally related to enhanced meridional onshore flow
towards western West Antarctica, less sea ice in the Ross
and Amundsen Seas, and warmer temperatures at Byrd
Station. As already shown in Fig. 6, the correlations
depend to some extent on 1980, being of no surprise con-
sidering the strong anomaly found in this year. However,
the seasonal evolution of the correlations is not importantly
altered by excluding 1980 (blue lines in Fig. 7): Statisti-
cally significant (p < 0.05) positive correlations between
ITASE PC 1 and Z500 PC 1 are found for austral summer
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and temperature at Byrd Station (bottom left panel) for 3-month
averages 1979-1999. The red line (squares) includes 1980 while this
year is withheld in the blue line (triangles). The dashed quasi-
horizontal red and blue lines indicate the 95 % significance levels
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and fall (Fig. 7, top left panel), demonstrating that ITASE
PC 1 during this part of the year is strongly linked to the
dominant mode of the large-scale atmospheric circulation.
For sea ice (Fig. 7, middle left panel) and temperature
(bottom left panel), a seasonal evolution of the correlation
coefficients similar to Z500 is found but with the peak
correlations in both pairs occurring in fall. These results are
in very good agreement with the results presented in Fig. 6.
The slope found between ¢ and temperatures during fall
(~0.4 %o/K) compares well with previous work, showing
typical slopes of ~0.5-0.8 %o/ °C for annual-mean corre-
lations (Schneider et al. 2005; Masson-Delmotte et al.
2008; Fegyveresi et al. 2011). We note that significant
correlations between ITASE PC 1 and Byrd temperatures
are maintained when using precipitation-weighted tem-
peratures (Supp. Fig. 6). The results shown in (Fig. 7) are
also maintained when only using the higher accumulation
cores 2000-1 and 20004 to construct ITASE PC 1 (Supp.
Fig. 7), though the time of significant correlation is more
narrowly restricted to austral fall only.

While no significant correlations between ITASE PC 1
and the first PC of sea ice and Z500 as well as temperature
are found for austral winter, significantly positive correla-
tions for this season are observed for the pairs of ITASE PC

1 and the third PC of Z500 (Fig. 7, top right panel) as well
as the second PC of sea ice (Fig. 7, middle right panel).
Again, these correlations are maintained if core 2000-5 is
excluded, that is when only the two highest-accumulation
rate cores are used to construct ITASE PC 1 (Supp. Fig. 7).
The corresponding EOF patterns are found in Supplemen-
tary Fig. 8. Note that no significant seasonal correlations are
found for the second EOF of Z500 or the third EOF of sea
ice. While lower-order EOFs should always be interpreted
with caution, the significantly positive (p < 0.05) correla-
tions found in winter seem reasonable, indicating that
positive d-anomalies are related to a negative circulation
anomaly over the Ross Sea, directing anomalously onshore
flow towards western West Antarctica, while, correspond-
ingly, negative sea ice anomalies are evident in the
Amundsen and Bellingshausen Seas (Suppl. Fig. 8). This
also agrees with Supplementary Fig. 5 which shows that the
7500 regression pattern related to ITASE PC 1 during
austral winter (Fig. 6) is equally highly correlated with the
first as well third EOF of winter Z500 while the correlation
of the West Antarctic sea ice regression pattern with the
second EOF of sea ice is highest in winter.

It therefore appears that isotopic variations in western
West Antarctica show a seasonally distinct relationship to
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the leading pattern of seasonal climate variability, with
high and significant correlations with Z500 in austral
summer, fall and winter, with sea ice in fall and winter, and
with near-surface temperature at Byrd Station in fall only.

3.3 Seasonal correlations between Byrd Station
temperature and the dominant modes of Z500
and sea ice

With §-variations often being used as a proxy for temper-
ature, it is of interest to see whether the correlation patterns
found in Fig. 7 are also observed for temperature. We
therefore perform a similar analysis for temperature at
Byrd Station, correlating it with the first PCs of Z500 and
sea ice (Fig. 8). For sea ice, an evolution of the seasonal
correlation with temperature very similar to the one
obtained for ITASE PC 1 is found, both peaking in austral
fall with lowest values in summer. Unlike for the PC 1 of
the ITASE data, high and statistically significant correla-
tions between temperature and Z500 are limited to austral
fall and early winter. Again, excluding 1980 prior to cor-
relation does not appreciably alter the results (blue lines in
Fig. 8), with significant (p < 0.05) values still being
obtained for austral fall and early winter. These results are
in excellent agreement with Fig. 7, demonstrating that
there is a strong relationship in fall between stable isotopes/
surface temperatures in western West Antarctic and the
state of the large-scale atmospheric circulation as well as

Fig. 9 Standard deviation of

offshore sea ice concentrations. With the highest correla-
tion between ITASE PC 1 and Byrd Station temperature
also being found in fall, it is evident that it is this season
where the various factors influencing isotopic compositions
go hand-in-hand. Next, we briefly explore why the climate
signal may be particularly pronounced in austral fall.

3.4 Why is the large-scale climatic signal
in the western ITASE cores primarily found
in austral fall?

Fall is the season in which Antarctic sea ice is starting to
grow, reaching peak concentrations off West Antarctica at
the end of winter (September; e.g. Zwally et al. 2002). The
variability in seasonally averaged sea ice concentrations off
West Antarctica is also greatest in fall (Fig. 9, top panel).
This illustrates that sea ice in this region is most dynamic
during fall, which is also supported by the fact that month-
to-month sea ice growth rates are largest from March to
April with the average sea ice concentration increasing by
~15 % (not shown). Averaging the monthly mean v-wind
component over western West Antarctica (Fig. 9, bottom
panel) reveals that the climatological meridional wind
component directed towards western West Antarctica is
strongest in austral fall, peaking in May. It therefore
appears that the seasonally prevailing meridionally ori-
ented atmospheric circulation, linked to rapidly changing
sea ice concentrations offshore, results in a significant and

West Antarctic [180°-290°E] sea ice concentration

average HadISST West
Antarctic sea ice concentrations
1979-1999 [180°-110°W] (rop
panel) and seasonal average
ERA40 Z500 v-wind
component over western West
Antarctica [180°-110°W; 70°S—
87°S] 1979-1999 (bottom
panel). The more negative the
values of the v-wind component
the stronger the northerly winds
directed towards western West
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detectable large-scale climatic signal in the stable isotopic
composition of West Antarctic precipitation during austral
fall.

4 Discussion and conclusions

The results presented here demonstrate that sub-annual
o-information can be successfully extracted from the
ITASE cores. While sub-annual isotopic variations have
been derived from other parts of Antarctica (e.g. Morgan
and Van Ommen 1997), this study represents the first
analysis of such data from West Antarctica. Although sub-
annual information is mostly restricted to the mid-20th
century due to the increasing effect of diffusion (Fig. 2),
this time span overlaps the instrumental era and thus allows
investigations of the factors dominating seasonal variations
in West Antarctic water isotopic records.

As found in earlier studies (e.g. Fisher et al. 1985;
Schneider et al. 2005; Vinther et al. 2010), we emphasize
that using a network of ice core profiles is important for
minimizing the influence of local noise inherent to single
locations. Furthermore, the spatially extensive network of
ITASE cores allows detailed investigations of isotopic
variations across the pronounced topography of West
Antarctica. As was reported in studies using ¢ and accu-
mulation records from the ITASE dataset (Kaspari et al.
2004; Genthon et al. 2005; Schneider et al. 2005; Gregory
and Noone 2008), spatially distinct differences in inter-core
correlations and in the relationship to various climate
variables are evident: the clearest climatic signal is
obtained for the cores located on and west of the WAIS
Divide. While the eastern ITASE cores may also contain
important climatic information (e.g. Gregory and Noone
2008), the western sites are more readily interpretable,
suggesting that these locations are more favorable for cli-
mate studies, even though the relatively low accumulation
rates might initially suggest otherwise. Genthon et al.
(2005) also report that only the surface mass balance at the
ITASE cores located in the western part of West Antarctica
have any discernible relationship to standard indices of
large-scale climate variability such as the SAM and the
Southern Oscillation. Referring to Genthon et al. (2003)
they suggest that these spatial differences are due to the
fact that the eastern ITASE cores are situated in the tran-
sition area where the correlation between the surface mass
balance and the strength of the Amundsen Sea Low
switches its sign. This means that the western ITASE cores
are more optimally located with respect to the position of
the Amundsen Sea Low, primarily receiving moisture from
meridional winds. In contrast, the eastern ITASE cores are
influenced by more variable wind directions, possibly also
receiving significant portions of their moisture from the
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Weddell Sea. These eastern cores therefore not only
receive moisture along more variable transportation paths
than the western ones but possibly also from different
source regions (see also Delaygue et al. 2000). Back tra-
jectory analysis (e.g. Thomas and Bracegirdle 2009;
Sodemann and Stohl 2009) may help to gain additional
insights into the origin of these spatial differences.

Our results demonstrate that isotopic variations in the
westernmost ITASE cores are strongly linked to the state of
the large-scale atmospheric circulation, sea ice concentra-
tions offshore, as well as local temperatures. However,
distinct seasonal differences prevail: While significant
correlations of the isotope data with the circulation over
West Antarctica are also found for austral summer and
winter, and with sea ice in winter, it is only during austral
fall that significant correlations are found with all three
climate variables: large-scale atmospheric circulation,
West Antarctic sea ice, and temperature. Notably, a very
similar seasonal evolution of the correlation coefficients is
observed between the instrumental temperature at Byrd
Station and the dominant circulation as well as sea ice
patterns, both pairs peaking and only being significant in
austral fall and early winter. Our analysis suggests that this
seasonally distinct pattern can be related to the leading
pattern of atmospheric variability, which has a direct
impact on temperature in West Antarctica and a direct
impact on sea ice concentration offshore. The Ilatter
anomalies contribute greatly to the isotope records in West
Antarctica because the climatological wind during this
season has a strong onshore (meridional) component
(referred to as the wavenumber three pattern in Raphael
2007). Hence, in the fall season, the leading pattern of
atmospheric variability drives anomalies in sea ice extent
which, in turn, affect the relative fraction of (lighter)
tropical vapor and (heavier) local vapor that is transported
to West Antarctica and deposited in the form of snow.
During the remainder of the year, the winds in the vicinity
of West Antarctica are more zonally oriented and, as
shown in Yuan and Li (2008), have generally a weaker
influence on sea ice variations. In this context, the year
1980 where strong onshore winds, record-low sea ice
concentrations and above-normal temperatures linked
to the record-high positive isotopic anomaly prevail
throughout the year, might be understood as the charac-
teristic austral fall pattern.

With the highest correlations between sea ice concen-
trations and both the ITASE PC 1 and Byrd temperature
being observed in fall, it might be speculated that the
o-variations, rather than representing temperature itself, are
actually reflecting sea ice variations offshore and therefore
the distance to the source region, as e.g. suggested by
Bromwich and Weaver (1983), Kato (1978), and Noone
and Simmonds (2004). However, the fact that significant
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correlations between ¢ and sea ice are predominantly found
in fall rather suggests that both temperature and o are
particularly during this season strongly influenced by sea
ice variations which themselves appear to be strongly dri-
ven by atmospheric circulation. This important point
should however be investigated in much more detail in
future studies e.g. by using climate model simulations
which include a representation of stable isotopes (e.g.
Hoffmann et al. 1998; Noone and Simmonds 2004). It
would be particularly informative to use model simulations
to quantify the relative magnitude of the contributions of
the large-scale atmospheric circulation, sea ice, and tem-
perature on the isotopic composition of West Antarctic
precipitation, including considerations of time leads and
lags.

Finally, we note that due to increasing diffusion and
compaction with depth, J-records from West Antarctica
extending past the ~1950s will generally be interpretable
only at annual or lower resolution. It is therefore of interest
to consider the impact of seasonally variable relationships
to the overall, annual isotope signal. Using the same three
(westernmost) ITASE cores at annual resolution and
extracting the first PC, we find a highly significant corre-
lation of r = 0.586 (p < 0.01) with annual mean temper-
atures at Byrd Station over the 1979-1999 period
(r=0481, p < 0.01 for 1957-1999). A similar or even
slightly higher correlation is found between the first PC of
annual mean isotopic composition in the westernmost cores
and early austral fall (FMA) temperature at Byrd Station
(r =0.622 1979-1999; r = 0.477 1957-1999, both p <
0.01). This seasonal bias may be explained by the fact that
both the § variance of the seasonally resolved westernmost
ITASE cores and of the temperature at Byrd Station peak in
austral fall through late winter (Suppl. Fig. 9). Vinther
et al. (2010) suggest a similar explanation for Greenland
ice core isotope records. Additionally, austral fall through
late winter 6 and temperatures are highly (r = 0.6 to
r = 0.9) correlated with annual mean ¢ and temperature,
respectively (Suppl. Fig. 9). It therefore appears that both
the annual average isotopic composition and annual aver-
age temperature in western West Antarctica are dominated
by conditions in fall and winter. This is an important
finding which has to be considered when interpreting iso-
topic records from this region.
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