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Tropical Pacific—high latitude south Atlantic teleconnections
as seen in 6'°0 variability in Antarctic coastal ice cores
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[1] We use a network of eight ice cores from coastal Dronning Maud Land (DML),
Antarctica, to examine the role of the tropical ENSO (EI Nifio-Southern Oscillation) in the
temporal variability of 6'0 in annual accumulation. The longest record from the S100
ice core covering the period 1737—1999 is used to analyze the teleconnections between
the tropical Pacific and coastal DML on decadal scales and longer. A shorter stacked
coastal DML 6'%0 series spanning 1955-1999 is constructed to assess the variability of
ENSO teleconnection on interannual scales. Results suggest that, on typical ENSO
timescales of 2—6 years, the strength of the teleconnection varies in time, being stronger
for years with generally negative phase of the Southern Annular Mode (SAM). On the
timescales of approximately two decades (bidecadal), positive isotope anomalies are
associated with oceanic warming and a westward sea surface temperature (SST) gradient
in the equatorial Pacific. Bidecadal variability in SAM, forced by the tropical Pacific, is
proposed as a critical element in the teleconnection. Our analysis suggests that a
multidecadal positive trend in the annual mean 6'®0 values from the analyzed cores can be
indicative of the atmospheric warming that begun in this part of the DML already in
the 1910s. The trend in §'®0, quantified in terms of long-term surface air temperature
(SAT) changes, is consistent with the instrumental data. Yet, we speculate that the accurate
estimation of SAT trends requires an assessment of the potential role of secular SAM and

sea ice extent changes in shaping the isotopic signal.
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1. Introduction

[2] There is still much unknown about the recent climate
of the Antarctic continent partly due to the limitations in
spatial and temporal coverage of instrumental records [e.g.,
Turner et al., 2005]. While warming of the Antarctic
Peninsula region [King and Harangozo, 1998] and the
possible effects on the local ice shelves breakup [Vaughan
and Doake, 1996] have received much attention during the
last decades, such changes appear not to be evident on the
Antarctic continent. The instrumental records from across
the Antarctic show no evidence of a geographically wide
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warming trend of surface temperature over the continent
during the last 40—50 years [Turner et al., 2005]. There are
individual records that show a statistically significant trend
with either warming (such as Novolazarevskaya) or cooling
(such as South Pole), but most records are too short to be
used for any conclusive trend analyses [Turner et al., 2005].
The warming over the Antarctic Peninsula region is likely a
part of a warming that started about a century ago, as
suggested by the early expedition records from Antarctica
[Jones, 1990].

[3] An important climatic parameter is the sea ice sur-
rounding the Antarctic continent. Since the satellite moni-
toring of sea ice started in 1973, no clear trends have been
observed, other than a rather complicated pattern around the
continent [e.g., Parkinson, 2004]. The period, for which
both sea ice extent variability data recorded from satellites
and instrumental air temperature records are available, is
relatively short, and the connection between them is not
easy to interpret [Turner et al., 2005]. However, the long-
term monitoring of sea ice conditions from the South
Orkney Islands has shown a decrease in sea ice duration
since 1903 [Murphy et al., 1995]. This is in agreement with
the air temperature series during this period measured at
Orcadas meteorological station.
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Figure 1. Map of Dronning Maud Land (DML). Location
in Antarctica is shown in the insert map (gray square).
Stations (open squares) and ice core locations (open circles).
For coordinates of the drilling sites, see Table 1.

[4] In recent years there has been increased focus on the
interaction between Antarctic climate and ENSO [e.g.,
Gregory and Noone, 2008; Turner, 2004; White and
Peterson, 1996; Yuan, 2004]. Since the most pronounced
ENSO teleconnections are found over the southeast Pacific,
it is expected that, in Antarctica, the strongest ENSO signal
should be observed in the Amundsen-Bellingshausen Sea
sector. However, the Atlantic sector, and thus our study
area, is directly coupled to the Pacific by the Southern
Annular Mode, which basically expresses the meridional
pressure gradient between the sub-Antarctic and midlati-
tudes. This pressure gradient determines the strength and
meridionality/zonality of the circumpolar band of westerlies
and thus the meridional heat and vapor exchange between
Antarctica and its surroundings.

[s] The coupled atmosphere-ocean-sea ice system is
highly nonlinear with different response times of all single
components. This leads to time lags within the system and
between ENSO and Antarctic signals, which hamper the
progress of understanding the ongoing processes. Ice core
records, in particular the water isotope records, which can
provide insight on past local surface air temperature (SAT)
changes, are important tools when trying to extend the
instrumental records further back in time. Through the
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European Project for Ice Coring in Antarctica (EPICA),
Dronning Maud Land has been intensively investigated
during the past decade. The major focus has been on
long-term climate variability [e.g., EPICA Community
Members, 2006]. As a part of the EPICA presite survey,
one 100 m deep ice core (S100) was drilled on the
Fimbulisen ice shelf at 60 m a.s.l. during the Norwegian
Antarctic Research Expedition (NARE) in 2000/01 (Figure 1
[Kaczmarska et al., 2004, 2006]). Relatively few coastal ice
cores have been drilled around the Antarctic continent and
one of the aims of the study with core S100 is to improve
the spatial coverage, and evaluate the results in relation to
data from the polar plateau.

[6] In this paper we discuss what could influence the
variability of the oxygen isotope record from this ice core
and a number of shallow cores drilled earlier in the area,
with a special focus on the possible role of ENSO. Section 2
presents the network of ice cores together with other data
and methods used in this work. Section 3.1 discusses the
isotopic signals from S100 and other cores in both the time
and frequency domains. The effect of teleconnections
between the tropical Pacific and coastal DML on §'%0 of
accumulated snow at different timescales is analyzed in
section 3.2. Section 3.3 presents multidecadal trends in 6'%0
records from the study area quantified in terms of equivalent
SAT changes. The results of the work are summarized in
section 4.

2. Ice Cores Description, Dating, and Methods
2.1. Field and Laboratory

[7] Figure 1 shows the network of ice cores used in the
present study. Table 1 provides details about core locations
with an overview of the oxygen isotope data used. All these
cores were drilled during the 1980s—1990s in the coastal
area of DML. Core E is the only one of these ice cores
retrieved from grounded ice at an altitude of 700 m a.s.l.
while the others were drilled at coastal sites on ice shelves.
All oxygen isotope values were published earlier. A detailed
description of each of the time series can be found in the
works of Isaksson and Karlén [1994] (Core A), Isaksson et
al. [1996] (Core E), Melvold [1999] (Cores H, K), Isaksson
et al. [1999] (Core S20), Kaczmarska et al. [2004, 2006]
(S100), and Schlosser and Oerter [2002b] (B04, FB0198).

[8] The most recent 100 m long ice core named S100 was
retrieved with an electromechanical drill in the eastern part
of the Fimbulisen ice shelf (Figure 1) at 70°14’S, 04°48'E;
48 m a.s.l. during NARE 2000/01 [Kaczmarska et al.,

Table 1. Ice Cores From the Coastal DML Used in the Present Study

Mean
Annual Time Coverage
Altitude Core Accumulation (Dating Error) Mean §'%0 STD §'%0 10 m
Site Location m a.s.L Length m m w.e. years per mille per mille Temperature °C

Core A 72°39'S, 16°38'W 60 10.1 0.38 1975-1989 (*1) -21.2 1.4 —16.7
Core E 73°36'S, 12°26'W 700 30.4 0.32 1932—1991 (£3) —26.5 1.4 —22.0
Core H 70°30'S, 02°27'W 53 31.9 0.48 1953-1993 (%1) —22.1 1.1 —18.4
Core K 70°45'S, 00°00’ 53 30.3 0.25 19541996 (+2) —22.7 1.5 —19.6
Core B04 70°39'S, 08°15'W 50 52.0 0.35 18921981 (*1) —20.7 1.7 n.a.
Core FB9801  70°71'S, 08°43'W 35 27.8 0.32 1955-1997 (%1) —20.8 1.5 n.a.
Core S20 70°14'S, 04°48'E 63 20 0.27 1955-1996 (£3) —20.4 2.4 —17.5
Core S100 70°14'S, 04°48'E 48 100 0.29 1737-1999 (£3) —23.5 1.5 —17.5
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Figure 2. The §'%0 and accumulation records from

S100 ice core. Gray lines show annual mean values,

and the 11-year running means are highlighted in black.

2004]. The 10 m temperature at the drill site was —17.5°C.
The ice core has been dated using the combination of
electrical conductivity measurements (ECM) and dielectri-
cal profiling (DEP), which helped to identify volcanic
eruptions. The obtained age model was cross checked with
annual layer count of the seasonally resolved §'%0 record.
The S100 core covers the period of 1737-2000 A.D.
+3 years [Kaczmarska et al., 2004]. This time series is the
longest among the available high-resolution records from
this part of coastal DML. For more details about the core and
the dating methods we refer to the paper by Kaczmarska et al.
[2004]. The 6'®0 sampling was performed in the cold
laboratory and samples were taken every 3 cm (equivalent
to a minimum of 6 samples/a). The samples were analyzed
with the mass spectrometer (VG ISOGAS) at the University
of Copenhagen. Since the terrain upstream of the S100
drilling site is basically flat, the lower/older parts of the core
originate from areas of only slightly higher altitude, thus no
flow correction was applied to the data.

2.2. Data and Procedures

[v] We use two longer series of indices, which capture
well the principal features of SST variability in the tropics.
The Nifio-3.4 index is indicative of coherent SST fluctua-
tions in the entire equatorial Pacific and is generally used as
a measure of the amplitude of ENSO. The index is defined
as SST averaged over the region of (5°N-5°S, 170—
120°W). The second index, introduced by Trenberth and
Stepaniak [2001] as the difference in normalized anomalies
of SST between Nifio-1 + 2 (0—10°S, 90—80°W) and Niilo-
4 (5°N-5°S, 160°E—150°W) regions, gives a measure of
the SST gradient across the Pacific basin. The variability
associated with TNI index was recently named ENSO
Modoki, or pseudo ENSO [A4shok et al., 2007]. We also use
the 50-yearlong observation-based Southern Hemisphere
Annular Mode Index series (SAM [Marshall, 2003]) which

provides an indication of the strength of the circumpolar
vortex and westerlies that encircle Antarctica.

[10] We have used several different statistical tools in
order to detect significant variability on different timescales
and infer about the nature of signal captured by 6'%0 data
from the ice cores.

[11] Significant Zero Crossings of Derivatives (SiZer
[Chaudhuri and Marron, 1999; Godtliebsen et al., 2003])
is a graphical tool used to quantitatively decide which
smoothed features are statistically significant at a given
threshold. It thus allows us to pick out variations that may
be attributable to underlying structure in the data set, as
opposed to noise or sampling variability [Godtliebsen et al.,
2003]. In SiZer, significant features are found at different
scales, e.g., at different levels of data smoothing. Color-
coding is used to visualize statistical significance of the data
trends at various smoothing timescales. This is controlled by
the size of the smoothing window (bandwidth %), and
location (x) for the signal. For each scale and location of
the signal, SiZer tests whether the smooth has a derivative
significantly different from zero.

[12] We use the Multi-Taper Method (MTM) for spectral
estimation and reconstruction [Thomson, 1982; Percival
and Walden, 2000]. MTM proved to be a useful tool for
exploration of the spectral properties of signals that contain
both broadband and oscillatory components. For analysis,
we make use of the SSA-MTM toolkit provided by Ghil et
al. [2002].

[13] For examining relationships between the pairs of
time series on different timescales we applied the method
of wavelet coherence [Torrence and Compo, 1998; Grinsted
et al., 2004]. The method shows how coherent two wavelet
spectra being analyzed are and can be thought of as a
localized correlation coefficient in time frequency space.
Following the method proposed in [Torrence and Compo,
1998], the wavelet transform is also applied for band-pass

3of 14



D11112

DIVINE ET AL.: OXYGEN ISOTOPE VARIABILITY IN COASTAL DML ICE CORES

Di11112

d'®o, per mille

log, (h)

1750

1800

1850
year

1900 1950 2000

Figure 3. SiZer analysis of the 'O record from core S100. (top) Dots, §'*0 samples; lines, family of
smoothes obtained for various versions of the bandwidth (%). Thick solid line is for the smooth with & =
log;o(1.2) (also marked by a thin horizontal solid line at the bottom). (bottom) SiZer significance test at
95% confidence level. Color coding in SiZer: gray, no significant trend; dark gray, significant increase;
light gray, significant decrease. A shaded area at very small scales (below log((0.5)) is used to indicate
that too few data are available to do inference. The interval between two white dotted lines shows the

effective width of the smoothing kernel at each 4.

filtering of the analyzed records. In both approaches Morlet
wavelet is used as a basis function. This wavelet is believed
to be an optimal choice providing a good balance between
time and frequency localization for features in a spectrum.

3. Results and Discussion
3.1. Oxygen Isotope Records

[14] The annual mean oxygen isotope record from the
S100 ice core demonstrates pronounced temporal variations
in a range between —29.7%o and —15.2%o0. As mentioned
earlier, the 6'%0 shows a typical seasonal cyclicity through-
out the record [Kaczmarska et al., 2004]. The record shows
the most negative mean §'%0 values (i.e., presumably cold
periods) occurring during 1870s and 1890s (Figure 2).
Periods with the most pronounced positive §'%0 anomalies
are centered around 1740, 1865, 1885 and 1965. The 20th
century is dominated by a positive trend in the 6'*0 values
with a magnitude of 0.12 + 0.05%0 per decade. Analysis
with SiZer suggests that the positive trend in §'%0 is
statistically significant at 95% confidence level since about
1925 (Figure 3). However, the §'®0 values during the most
recent 50-year period do not show, on average, any more
positive §'°0 values than the earliest part of the record, i.e.,
the mid 1700s.

[15] Figure 4 compares the S100 oxygen isotope series
with other records from coastal DML. In order to separate
intersite variability from the common information shared by
the core network, we performed a princiPal component (PC)
analysis on six of eight annual mean 6 O series available
for the period 1955—1991, which is represented in all cores.
The two other records were not included in the PC analysis

due to their relative shortness (core A) or short time overlap
with the other records (B04). The first reconstructed prin-
cipal component (PC1, blue line in Figure 4) represents some
45% of the total variance in the six records considered. This
suggests a predominance of a common process(es) driving
the variability of 6'%0 in precipitation in the area over the
local differences at the core sites. In particular, one should
note a tendency to a positive trend in seven of eight records
considered, which is, however, statistically significant with
the 95% confidence in S20, E, K, B04 and S100 series. A
pronounced transition from positive §'*0 anomalies at the
end of the 1970s to negative in the early 1980s and positive
again in the end of the 1980s is evident in cores S20, K, H,
E, A and FBO0198. This is also reported by Schlosser and
Oerter [2002a] (core FB0198) but does not appear in S100.
In this core the minimum is observed already at the end of
the 1970s, resulting in a relatively poor correspondence with
other analyzed records, as indicated by only 7% variance
represented by PC1 in S100. It includes §'*0 from the S20
core that was drilled at approximately the same location a
few years earlier. We suggest that such a discrepancy could
be due to less accurate dating in the upper part of the core,
as poor ice quality in the core top prevented carrying out
ECM analysis [Kaczmarska et al., 2004].

[16] The recent positive trends in §'%0 appear to be a
regional signal [Isaksson et al., 1996; Isaksson and Melvold,
2002; Schlosser and Oerter, 2002b], but no conclusive
reason for this trend has been agreed on. Isaksson et al.
[1996] and Isaksson and Melvold [2002] attributed it to an
overall secular warming in the Southern Hemisphere, which
is hidden by the shortness of available instrumental records.
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Figure 4. Time series of §'%0 from the ice cores used in the study. Gray lines show annual mean values,
and the 21-year running means are highlighted in black. Blue lines show the reconstructed PCl
representing some 45% of common variance in §'80 series from S20, E, H, K, FB0198, and S100 during
the period 1955-1991. The corresponding amount of variance represented by PC1 in each individual

record is indicated in parentheses. Numbers on panels

represent the magnitudes of linear trends in §'*0 in

%o/decade. Statistically significant at the 95% confidence level values of trends, according to F' test, are
highlighted in bold. Note that for B04 and S100 series, the trends were calculated for the periods from

1915 onward.

Schlosser and Oerter [2002b] found that the §'%0 record
from core B04 was not temperature related since the air
temperature record from the nearby Neumayer station did
not show a similar trend during the overlapping time period.
We will discuss this question in more detail in section 3.3.

[817] Figure 5 shows MTM spectral estimates of the S100
80 record calculated using 7 tapers with time-bandwidth
set to 4 [see Thomson, 1982]. The spectrum has a pro-
nounced “red” character and shows some periodicities that
appear as significant at the 95% significance level. For
establishing the null hypothesis we assumed that the back-
ground (i.e., the original) process can adequately be
described by the AR(1) model (autoregressive process of
the first order). The analysis identifies a highly significant
(above 99% level) variability at a nearly bidecadal scale of
20-25 years, accompanied by a less pronounced peak
centered at about 9 years. Several significant peaks at
timescales of 2—5 years close to typical ENSO scales are
also found. These peaks are, however, not precisely aligned
with typical ENSO-scale variations at QB (quasibiannual)
and QQ (quasiquadrennial) scale, as demonstrated in
Figure 6. The first mode of ENSO variability in SST, as
characterized by Nifio-3.4 index, shows QQ variations at
the shorter scale of about 3.6 years. The second mode
manifested in variability in the SST gradient across equa-
torial Pacific and represented by TNI index show, in
turn, QQ variations at a somewhat longer scale of about
4.7 years. At the same time, a shorter SAM index time
series was also found to demonstrate the variability at

5 of

similar timescales of about 2 and 4 years [Visbeck and
Hall, 2004].

[18] Four of the significant components identified in S100
spectrum represent about 80% of the variability in the
original oxygen isotope record. Hereafter we use the nam-
ing conventions QBD (quasibidecadal), QD (quasidecadal),
QQ (quasiquadrennial) and QB (quasibiannual) following
the terminology presented by Trenberth [1975], Jiang et al.
[1995], and White and Tourre [2003]. MTM analysis of the
B04 core record (Figure 7) reveals similar statistically
significant variability at 2.6, 4.1 and 8.2 years. The bideca-
dal mode is, however, not pronounced.

[19] In order to highlight the variations at different time-
scales we performed the reconstruction of the oxygen-
isotope time series using the periodicities identified by
MTM as significant. For convenience, low-frequency
(QBD + QD) and high-frequency (QQ + QB) components
were calculated separately (see Figure 5). There is evidence
for relatively weakened interannual variance in the analyzed
series during the end of the 18th and first half of the 19th
centuries, which is in line with a decreased amplitude of the
ENSO and tropical sea surface temperature (SST) variabil-
ity during this period [Mann et al, 2000]. The already
mentioned well documented period of a weaker ENSO
during the 1920s—1950s [Torrence and Compo, 1998],
however, did not leave a similar imprint in the analyzed
record. Still, a decreased variability during this time period
was clearly captured in the B04 core.

14
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Figure 5. (top) MTM power spectrum of the S100 §'%0 time series. Gray dashed, dash-dotted and
dotted lines designate 99%, 95%, and 90% significance levels relative to the estimated red noise
background. The marks QB, QQ, QD, and QBD designate the quasibiannual, quadrennial, decadal, and
bidecadal components, respectively. (bottom) MTM reconstructions of the interannual (QB + QQ) and
(bi)decadal (QD + QBD) anomalies of S100 60 variability based on significant low- and high-

frequency components of the spectral estimate.

3.2. Equatorial Pacific Variability as a Pacemaker for
Atmospheric Circulation Changes in the Southern Polar
Atlantic

[20] What are the mechanisms and the relative role of
ENSO in driving the §'®0 variations in the coastal DML ice
cores? The studies of Turner [2004], Yuan [2004], Mo and
Paegle [2001], and Fogt and Bromwich [2006] based on the
relatively short series of instrumental data from the subpolar
Antarctic proposed the mechanisms linking the tropics and
Antarctica. Gregory and Noone [2008] recently extended
the analysis back in time by examining the effect of ENSO-
related circulation changes on oxygen isotope variations in
ice cores from West Antarctica.

[21] The strong variability seen in our cores on timescales
close to typical ENSO suggests that the driving force can
originate in the tropical Pacific. However, a direct compar-
ison with Nifo-3.4 index, indicative of SST fluctuations in
the Pacific, does not provide an unambiguous answer.
Moreover, an inspection of individual ENSO events sug-
gests that positive and negative 6'°0 anomalies are
observed in years with warm as well as cold ENSO events.
These results are not unexpected in view of dating errors in
combination with the complex nature of processes forming
the isotopic signal at the core site, where forcing from the
tropics is only one of the players.

[22] Figure 8 shows the wavelet coherence between the
annual mean S100 §'®0 and Nifio-3.4 and TNI indices of
ENSO evolution. The analysis demonstrates that all records
exhibit coherent variations on the scales above approxi-
mately 16 years. The generally warmer SST in the Pacific
are positively correlated with S100 isotope record on
bidecadal scales and above, as indicated by arrows pointing

Nino-3.4;

10
period, yrs

Figure 6. MTM (two tapers, resolution 3) power spectrum
of S100 6'%0, September—November (SON) Nifio-3.4 and
TNI indices of ENSO variability. All three spectra are
estimated for the time interval of 1872—1999. The dashed
lines designate 90% significance levels relative to the
estimated red noise background.
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Figure 7. Same as Figure 5, but for core B04.

right in the top panel. The left orientation of the arrows in
the bottom panel suggests that higher than the average S100
880 are associated with the westward SST gradient in the
tropical Pacific (preferentially negative TNI). This also
corresponds to a westward displacement in position of the
enhanced tropical convection in the equatorial Pacific and
the ENSO-driven high (or low) sea level pressure pattern in
the Amundsen and Bellingshausen seas [Bromwich et al.,
2004]. This relationship, however, does not hold for shorter

scales. In particular, during 1900—1930 both indices are in
phase at decadal scale and positively correlated with S100
oxygen isotope. On scales less than 4 years only a few
patches of statistically significant coherence are revealed in
both panels and no robust conclusion about phasing can be
reached. The analysis for seasons other than austral spring
(September, October, November (SON)) yielded similar
results on bidecadal scales.

N34 SON
4
8 8
=
Q
16
32
1880 1900 1920 1940 1960 1980
TNI SON
48
8 8
e 88
o

1920

1880 1900

1940

1960 1980

Figure 8. Squared wavelet coherence [Grinsted et al., 2004] between the annual mean S100 §'*0 and
(top) SON Nifio-3.4 and (bottom) TNI indices of ENSO variability. Thick contours enclose the areas with
correlations statistically significant at 95% confidence level against red noise. Semitransparent areas
indicate the “cone of influence” where the edge effects become important. The relative phase
relationship is shown as arrows, with in-phase pointing right and antiphase pointing left.
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Figure 9. (a) Stacked §'®0 anomaly (in nondimensional units) for 1955—-1999 for coastal DML
obtained from seven ice cores; red and blue dotted vertical lines denote isotopically “warm” and ““cold”
years, respectively, as was inferred from weekly accumulation measurements from a stake array at
Neumeyer during 1981—-1996 [see Schlosser and Oerter, 2002a, for details]. 10-year running correlation
between band-pass filtered in the band 2—8 years stacked coastal 6'%0 record and band-pass filtered
seasonal indices of (b) Nifio-3.4, (¢c) TNI, and (d) SAM. Green, red, black, and blue are used to denote
spring (SON), summer (DJF), autumn (MAM), and winter (JJA), respectively. Correlations above
(below) 0.51 (—0.51) are statistically significant at the 95% confidence level.

[23] A reliable analysis of the interannual variability in an
individual 6'®0 record is hindered by errors in the core
chronology. To rule out, or at least minimize, potential
misinterpretation caused by dating errors in a single oxygen
isotope series, we constructed a composite record from all
available §'%0 time series from coastal DML, except Core
A. The stacked record (Figure 9a) spans the period 1955—
1999. It was produced by averaging the normalized §'*0
records from the study area relative to the common period
of 1955—1991 (the shorter B04 series was normalized
relative to 1955—1980). Panels b, ¢ and d in Figure 9
display running 10-year correlations between the composite
record and the seasonal indices of ENSO variability and
SAM. In order to focus on shorter timescales, the series of
indices as well as the stacked record were band-pass filtered
in the band 2—6 years.

[24] Figure 9 demonstrates the uneven effect of ENSO-
associated variability on isotopic composition of annual
precipitation in coastal DML, in agreement with wavelet
coherence results. Seasonal correlations with Niflo-3.4
shown in panel b are essentially positive after approximately
1965 and before 1975 and tend to show a less pronounced
increase again for the short period centered at 1988. A similar
change in sign of the correlation is observed for seasonal
TNI (panel c), although it has occurred somewhat earlier
than for Nifio-3.4.

[25] These results suggest that on the timescales shorter
than 6 years during the period before mid 1970s and to a
lesser extent in the end of 1980s, the less depleted (isoto-

pically “warm”) coastal DML §'%0 values were mainly
associated with El Nifio events and westward SST gradient
in the equatorial Pacific. The period in between is charac-
terized by almost zero correlation implying weakened ENSO
teleconnection to coastal DML. We note that Gregory and
Noone [2008] found nearly similar time variation in the
relationship between the Southern Oscillation (SOI) index
and §'®0 from ITASE 2001-5 core to the west of Antarctic
Peninsula after the 1960. SOI is indicative of tropical
circulation anomalies associated with ENSO-driven SST
variations and anticorrelates with Nifio-3.4. It implies the
presence of the seesaw pattern in oxygen isotope response
to ENSO variability between the two areas.

[26] Our results are not in line with Yuan [2004], suggest-
ing the negative response in SAT to warm ENSO events to
have place in DML area due to the ENSO-driven Antarctic
Dipolar Pattern (ADP). However, [Yuan, 2004] inference is
based on consideration of a relatively short period (after
1980), for which our results do show periods with weak but
negative correlations. Of considerable interest is also the
timing of the shift from essentially positive to close to zero
or slightly negative correlations between seasonal Nifio-3.4
and stacked §'80 about 1975. It is coincident with the
switch in the evolution of ENSO at the time of 1976/77
[Trenberth and Stepaniak, 2001]. Whether these two events
are related requires further study.

[27] The correlation with seasonal SAM on the interan-
nual scales seems to be more consistent throughout time
(see Figure 9d). With the exception of austral spring, the
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Figure 10. (top) Wavelet band-pass filtered in the band 18—25 years series of annual mean S100 §'%0
(black), SON TNI (gray), and normalized spring-summer SAM gradient (dotted gray, see text for details).
(bottom) Wavelet band-pass filtered in the band 18—25 years series of SON Nifio-3.4 (black), SON TNI
(gray), and normalized annual SAM (gray dash-dot) indices. Vertical solid and dashed gray lines in both
panels highlight the maxima and minima in $100 §'0 QBD component.

negative coastal DML §'%0 anomalies are associated with
positive anomalies in SAM. This lies in a general agreement
with a conceptual effect of SAM on air temperatures in this
part of Antarctica. SAM in the positive phase is associated
with decreased polar pressure and strengthened circumpolar
westerlies. It induces cooling over most of East Antarctica
including the study area [van den Broeke and van Lipzig,
2004] implying stronger isotopic depletion [Noone and
Simmonds, 2002]. Notable is that an opposite relationship
between SAM and §'%0 during the 1960s—1980s has
emerged from the analysis of Gregory and Noone [2008]
for ice cores from West Antarctica. This is broadly in line
with the SAM-driven seesaw in SAT between the part of
West (mainly Antarctic Peninsula) and East Antarctica.
Note that the largest magnitudes of correlations between
seasonal SAM indices (all except SON) and stacked DML
880 are observed during approximately 1975—1985. This
is also a period of a weaker teleconnection from the tropics,
as evidenced by nearly zero correlations of §'°0 with
seasonal Nifio-3.4 indices (Figure 9b). These results points
to a prevalence of the SAM influence on isotopic compo-
sition of accumulation in the study area during this decade.
Noteworthy is the opposite trends in correlations between
winter and summer, toward a more significant role of winter
SAM and less significant role of summer SAM throughout
the period covered by the composite record. This is sug-
gestive of a change in response to seasonal forcing on
isotopes in the study area.

[28] In contrast to interannual to subdecadal scale varia-
tions, variations at longer scales demonstrate high coher-
ence with ENSO indices that is consistent through time. We
note that the coherence of this QBD variations in S100 §'*0
and Nifio-3.4 again is not consistent with the expected

negative response to warm ENSO events, as depicted in
[Yuan, 2004].

[20] In order to isolate the QBD variations in the analyzed
records we filtered the records in the band 18—25 years.
Figure 10 displays a distinct antiphase relationship between
S100-6"%0 and TNI. The agreement between the records is
not so good for the last 20 years of data, which can be due
to both dating errors (see section 3.1) and edge effects of
band-pass filtering procedure. At the same time, the positive
correlation between the oxygen isotope series and Niflo-3.4
is less stable. It suggest that not only the sign of the ENSO
event (“warm” or “cold”, or actually the epoch of prefer-
entially positive or negative ENSO events), but rather their
configuration will have an effect on the isotopic signature of
the annual accumulation. We therefore incline to ascribe the
presence of QBD variations to forcing from the second
mode of ENSO variability represented by TNI. However,
the actual mechanism propagating the signal from the
tropics and shaping the oxygen isotope record is yet to be
defined.

[30] Brevity of the available instrumental records from
Antarctica does not allow us to unambiguously assign a
cause to the pronounced bidecadal variations in S100 6'*0.
The presence of variations at this timescale was previously
reported for sea salt records from the Law Dome and Siple
Dome ice cores [Goodwin et al., 2004; Kreutz et al., 2000]
as well as from MSA records from the Weddell Sea area
[Abram et al., 2007]. As a potential driving mechanism the
long-term variations in the strength of SAM were proposed.

[31] Fogt and Bromwich [2006] identified the decadal
scale changes in the strength of ENSO teleconnections to
Antarctica, specifically during the austral spring. A stronger
signature of ENSO-driven circulation changes in the south-
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Figure 11. (a, left axis) 10-year running correlation

between SON (green), DJF (red), MAM (black), and JJA
(blue) Nifo-3.4 and SAM indices; (right axis) wavelet band-
pass filtered in the band 18—25 years SON TNI (gray). (b, left
axis) Wavelet band-pass filtered in the band 18—-25 years
seasonal SAM indices; the color convention is the same as in
Figure 11a; (right axis) same as in Figure 11a.

eastern Pacific and southwestern Atlantic during the 1990s
compared with 1980s were ascribed to SON SOI and SAM
being in phase (i.e., Nifio-3.4 and SAM in antiphase). We
extended this analysis back to 1957 and to the other
seasons. Figure 11 shows 10-year running correlations
between seasonal Niflo-3.4 and SAM indices. For SON
the correlations tend to alternate between positive and
negative values on the decadal scale, in agreement with
conclusions of Fogt and Bromwich [2006]. The other
seasons, especially December, January, February (DJF),
also demonstrate variability in coupling between SOI and
SAM at decadal scales, which is, however, less pronounced
than for SON. The latter is not unusual as austral spring and
summer are supposed to best capture ENSO’s influence on
Antarctica since it is during these seasons that ENSO events
are in their mature stage.
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[32] The bottom panel in Figure 11 demonstrates the
band-pass filtered series of seasonal SAM indices for the
period of 1957—2007 shown together with the filtered TNI
index. The plot reveals almost synchronous, with a lag of
few years, variability in bidecadal DJF SAM and TNI.
Austral spring and autumn SAM lag the TNI variations,
whereas for winter the phasing is unclear. The resulting
annual mean SAM (Figure 10) lags the TNI by 3—4 years
indicating that increase in TNI is generally associated with
intensification of westerlies around Antarctica, as indicated
by the increasing SAM.

[33] We hypothesize that the role of TNI-driven variabil-
ity in the Pacific SST can be related with longitudinal shifts
in position of the maximum of tropical convection and
hence the Rossby wave train, which forms in response to
warm and cold ENSO events. It, in turn, affects the position
of ENSO teleconnection pattern in the southeast Pacific.
Since the major loading center of the SAM pattern is located
in the area of the Amundsen and Bellingshausen seas [e.g.,
Thompson and Wallace, 2000], a better alignment with the
ENSO-driven high(low) pressure center during El Nifio (La
Nifia) in this area will promote more negative (positive)
SAM. This is consistent with L’Heureux and Thompson
[2006] who found, though for the shorter timescales, that La
Nifia events tend to enhance the westerlies at approximately
60°S, which is equivalent to increasing the SAM index. As
however suggested Harangozo [2004], the ENSO modula-
tion of the southeast Pacific exratropical circulation also
depends on the spatial configuration of the tropical convec-
tion. We note from Figure 11 that increase in the strength of
ENSO teleconnection coincides with the periods of lasting
positive QBD TNI. During the 1970s and 1990s, a stronger
(anti)correlation between (Nifio-3.4) SOI and SAM, which
is specific for spring and summer seasons, promotes thereby
strengthening of SON, DJF and MAM SAM (see bottom
panel in Figure 10). The opposite is observed in the 1960s
and 1980s.

[34] The effect of SAM variability on isotopic composi-
tion of accumulated snow has a complex nature. The net
effect of bidecadal variations in SAM on §'®0 S100 is
conditioned by a relative phasing of variations in the
seasonal SAM, a seasonal asymmetry in SAT and §'%0
response to SAM variations [Marshall, 2007] as well as
potential bias in seasonal accumulation. Following the
analysis presented by Schlosser [1999] and Schlosser and
Oerter [2002b], increase in spring and decrease in summer
SAM modifies the accumulation seasonality leading to
more isotopically “cold” spring and “warm’ summer snow
in the annual accumulation. This decreases the mean §'%0
in the annual accumulation. The smoothed interseasonal
spring to summer SAM gradient, which we define as the
difference between SON and DJF SAM index, is in anti-
phase with the smoothed ENSO TNI, i.e., in phase with
S100 6'®0. This result is consistent with what was found for
the shorter timescales but actually opposite to the conclu-
sions of Schlosser [1999] and Schlosser and Oerter
[2002b]. It yet does not contradict them as their findings
stem from the 15-yearlong series of observations and show
an integrated effect of variations at all timescales and
processes including those not considered in the present
study. The positive and negative 6'°0 anomalies in the
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stacked record also not always coincide with isotopically
“cold” and ‘“warm” years as was identified by Schlosser
and Oerter [2002b] (see also in Figure 9). Since the more
positive (negative) SAM in the study area is generally
associated with cooling (warming [van den Broeke and
van Lipzig, 2004; Hall and Visbeck, 2002]) which promotes
isotopic depletion (enrichment [Noone and Simmonds,
2002]), our results suggest that on bidecadal scales the
thermal effect on S100 6'%0 overrides the possible effect
of seasonal SAM fluctuations on accumulation seasonality.
It also corroborates the hypothesis of [Abram et al., 2007]
which linked the bidecadal variability in methanesulfonic
acid (MSA) in three coastal ice cores from the Weddel Sea
area with the strength of cold offshore wind anomalies, a
mechanism associated with the long term changes in the
state of SAM. Note that extrema in a smoothed interseaso-
nal SAM gradient match well the maxima in the amplitude
of semiannual oscillation (SAO [van den Broeke, 1998)]), a
semiannual mode of variability in position of the circum-
polar trough [van Loon, 1967; van den Broeke, 1998],
which is closely related to SAM. It indicates that the actual
effect of SAO strength on QBD variations in S100 isotopes
depends on the relative signs of seasonal SAM.

[35] Itis clear that the shortness of SAM record as well as
the edge effects of the band-pass filtering questions a
robustness of this hypothesis. However, the stability of the
inferred antiphase relationship between QBD TNI and S100
880 throughout more than 100 years of instrumental data
on SST suggests that ENSO variations do affect the long-
term variations in annual isotopic composition of snow
accumulation via modulation of SAM. The assessment of
a relative contribution of temperature variability and accu-
mulation seasonality changes to ¢§'®0 variations on these
scales requires a better understanding of the mechanisms of
interactions between SAM, ENSO and local climate. Both
longer instrumental series, including in situ accumulation
measurements, and/or relevant regional modeling studies
would be helpful.

3.3. To the Source of Trends in 6'%0 in the Coastal
DML

[36] Based on model outputs, precipitation increases are
often suggested to be an indicator of warming in polar
regions [e.g., Huybrechts et al., 2004]. In line with the
pronounced warming observed in the Arctic in the last
decades, the warming process is anticipated to take place
in the Antarctic as well. The shortness of available instru-
mental data, however, hinders us from reaching any unam-
biguous conclusions about spatiotemporal patterns of
changes in atmospheric temperatures [Turner et al., 2005,
2006] and accumulation [Monaghan et al., 2006] in Ant-
arctica. We therefore find it important to also view available
ice core records from the area, specifically the longer 6'%0
and accumulation records of S100 and B04 (Figure 2). The
accumulation record of ice core S100 suggests a decrease
since 1900 when it had some of the highest accumulation
values since the 1730s [Kaczmarska et al., 2004]. Decreas-
ing trend in accumulation has also been reported from other,
shallower cores from the same coastal area [Isaksson and
Melvold, 2002, and references therein] including those
considered in the present work. The four more recent ice
cores B39(1935-2006), B38, FB0704 and FB0702(1960—
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20006) retrieved from the area to the south of Neumayer do
demonstrate increasing annual §'%0 but do not reveal any
common pattern in accumulation [Oerter et al., 2008]. We
note that these cores were drilled on the ridges Halvfarryg-
gen and Serasen where the effects of enhanced wind erosion
compared with the other locations considered should not be
ruled out. Notable is that the composite accumulation record
from 16 cores retrieved on the higher altitude DML plateau
exhibits an opposite (increasing) trend in accumulation and
weak positive trend in §'*0 during the 20th century [Graf et
al., 2002]. No persistent secular scale changes in accumu-
lation since 1900 are seen in H72 core from eastern DML
[Nishio et al., 2002]. Two Berkner Island cores R1 and B25,
in turn, show increase from around 1920 (R1) or no clear
trend (B25) in accumulation, and increase in 6'°O since
1950s [Mulvaney et al., 2002]. It suggests therefore that this
overall picture of a positive trend in §'*0 and a negative in
accumulation is a regional signal [Kaczmarska et al., 2004]
likely confined to low elevations in western coastal DML.

[37] One should note that assessment and interpretation of
trends in stable isotopes in the study area is not straightfor-
ward. The presence of pronounced variations on decadal
scales and longer, potential for changes in seasonality of
accumulation, stratigraphic noise as well as variations in
moisture transport and sources, condition a high sensitivity
of the estimated trend to a time interval selected. This effect
is illustrated in Figure 12 showing the calculated trends in
the instrumental SAT and the equivalent temperature trends
estimated from the isotope records and their first principal
component. The analysis uses the instrumental data from the
two nearest meteorological stations that have sufficiently
long temperature records: Novolazareveskaya (started in
1961) and Halley (started in 1957). The trends were
estimated for the periods of overlap between the ice core
and instrumental series. For conversion between §'*0 and T
we applied a local estimate of &-T gradient of 0.53%0 K ',
based on 19 years (1981-2000) of in situ measurements
from Neumayer station [Schlosser et al., 2004].

[38] Figure 12 demonstrates that the estimates of trends in
isotopic records vary substantially depending on the time
period as well as the location considered. The scatter in the
trends in the annual mean SAT is correspondingly less
pronounced. Except for the core S20 showing the trend at
least twice as steep compared with the other isotope records,
the trend magnitudes are generally confined to the interval
[0,0.8] K dec™' and close, within an error interval, to
correspondent trends in SAT. Note that the magnitudes of
trends are higher, on average, for the period of overlap with
a longer Halley temperature record due to a period of
successive years with decreased §'®0 values in the end of
the 1950s. A systematic positive offset between the trends
in isotopes and SAT, though not yet exceeding the uncer-
tainty, is also evident for Halley where surface air temper-
atures tend to show a weak cooling during the last five
decades [Turner et al., 2005].

[39] We note that the trends estimated for longer 6'%0
records from S100 and B04, as well as for core E (Figure 4)
are essentially positive and similar in magnitudes to the
trend found in PCI1. Since no substantial disagreement in
trends is found either between the shorter SAT and 6'*0
records, this can be interpreted as an indication of a long
term warming that begun in this part of DML as early as in
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Figure 12. Linear trends in 6'°0 in the ice cores from
coastal DML converted into equivalent trends in SAT (black
solid squares and circles). The time periods used to calculate
the trend magnitudes overlap with the periods of available
instrumental mean annual SAT from (top) Novolazarevs-
kaya (shown by gray solid squares) and (bottom) Halley
(gray solid squares). PC1 denotes the first principal
component of six §'%0 series (see text for details). Open
diamond and triangle at the top show the equivalent SAT
trends in S100 (1920-1999) and B04 (1920—1981) cores.

the 1910s. This hypothesis is in line with other presumable
evidences of early Antarctic warming [e.g., Schneider et al.,
2006; Schneider and Steig, 2008; Murphy et al., 1995] and
a mean warming of the Southern Hemisphere throughout
the 20th century [Jones and Moberg, 2003].

[40] One still should not discard other processes that
could contribute to the secular positive trend annual 6'%0
in the study area. The coastal areas are known to receive
precipitation formed of moisture originating largely from
the local sources. Decrease of winter sea ice extent will
therefore promote shorter moisture transport paths, imply-
ing less distillation en route [Noone and Simmonds, 2004].
Available evidences of winter sea ice decline in the subpolar
Atlantic throughout the 20th century [Murphy et al., 1995]
suggest that this mechanism can Potentially contribute to the
positive trend in the observed §'°O.
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[41] The seasonal redistribution in snow accumulation
depicted in [Schlosser, 1999; Schlosser and Oerter,
2002a] introduces a bias in the annual mean 6'®0. This
effect was shown to be responsible for a relatively poor
correlation of the oxygen isotope records with SAT series
from the neighboring weather stations. However, longer
than present 14 years long data series is needed in order to
reliably assess the potential contribution of this effect to the
observed multidecadal positive trends in 6'O records from
coastal DML.

4. Conclusions

[42] We used a network of eight ice cores from coastal
DML in order to examine the role of ENSO in the temporal
variability of §'%0. Despite the substantial spatial extent of
the core network, of about 500 km, our analysis reveals that
they share a common signal even on interannual timescales.
Dating errors as well as the stratigraphic noise in an
individual record may pose a substantial limitation on the
validity of the inferences made for the shorter timescales.
We therefore used the longest S100 ice core record spanning
the period of 1737—1999 for analysis only on decadal scales
and longer. The shorter stacked coastal DML §'®0 series
spanning 1955-1999 was constructed to assess the vari-
ability of ENSO teleconnection on interannual scales.

[43] The complex nature of the processes driving the
isotopic signal in precipitation and the ice cores from
DML has already been highlighted in a number of studies
[Schlosser, 1999; Schlosser and Oerter, 2002a, 2002b;
Helsen et al., 2006]. The dominance of variability at close
to ENSO timescales of 2—6 (Nifno-3.4, TNI), 9 and 20-25
(TNI) years in the annual mean §'°0 from coastal DML
cores points to an important role of the tropics in modulat-
ing its local climate. However, as our analysis demonstrated,
the response to ENSO variability is not stable in time.
Moreover, it also varies depending on the timescale consid-
ered as well as the mutual state of SAM and ENSO.

[44] Our results suggest that on typical ENSO timescales
of 2—6 years there is no consistent relationship between the
stacked DML §'%0 and the Nifio-3.4 and TNI indices of
ENSO evolution. For Nifio-3.4 the correlation changes from
essentially positive during 1965—1975 to less certain in the
most recent part of the record. The TNI index is in phase
with 6'®0 before approximately 1970 and antiphase after
1990. The magnitude of correlation also varies differently
for different seasons. This is generally in line with the time
varying response to ENSO-associated circulation anomalies
demonstrated in Gregory and Noone [2008] for the ice core
oxygen isotope records from West Antarctica.

[45] The SAM index for all seasons except austral spring
shows a more consistent antiphase relationship with DML
6'80. This result agrees well with the general tendency for
positive (negative) SAM anomalies to be associated with
atmospheric cooling (warming), thereby promoting isotopic
depletion (enrichment). This led us to conclude that on these
scales the SAM/temperature influence dominates the iso-
tope variability. However, the opposite trends in correlations
between the winter and summer, toward a more significant
role of winter SAM after 1985, are suggestive of a recent
change in response to seasonal forcing on isotopes in the
study area.
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[46] The clear linkage between ENSO variability and
S100 6'%0 appears on the scale of approximately two
decades. We found that positive isotope anomalies are
associated with periods of oceanic warming (i.e., preferen-
tially positive Niflo-3.4) and westward sea surface temper-
ature gradient (i.e., preferentially negative TNI) in the
equatorial Pacific. As the positive correlation between the
oxygen isotope series and Nifio-3.4 is less stable, we
conclude that not only the sign of ENSO events (or actually
the periods with preferentially warm or cold ENSO events),
but rather their configuration will have an effect on the
isotopic signature of the annual accumulation at the quasi-
bidecadal scale.

[47] We propose the bidecadal scale variability in the
strength of SAM forced from the tropics to be a critical
element in the teleconnection between the tropical Pacific
and coastal DML at longer timescales. In line with Fogt and
Bromwich [2006], our analysis reveals decadal scale varia-
tions in the strength of the coupling between the seasonal
SAM and Nifo-3.4 (SOI). Although this effect seems to be
most pronounced for austral spring, similar variations in the
magnitude of the correlation are observed for austral sum-
mer and autumn. When SOI and SAM are in phase (Nifio-
3.4 and SAM in antiphase), it causes the SAM to increase,
promoting cooling and isotopic depletion in precipitation.
The nearly decadal periods of a stronger coupling between
SOI and SAM are associated with preferentially positive
TNI index, indicative of the eastward shift in the position of
the maximum of tropical convection and hence the Rossby
wave train, which forms in response to warm and cold
ENSO events. The scale of the variations suggests that the
ocean is involved in creating and sustaining the persistent
SST and atmospheric circulation anomalies in southeast
Pacific and subpolar Atlantic, in analogy with the Pacific
Decadal Oscillation phenomenon observed in the North
Pacific [Bond and Harrison, 2000]. We would like to leave
this issue, however, beyond the scope of this article.

[48] Our analysis suggests that a multidecadal positive
trend of the order of 0.12%o/dec in the annual mean §'*0
values from the analyzed cores may be associated with the
atmospheric warming that begun in this part of the DML
already in the 1910s. However, in an almost 300-yearlong
S100 oxygen isotope series, the §'®0 values during the most
recent 50-year period do not show, on average, any more
positive 6'°0 values than the earliest part of the record, i.c.,
the mid 1700s. We quantified the trend in 6'®0 in terms of
long-term surface air temperature (SAT) changes using the
empirical 6'%0/T relationship derived for the study area.
The trend magnitudes show consistency with the instru-
mental data. Yet we speculate that the role of other pro-
cesses not necessarily linearly related with long-term SAT
changes like isotopic enrichment due to shrinking winter sea
ice should not be underestimated. The source of the nega-
tive accumulation trend however remains obscure as it does
not fit the observations in the other parts of Antarctica
neither supported by modeling.

[49] Our knowledge of Antarctic climate and the role
ENSO plays in it is still incomplete. Ice cores provide a
variety of information about past climate variations, both on
local and global scales, that can be used to improve our
understanding of ENSO’s effect on Antarctic climate. A
better quantification of the physical mechanisms forming
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the isotopic signal in the ice cores has, however, direct
implications for ice core-based reconstruction of climate
variability in the past.
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