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ABSTRACT

El Niño–Southern Oscillation (ENSO) teleconnections over Europe and the Middle East are evaluated using
an oxygen isotope coral time series from the northern Red Sea and various instrumental datasets. A shift in the
correlation between the Niño-3 index and the Red Sea coral record in the 1970s is detected, and it is shown
that
�

this shift can be attributed to nonstationar y circulation regimes and related ENSO teleconnections. It is
found that positive anomalies of oxygen isotope in the Red Sea coral record from the middle 1930s to the late
1960s are associated with a strong Pacific–North Atlantic teleconnection accompanied by a weak Aleutian low,
a more zonal flow at midlatitudes, and La Niña conditions in tropical Pacific. In contrast, positive anomalies of
oxygen isotopes in the Red Sea coral after the 1970s are related to El Niño conditions and weaker Pan-Pacific–
Atlantic circulation regimes. Using the window correlation of the northern Red Sea coral record with two coral
records from the tropical and subtropical Pacific, nonstationar y relationships between the tropical Pacific and
the
�

European–Middle Eastern climate during the preinstrumental period are found. The results imply that the
modulation of teleconnections at interdecadal timescales provides a limitation in the prediction and reconstruction
of remote climate phenomena such as the ENSO impact over Europe.

1. Introduction

Massive
�

corals from the Tropics and subtropics pro-
vide	 an archive of climate variations during the last few
hundred



years (Cole et al. 1993; Charles et al. 1997;
Urban
�

et al. 2000; Felis et al. 2000). Many coral-based
climate� reconstructions concentrate on the El Niño–
Southern



Oscillation (ENSO) phenomenon (Cole et al.
1993; Urban et al. 2000), the major source of interannual
variability	 in the global climate system originating in
the
�

tropical Pacific (Huang et al. 1998). Although the
ENSO
�

impact throughout the Tropics is relatively well
understood,� the knowledge of its extratropical response
is
�

based on teleconnection patterns that are statistical in
origin� and derived from the relatively short period of
instrumental
�

observations. Recent studies (Urban et al.
2000;
�

Evans et al. 2001; Rimbu et al. 2001) have shown
that
�

the variability in coral records is related to large-
scale� climatic phenomena suggesting a possible use of
these
�

corals to study atmospheric teleconnections in the
preinstrumental� period.

Conditions
�

in the tropical Pacific Ocean can have
significant� connections with the midlatitude atmospheric
circulation,� particularly in winter (Hamilton 1988). No-
table
�

is a tendency for an intensification of the clima-
tological
�

standing wave pattern over the North Pacific
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and� North America during the warm tropical conditions
associated� with ENSO events. Part of this response is
due
�

to the Pacific–North American (PNA) pattern in the
troposphere,
�

which is enhanced by El Niños via the
intensification of the Aleutian Low.

Obser
�

vational studies (Fraedrich and Müller 1992;
Fraedrich 1994; Pozo-Vázquez et al. 2001) report an
ENSO impact on the European realm. A composite anal-
ysis� based on El Niño events from the observational
period� (1888–1987) reveals a negative anomaly in sea
level pressure (SLP) over central Europe with a zonal
belt
�

stretching from Ireland to the Black Sea and positive
SLP



anomalies over northern and northeastern Europe
during
�

the winter season (December to February). The
sign� of the SLP anomalies reverses for La Niña events
(Fraedrich
�

1994). Consistent with these results, the re-
gimes� of cyclonic weather are more frequent in western
and� central Europe during the winters of El Niño events
while� the regimes of anticyclonic weather prevail over
these
�

regions during La Niña events. It is noted also
that
�

the European climate is influenced more strongly
by
�

La Niña than by El Niño events (Pozo-Vázquez et
al.� 2001).

Here, we analyze whether the relationship between
tropical
�

Pacific sea surface temperature (SST) anomalies
and� European climate can be regarded as stationar y, that
is,
�

not changing significantly with time. There are some
indications
�

that the connection between the tropical Pa-
cific� and the European and Middle Eastern climate was
not� uniform since the beginning of the instrumental ob-



1 MAY 2003 1415R I M B U E T A L .

FIG. 1. (a) Winter (JF) time series (normalized, detrended) of the
Ras Umm Sidd coral  18O record (Felis et al. 2000) used for the
wavelet analysis. (b) Morlet wavelet power spectrum. The shaded
contours are at normalized variances of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 5.0, 6.0, and 7.0. The thick line indicates the regions where
edge effects become important. (c) Interannual variance (3–7 yr) of
the
!

coral " 18O time series.

ser# vations in the nineteenth century. Correlating the
winter$ SLP from Darwin, Australia, with SLP from sev-
eral% European meteorological stations during an 80-yr
period,& van Loon and Madden (1981) have found non-
stationar# y teleconnections. Only the patterns from the
second# half of the twentieth century clearly show the
structure# of correlation as expected from Fraedrich’s
(1994)
'

composites. Other studies concentrate on the
ENSO
(

impact on rainfall. Rodo et al. (1997) point out
that
)

the association between ENSO and rainfall on the
Iberian
*

Peninsula has significantly intensified in the sec-
ond+ half of the twentieth century. Positive significant
correlations, between winter rainfall in Israel and the
Nin
-

˜o-3 (5. N–5
- /

S,
0

901 –150 2 W)
3

index are identified after
the
)

mid-1970s whereas during the 1930s to 1970s period
the
)

correlation is not significant (Price et al. 1998). Sim-
ilar
4

nonstationar y behavior characterizes the relation be-
tween
)

western Mediterranean rainfall and the Niño-3.4
(5
' 5

N–5
- 6

S,
0

1207 –170 8 W)
3

index (Mariotti et al. 2002).
In
*

order to study the extratropical ENSO response in
the
)

preinstrumental era, we analyze the circulation re-
gimes9 related to interannual variability in a coral record
from
:

the northern Red Sea (Felis et al. 2000) in com-
bination
;

with two coral records from the Pacific (Linsley
et% al. 2000; Urban et al. 2000). These proxies will bring
the
)

question of the ENSO impact over Europe and re-
lated
<

circulation regimes into a long-term context.
The
=

paper is organized as follows. Datasets used in
this
)

study are shortly described in section 2. The rela-
tionship
)

between interannual variability in the Red Sea
coral, record and tropical Pacific SST anomalies is dis-
cussed, in section 3. The analysis is focused on a change
in
4

this relationship that occurred in the 1970s. Based on
large-scale
<

SST and atmospheric circulation patterns re-
lated
<

to variability in the coral time series before and
after> the 1970s, a physical explanation of this shift is
presented& (section 3). Furthermore, the shift in ENSO
teleconnections
)

over Europe and the Middle East in the
1970s is evaluated in the instrumental records. Com-
parison& with corals from the Pacific Ocean brings the
ENSO
(

teleconnections over Europe and the Middle East
into
4

a long-term context. Finally, the results are dis-
cussed, and conclusions are drawn (section 4).

2.
?

Data

A
@

bimonthly resolution oxygen isotope record cov-
ering% the period 1750–1995 was generated from a coral
growing9 at Ras Umm Sidd, Egypt, (28.9 A N,

-
34.3 B E)

(
in

the
)

northern Red Sea (Felis et al. 2000), one of the few
Northern
-

Hemisphere subtropical regions of coral
growth.9 The core was collected from a massive coral
colony, directly exposed to open-sea conditions. This
provides& a good representation of large-scale oceanic
and> atmospheric conditions at a coastal site. Oxygen
isotope
4

analysis of this coral core was performed at the
stable# isotope laborator y of the Department of Geosci-
ences% at Bremen University, Germany (Felis et al. 2000).

The
=

January–Februar y (JF) values of each year are taken
from
:

this record in order to generate the wintertime
series,# shown in Fig. 1a. Although the ENSO signal
over+ these regions is detectable in climatic data in all
seasons# of the year (Mariotti et al. 2002), we have con-
centrated, our analysis on the winter (JF) season, when
both
;

interannual and decadal variability of the Red Sea
coral, record are related to large-scale atmospheric and
oceanic+ processes (Rimbu et al. 2003). The ratio of the
isotopic
4

species of oxygen (18O/
C

16O)
C

incorporated into
coral, skeletons during growth, reported as D 18O,

C
is in-

fluenced
E

by both the temperature and the F 18O
C

of the
ambient> seawater during skeleton precipitation (Eshel
et% al. 2000; Felis et al. 2000). Variations in coral G 18O

C
are> therefore related to climate conditions and ocean
circulation.,

In
*

order to evaluate the ENSO teleconnections over
Europe
(

and the Middle East in the preinstrumental era
we$ use two coral records from the Pacific Ocean. The
bimonthly
;

resolution coral H 18O
C

record from Maiana, in
the
)

tropical Pacific (1I N,
-

173J E),
(

covers the period
1840–1993 and is highly correlated with various ENSO
indices
4

(Urban et al. 2000). The other coral record is
from
:

Rarotonga, located in the subtropical South Pacific
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FIG. 2. The 20-yr running correlation coefficients between the win-
ter
!

(JF) time series of the Ras Umm Sidd coral K 18O record (Felis et
al. 2000) and the Niño-3 index (open symbols) and between northern
Red Sea SST and the Niño-3 index (solid symbols) for the period
1856–1995. Running correlation coefficients are plotted at the mid-
pointL of each window; for example, the value at 1900 stands for the
correlation during the period 1890–1910. The data were detrended
and filtered in the 3–7-yr frequency interval prior to the correlation.

(21
' M

S,
0

160N W).
3

The monthly resolution time series of
coral, strontium/calcium ratio (Sr/Ca) covers the period
1727–1996 and is a good proxy for local SST (Linsley
et% al. 2000). The decadal part of this time series has
been
;

used to understand Pacific decadal variability (Lin-
sley# et al. 2000; Evans et al. 2001). Here, we concentrate
on+ the interannual variability of this coral record.

Prior
O

to statistical analysis, we select the winter values
of+ the coral time series for the considered period, re-
moveP the linear trend, calculate the anomalies against
the
)

mean over that period, and then normalize the series
by
;

their standard deviation.
For
Q

our analyses, we use several instrumental data-
sets.# SST (1RTS 1U )V and surface wind (2.5 WYX 2.5

Z [
)
V

for
the
)

period 1950–95 are taken from the Global Sea-Ice
and> SST data, version 2.3, (GISST2.3; Rayner et al.
1996) and National Centers for Environmental Predic-
tion–National
)

Center for Atmospheric Research
(NCEP–NCAR)
'

reanalysis (Kalnay et al. 1996) datasets.
For
Q

the period 1856–1995, global SST (5\^] 5
_ `

)
V

are
taken
)

from the Kaplan dataset (Kaplan et al. 1998).
Furthermore,
Q

we use SLP data over the Northern Hemi-
sphere# (5acb 5

_ d
)
V

for the period 1899–1995 (Trenberth
and> Paolino 1980).

3.
e

Results

a.f Variability of the Red Sea coral record and its
relationg to ENSO

Because
h

we want to address the question of nonsta-
tionarity
)

of climate seen in the proxy time series, we
per& form a wavelet analysis (Torrence and Compo 1998)
of+ the winter Red Sea coral i 18O

C
record (Fig. 1a). By

decomposing
j

the time series into time–frequency space,
we$ are able to determine both the dominant modes of
variabilityk and the evolution of these modes in time.
The
=

wavelet spectrum (Fig. 1b) of the linear detrended
and> normalized coral l 18O

C
time series shows a strong

nonstationarm y behavior. Several statistically significant
(90%
'

confidence level) bands of enhanced variability
are> detected: the interannual band (3–7 years), the de-
cadal, band (8–15 years), and the beyond-16-year band.
When
3

considering all timescales, we have found a cor-
relationn of 0.7 between this coral time series and the
Arctic
@

Oscillation index (Rimbu et al. 2001). Examining
the
)

variance in the interannual band (Fig. 1c), we find
an> amplitude modulation on a timescale of about 50–
80
o

years in the Red Sea coral p 18O
C

record.
In
*

order to analyze the connection between the coralq
18O
C

record and the ENSO phenomenon, we calculate
the
)

correlation coefficients between the coral time series
and> the Niño-3 index for a 20-yr moving window during
the
)

period 1856–1995. The Niño-3 index, which is used
as> a measure of the amplitude and phase of ENSO, is
defined
j

as the monthly SST averaged over the eastern
half
r

of the tropical Pacific (5s S–5
0 t

N,
-

90u –150 v W).
3

The
index
4

used here is the version prepared by Kaplan et

al.> (1998). We updated this index from 1991 to 1995
by
;

using data from the GISST2.3 dataset (Rayner et al.
1996). Prior to the correlation analysis both time series
are> linearly detrended, normalized, and filtered in the
3–7-yr
w

frequency band (interannual timescales).
The
=

resulting Fig. 2 shows a nonstationar y behavior
in
4

the correlation between the Red Sea coral x 18O
C

and
the
)

Niño-3 index time series on interannual timescales.
Relatively
y

high positive correlations are indicated for
the
)

windows centered after the mid-1970s, whereas rel-
atively> high negative correlations characterize the win-
dows
j

centered after the mid-1880s to the late 1890s,
and> after the mid-1930s to the late 1960s. Although the
significance# of the correlations for these windows is
modest,P the results are supported by a comparable be-
havior
r

but of opposite sign in the correlation between
northernm Red Sea SST and the Niño-3 index, and there-
fore
:

appear to be robust (Fig. 2). The opposite sign of
the
)

correlations is due to the inverse relation of coralz
18O
C

and local SST (Eshel et al. 2000; Felis et al. 2000).
In
*

the following we will concentrate on the physical
processes& that explain the shift from negative to positive
correlations, between the Niño-3 index and the Red Sea
coral, { 18O

C
record that occurs in the 1970s (Fig. 2) and

we$ will refer to it as the 1970s’s shift. For the 20-yr
windows$ centered after the mid-1930s to the late 1960s,
that
)

is, before the 1970s shift, positive anomalies in
coral, | 18O

C
are associated with negative SST anomalies

in
4

the Niño-3 region. In contrast, after the 1970s shift,
positive& anomalies in coral } 18O

C
are related to positive

SST
0

anomalies in the Niño-3 region.

b.
~

Composite analysis of the coral record

In
*

order to study the SST and atmospheric circulation
patterns& associated with interannual variability in the
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FIG. 3. Composite maps (difference between averaged maps for
which JF Red Sea coral � 18O was higher/lower than 0.75 std dev) for
(a) sea surface temperature (Kaplan et al. 1998) and (b) sea level
pressureL (Trenberth and Paolino 1980) for the period 1975–95. Shad-
ing indicates local statistical significance of the anomalies at 95%
confidence level. The data were detrended and filtered in the 3–7-yr
band
�

prior to composite analysis. Units are K and hPa, respectively;
the
!

coral location is indicated by a black circle.

FIG. 4. As in Fig. 3, but for the period 1930–50.

coral, � 18O
C

record before and after the 1970s shift, we
select# two 20-yr periods (1930–50 and 1975–95). Sim-
ilar
4

results are obtained when other 20-yr windows cen-
tered
)

in the 1930s to the 1960s and after the mid-1970s
are> considered. The large-scale SST and SLP patterns
are> constructed by composite maps relative to the in-
terannual
)

component of the coral time series. These
mapsP are defined by averages of SST and SLP fields
when$ the coral � 18O

C
anomaly was greater (smaller) than�

0.75(
� �

0.75)
�

standard deviation. Prior to the compos-
ite
4

analysis, both SST and SLP fields are detrended and
filtered
�

in the 3–7-year band. We find that the patterns
are> largely symmetric and show difference maps be-
tween
)

the composites for positive and negative coral�
18O
C

anomalies (Figs. 3 and 4). The level of significance
of+ composites is established by means of Student’s t� test

)
(von
'

Storch and Zwiers 1999).
The
=

composite maps of SST and SLP show that the
interannual
4

variability in the Red Sea coral � 18O
C

is con-
trolled
)

by distinct large-scale atmospheric circulation
and> SST patterns in the two considered 20-yr windows.

Consistent
�

with the positive correlation between coral�
18O
C

and the Niño-3 index for the period 1975–95 (Fig.
2),
Z

a typical El Niño–SST pattern is observed in the
tropical
)

Pacific (Fig. 3a). Relatively high positive SST
anomalies> appear also in the western part of the sub-
tropical
)

North Pacific and along the east coast of North
America
@

and the west coast of Europe. The SST anom-
alies> along the west coast of Europe, in the eastern Med-
iterranean,
4

the eastern tropical Pacific and in some small
regionsn in the subtropical North Pacific are significant
at> the 95% level.

The
=

corresponding SLP pattern (Fig. 3b) is dynam-
ically
4

consistent with the SST pattern shown in Fig. 3a.
Over
C

the Pacific–North American sector, a wave train
with$ a low pressure center over the west coast of the
North
-

American continent, a high pressure center over
the
)

Labrador Sea, and a low pressure center off the coast
of+ Florida is observed (Fig. 3b). The SLP anomalies are
significant# at the 95% level in the first two centers. The
pattern& contains elements of the PNA pattern (Wallace
and> Gutzler 1981) in its positive phase which is en-
hanced
r

during El Niño years. Furthermore, the anom-
alous> high pressure center (significant at 95% level) over
the
)

northwestern Pacific Ocean is related to positive SST
anomalies> in the western subtropical North Pacific (Fig.
3a).
w

Outside the PNA sector, a meridional pressure di-
pole& with low pressure anomalies over the polar region
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FIG. 5. Regression maps of Northern Hemisphere sea level pressure
(Trenberth and Paolino 1980) and the Niño-3 time series for the
periodsL (a) 1930–50, (b) 1950–70, and (c) 1975–95. The data were
detrended and filtered in the 3–7-yr frequency interval prior to re-
gression analysis. Units are hPa.

and> positive anomalies over the midlatitudes is related
to
)

high values in coral � 18O
C

over this period (Fig. 3b).
The
=

composite SST map for the period 1930–50 (Fig.
4a)
�

shows a La Niña SST-like pattern in the Pacific
Ocean.
C

In the North Atlantic, the SST anomaly pattern
contains, elements of the SST pattern that accompanies
the
)

positive phase of the North Atlantic Oscillation/Arc-
tic
)

Oscillation (NAO/AO; Hurrell 1995; Thompson and
W
3

allace 1998). The SST anomalies greater than about
0.8
�

K are significant at 95% level. The corresponding
SLP
0

pattern (Fig. 4b) is very similar to that of a positive
phase& of the AO (Thompson and Wallace 1998). The
SST
0

and SLP anomalies in the main centers of the SLP
patterns& are significant at a 95% level.

c.� Shift in ENSO teleconnections

In
*

order to examine the 1970s shift in ENSO tele-
connections, as detected both in the coral and northern
Red
y

Sea SST data (Fig. 2), we construct regression maps
of+ SLP relative to the interannual component of the
Nin
-

˜o-3 index. These regression patterns represent the
combined, effect of both El Niño and La Niña events
and> are referred as ENSO-related patterns. In order to
be
;

parallel with the analysis relative to the coral record,
we$ use the mean values for January/Februar y of the
Nin
-

˜o-3 index and SLP data for three 20-yr periods:
1930–50, 1950–70, and 1975–95. In order to use wind
data
j

from the reanalysis period starting in 1948 (Kalnay
et% al. 1996), we have considered an additional period
(1950
'

–70) before the 1970s shift in our regression anal-
ysis.�

The
=

atmospheric circulation pattern obtained from the
regressionn maps of SLP and the Niño-3 index shows a
wave-like$ structure in the Pacific–North American sec-
tor
)

with low pressure over the North Atlantic and Europe
(Fig.
'

5). For the periods 1930–50 and 1950–70, low
pressure& anomalies extended over central Europe and
the
)

Mediteranean realm while high pressure anomalies
dominate
j

northern and northeastern Europe. For these
periods,& positive SST anomalies in the northern Red Sea
are> detected. These SST anomalies are related to the
anomalous> low pressure over southern Europe and the
Mediterrannean
�

basin (Figs. 5a and 5b). The signal is
stronger# during the 1930–50 relative to the 1950–70
period,& which is consistent with the decreasing corre-
lation
<

between Niño-3 and local SST (Fig. 2). The re-
gression9 map of Niño-3 and SLP for the period 1975–
95
�

(Fig. 5c) shows a coherent large-scale circulation
pattern,& which resembles the ENSO patterns for the pe-
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FIG. 6. Regression maps of 850-hPa wind (Kalnay et al. 1996;
vectors) and sea surface temperature (Rayner et al. 1996; dark shaded
is negative; light shaded is positive) with the Niño-3 index for the
periodL (a) 1950–70 and (b) 1975–95. The data were detrended and
filtered in the 3–7-yr frequency band prior to the analysis. Units are
m s � 1.

riods prior to the 1970s shift (Figs. 5a and 5b). The low
pressure& system over the North Atlantic is more west-
ward,$ and over Europe it is displaced northward relative
to
)

the corresponding center in the periods prior to the
1970s shift. Due to these displacements the ENSO te-
leconnection
<

produces negative SST anomalies over the
northernm Red Sea. Further analyses show that our results
are> stable when data from December–Februar y instead
of+ January–Februar y are used to define winter means.

The
=

ENSO-related patterns over Europe during the
first
�

two periods emphasize positive SLP anomalies over
northernm and northeastern Europe and negative SLP
anomalies> over central and southern Europe consistent
with$ the SLP patterns from El Niño minus La Niña
composite, maps over the instrumental period (Fraedrich
1994; Pozo-Vázquez et al. 2001). In contrast, the SLP
pattern& over Europe associated with ENSO events for
the
)

period 1975–95 (Fig. 5c) shows negative pressure
over+ large parts of Europe, including northern and north-
eastern% Europe. It also resembles the El Niño SLP pat-
tern
)

for the period 1981–98 as simulated with a high-
resolutionn atmospheric general circulation model (Mer-
kel
�

and Latif 2002).
In
*

order to better assess the SLP anomaly pattern over
Europe
(

associated with ENSO, we construct the re-
gression9 maps of regional SST and 850-mb wind with
the
)

Niño-3 time series. Over the period 1950–70 (Fig.
6a),
�

regional wind and SST patterns show an anomalous
advection> of warm air from the southwest over the
northernm Red Sea inducing positive SST anomalies.
These
=

positive SST anomalies are associated with neg-
ative> anomalies in the coral � 18O

C
explaining the negative

correlation, between coral � 18O
C

and the Niño-3 time se-
riesn over this period (Fig. 2). During the 1975–95 period
(Fig.
'

6b), the anomalous regional circulation related to
ENSO
(

is in such a way that cold air is advected from
the
)

north over the northern Red Sea (Fig. 6b) explaining
the
)

positive correlation between coral � 18O
C

and the
Nin
-

˜o-3 index. These regional patterns are compatible
with$ the corresponding large-scale circulation patterns
presented& in Fig. 5 and are consistent with observed
changes, in ENSO teleconnections over the Middle East
during
j

the mid-1970s (Price et al. 1998).

d.
�

Teleconnections with coral records from the
tropical� Pacific

In
*

order to bring the 1970s shift into a long-term
context,, we evaluate the shifts in ENSO teleconnections
over+ Europe and the Middle East during the 1750–1995
period& based on the northern Red Sea coral � 18O

C
record

(Felis
'

et al. 2000) and two coral records from the Pacific
Ocean
C

(Urban et al. 2000; Linsley et al., 2000). The
variabilityk of the coral � 18O

C
record from Maiana is

strongly# related to local precipitation, which in turn is
linked
<

to SST variability in the Niño-3 region (Urban
et% al. 2000). The correlation between this time series
and> global SST at interannual timescales (Fig. 7a) em-

phasizes& a clear ENSO pattern in the tropical Pacific
with$ some connections to the Atlantic and Indian
Oceans.
C

This coral � 18O
C

time series has a correlation
with$ SSTs in the Niño-3 region of about � 0.7

�
over the

period& 1856–1991 (significant at the 95% level). The
other+ time series analyzed here is the Sr/Ca record from
Rarotonga
y

(subtropical South Pacific), which reflects
changes, in local SST (Linsley et al. 2000). It shows an
ENSO
(

pattern at interannual timescales with a corre-
lation
<

of about 0.4 with SSTs in the Niño-3 region (Fig.
7b).
�

In
*

analogy to Fig. 2, we evaluate the running cor-
relationn coefficients between the tropical Pacific coral
time
)

series and the northern Red Sea coral record (Fig.
7c).
�

The running correlation curves for the coral time
series# show a similar nonstationar y behavior compared
to
)

the Niño-3–northern Red Sea SST relation during the
instrumental
4

period (Fig. 2). Interestingly, shifts are ob-
ser# ved in the 1970s, 1920s, 1900s, 1860s, and in the
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FIG. 7. (a) Correlation map of the coral � 18O time series from
Maiana (Linsley et al. 2000) and global sea surface temperature (Kap-
lan et al. 1998) during JF. (b) Correlation map of the coral Sr/Ca time
series from Rarotonga (Urban et al. 2000) and global sea surface
temperature
!

during winter. The period of correlation is 1856–1991.
Coral locations in (a) and (b) are indicated by black circles. (c) The
20-yr running correlation coefficients between the Ras Umm Sidd
coral � 18O record and the coral records from Maiana (dashed line)
and Rarotonga (dotted line) during the winter season. To emphasize
the
!

shifts the two curves were smoothed with an 11-yr running mean
filter (thick lines). The data were detrended and filtered in the 3–7-
yr  frequency interval prior to the correlation.

1790s. These shifts bring the 1970s climate change into
a> long-term context.

4.
¡

Discussion and conclusions

The
=

coral record from the northern Red Sea shows
enhanced% and reduced phases of low-frequency vari-
ability> in a similar way as ice core data (Appenzeller et
al.> 1998; Moore et al. 2001). In order to analyze the
nonstationarm y response, we investigate the atmospheric
circulation, and SST anomalies associated with inter-
annual> variability recorded by this coral. The window
correlation, between Red Sea coral ¢ 18O

C
and the Niño-3

index
4

for the period 1856–1995 shows several shifts.
W
3

e investigate the physical processes that explain the
shift# from negative to positive correlations between the
Nin
-

˜o-3 index and Red Sea coral £ 18O
C

time series that
occurred+ in the 1970s.

By
h

analyzing the circulation patterns associated with
interannual
4

variability in the Red Sea coral record, we
show# that over the Atlantic–European region, both be-
fore
:

and after the 1970s, the large-scale atmospheric
pattern& associated with positive anomalies in the coral¤

18O
C

record consists of a dipolar structure with negative
pressure& anomalies over the polar region and high pres-
sure# anomalies over the midlatitudes. On the regional
scale,# this circulation produces a cold air advection from
the
)

north toward the northern Red Sea recorded as pos-
itive
4

anomalies of ¥ 18O
C

in the Red Sea coral record. The
weakly$ stratified water column of the northern Red Sea
provides& a favorable condition for monitoring local at-
mosphericP variability (Felis et al. 1998; Eshel et al.
2000),
Z

which is in turn related to regional and global
circulation, regimes (Rimbu et al. 2001).

From
Q

the mid-1930s to late 1960s, that is, before the
1970s shift, a PNA-like pattern in its negative phase is
associated> with positive ¦ 18O

C
anomalies in the Red Sea

coral, record, providing for a Northern Hemisphere cir-
culation, pattern similar to that of the Arctic Oscillation.
The
=

negative phase of the PNA is compatible with cold
(La
'

Niña) conditions in the tropical Pacific which are
associated> with positive coral § 18O

C
anomalies during this

period& (Fig. 4). During this period, we see a strong Pan-
Pacific–Atlantic
O

circulation regime. After the 1970s
shift,# positive anomalies in the Red Sea coral ¨ 18O

C
are

relatedn to El Niño conditions. A PNA-like pattern in its
positive& phase is associated to anomalously cold-air ad-
vectionk over the eastern Mediterranean and Red Sea
(Fig.
'

3). This instability in the patterns associated with
interannual
4

variability in the coral record during the two
periods& reflects changes in the teleconnections between
the
)

Pacific and European climate that occured in the
1970s.

The
=

1970s shift observed in the correlation between
the
)

Niño-3 index and local SSTs and the coral © 18O
C

recordn (Fig. 2) is a result of changes in the ENSO te-
leconnections
<

over Europe and the Middle East. These
teleconnections
)

may be affected both by changes in the
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properties& of ENSO itself as well as by changes in the
climatic, conditions outside the tropical Pacific. Recent
studies# (An and Wang 2000; Wang and An 2001) show
that
)

the dominant period of El Niño increased from 2–
3
w

years during 1960s, and 1970s to 4–5 years during
1980s and 1990s. During this time, the amplitude of El
Nin
-

˜o also increased consistent to a stronger Aleutian
Low
ª

in this period. Similar changes as in the mid-1970s
(Stephens
'

et al. 2001) are detected in instrumental data
also> in the 1940s and 1920s (Zhang et al. 1997). These
shifts,# which characterize the entire Pacific variability
(Zhang
'

et al. 1997), are possibly related to the phase
locking
<

of different periodicities in the climate system
(Minobe
'

1999). Proxy data show also a nonstationar y
behavior
;

of Pacific climate. Gedalof and Smith (2001)
find
�

shifts in the North Pacific climate during the past
400
�

years analyzing tree-ring chronologies from coastal
western$ North America. A similar behavior of North
Pacific
O

climate variability has been identified in an an-
nuallym resolved ice core record from the west coast of
North
-

America (Moore et al. 2001). The ENSO tele-
connections, over Europe are likely to be transmitted via
the
)

North Atlantic in association with changes in the
meanP state of the North Atlantic storm tracks (Merkel
and> Latif 2002; Pozo-Vázquez et al. 2001). A recent
study# (Walter and Graf 2002) shows that oceanic and
atmospheric> conditions in the North Atlantic changed
in
4

the late 1960s and early 1970s, which may also con-
tribute
)

to the changes in ENSO teleconnections over
Europe.
(

The
=

ENSO impact over Europe was also investigated
in
4

modeling studies (Fraedrich 1994; Dong et al. 2000;
Merkel
�

and Latif 2002). The model responses to a par-
ticular
)

ENSO event can vary due to different charac-
teristics
)

of particular ENSO events (Dong et al. 2000),
as> well as due to the model characteristics (Merkel and
Latif
ª

2002). Recently, Merkel and Latif (2002) per-
formed
:

an ensemble integration of a high-resolution at-
mosphericP general circulation model forced with global
SST
0

patterns obtained by regressing observed winter
(December–Februar
'

y) SST anomalies onto the winter
Nin
-

˜o-3 index for the period 1981–98. The resulting cir-
culation, pattern over Europe is qualitatively similar to
our+ ENSO–SLP regression pattern after the 1970s shift.
Longer
ª

simulations with such high-resolution models
seem# to be necessary to detect decadal variations in
ENSO
(

teleconnections over Europe as observed in the
1970s. Raible et al. (2001) analyzed a 600-yr experiment
with$ an ocean–atmosphere coupled model and detected
two
)

different regimes of the North Atlantic atmospheric
circulation, connected to the strength of decadal vari-
ability> in the NAO. One regime is characterized by La
Nin
-

˜a conditions and a strong PNA pattern linking the
tropical
)

Pacific with the North Atlantic (their global
mode).P This global mode can be associated with the
period& of 1930s to 1950s according to our analysis. The
other+ regime (a regional North Atlantic mode in their
modelP experiments) is characterized by a strong decadal

NAO
-

variability and a weaker influence of tropical Pa-
cific, processes on the North Atlantic realm, which can
be
;

associated to the observed conditions after the 1970s
shift.# Analogous to our finding, the correlation between
NAO
-

and the temperature in the eastern tropical Pacific
has
r

different signs in the two regimes in Raible et al.’s
(2001)
'

coupled ocean–atmospheric model simulation.
The
=

signal communication between the Pacific and At-
lantic
<

sectors is possibly linked to modulations of ENSO
teleconnections
)

over the European–Middle Eastern
realmn as detected in our Red Sea coral.

Our
C

results imply that the reconstruction of Northern
Hemisphere
«

atmospheric circulation modes from instru-
mentalP and proxy climate data, commonly known as an
upscaling¬ technique (von Storch and Zwiers 1999), is
limited
<

by the nonstationar y behavior of teleconnec-
tions.
)

The drop or shift in correlations makes the in-
terpretation
)

of such records difficult. Instead, high-res-
olution+ proxy records like coral time series from the
northernm Red Sea (Felis et al. 2000) and from the tropical
Pacific
O

(Linsley et al. 2000; Urban et al. 2000) can bring
climate, shifts, like that from 1970s, into a long-term
context., The observed nonstationarity in the extratrop-
ical
4

response to ENSO seems to be a general phenom-
enon.% Ice cores (e.g., Moore et al. 2001), as well as tree
ringsn (Gedalof and Smith 2001), show intermittent co-
herent
r

patterns on interdecadal timescales. Furthermore,
it
4

is conceivable that the degree of predictability of
ENSO
(

teleconnections is strongly limited by these mod-
ulations.¬ The logical next step would be to extend our
analysis> to other annually resolved archives like ice
cores,, tree rings, varved sediments, and speleothems in
order+ to understand long-term climate shifts and related
teleconnections.
)
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