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ABSTRACT

Recent observational studies have shown that the centers of action of interannual variability of the North
Atlantic Oscillation (NAO) were located farther eastward during winters of the period 1978-97 compared to
previous decades of the twentieth century. In this study, which focuses on the winter season (December—March),
new diagnostics characterizing this shift are presented. Further, the importance of this shift for NAO-related
interannual climate variability in the North Atlantic region is discussed. It is shown that an NAO-related eastward
shift in variability can be found for a wide range of different parameters like the number of deep cyclones,
near-surface air temperature, and turbulent surface heat flux throughout the North Atlantic region. By using a
near-surface air temperature dataset that is homogenous with respect to the kind of observations used, it is shown
that the eastward shift is not an artifact of changes in observational practices that took place around the late
1970s. Finally, an EOF-based Monte Carlo test is developed to quantify the probability of changes in the spatial
structure of interannual NAO variability for a relatively short (20 yr) time series given multivariate *‘white
noise.”” It is estimated that the likelihood for differences in the spatial structure of the NAO between two
independent 20-yr periods, which are similar (as measured by the angle and pattern correlation between two
NAOQO patterns) to the observed differences, to occur just by chance is about 18%. From the above results it is
argued that care has to be taken when conclusions about |ong-term properties of NAO-related climate variability
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are being drawn from relatively short recent observational data (e.g., 1978-97).

1. Introduction

The North Atlantic Oscillation (NAO) is an atmo-
spheric phenomenon that has been well-known to cli-
mate scientists for many decades. It has indirectly been
discovered by its characteristic to induce simultaneous
surface air temperature anomalies of different signsin
west Greenland and northern Europe (e.g., Hann 1890).
Depending on the sign of the anomalies thistemperature
seesaw is nowaday known as ** Greenland above” and
““Greenland below’” mode, respectively (van Loon and
Rogers 1978). While studying correlations between sea
level pressure (SLP) time series from different stations
worldwide Sir Gilbert Walker (Walker 1924) noticed
that the Azores high and I celandic low tend to strengthen
and weaken simultaneously (see also Defant 1924). For
this SLP seesaw, whose variations are accompanied by
associated changes in the strength of the North Atlantic
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midlatitude westerly winds and subtropical trade winds,
Walker introduced the term North Atlantic Oscillation.

In recent years the scientific interest in the NAO has
increased considerably, fueled by a series of influential
papers published in the early 1990s (e.g., Cayan 1992a;
Deser and Blackmon 1993; Kushnir 1994; Hurrell
1995q). This increasing interest can be explained,
among others, by NAQO's strong impact upon regional
climates in the North Atlantic region (Cayan 1992a;
Hurrell 19954), its influence on the North Atlantic
Ocean (e.g., Bjerknes 1964; Curry et al. 1998; Eden and
Jung 2001), and by its association with the observed
Northern Hemisphere warming during the last decade
(Hurrell 1996). More detailed overviews of the char-
acteristics of the NAO are given, for example, in the
review articles by Hurrell and van Loon (1997), Great-
batch (2000), and Wanner et al. (2001).

Much of what is known about the properties of the
NAO and its impact on regional climates, however, is
based on the assumption that the spatial structure of the
NAO does not undergo temporal changes. While trying
to understand why the link between the NAO and Arctic
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sea ice export through Fram Strait underwent changes
around the late 1970s, Hilmer and Jung (2000) found
out that the NAO centers of interannual variability were
located farther eastward during the winters of 1978-97
(hereafter P2) compared to the winters of 1958-77
(hereafter P1). This finding has been confirmed by Lu
and Greatbatch (2002). Jung and Hilmer (2001) went
on to show that the spatial structure of interannual NAO
variability during P2 was rather unusual in the context
of the twentieth century. This recent change has been
interpreted by Lu and Greatbatch (2002) in terms of an
establishment of anew climate regime that accompanies
an upward trend throughout the whol e twentieth century
in the correlation between the NAO and the dominant
mode of the North Atlantic storm activity.

Eastward shifts of the NAO centers of action, which
closely resemble the observed eastward shift, have also
been found in experiments with general circulation mod-
els (GCMs) of different complexity. Peterson et al.
(2002), for example, found an eastward shift of the cen-
ters of interannual NAO variability in hindcast integra-
tions of a dry atmospheric GCM that has been forced
with diagnosed diabatic forcing from the National Cen-
ters for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) reanalysis. Ul-
brich and Christoph (1999) found an eastward shift of
the NAO centers of action under increasing greenhouse
gas concentrations in an integration of the coupled
ECHAM/OPY C3 model, which closely resembles the
observed shift (Jung 2000).

This study is an extension of previous papers by Hil-
mer and Jung (2000) and Jung and Hilmer (2001) and
addresses four issues. First, the basic characteristics of
the recent eastward shift of the NAO centers of action
are briefly reviewed using new diagnostics. Second, it
is shown how the response of regional climates to a
forcing by the NAO has changed during the last 40 yr.
This is done for the number of deep cyclones, near-
surface air temperatures (SAT), and North Atlantic air—
seainteraction (turbulent surface heat fluxes). Third, the
statistical significance of the shift isassessed taking into
account sampling issues that may be crucia when dif-
ferences in the statistical characteristics of the NAO
between two relatively short (20-yr) periods are con-
sidered. Finally, the results are discussed in a broader
context and an attempt is made to pinpoint possible
causes for the observed eastward shift.

2. Data

The main dataset used in this study comes from the
NCEP-NCAR reanalysis (Kalnay et al. 1996). Thispro-
ject aims to reduce analysis inhomogeneties that arise
from changes in the model that are used in data assim-
ilation to produce analysisfields on an operational basis.
It is worth noting in the context of the present study
that Kistler et al. (2001) found the quality of theanalysis
(measured in terms of the difference between 6-h fore-
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casts and the analysis) of the Northern Hemisphere at-
mospheric flow to be uniform throughout the reanalysis
period. Here we use 6-h SLP fields from the reanalysis
to determine North Atlantic cyclone characteristics. The
focusison deep cyclones (deeper than 980 hPa) to reduce
tracking uncertainties that are particularly prominent for
relatively weak low pressure systems. Cyclone counts
were derived using the semiautomatic tracking procedure
by (Grigoriev et al. 2000). All results were normalized
with respect to the box size at 45°N (=218 000 km?).
Further details about this dataset and its application in
the context of climate variability are given elsewhere
(Gulev et al. 2001).

The NAO index used in this study is the difference
between normalized observed SLP time seriesfrom Lis-
boa and Iceland (Hurrell 1995a). We have also used a
NAO index based on NCEP-NCAR reanalysis data for
all diagnostics performed for the period 1958-97. The
latter index is based on SLP data from those grid points
closest to the Azores and Iceland. For this period no
dependence of the conclusions on the particular choice
of the index has been found. All subsequent results are
based on the former NAO index.

Additionally, an updated version of monthly mean
SLP analyses from (Trenberth and Paolino 1980) has
been used. Up to 1962 these data are based on historical
weather charts. Thereafter operational analyses from
U.S. Navy and NCEP analyses were used. Note, that
this dataset, albeit (slightly) different from the reanal-
ysis, still includes time-dependent changes in the ob-
servational practice, like, for example, increasing use
of satellite data from 1979 to present.

To study the influence of the NAO’s eastward shift
on SAT we used two datasets. The first SAT dataset is
based 2-m air temperature data taken from the NCEP—
NCAR reanalysis. Since this parameter is partly influ-
enced by model physics (Kistler et al. 2001), and since
SAT from the reanalysisisinfluenced by changesin the
observational procedures, we also used direct obser-
vations from a variety of stations worldwide (Jones and
Moberg 2003). Since the latter dataset is solely based
on direct observations, it is used to indirectly (via the
response of SAT to the NAO) test whether the eastward
shift is an artifact due to changes in the observing prac-
tices that were most pronounced around the late 1970s
(Kistler et a. 2001).

Moreover, turbulent surface heat fluxes from the
NCEP-NCAR reanalysis are used. The surface fluxes
are completely determined by the model subject to the
constraint of the assimilation of other observations
(Kistler et al. 2001). A comparison of reanalyzed fluxes
with estimates from voluntary observing ship (VOS)
data reveals that the dominant modes of variability are
very similar for both datasets in well-sampled regions.
Differences are evident, however, in remote regionslike
the Labrador Searegion, which may partly be explained
by differences in “sampling” (S. K. Gulev 2002, per-
sonal communication), that is, the NCEP-NCAR re-
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analysis also gives dynamically consistent values in
poorly sampled region through constraints by the (rel-
atively well known) large-scale atmospheric flow.

Finally, SLP data from a 300-yr control integration
of the coupled atmosphere—ocean—sea ice model
ECHAMA4/OPY C3 under present-day climate conditions
is being used (Roeckner et al. 1996). The atmospheric
component ECHAMA4 is the fourth generation of a hi-
erarchy of model that has been developed at the Max
Planck Institute for Meteorology, Hamburg, Germany,
from the former European Centre for Medium-Range
Weather Forecasts (ECMWF) model (Roeckner et al.
1992, 1996). ECHAMA4 is a spectral model at T42
(=2.8° X 2.8°) with 19 hybrid levels in the vertical.
OPYC3 is a three-component model including an (is-
opycnial) interior ocean, a mixed layer component, and
a dynamic—thermodynamic sea ice model. ECHAM4/
OPY C3 has been diagnosed in a wide range of NAO-
related studies (e.g., Ulbrich and Christoph 1999; Chris-
toph et al. 2000; Jung and Hilmer 2001).

3. Results
a. Changes of interannual NAO variability

To describe the eastward shift of the NAO centers of
interannual NAO variability we follow Hilmer and Jung
(2000), that is, detrended SL P anomalies were regressed
onto the detrended and normalized NAO index (Fig. 1).
In contrast to the study by Hilmer and Jung (2000),
though, our results are based on the updated SL P dataset
from Trenberth and Paolino (1980). The similarity to
the results by Hilmer and Jung (2000; their Fig. 4) shows
that the recent shift of interannual NAO variability is
not an artifact of the NCEP-NCAR reanalysis. This
comparison does not clarify, however, whether the shift
results from the use of satellite data after 1978, which
may influence both datasets. Pronounced differencesbe-
tween P2 and P1 are evident for NAO-related geo-
strophic wind anomalies, particularly in the Greenland
Sea, the Labrador Sea region, and over large parts of
the European continent (Fig. 1c¢). While the magnitude
of these differences is smaller in the subtropics so is
the magnitude of interannual atmospheric variability in
low latitudes.

So far the conclusions are based on the use of the
NAO index, which is defined at fixed locations. One
might argue that changes in the spatia structure of a
natural mode of atmospheric variability may not effec-
tively be described by such an index. To circumvent the
subjectivity that comes with the choice of an index, we
performed empirical orthogonal function (EOF) analysis
of detrended, winter-averaged North Atlantic SLP anom-
alies from the NCEP-NCAR reanalysis data for the two
periods P1 and P2. [Very similar EOFs are obtained for
SLP data from Trenberth and Paolino (1980).] The first
EOFs for each of the periods P1 and P2 (Fig. 2) are well
separated from subsequent modes according to the cri-
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SLP versus NAO index (DJFM)

Co ? # .

Fic. 1. SLP anomalies (hPa) that are associated with the NAO
index during winters [December—March (DJFM)]: (a) 1958-77 and
(b) 1978-97. SLP anomalies were regressed onto the normalized
NAO index. Linear trends were removed beforehand. Statistically
significant slope parameters (at 95% confidence) are shaded. (c) Dif-
ference between (b) and (a).

terion of North et al. (1982) and closely resemble the
associated regression patterns shown in Fig. 1. Thissim-
iliarity is particularly evident for the difference between
the leading EOFs (cf. Figs. 1c and 2c). Thus, we are
confident that the NAO index can be used to describe
the eastward shift in an efficient manner.

The above results are based on the usage of linearly
detrended data. In order to check whether the changes
in the spatial structure of interannual NAO variability
areinfluenced by detrending the data, we have computed
EOFs for the original data as well (no trend has been
removed). The leading EOFs are virtually the same as
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FiG. 2. First EOF of detrended wintertime (DJFM) North Atlantic
SLP anomalies (hPa) for the period (a) 1958-77 and (b) 1978-97.
(c) Difference between (b) and (a). The first EOF explains 63% and
56% of the variance in (a) and (b), respectively.

those obtained using detrended data (not shown). Ob-
viously, the detrending procedure does not influence the
basic characteristics of the observed eastward shift.
From the above results it is not clear whether the
NAO-related changes in the spatial structure from P1
to P2 were the only changes taking place in the North
Atlantic region. From Fig. 3, which shows the standard
deviation of North Atlantic SLP for P1 and P2 along
with the difference of the standard deviations between

STDEV-SLP 1958-77 (DJFM)

@ A
STDEV—-SLP 1978-97 (DJFM)

Fic. 3. Std dev of North Atlantic SLP anomalies (hPa) for the period
(a) 1958-77 and (b) 1978-97. (c) Difference between (b) and ().

P2 and P1, it becomes clear that the main differences
in the total standard deviation is due to the eastward
shift of the centers of interannual NAO variability. From
this diagnostic there is no indication of changes of the
spatial structure of other teleconnection patterns, at |east
in the North Atlantic region.*

L1t is worth mentioning, though, that the centers of interannual
variability of the Aleutean low pressure system also underwent an
eastward shift around the late 1970s (Jung 2000).
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Number of Deep Cyclones vs NAO Index

1958 - 1977

Fic. 4. Asin Fig. 1, except for anomalies of the number of deep (<980 hPa) cyclones per
winter (in number of cyclones per season).

b. Associated changes
1) NUMBER OF DEEP CYCLONES

It is well known that high and low NAO winters are
accompanied by changes in the cyclone activity over
the North Atlantic region (e.g., Hurrell 1995b; Gulev et
al. 2001, 2002). Thus we can expect that the eastward
shift of the NAO centers of interannual variability is
also evident for NAO-related North Atlantic cyclone
activity (Gulev et al. 2001, 2002). Spatial patterns of
the anomalous number of deep cyclones (deeper than
980 hPa) that are associated with interannual NAO var-
iability for each of the periods P1 and P2 are shown in
Fig. 4. During the earlier period P1 the main NAO-
related deep cyclone track was aligned from the Lab-

rador Sea, over Iceland into the Arctic. Intensification
of this track was accompanied by a decreasing number
of deep cyclones from the eastern seaboard toward
northwestern Europe, particularly west of the United
Kingdom. During the later period P2 the main NAO-
related high-latitude storm track was more confined to
the Icelandic region and more zonaly oriented. As a
result of this shift, for instance, the probability of oc-
currence of NAO-related deep cyclones over middlie Eu-
rope was reduced (enhanced) for high NAO winters
during P1 (P2). Moreover, the NAO influenced the oc-
currence of deep Mediterranean cyclones only during
the last two decades. During P1, on the other hand, the
NAO exerted little control on the number of deep cy-
clones in the Mediterranean region.
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(b)

1978—1997

Fic. 5. Local correlations [r2 X 100 X sgn(r) in %] between winter-averaged (DJFM) SAT
anomalies and the NAO index for the period (a) 1958-77 and (b) 1978-97. Linear trends were
removed beforehand. The sign of the correlation enters via sgn(r). The contour interval is 10%

for magnitudes exceeding 20% (shaded).

2) SURFACE AIR TEMPERATURE

It has long been noticed that high and low NAO win-
ters are accompanied by SAT anomalies over the neigh-
boring continents (Loewe 1966; van Loon and Rogers
1978; Hurrell and van Loon 1997). In the long-term
context (1864—1994) high NAO winters, for example,
are accompanied by anomalously high SAT over north-
ern Europe, eastern Russia, and the southeastern United
States; at the same time the northwestern part of the
North Atlantic region and regions south of the Medi-
terranean face anomalously cold conditions (Hurrell and
van Loon 1997, their Fig. 6). This long-term SAT re-
sponse to a forcing by the NAO resembles the response
pattern for P1 (Fig. 5a). During P2 the NAO exerted no
significant influence on SAT anomalies over the south-

eastern United States, whereas the percentage of SAT
variance explained by the NAO over eastern Europe
(e.g., Poland and Ukraine) increased considerably com-
pared to P1 (Fig. 5b). The fact that the response of SAT
anomalies to the NAO during P1 has a closer resembl-
ence to the long-term SAT response (1864—-1994) com-
pared to P2 indirectly supports the conclusion by Jung
and Hilmer (2001), that is, the spatia structure of in-
terannual NAO variability as observed during the last
two decades is rather unusual. Differences in the SAT
response between P2 and P1 can be explained by an
increase (decrease) of the NAO-related zonal (meridi-
onal) flow over Europe (southeastern United States)
from P1 toward P2 (Fig. 1). Similar arguments are ev-
ident for changes of the SAT response over eastern Can-
ada and parts of Greenland.
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TaBLE 1. Linear cross-correlation coefficients between the NAO index and near-surface air temperature measurements at different stations.
Results for wintertime data (DJFM) and three different periods (195877, 1978-97, and 1866-1957) are given. For the former two periods
the correlations for raw/detrended data are also given. For the period 1866—1957 the correlation coefficients are given only for those stations

for which all data were available.

Correlation
Station Location 1958-77 1978-96 1866—1957
Oslo (Norway) 60.0°N, 10.7°E +0.67/+0.76 +0.68/+0.72 +0.54
Stockholm (Sweden) 59.3°N, 18.1°E +0.70/+0.77 +0.73/+0.76 +0.68
Edinburgh (United Kingdom) 56.0°N, 3.4°W +0.61/+0.67 +0.79/+0.85 —
Copenhagen (Denmark) 55.7°N, 12.6°E +0.74/+0.78 +0.80/+0.82 +0.62
De Bilt (Netherlands) 52.1°N, 5.2°E +0.62/+0.71 +0.83/+0.86 +0.53
Brussels (Belgium) 50.8°N, 4.4°E +0.65/+0.73 +0.80/+0.82 +0.49
Hamburg (Germany) 53.6°N, 10.0°E +0.70/+0.78 +0.84/+0.86 —
Zurich (Switzerland) 47.4°N, 8.6°E +0.44/+0.47 +0.70/+0.74 +0.25
Vienna (Austria) 48.2°N, 16.4°E +0.64/+0.73 +0.79/+0.80 +0.42
Warsaw (Poland) 52.2°N, 21.0°E +0.65/+0.72 +0.87/+0.88 +0.49
St. Petersburg (Russia) 60.8°N, 30.3°E +0.62/+0.69 +0.77/+0.79 +0.54
Charleston, WV 38.4°N, 81.6°W +0.70/+0.79 +0.39/+0.51 +0.37
Springfield, IL 39.8°N, 89.7°W +0.78/+0.84 +0.41/+0.52 —
Resolute (Canada) 74.7°N, 95.0°W —0.63/-0.65 —0.26/—-0.37 —
Godthaab (Greenland) 64.2°N, 51.8°W —0.81/-0.86 —0.68/—0.73 —

As mentioned in section 2 SAT data from the NCEP-
NCAR reanalysis are influenced by model physics and
changesin observational practices, in particular through
the increasing usage of satellite datafrom the late 1970s
onward. To test whether our conclusions are influenced
by these issues, correlation coefficients between the
NAO index and direct SAT time series from meteoro-
logical stations were computed for three different pe-
riods, that is, 1958-77, 1978-97, and 1866-1957 (Table
1). For the former two periods correlation coefficients
were computed, both for detrended and raw data. It
becomes obvious from Table 1 that similar changes in
the link between the NAO and SAT anomalies can be
found for NCEP-NCAR reanalysis data (Fig. 5) and the
direct observations. Moreover, our conclusions are not
affected by detrending the data. Consistent with the re-
sults for the NCEP-NCAR reanalysis data, considerable
changes in the link from P1 and P2 can be found, for
example, in wide parts of Europe (De Bilt, Netherlands;
Zurich, Switzerland; and Warsaw, Poland) and in the
United States (Charleston, South Carolina; and Spring-
field, lllinois). Finaly, correlation coefficients for the
period 1866—1957 over Europe are closer to those ob-
tained for P1 than for P2. The same holdsfor Charleston,
West Virginia. This comparison, thus, supports the con-
clusion by Jung and Hilmer (2001) that the structure of
interannual NAO variability during P2 was rather unusal
in a long-term context (1866-1977).

3) TURBULENT SURFACE HEAT FLUXES

Recent modeling studies suggest that the North At-
lantic Ocean circulation is particularly sensitive to
NAO-related turbulent surface heat flux anomalies in
the Labrador Sea region (e.g., Eden and Jung 2001,
Eden and Willebrand 2001); NAO-related turbulent sur-
face heat flux anomalies in the Labrador Sea lead to

changes in the (oceanic) convective activity and, after
some delay, to changes of the North Atlantic circulation
(Eden and Willebrand 2001). Given the importance of
NAO-related turbulent heat flux variations for the North
Atlantic Ocean circulation, they have been separately
estimated for the two periods P1 and P2. Differences
in the turbulent surface heat flux response to a forcing
by the NAO on interannual timescales between P1 to
P2 are strongest over the western part of the North At-
lantic basin (Fig. 6), aregion where climatological tem-
perature and humidity contrasts are most pronounced.
On average, high NAO winters (one standard deviation
above the average), for instance, were accompanied by
turbulent surface heat flux anomalies out of the north-
western North Atlantic Ocean (see also Cayan 1992a).
For high NAO winters (one standard deviation above
the average) these anomalies exceeded 70 W m~-2during
P1 in the central Labrador Sea. During P2, however, the
same NAO anomalies were accompanied by heat flux
anomalies that were reduced by about a factor of 2
compared to P1. These differences are in line with our
physical understanding of air—sea interaction. High
(low) NAO winters are accompanied by enhanced (re-
duced) geostrophic northwesterly winds, enhanced (re-
duced) cold air advection, and enhanced (reduced) dry
air advection, al which give rise to enhanced (reduced)
turbulent heat fluxes out of the ocean (e.g., Cayan
1992b). Since the influence of interannual NAO vari-
ability on turbulent heat flux anomalies in the Labrador
Sea region has diminished from P1 to P2 (Fig. 6), one
might expect, therefore, that the response of the North
Atlantic circulation to a turbulent heat flux forcing by
the NAO has also weakened from P1 to P2. Similar
arguments may explain changes of NAO-related tur-
bulent surface heat flux anomalies in the western sub-
tropical basin and in the Icelandic Sea.

It is worth mentioning that the average extension of
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Fic. 6. Asin Fig. 4, except for turbulent surface heat flux anomalies (W m~2). Positive values
are directed out of the ocean. Statistically significant slope parameters (at 95% confidence) are

shaded.

the sea ice cover was larger (smaller) in the Labrador
Sea region (Nordic Seas region) during P2 compared to
P1 (Deser et a. 2000). Aside from an influence on the
mean fluxes this secular change has an influence on the
turbulent heat flux response to a forcing by the NAO,
particularly close to the ice edge. Thisis due to the fact
that turbulent surface heat flux variability islower over
ice-covered areas than over the ocean. Given the ar-
guments described above, though, we expect differences
in turbulent heat fluxes in Fig. 6 relative to the seaice
edge to be a result of changes in the NAO-related at-
mospheric flow. Note also in this context the changes
off the southeastern U.S. seaboard from P1 to P2.

c. Inference

So far no attempt has been made in order to quantify
how unusual the observed eastward shift of the NAO
centersof actionis, given asimple null hypothesis (sam-
pling variability). In this section a Monte Carlo pro-
cedure is used in order to quantify how unusual the
difference between the first EOFs (NAO) for the two
periods P1 and P2 (Fig. 2) is. Thistest takesinto account
that EOF analysis, like other statistical techniques, is
subject to sampling fluctuations (e.g., Cheng et al.
1995).

Suppose we have along multivariate time series x(t),
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withtimet = 1, ..., T. In the context of the present
study x(t) represents North Atlantic SLP anomalies. By
diagnonalizing the corresponding covariance matrix C,,
we obtain the EOFs (eigenvectors) €, where i denotes
the ith eigenmode. The first EOF (i = 1), which rep-
resents the NAO, explains most of the variance of the
original dataset. Higher-order modes explain increas-
ingly less variance and are subject to an orthogonality
constraint. The variance that can be explained by the
ith eigenmode is given by the normalized eigenvalues
AT = Al/X; Al. The principal components «/(t) represent
the new coordinates in EOF space and are obtained by
projecting the anomalies x(t) back onto the EOFs. Here,
without any loss of generality, we choose the principal
components (PCs) to be orthonormal, that is,
2. al(t)a(t) = 8, where §; is Kronecker’s delta. Note,
that the normality of the PCs means that the EOFs carry
the units. The anomalies can be reconstructed as fol-
lows:

M
x(H) = 21 a'(t)e, D
whereM = min(T, L) denotesthe number of eigenmodes
and L is given by the number of grid points. We split
up the time series of the PCs into K subsamples. Then
Eg. (1) can be written as follows:

M M
X() = > ait)e + > al(t,)e + - -
i=1 i=1
M . -
+ Zl a'(t)e, 2
= x(t) + x(t) + -+ x(t), ©)
K
= 2 x(t), @)
k=1
wheret, = 1,...,N,t, =N+ 1,...,2 XN, and t,
= NXK - N+ 1, ..., KXN. Here, N gives the

length of the K subsamples of x(t) (N = 20 yr, in this
study). In this study difference between the first EOFs
of two such subsets, say €l and e}, are compared. For
the original time series x(t) the PCs are uncorrelated by
construction. When we consider subsets of this dataset,
however, then correlations between different PCs may
be found. Jung and Hilmer (2001), for example, esti-
mated that the likelihood to find correlations higher than
0.47 for two 20-yr chunks of (uncorrelated) ‘‘white
noise”’ is about 2.5%. These correlations arise just by
chance due to the use of relatively short segments of
white noise. If the EOFs for one subset, say x(t,), are
computed, then by chance correl ations between different
PCs due to sampling variability may result in EOFs
e, that are different from the original, ““‘true” EOFs €.
Therefore, sampling variability may be seen as the sim-
plest explanation for the observed differences between
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Fic. 7. Cumulative smoothed PDF of the angles between the first
EOFs for two randomly chosen independent 20-yr periods of mul-
tivariate white noise. The angles were determined using an Euclidean
norm. A Gaussian kernel with a window width of 1.5° has been used
for smoothing. The dashed lines mark values for the observed angle
between the first EOFs for P1 and P2. To avoid problems due to the
nonunique sign of the EOFs, the angles were computed for EOFs
representing the positive phase of the NAO.

the first EOFs of North Atlantic SLP anomalies for P1
and P2 shown in Fig. 2.

To quantify the likelihood to obtain observed differ-
ences between the first EOFs for P1 and P2 just by
chance, the following Monte Carlo test is used. In order
to describe spatial covariations of the observed North
Atlantic SLP anomalies the EOFs for period 1948-2002
(&) are used. The choice of this relatively long period
for the decomposition leads to a more representative
eigenvalue spectrum, which is crucia for the outcome
of the test. The first and second EOFs of North Atlantic
SLP anomalies explain 54.6% and 13.8% of the total
SLP variance for the period 1948-2002, respectively.
Then, the PCs «i(t) are replaced by pseudo-PCs aj(t),
which are obtained from independent realizations of
white noise. The choice of white noiseinstead of serially
correlated “‘red noise” is motivated by the fact that the
leading PCs for P1 and P2 of observed, detrended SLP
anomalies show no significant autocorrelations. Next,
1000 independent pairs of surrogate datasets have been
contructed from the EOFs for P1 and the pseudo-PCs
as follows:

M

Ret,) = >, @n(t,)8) (5)
i=1
M . .
R6(t,) = E & (t,)8, (6)
witht, =t,=1,...,20and u = 1, ..., 1000. For

each of these surrogate datasets the first EOFs &+ and
& were determined. The cumulative probability density
function (PDF) of the angles between the first EOFs
from the surrogate datasets are depicted in Fig. 7 along
with the observed angle of 24.1°. The Euclidean norm



3380

has been used to determine the angles. As can be seen
from Fig. 7, the likelihood that the observed angle (and
therefore the eastward shift) is due to sampling vari-
ability is about 18%. The same conclusion is obtained
if the pattern correlation coefficient is used to measure
the difference between the first EOFs (not shown).

One might argue that the above Monte Carlo test
yields surrogate atmospheric flow patterns that are dy-
namically not very reasonable, due to the unconstraint
superposition of different EOFs. Therefore, arelated test
has been performed for the coupled ECHAM4/OPY C3
model. The first, second, and third EOF for the whole
300-yr period explain 55.6%, 9.7%, and 8.5%, respec-
tively, of the total SLP variance. Obviously, the eigen-
value spectrum for the coupled model is very similar
to those for the NCEP-NCAR data for the period 1948—
2002 (see above). Next, the EOFs of North Atlantic SLP
anomalies were separately computed for all 15 non-
overlapping 20-yr periods from the 300-yr integration
of the coupled model. Then, the angles and spatial cor-
relation coefficients (r,) for all different combinations
of the first EOFs of the 20-yr subsamples were com-
puted. It was found that the angle (r,) islarger (smaller)
than the observed angle (r.) between the first EOFs for
P1 and P2 for 27 (24) pairs out of atotal of 105 pairs.
This shows that differences between the first EOFs of
independent 20-yr subsamples for the coupled model
are very similar to those for the surrogate dataset.

It isworth stressing that both measures, the angle and
the pattern correlation coefficient, are **blind” with re-
spect to the details of the differences between the first
EOFs. That is, the PDF of the angles shown in Fig. 7
account not only for eastward shifts, but for all different
kind of spatial changes. This more general test is nec-
essary to perform because Hilmer and Jung (2000) did
not have any a priori expectation for the NAO to shift
eastward.

4, Discussion

During the winters of the last four decades the NAO
underwent two different kinds of interdecadal changes.
First, the NAO showed the well-known pronounced pos-
itive trend from predominantly low values during the
1960s to predominantly high values during the 1990s
(Hurrell 1995a). Second, this trend came along with an
eastward shift of the NAO centers of interannual vari-
ability (Hilmer and Jung 2000). Based on direct SAT
observations and the NAO index it is shown that the
shift is not an artifact resulting from changes in obser-
vational practices that took place around the late 1970s
(e.g., increasing use of satellite data). In fact, the ob-
served eastward shift appears to be part of a series of
secular changes that took place around the late 1970s,
for example, the change from low to high values of the
NAO (Hurrell 19958) and the Pacific North American
pattern (Trenberth and Hurrell 1994), the increase of
Northern Hemisphere mean temperatures (e.g., Hurrell
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1996), the eastward shift of the centers of action of
interannual variability of the Azores low pressure sys-
tem (Jung 2000), changes in the link between the polar
night jet and the tropospheric NAO (Koderaet al. 1999),
and changes in the characteristics of the El Nifio—South-
ern Oscillation phenomenon (e.g., Wang 1995).

What are the causes for the observed eastward shift
of the NAO centers of action during the last two de-
cades? From the results of the Monte Carlo test pre-
sented in this study, a plausible explanation for the shift
is sampling variability. Obviously, for relatively short
time segments (20 yr), the NAO may mix with other
modes of SLP variability (higher-order EOFs) giving
rise to considerable spatial deviations from the long-
term structure of the NAO. It is worth noting, however,
that recent modeling studies suggest that there may be
other causes for the observed eastward shift. Ulbrich
and Christoph (1999), for example, found an eastward
shift of the NAO, which closely resembles the observed
eastward shift, under increasing greenhouse gas con-
centrations in the coupled ECHAM4/OPY C3 model,
suggesting that increasing greenhouse gas concentra-
tionsarethe cause for the observed shift. It ssemsworth-
while to test this hypothesis by diagnosing correspond-
ing integrations of coupled GCMs from other centers
in this context. There is another parallel between the
results by Ulbrich and Christoph (1999) and the obser-
vations, that is, the eastward shift was accompanied by
an increase in the strength of the mean westerly winds
in the North Atlantic region. The study by Peterson et
al. (2002) suggests that indeed secular changes in the
strength of the mean westerly flow lead to changes in
the spatial structure of interannual NAO variability. Pe-
terson et al. (2002) forced adry primitive equation mod-
el with a NAO-related diabatic proxy forcing for the
period 1958-97. Their spatial forcing pattern is fixed
over the whole period; the magnitude of the forcing is
determined by the observed NAO index. Using this ex-
perimental setup Peterson et al. (2002) were able to
reproduce the observed eastward shift. From these re-
sults they draw two conclusions. First, the shift is a
nonlinear phenomenon; the response (changed spatial
structure) does not simply mirror the forcing (fixed spa-
tial structure). Second, the secular increase of the NAO
during the last four decades is the driving mechanism,
since the only difference between their forcing during
195877 and 1978-97 is amarked difference associated
with the strength of the background flow. This inter-
pretation seems to be consistent with the modeling study
by Simmons et al. (1983), which shows that the centers
of low-frequency intraseasonal teleconnection patterns
are determined by the location of the diffluent part of
the jet stream (see also Nakamura 1996, for observa-
tional evidence). Since the trend toward a positive NAO
was accompanied by an eastward extension of the mean
jet exit regions, this may have led to eastward shift of
the centers of low-frequency intraseasonal NAO vari-
ability, which, through aliasing (Madden and Jones
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2001), may have led to the observed eastward shift of
the NAO centers of interannual variability.

It might come as a surprise in this context that the
centers of interannual NAO variability were not dis-
placed during the first two decades of the twentieth cen-
tury albeit the fact that the NAO was prevalently in its
positive phase (Jung and Hilmer 2001). At first glance
this appears to be contradictory to the hypothesis that
the strength of the background flow governs the spatial
structure of interannual NAO variability. An explana-
tion for this apparent contradiction has been provided
by Peterson et al. (2003). By using the same experi-
mental setup as Peterson et al. (2002), they were able
to show that in their model the longitudinal position of
the centers of interannual NAO variability dependsnon-
linearly on the strength of the background flow. While
for moderate anomalies of the background flow (NAO)
the centers of interannual NAO are stable, it isfor large
positive (negative) anomalies above one standard de-
viation (below minus two standard deviations) only that
the centers shift toward the east (west). Thus, the fact
that a shift of the centers of interannual NAO variability
is evident for the last two decades might be explained
by the unusually large change toward prevalently pos-
itive values of the NAO.

Whatever the mechanism for the observed eastward
shift of interannual NAO variability is, its importance
is stressed by its strong influence on NAO-related var-
iability for a variety of parameters like, for example,
the sea ice volume exports through Fram Strait, Den-
mark Strait, and Davis Strait (Hilmer and Jung 2000),
the number of deep cyclones, near-surface air temper-
atures, and air—sea interaction. We expect, by inference,
that other parameters (e.g., precipitation and North At-
lantic wave height) were also affected by these changes.
The unusua structure of interannual NAO during the
last two decades suggests that care has to be taken when
the NAO-related climate variability is studied using data
from recent decades only. An instructive exampleinthis
context is the changing link between the NAO and the
seaice export through Fram Strait (Kwok and Rothrock
1999; Dickson et a. 2000; Hilmer and Jung 2000; Jung
and Hilmer 2001). Similar problems may arise, for ex-
ample, when paleoclimate proxies are calibrated or sta-
tistical downscaling models are estimated from rela-
tively short (recent) datasets.
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