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Abstract This study aims at a global description of
climatic phenomena that exhibit some regularity dur-
ing the twentieth century. Multi-channel singular spec-
trum analysis is used to extract long-term trends and
quasi-regular oscillations of global sea-surface temper-
ature (SST) fields since 1901. Regional analyses are also
performed on the Pacific, (Northern and Southern)
Atlantic, and Indian Ocean basins. The strongest cli-
matic signal is the irregular long-term trend, character-
ized by overall warming during 1910—1940 and since
1975, with cooling (especially of the Northern Hemi-
sphere) between these two warming intervals. Substan-
tial cooling prevailed in the North Pacific between 1950
and 1980, and continues in the North Atlantic today.
Both cooling and warming are preceded by SST
anomalies of the same sign in the subpolar North
Atlantic. Near-decadal oscillations are present prim-
arily over the North Atlantic, but also over the South
Atlantic and the Indian Ocean. A 13—15-y oscillation
exhibits a seesaw pattern between the Gulf-Stream
region and the North-Atlantic Drift and affects also
the tropical Atlantic. Another 7—8-y oscillation in-
volves the entire double-gyre circulation of the North
Atlantic, being mostly of one sign across the basin, with

a minor maximum of opposite sign in the subpolar gyre
and the major maximum in the northwestern part of
the subtropical gyre. Three distinct interannual signals
are found, with periods of about 60—65, 45 and 24—30
months. All three are strongest in the tropical Eastern
Pacific. The first two extend throughout the whole
Pacific and still exhibit some consistent, albeit weak,
patterns in other ocean basins. The latter is weaker
overall and has no consistent signature outside the
Pacific. The 60-month oscillation obtains primarily be-
fore the 1960s and the 45-month oscillation afterwards.

1 Introduction and motivation

1.1 Background

Many authors have studied long-term instrumental
temperature records to separate possible anthropo-
genic climate change from natural climate variability
(e.g., Ghil and Vautard 1991; Folland et al. 1992; Mann
and Park 1993; Allen and Smith 1994; Schlesinger and
Ramankutty 1994a, b, 1995; Plaut et al. 1995; Nicholls
et al. 1996; Parker et al. 1994, 1996). All these studies
concluded that a significant, but irregular warming
trend has occurred on a global scale since 1850. The
global trend is fairly flat from the middle of the nine-
teenth century till 1910, followed by increases of over
0.1 °C/decade in combined land- and sea-surface tem-
peratures during 1910—1940 and the last two decades.
These two warming episodes were separated by mild
cooling, especially in the Northern Hemispheric (Jones
et al. 1986a, b; Folland et al. 1992; Parker et al. 1994,
1996). A reversal of interhemispheric contrast occurred
between 1951—60 and 1981—90, with the Northern
Hemisphere becoming the colder of the two. Recent
global warming has been associated by some authors
with abrupt changes in the North Pacific around 1976
or with a gradual warming of the tropical Pacific (Pan



and Oort 1990; Trenberth 1990; Tanimoto et al. 1993;
Trenberth and Hurrell 1994; Graham 1994; Kerr 1994;
Latif and Barnet 1994, 1995), as well as with other
regional phenomena (Folland et al. 1986; Kumar et al.
1996; Hurrell 1996).

This irregular trend, and the identification of any
anthropogenic or other external effects on it, is ob-
scured by the presence of natural climate variability,
traditionally interpreted as red noise (Hasselmann
1976; Mitchell 1976). More recently, it has been argued
that his variability has some regularity imbedded into
it. The existence of such regularity on the interannual
time scale is fairly well established and attributed large-
ly, if not exclusively, to an instability of the coupled
ocean-atmosphere system in the tropical Pacific (Phil-
ander 1990; Rasmusson et al. 1990). Of late, two distinct
periodicities,near 4—6 y and 2—3 y (Rasmusson and
Carpenter 1982; Barnett 1991; Allen 1992; Keppenne
and Ghil 1992; Mann and Park 1994; Jiang et al. 1995),
have been associated with this El-Nin8 o/Southern-
Oscillation (ENSO) phenomenon. The evidence for
similar regularity on the near-decadal and interdecadal
time scale (Ghil and Vautard 1991; Allen and Smith
1994; Mann et al. 1995b, Mann and Park 1996; Plaut
et al. 1995) is more difficult to establish, due to the
shortness of instrumental temperature and sea-level
(Unal and Ghil 1995) records. We review, therefore, in
the next subsection, previous studies of long temper-
ature records, their data sets, methods and results.

1.2 A review of previous studies

Table 1 summarizes the main studies published since
1990 and directly concerned with the analysis of ob-
served climatic signals, using various statistical
methods. In this table, we only consider studies of
instrumental measurements of global climate or pro-
xies deduced from regularly kept diaries (like the Cen-
tral England Temperature Index of Manley 1953, 1974,
as used by Plaut et al. 1995 and Allen and Smith 1996,
or the drought/flood index in East China, as used by
Liang et al. 1995 but not paleoclimatic proxies such as
tree rings, coral reefs or marine-sediment varves (e.g.,
Fritts et al. 1979; Cook 1995; Mann et al. 1995b; Quinn
et al. 1996; Biondi et al. 1997). The data used in these
studies can be divided into two groups: (1) univariate
indices, assumed to be representative of large-scale
climatic variability; the most common indices con-
sidered are the Southern Oscillation Index (SOI) and
suitable averages of continental or global temperature
records (see Folland et al. 1992 or Nicholls et al. 1996
for a review); and (2) multivariate, gridded data sets; the
most common ones are sea- or land-surface temper-
atures. Jones et al. (1986a, b), Bottomley et al. (1990),
and Woodruff et al. (1987) describe, respectively, the
temperature data sets of the University of East Anglia’s
Climate Research Unit (CRU), of the UK Meteorologi-

cal Office (UKMO), and the Comprehensive Ocean-
Atmosphere Data Set (COADS); the latter also con-
tains surface winds (Woodruff et al. 1987). Univariate
analyses extend, in general, over longer time intervals
than the multivariate ones, while the majority of multi-
variate analyses investigate only the post-World War
2 period.

Extraction of multiple time scale signals has been
carried out using various statistical methods which can,
essentially, be divided into five groups. In the first one,
composite analyses and running means of an index or
a field are considered (e.g., Kawamura 1994; Kushnir
1994; Allan et al. 1995); in the latter case, the field is
often spatially prefiltered by projection onto the lead-
ing empirical orthogonal functions (EOFs). Several
time intervals of prescribed length are averaged and
differences tested using a classical t-test. The main
advantage of this method is its simplicity but it suffers
from the subjectivity of the chosen length for intervals
of presumably homogeneous behavior and the fact that
the presence of red, rather than white noise degrades
the results of classical t-tests (Zwiers and von Storch
1995). In the second group, the data are prefiltered in
time by using a prescribed, fixed filter, and the patterns
associated with each frequency so detected are investi-
gated using principal component analysis (PCA:
Tanimoto et al. 1993) or complex PCA (Barnett 1991).
The main disadvantage of this method is once again the
subjectivity of the choice of, in this case, the arbitrarily
prescribed time filter. An improvement on this method
is to use advanced nonparametric spectral techniques,
such as the multi-taper method, to prefilter the data
and then study teleconnections related to the extracted
frequencies by singular-value decomposition (Mann
and Park 1993, 1994).

In the third group, principal oscillation patterns
(Hasselmann 1988; Ooms 1988; von Storch et al. 1988;
Penland and Ghil 1993; Penland 1996) fit a multivari-
ate autoregressive process of order one to a time series
of fields. This method is data-adaptive, but assumes
that the dynamics generating the fields is linear and
stable. In the fourth group, the orthogonal wavelet
transform, introduced recently into climate studies
(Meyers et al. 1993; Gu and Philander 1995; Lau and
Weng 1995; Mak 1995; Yiou et al. 1995; Wang and
Wang 1996), has the advantage of automatically track-
ing changes in the frequency, as well as the amplitude,
of the oscillations being investigated but noisy systems
remain difficult to study and error bars are not easily
available. The fifth group is formed by singular-spec-
trum analysis (SSA: Vautard and Ghil 1989; Vautard
et al. 1992; Dettinger et al. 1995a), Monte-Carlo SSA
(MC-SSA: Allen 1992; Allen and Smith 1996) and
multi-channel SSA (MSSA: Kimoto et al. 1991; Kep-
penne and Ghil 1993; Plaut and Vautard 1994). These
methods are data-adaptive, i.e., the bandwidth and
shape of the filters is not provided by the user but by
the data. They are all extensions of PCA to delay-
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Table 1 Summary of studies published (since 1990) based on uni- and multivariate analysis of large-scale observed climatic signals over
a long time interval (40 y or longer) that include an explicit distinction between different time scales

References Method: U for univariate and M for Physical nature of the data and
multivariate coverage in time and space

Rasmusson et al. (1990) SSA (U) Gridded SSTs and surface winds over the
Indo-Pacific area

Barnett (1991) Prefiltering and CPCA (M) Gridded pressure and tropical SST
(1950—1988)

Elsner and Tsonis (1991) SSA (U) IPCC (1856—1990)
Allen (1992) Monte Carlo SSA (U) IPCC (1861—1990) and SOI (1935—1985)
Ropelewski et al. (1992) Filtering, correlations and harmonic analysis

(M)
Gridded SST and surface winds (1949—1987)

Deser and Blackmon (1993) Prefiltering and PCA (M) Gridded SST and atmospheric data
(Nov—March 1900—1989)

Mann and Park (1993) Multi-taper spectral analysis and
teleconnections
(M)

Gridded surface temperatures (1891—1990)

Allen and Smith (1994) Monte Carlo SSA (U) and regression with
significant oscillations (M)

IPPC (1861—1990) and SST

Graham (1994) Canonical correlations, composites (M) Gridded data (SST, surface winds, OLR,2)
in Northern and Equatorial Pacific
(1950—1986)

Kawamura (1994) PCA and running mean (M) Gridded SST (1950—1988)
Kushinr (1994) Composite analysis and running mean (M) Gridded SST in Northern Atlantic

(1900—1987)
Mann and Park (1994) Multi-taper spectra analysis and complex

SVD (M)
Gridded surface-air temperature (1890—1990)

Parker et al. (1994) Composite analysis on non-overlapping
decadal periods (M)

Gridded surface-air temperatures (1891—1990)

Schlesinger and Ramankutty (1994) SSA (U) (residuals from a trend computed
using a simple hemispheric coupled model)

IPCC (1858—1992) and ‘‘large-scale’’ boxes

Tanimoto et al. (1994) Prefiltering and PCA (M) Gridded SST on North Pacific (1950—1990)
Trenberth and Hurrel (1994) Filtering, correlations and composite

analyses (M)
PNA index (1924—1992)

Allen et al. (1995) Composite analysis on 21-years non-
overlapping periods (M)

Gridded SST and surface winds during
Jan—Mar 1900—1983 over the Indian Ocean

Dettinger et al. (1995b) MSSA (M) Gridded surface-air temperatures over the United
States (1910—1987)

Gu and Philander (1995) Wavelet transform (U) Gridded SST and surface winds indices
(1870—1988)

Jiang et al. (1995) MSSA (M) Gridded SST and winds on equatorial Pacific
(1950—1990)

Lau and Weng (1995) Wavelet transform (U) Northern Hemisphere Surface Temperature Index
(1854—1993)

Liang et al. (1995) Spectral analysis (U) and Hovmöller diagram Annual drought/flood index over East China
(1470—1988)

Mak (1995) Wavelet transform (U) SST over the Pacific (1949—1992)
Mann et al. (1995b) Frequency-domain SVD (M) Instrumental and proxy data (1400—1960)
Mehta and Delworth (1995) Power spectra and SSA (U) Gridded SST on Tropical Atlantic (1889—1988)
Plaut et al. (1995) SSA (U) Central England Temperatures (1659—1990)
Schlesinger and Ramankutty (1995) SSA (U) s(residuals from a trend computed

using a simple hemispherical coupled model)
IPCC (1858—1992)

Unal and Ghil (1995) SSA (U) and MSSA (M) Relative Sea-level height (1807—1988)
Wang (1995) Composite analysis, filters and PCA (M) Gridded SST and surface winds (1956—1992)
Wang and Ropelewski (1995) SSA, filters and PCA (M) Gridded SST (1860—1989)
Allen and Robertson (1996) Monte Carlo M-SSA (M) 3-month running mean Tropical Pacific SST

(1951—1992)
Allen and Smith (1996) Monte Carlo SSA (U) IPCC (1858—1993), SOI (1866—1993), Central

England temperatures (1659—1993)

coordinate phase space (Broomhead and King
1986a, b).

Reviews of all the advanced spectral method men-
tioned in the last two paragraphs include Ghil and

Yiou (1996), Yiou et al. (1996), and Ghil and Taricco
(1997). Their relative strengths and weaknesses, in par-
ticular, are summarized in tabular form by the latter.
Additional information, including portable computer
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codes and visualization tools for some of the methods,
can be found on the World Wide Web at
http//www.atmos.ucla.edu/tcd.

The conclusions of the studies in Table 1 are fairly
consistent for the interannual variability (2—10 y) but
controversial for interdecadal variability. The major
interannual periodicities are 2—3 y, 4—6 y (Rasmusson
et al. 1990; Barnett 1991; Ghil and Vautard 1991; Allen
1992; Keppenne and Ghil 1992; Allen and Smith 1994;
Jiang et al. 1995; Unal and Ghil 1995), and 7—8 y
(Mann and Park 1993, 1994; Dettinger et al. 1995b;
Plaut et al. 1995). Many observational and modeling
studies have provided some evidence that both the
quasi-biennial (QB: 2—3 y) and quasi-quadrennial
(4—6 y) peaks are related to ENSO. The alternation of
‘‘weak’’ and ‘‘strong’’ annual cycles in the Indo-Pacific
domain (Meehl 1987, 1992) provides substantial QB
variability in various climatic parameters, particularly
over this area. A list of such parameters includes Indian
rainfall (Parthasarathy et al. 1993), Indian surface wind
(Terray 1995), equatorial Pacific SST and surface wind
(Rasmusson et al. 1990; Ropelewski et al. 1992), global
continental precipitation (Lau and Sheu 1988), and the
zonal circulation of the tropics (Moron et al. 1995).

Recent modeling studies have explored in greater
depth the interaction between the annual cycle and the
intrinsic ENSO instability (Jin et al. 1994, 1996; Tziper-
man et al. 1994; Chang et al. 1995), producing a plaus-
ible physical explanation for both the QB (4/2 y) and
quasi-quadrennial (4/1 y) peaks, as well as of a tenta-
tively identified 16—17-month (4/3 y) peak (Jiang et al.
1995; Robertson et al. 1995). Observed interannual
variability at 6—9 y has been related to a mid-latitude
oceanic mechanism by Speich et al. (1995).

Several authors have also investigated the possible
impact of ENSO-related variability around the Atlan-
tic ocean (Hastenrath and Covey 1978; Nicholson and
Entekhabi 1986; Aceituno 1988; Pisciottano et al. 1994)
but correlations seem overall weaker than for the Indo-
Pacific domain. A quasi-quadrennial coupled ocean-
atmosphere mode, similar to the Pacific ENSO, has
been reported by Zebiak (1993) in the tropical Atlantic,
but is not self-sustained. Delecluse et al. (1994) showed
that the Atlantic ‘‘El nin8 o’’ of 1984 was strongly forced
by the previous Pacific El Nin8 o of 1982—83. Janicot
et al. (1996) concluded that the relationship between
West-African rainfall and SOI is not consistent, with no
reliable relationship between 1950 and 1970 and a sig-
nificant positive one after this date. Latif et al. (1996)
argued, through observations and numerical simula-
tions, that an analog of the coupled Pacific ENSO
mode, tentatively dubbed ‘‘El Hermanito,’’ does exist in
the Atlantic basin, but with a shorter period (about 30
months) and weaker amplitude, owing to the reduced
size of the Equatorial Atlantic. Another mode, with
a periodicity of 7—8 y, seems independent of ENSO
(Mann and Park 1993, 1994) and is most prominent
over the North Atlantic (Plaut et al. 1995). Outside the

Atlantic basin, the effects of ENSO, either regional or
globally averaged, have been documented fairly con-
vincingly (Ropelewski and Halpert 1987; Ghil and
Vautard 1991; Pan and Oort 1990; Ropelewski et al.
1992).

At decadal and multi-decadal time scales, no satisfac-
tory consensus has emerged so far. The main problem
with signals having periods longer than 10 y is the poor
temporal coverage: 10—15 realizations, at best, since the
beginning of regular large-scale instrumental records.
The significance of such oscillations is marginal when
tested against a red-noise null hypothesis (Allen 1992;
Allen and Smith 1996). The bidecadal oscillations re-
ported by Ghil and Vautard (1991) in both the CRU
and IPCC (Houghton et al. 1990) time series of global-
mean and hemispheric temperatures have, therefore,
been argued over by Elsner and Tsonis (1991) and Allen
et al. (1992), and the North-Atlantic 65—70-y oscillation
claimed by Schlesinger and Ramankutty (1994a, b, 1995)
has been questioned by Elsner and Tsonis (1994) and
Allen and Smith (1996). Still, Allen and Smith (1994) and
Mann and Park (1993, 1994) confirm, using different
spectral methods and data sets (see Table 1), the exist-
ence of bidecadal oscillations, mainly over the high
latitudes of the North Atlantic where the major source
of deep-water formation is located (Broecker 1987; Ghil
et al. 1987; Schlosser et al. 1991; Read and Gould 1992).

An important mechanism of interdecadal climate
variability is provided by changes in the oceans’ ther-
mohaline circulation. Idealized, as well as fairly realistic
models of the oceans’ general circulation, whether un-
coupled (Weaver et al. 1991; Weisse et al. 1994; Chen
and Ghil 1995; Greatbatch and Zhang 1995; Rahmstrof
1995) or coupled to the atmosphere (Delworth et al.
1993; Chen and Ghil 1996) or to sea ice (Mysak et al.
1991) have produced regular or irregular oscillations
with dominant periods between 10 and 100 y. The
period of such a model oscillation can depend on many
poorly known parameters and hence a better way of
evaluating the model against data is by the comparison
of the spatial patterns associated with the oscillations.
Besides the evidence, in both the models and the data,
for interdecadal oscillations being most prominent
around the North Atlantic (Mann and Park 1993, 1994;
Plaut et al. 1995), some evidence also exists for near-
decadal oscillations occurring in the tropical Atlantic
(Allen 1992; Allen and Smith 1994; Mehta and Del-
worth 1995) and in the Sahel’s annual rainfall (Moron
1997).

The purpose of this study is to clarify further the
spatial patterns associated with the regular, nearly peri-
odic components of interannual and interdecadal cli-
mate variability, as reflected by the World Ocean’s
sea-surface temperatures (SSTs). We apply the MSSA
technique to a fairly long data set (1901—1994) of
monthly-sampled SSTs. Such an application so far has
been carried out only over the equatorial Pacific sector
(Jiang et al. 1995). The advantage of MSSA is to take
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Table 2 List of acronyms

Acronym Nature Definition

COADS Data set Comprehensive Ocean
Atmospheric Data Set

CRU Data source Climate Research Unit
ENSO Phenomenon El Nin8 o-Southern Oscilla-

tion
EOF Methodological Empirical orthogonal

function
IPCC Data source Intergovernmental Panel

on Climatic Change
MC-SSA Methodological Monte Carlo singular

spectrum analysis
MOHSST Data set Monthly historical SSTs
MSSA Methodological Multivariate (or multi-

channel) SSA
NAO Phenomenon North Atlantic Oscillation
PCA Methodological Principal component

analysis
QB Phenomenon Quasi-biennial
RC Methodological Reconstructed component
S-EOF Methodological Spatial EOF
SLP Time series (uni- or

multivariate) Sea-level pressure
SIO Time series

(univariate) Southern Oscillation
Index

S-PC Methodological Spatial principal compon-
ent

SSA Methodological Singular-spectrum analy-
sis

SST Time series
(multivariate) Sea-surface temperature

ST-EOF Methodological Space-time EOF
ST-PC Methodological Space-time principal com-

ponent
SVD Methodological Singular-value decomposi-

tion
UKMO Data source UK Meteorological Office

into account at the same time, in a data-adaptive and
robust fashion, both space- and time-correlations, and
to identify therewith standing as well as travelling sig-
nals, over a wide range of time scales (Plaut and
Vautard 1994). The emphasis is on determining the
global or basin-wide character of this low-frequency,
relatively regular variability and on comparing our
results with those obtained by other methods and with
different data (sub)sets.

The data are presented and the methods are reviewed
in Sect. 2. An Appendix provides technical details and
Table 2 a list of acronyms. We apply MSSA to the
global SST field in Sect. 3 and to regional SST fields in
Sect. 4. Results are summarized and discussed in Sect. 5.

2 Data and methodology

2.1 The data set

The UKMO monthly SSTs (Bottomley et al. 1990) were extracted
from the MOHSST5 data base (Folland and Parker 1995) over the

1901—1994 time interval. Modern, systematic recording of observa-
tions started in 1853 and the global data bases COADS and
MOHSST begin respectively in 1854 and 1856 (Woodruff et al. 1987;
Bottomley et al. 1990). Data density in the Meteorological Office’s
main data bank, which is the basis of the MOHSST data set, jumps
abruptly from about 10 000 per year to 50 000 per year at the turn of
the century, hence our decision to use data for this century only
(compare Dettinger et al. 1995b for a similar compromise between
length of interval and data density). The instrumental biases owing
to changes in measurement technique (buckets versus engine-intake
water) have been removed for the years preceding 1941 (Folland and
Parker 1995). The corrections used for this data set depend on
season, location and the history of instrumentation. The data after
1941 were considered by the UKMO as homogeneous (Parker et al.
1994) and have therefore not been corrected.

The basic data we worked with were provided to us as anomalies
relative to the 1951—80 mean annual cycle on a 5°]5° spatial grid.
We averaged these data further on a 10°]10° grid, thus favoring
spatio-temporal coverage, which becomes therewith almost continu-
ous from 40 °S to 65 °N, over (possibly unreliable) spatial details.
A 10°]10° box is retained if at least one of the four 5°]5° boxes
inside it has data. Boxes having less than 50% of data coverage, so
defined, over the entire January 1901—December 1994 interval were
rejected. The number of remaining 10°]10° boxes is 330.

Missing data for those boxes that were retained were filled with
a realization of a suitably chosen noise process that is white in time,
as proposed by Unal and Ghil (1995). Several realizations of this
‘‘interpolation noise’’ were generated, and the results on the trend
and oscillatory components were found to be similar from one
realization to another. This illustrates the robustness of the interpo-
lation and analysis procedure, which is conservative in the sense that
is overestimates the noise variance in the entire time series and thus
underestimates the signal-to-noise ratio of the climate process that
generates it.

2.2 MSSA and related methods

MSSA has been extensively presented in many papers (Broomhead
and King 1986b; Kimoto et al. 1991; Keppenne and Ghil 1993; Plaut
and Vautard 1994; Vautard 1995; Jiang et al. 1995; Unal and Ghil
1995; Da Costa and Vautard 1996). We recall here briefly the
procedure and some essential terminology, but refer to Plaut and
Vautard (1994) for technical details. The SST anomalies are first
spatially filtered by a classical PCA, and a few leading eigenmodes
are retained. The truncation is performed here by a scree test on the
eigenvalue spectra (O’Lenic and Livezey 1988) and we checked that
our results do not depend in any substantial way on this truncation.
The eigenvectors of this spatial PCA are called the spatial EOFs
(S-EOFs) and their associated time-dependent projection coeffi-
cients the spatial principal components (S-PCs). These coefficients
form the ‘‘channels’’ to be analyzed by MSSA.

MSSA consists in diagonalizing the lag-covariance matrix of the
multi-channel time series, with lags ranging from 0 to M!1;
¼"MDt is called the window width, with Dt"1 month being the
sampling interval. The eigenvectors of this matrix, which are lag-
sequences of maps, are called the space-time EOFs (ST-EOFs), and
their associated projection coefficients, which are scalar time series,
are called the space-time principal components (ST-PCs). MSSA
allows the identification of robust oscillations which are reflected by
a phase quadrature between a pair of ST-PCs, as well as between the
corresponding ST-EOFs: the latter are the data-adaptive basis func-
tions, which correspond for an oscillation to a space-time sine-and-
cosine pair (or to the statistical counterpart of a pair of eigen-
solutions of a wave operator). The phase quadrature between ST-
PCs is used in order to identify reliably oscillatory pairs. Following
Plaut and Vautard (1994), we consider two statistical eigenmodes to
form an oscillatory pair when the first extrema, on either side of the
origin, of the lag-correlation function between the two ST-PCs
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Table 3 Percentage of variance
described by the ten leading
spatial principal components (S-
PCs) for the SST over the World
Ocean as well as for the five-
separate ocean basins
considered. Each row
corresponds to a given basin,
while the columns represents the
S-PC order. The leading
components retained for each
basin are in boldface

Domain 1 2 3 4 5 6 7 8 9 10

World 7.8 5.0 2.5 2.1 1.8 1.7 1.6 1.6 1.4 1.4
Pacific 11.9 5.4 3.6 2.9 2.7 2.5 1.9 1.8. 1.8 1.7
Atlantic 9.4 5.4 5.0 4.9 4.3 3.5 3.2 2.8 2.6 2.4
North Atlantic 11.8 8.7 8.5 6.2 5.6 4.5 3.8 3.3 3.1 2.6
South Atlantic 16.7 10.3 6.5 5.5 4.9 4.6 4.0 3.9 3.2 3.0
Indian 13.3 5.9 5.2 4.4 4.0 3.5 3.3 3.2 3.1 2.7

under examination have absolute values that both exceed 0.6; this
criterion is slightly more stringent than Plaut and Vautard’s (1994)
who set the threshold at 0.5. We also restrict the analysis to eigen-
modes of high variance, whose order does not exceed 15, and focus
on periods larger than one year.

Following the single-channel formalism of Ghil and Vautard
(1991) and Vautard et al. (1992), Plaut and Vautard (1994) defined
space-time reconstructed components (RCs), that are versions of the
original sequence of maps filtered by projecting onto subsets of
ST-EOFs. Unlike the ST-PCs, whose length is shorter than that of
the raw time series by the window width ¼, the ST-RCs are equal in
length to the original signal and can, therefore, be used to determine
the, slowly changing, phase and amplitude indices of a given oscilla-
tion. The mathematical formulation of the phase index is an im-
proved version of Plaut and Vautard’s (1994), and given in the
Appendix (see also Da Costa and Vautard 1996 and Dettinger and
Ghil 1997). For each oscillating pair, the phase index h(t), which
varies between 0 and 2n, describes the life cycle of the oscillation,
whether intermittent or sustained. One can think of this index as
being defined on the unit circle. In order to describe concisely and
objectively the spatial patterns of the oscillation’s life cycle, the RCs
with index falling within a given 45°-sector of the unit circle are
averaged. In this manner, 8 phase composites are formed, and their
associated patterns can be displayed in a single multi-panel figure
(see the Appendix for technical details).

The MSSA windows used here are of width ¼"72, 120 and 168
months; some computations with ¼"240 months have also been
carried out. The choice of window width represents a compromise
between the maximal period that can be detected, which equals ¼,
and the reliability of this detection, which varies like 1/¼. The use of
multiple windows to check the robustness of the results is highly
recommended (Dettinger et al. 1995a). The first window width was
chosen because many studied (Ropelewski and Halpert 1987; Bar-
nett 1991) concluded that ENSO-related interannual variability is
concentrated below 6 y. This window allows one to investigate
oscillations between 16 and 72 months (see Vautard et al. 1992). The
other windows are used for the investigation of sub- and interde-
cadal variability, of 7—15 y.

Several climatic signals required additional testing due to the
relative closeness of the period of interest to the total length of the
time series. Analyses were then also performed with univariate MC-
SSA, following Allen (1992). In this case, each channel is tested
individually against the two null hypotheses of ‘‘red noise’’ and ‘‘red
noise#signal.’’ First, an ensemble of 100 ‘‘surrogate’’ time series,
each consisting of realization of an auto-regressive process of order
1, AR(1) noise, is generated. If a pair of eigenelements beats the
‘‘red-noise’’ null hypothesis by falling outside this 1000-member
ensemble’s spectra at a preset confidence level (with respect to a two-
side test), then the reconstructed signal associated with this pair is
considered to be significant. If so, the second null hypothesis is that
the observed time series consists of this signal being contaminated by
an AR(1) noise process, and another 1000-member ensemble is gener-
ated, by adding AR(1) realizations to the signal. The same preset
confidence level (e.g., 95%) is applied to testing the presence of any
additional signal in the channel of interest (Allen and Smith 1996).

3 Interannual and interdecadal variability of the World Ocean

3.1 Spatial EOFs (S-EOFs)

In this section, we present the results of the analysis
performed on the global SSTs. Eight S-EOFs, describ-
ing 24% of the total variance, are retained for sub-
sequent analysis according to the scree test of Sect. 2.2
(see also Table 3). S-EOF 1 (not shown) represents the
ENSO pattern; the highest positive loadings are over
the equatorial Eastern Pacific, with slightly lower posit-
ive values along North America’s west coast and the
Peruvian coast and over the entire tropical ocean, while
the highest negative values occur over the North-Cen-
tral Pacific and over the South Pacific convergence
zone (SPCZ). The modest negative loading over the
Equatorial Atlantic agrees with Kawamura’s (1994)
result. S-PC 1 (not shown) is a good index of the major
warm and cold (El Nin8 o and La Nin8 a) events in the
tropical Pacific, with a higher noise level before 1941, as
suggested by the need to preprocess the earlier data.
The second EOF is also related to ENSO, but with
relatively higher loadings over the Central and tropical
Eastern Pacific, and almost uniform loadings over the
Atlantic and Indian oceans. Subsequent EOFs describe
more regional features.

3.2 Trend and oscillating pairs

The main characteristics of the oscillating pairs identi-
fied by MSSA are summarized in Table 4 for windows
of 72, 120 and 168 months; the table also gives the
results of the regional analyses that will be described in
Sect. 4. For each window, two-to-three interannual
oscillations are identified, with major peaks near
61—65, 43 and 25—27 months. These periods are in
rough agreement with previous studies, and are pre-
sumed therewith to be all related to the ENSO phe-
nomenon. The maximum entropy spectra (see Plaut
and Vautard 1994 for details) of the corresponding
ST-PCs are plotted in Fig. 1, for ¼"72, ¼"120,
and ¼"168 months. The results of these three spec-
tral analyses are used in the last two columns of
Table 4.
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Table 4 Main characteristics of the oscillating pairs identified by MSSA for the various geographic domains (first column) and the three
windows (72, 120 and 168 months, second column). The third column contains the pair order, the fourth contains the total fraction of
variance (%) described by the pair, the fifth contains the peak period, and the last column gives the variance described by the pair at the peak
frequency, as calculated from the maximum entropy spectra. Sometimes, the oscillating pair has two or three spectral peaks, which are then
listed in order of importance and separated by slashes

Region Window Pair Total variance Period (month) Variance at
¼ (month) (%) peak (%)

72 3—4 11 65 54
9—10 4 25 46

120 3—4 8 61 68
World Ocean 12—13 3 27 55

4—5 6 63 64
168 6—7 5 43 72

14—15 2 27 48

72 2—3 15 65 71
7—8 5 24 60

120 2—3 10 63 74
9—10 4 30 52

Pacific Ocean 2—3 8 63 69
6—7 7 43 68

168 9—10 5 83/56/39 41/27/17
11—12 3 36/26 39/37
14—15 3 30 38

72 7—8 3 40 39
120 7—8 3 91 40

Atlantic Ocean 10—11 2 42 37
168 9—10 2 91 47

11—12 2 43 54

72 11—12 3 28 35
North Atlantic Ocean 120 14—15 2 25 41

168 3—4 5 154 64
7—8 3 91 45

72 4—5 7 44 65
9—10 4 20 64
7—8 4 65/39 40/33

South Atlantic Ocean 120 10—11 3 29 83
12—13 3 23 68
8—9 3 63/43 37/25

168 10—11 2 28 60
12—13 2 33 52

120 6—7 3 40 44
Indian Ocean 168 8—9 2 43 63

11—12 2 34 55

The pure-trend component ST-PC1 (see Fig. 1a)
contains a major part of the variance (about 20% for
¼"72 months). For ¼"72 months, the second
component mixes trend and variability around 50
months. The extension of the window to 120 months
(Fig. 1b) clearly separates the trend (now given by com-
ponents 1 and 2) from frequencies that can be captured
within the latter window.

For all windows, the dominant oscillating pair 3—4 is
associated with a spectral peak near 65 months. The
peak is sharper for ¼"120 months than for ¼"72
months, due to the increased resolution (Vautard et al.
1992). For ¼"168 months (Fig. 1c), a new low-fre-
quency oscillation is resolved, with a period of about 43
months. This oscillation corresponds to the quasi-
quadrennial mode described by Jiang et al. (1995). As
noted also by these authors, it is difficult to identify the

low-frequency ENSO mode originally described by
Rasmusson et al. (1990) with a single well-defined spec-
tral peak. The discrepancy between the period of the
main peak reported by Jiang et al. (1995), equal there to
about 52 months. and the 43 months here, could be due
to the fact that they worked with data covering a shor-
ter time span (1950—1990).

To investigate this point, we display in Fig. 2 the
reconstruction of the low-frequency ENSO oscillations
based on pair 3—4 (63 months), for ¼"72 months,
which does not distinguish between the two lowest-
frequency modes, and for ¼"168 months, which cap-
tures the two as pairs 4—5 (63 months) and 6—7 (43
months); the particular scalar time series displayer is
channel 1 i.e., S-PC1 filtered by the ST-RC pairs just
mentioned. In the lumped reconstruction (¼"72
months), there is a clear frequency shift after the
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Fig. 2 Reconstructions in
channel 1 (i.e., first S-PC) of the
63-month oscillation (¼"168
months, dashed), the 43-month
oscillation (¼"168 months,
dotted) and the single slow mode
peaking at 65 months for
¼"72 months (solid). Units
are 0.01 °C

Fig. 1a–c Fraction of variance, as a function of the frequency,
described by various ST-PCs of the World Ocean’s SST field for:
a ¼"72, b ¼"120, and c ¼"168 months. The curves displayed
are estimated by dividing the spectra of the ST-PCs by the total
spectrum. The spectra are estimated by the multi-channel version of
the maximum entropy method, as described by Plaut and Vautard
(1994). See legends on the graphs

sixties: periods of about 60 months, or even longer, are
found before 1960, while the dominant period is about
45 months during the decades since. The separated
reconstruction (¼"168 months) shows that the
slower oscillation (pair 4—5, dashed) dominates in the
early part of the century, while the faster one (pair 6—7,
dotted) dominates towards the end of the century, and
that the transition in 1960 is fairly sharp. Wang and
Wang (1996) obtained similar conclusions, using single-
channel wavelet analysis on SOI and, separately, on an
SST anomaly index.

Typically, in an oscillator, whether linear or nonlin-
ear, the period is a smooth function of the model
parameters. This dependence was studied in some de-
tail for an ENSO model linearized about an annually
averaged state by Neelin and Jin (1993). The only
phenomenon that entails a sharp change in period,
such as the historic shift from a quasi-quinquennial to
a quasi-quadrennial period observed here around 1960,
is the Devil’s staircase scenario (Jin et al. 1994, 1996;
Tziperman et al. 1994; Chang et al. 1995). Under this
scenario, the coupled ocean-atmosphere system in the
tropical Pacific can frequency-lock most easily to integer
multiples of the seasonal cycle’s period. This conjecture
is also confirmed by the fact that ST-EOFs associated
with the two lowest-frequency modes are quite similar
(not shown, but see discussion in Jiang et al. 1995).

The next oscillation is a QB oscillation represented
by the pair of ST-PCs 9—10 (M"72), 12—13 (M"120)
or 14—15 (M"168), with a main spectral peak of
25—27 months. The variance captured by this oscilla-
tion is close to 1/3 of the previous one, quasi-quinquen-
nial (M"72 or M"120) or quasi-quadrennial
(M"168). In the frequency domain, this oscillation
represents about 50% of the variance at its peak value,
meaning that the QB oscillation clearly dominates the
noise at slightly over 24 months.

3.3 Spatial characteristics of the slow phenomena

The long-term trend (ST-PCs 1 and 2) is reconstructed
using MSSA with ¼"120 months and projected back
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Fig. 3 Sequence of 5-y averages of the
reconstruction of the long-term trend as
identified by the first two ST-PCs
(¼"120 months). Contour interval is
0.1°; negative contour are dashed and zero
contour is dotted
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Fig. 4 a Global and hemispheric trends obtained from ST-RCs 1—2
(¼"120 months). b Four local trends obtained from the same
ST-RCs: NAtl (35 °W, 55 °N), NPac (165 °W, 45 °N), EqPac (165 °W,
5 °N), and Ind (85 °E, 15 °S). See legends on graphs and in text; units
are 0.01 °C

onto the leading eight S-EOFs. We display in Fig. 3 the
anomaly patterns of successive 5-y averages, from 1901
on, with respect to the data set’s 1901—1994 long-term
mean. Results for ¼"168 months (not shown) are
fairly similar, since ST-PC 3 in this case does not
contribute substantially to the trend, which is still cap-
tured by ST-PCs 1 and 2.

The global coldness before 1930 is obvious; the only
areas slightly above zero are off the southern tip of
Greenland and in the tropical Pacific. Slow warming
begins in the twenties over the northwest Atlantic and
in the thirties over the North-Central Pacific. This
warming extends to the whole Northern Hemisphere
during the forties, while much of the Southern Hemi-
sphere remains colder than the long-term mean. The
anomaly patterns change abruptly in the seventies (see
also Kushnir 1994 and Parker et al. 1994) with a re-
versal of the interhemispheric contrast: the Northern
Hemisphere cools and the Southern one warms. Again,
the cooling trend both starts and is strongest south of
Greenland. Almost simultaneously, a similar but lesser
cooling occurs over the North Pacific.

To clarify further the global, hemispheric and re-
gional trends that can be extracted from Fig. 3, we
show the means over the globe and the two hemi-
spheres of the trend ST-RCs in Fig. 4a and four grid-
point evaluations in Fig. 4b. The global trend (heavy
solid) exhibits clearly, albeit in a smoother fashion than
in previous analyses, based on a priori, prescribed filters
(e.g., Parker et al. 1996), the global warming during the
1910—1940 and 1975—1994 episodes and flatness in

between. It is striking that both hemispheric trends
coincide with the global one unit 1920, diverge from it
till 1950, with the Northern Hemisphere warmer and
the Southern one colder, to intersect again in 1970 and
diverge in opposite directions since.

The curves in Fig. 4b correspond to the North Atlan-
tic’s (35 °W, 55 °N, heavy solid) and North Pacific’s
(165 °W, 45 °N, heavy dashed) subpolar gyres and to
the tropical Indian (85 °E, 5 °S, light dashed) and equa-
torial Eastern Pacific (115 °W, 5 °N, light solid) oceans.
It is clear that the warming starts in the North Atlantic
before the North Pacific, but the two evolve in a re-
markably similar fashion between 1940 and 1970. The
cooling that started for the North Atlantic slightly
earlier, in 1950, seems to be flattering out since 1980 for
both ocean areas. The trends in the Eastern Pacific and
Indian tropical oceans are much less pronounced than
the midlatitude trends already noted while they involve
much larger area of the globe, and are fairly indistin-
guishable from each other, expect during the latest
decade or so. They are anticorrelated with the northern
mid-latitudes, and their recent warming trend is also
flattering out over the last few years.

The change in SST, and hence in thermocline depth,
in the equatorial Eastern Pacific appears to be parti-
cularly sharp just before 1960. This could be a plausible
cause for the fairly abrupt change in the dominant
period of the low-frequency mode from five to four
years, at about this time.

The low-frequency mode and QB oscillations are
spatially reconstructed using the phase-compositing
technique described in Sect. 2 and in the Appendix. The
composites are displayed in Figs. 5 and 6, respectively,
for the 72-month window. Phases 1—3 represent their
respective contribution to the build-up of a warm event
in the tropical Central and Eastern Pacific. For both
modes, warm anomalies occur first near the Peruvian
coast and then over the whole Pacific Ocean east of
160 °E and along the west coast of the Americas, from
Alaska to Chile. The two oscillations patterns are fairly
similar over the Pacific Ocean, except that the QB
mode is less intense. The main difference lies in the
more global character of the low-frequency mode,
while the QB mode is essentially confined to the Pacific
Ocean (see also Dettinger and Ghil 1997). In the low-
frequency mode, the warm phases are also associated
with a slightly lagging warmth of the entire Indian
Ocean and of the subtropical Atlantic in both hemi-
spheres, while a cold anomaly is observed over the
equatorial Atlantic (see also Latif and Barnett 1995 and
Lanzante 1996).

The decaying phase of a low-frequency warm event
(phase 4—5) is characterized by warm anomalies over
tropical regions outside the major perturbation in the
tropical Pacific. This relative warming persists over the
equatorial Atlantic, while cold anomalies develop
everywhere else. The last phase (8), representing the
decay of a cold event, is characterized by cold
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Fig. 5 Life cycle of the low-
frequency (quasi-quinquennial)
ENSO oscillation (¼"72
months), using the phase-
compositing technique
described in the Appendix,
based on ST-RCs 3—4. Contour
interval is 0.04 °C

anomalies almost everywhere, except over the mid-
latitudes of the Central and Western Pacific, in both
hemispheres.

Oscillations with similar periods are obtained when
analyzing by single-channel SSA (with the same win-
dow width of 72 months) the SOI (Keppenne and Ghil
1992) and the Nin8 o-3 SST index; the latter is obtained
from the COADS SST data by averaging over the
Nin8 o-3 area. The time behavior of the reconstruction in
channel 1 (for global SSTs) is displayed in Fig. 7,
together with the corresponding (single-channel) recon-
structed oscillations obtained with the SOI and Nin8 o-3
indices. Lag-correlations for the low-frequency signal
(labeled QQ in the figure) are maximal when SOI leads
the global reconstruction by one month (equaling then
!0.81) and when Nin8 o-3 leads it by three months

(0.85). The regional ENSO signal thus seems to lead the
large-scale, remote signal at this low frequency.

For the QB signal, correlation values are lower: RCs
3—4 for either the SOI or Nin8 o-3 correlate best with
channel 1 of global ST-RCs 9—10 synchronously or
nearly so: the optimal lag for SOI is 0 and the correla-
tion is !0.58, while it is 0.67 when Nin8 o-3 leads by one
month. The full reconstructed signal using both the
low-frequency and QB components (RCs 1—4 of either
SOI or Nin8 o-3) exhibits the same relationships: the
correlation with channel 1 of ST-RCs 3—4 and 9—10
equals !0.76 when SOI leads by one month and 0.78
when Nin8 o-3 leads by two months (see also Dettinger
and Ghil 1997 for lead and lag relationships between
the tropical SSTs, Northern Hemisphere surface-air
temperature and atmospheric CO

2
concentrations.
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Fig. 6 Same as Fig. 5 for the QB
(25-month) oscillation, based on
ST-RCs 9—10

4 Regional analyses

4.1 Pacific Ocean

The leading six S-PCs, representing 29% of the total
variance of the SSTs over this basin (see Table 3), are
retained. MSSA is again applied, with the same three
windows as before, to these six channels. Low-fre-
quency and QB oscillations are identified, and the
results appear in Table 4. The results are very similar to
those of the global analysis, which is not surprising,
given the size of the Pacific Ocean. A few minor differ-
ences are that the trend occupies only the first compon-
ent, rather than the first two (for all three windows),
and that the variances associated with the leading oscil-
latory paris are larger, since these interannual oscilla-

tions are centered in the Pacific. For ¼"168 months,
the low-frequency mode is split again into two pairs.
The QB oscillation is also split into two modes (see also
Jiang et al. 1995). This splitting typically happens when
windows are much larger than the period of a fairly
broad-band oscillation, as explained by Vautard et al.
(1992).

The leading ST-PCs do not contain, in the present
regional analysis, any regular interdecadal oscillation,
even with a window of 168 months. Only one pair
(9—10) with very low frequency is detected by the objec-
tive selection criterion, but it exhibits 3 peaks, at 83, 56
and 39 months. This component is fairly irregular and
unstable when the window width ¼ is varied. ST-PCs
4 and 5 (for ¼"168 months) also peak at periods
longer than 150 months, but do not pass the selection
rule.
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Fig. 7a–c Reconstruction of the
ENSO oscillations found in the
World-Ocean SSTs (S-PC 1,
solid), the Nin8 o-3 SSTs (dotted)
and the SOI (dashed), for
¼"72 months). a Low-
frequency signals (labeled QQ);
b QB signals; and c sum of the
reconstructed QQ and QB
signals. In order to allow for
better comparison between the
SOI and SST time series, the
data have been normalized to
zero mean and unit variance.
Note that the amplitude of the
Nin8 o-3 signals is not
systematically lower during the
first half of the century when
data coverage was sparser in the
Eastern Tropical Pacific; this
indicates that our 10°]10° data
set has fairly stationary
properties over the time interval
of study

Previous studies suggest that North-Pacific SST
variability has an important near-decadal or interde-
cadal component of (Tanimoto et al. 1993; Latif and
Barnett 1994; Mann et al. 1995b) and might be due to
an oscillation in the Kuroshio’s location (Speich et al.
1995). Both Deser and Blackmon (1995) and Zhang
et al. (1997) detect an SST pattern centered over the
North Pacific that is distinct from the ENSO-related
whole-Pacific pattern there (see also Fig. 5) and ex-
hibits broad-band interdecadal variability. To verify
whether this broad-band phenomenon has a more
regular, narrow-band component, we carried out
MSSA on North-Pacific SSTs using five channels and
¼"240 months. No significant pair with periods
longer than the ENSO-related ones was detected, al-
though Biondi et al. (1997) did find 25- and 12-year
peaks by applying single-channel SSA to a millennium-
long (AD 1117—1992) varved record off the coast of
California.

A similar MSSA analysis for the South Pacific, using
3 channels and ¼"240 months, did detect a signifi-
cant pair peaking at 105 months, besides the interan-
nual, ENSO-related peaks. This near-decadal peak
(:8.7 y) could be related to the 7.5-year peak in a two-
century-long coral record from Vanuatu (Quinn et al.

1996). The latter record also contained a highly signifi-
cant 14—15-y peak (see also Ghil and Vautard 1991 and
Mann and Park 1994).

4.2 Atlantic Ocean

We keep the leading five S-PCs, which describe 29% of
the total variance. The application of MSSA, with the
standard three windows used throughout, reveals that
near-decadal and interdecadal variability dominates
over the Atlantic Ocean. The leading ST-PCs 1—6
(for ¼"72 and ¼"120 months) and 1—8 (¼"168
months) have associated periods longer than 100
months and describe respectively 37, 34 and 35% of the
variance. With a window of 120 or 168 months, one is
able to detect a near-decadal oscillation (see Table 4)
with a period of about 91 months (pair 7—8 or 9—10).
The other oscillation identified has a period near that
of the Pacific quasi-quadrennial mode (40—43 months:
pair 7—8 for ¼"72, 10—11 for ¼"120 and 11—12 for
¼"168).

The amplitude of the near-decadal oscillation is
strongest over the North Atlantic and will be dis-
cussed in the next subsection. The quasi-quadrennial
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Fig. 8 Phase composites of the quasi-quadrennial signal identified
in the Atlantic Ocean’s SST data. Contour interval in 0.01 °C

oscillation is of global extent over the Atlantic, and
its life cycle is shown in Fig. 8. The evolution of the
patterns is roughly the same as for the Atlantic part of
the oscillation found with global SSTs (compare with
Fig. 5). Its main characteristics include a near-syn-
chronous evolution that involves the equatorial Atlan-
tic and the high latitudes of both hemispheres, in phase
opposition to the near-simultaneous evolution of the
two midlatitude areas. There is a strong suggestion of
the subtropical, anti-cyclonic gyres’ SSTs evolving in
phase opposition to the adjacent subpolar, cyclonic
gyres and the zonally oriented equatorial current sys-
tem, except that the largest amplitude of the midlati-

tude pattern in the Southern Hemisphere is associated
with the Benguela (and thus possibly the ‘‘Atlantic El
Nin8 o), rather than the Brazil Current (see also Venegas
et al. 1996).

As in the Pacific, this quasi-quadrennial oscillation
is standing. The associated SOI reconstruction leads
the channel 1 reconstruction of this Atlantic oscillation
by 11 months, with a correlation of !0.55; thus low
(respectively high) SOI over the Pacific leads to an
overall warming (respectively cooling) of the tropical
Atlantic about one year later. This result seems to
support and refine some of the work cited in Sect. 1.2,
by indicating a sharper and stabler connection between
the tropical Atlantic and Pacific than documented
heretofore. Note finally that a QB mode is detected in
our MSSA analysis only at high orders, and thus rep-
resents but a small fraction of the variance.

We proceed to study separately the North and South
Atlantic because decadal variability exhibits, as we
shall see, different behavior in the two basins. The line
of separation between the two is not taken along the
equator since previous results (Servain 1991; Houghton
and Tourre 1992) indicate that the entire Gulf of
Guinea is strongly coupled with the South Atlantic’s
variability. A straight line was drawn therefore between
Guyanan and Liberia, at 5 °N, in order to separate the
two basins in the subsequent analysis.

4.3 North Atlantic

In this case, 3 channels are retained; they describe 29%
of the variance and are well separated from the follow-
ing ones. S-EOF 1 represents the in-phase variability of
the entire basin, with highest loadings from the south-
ern tip of Greenland to the Caribbean. S-EOF 2 ex-
hibits a dipole between the basin’s midlatitudes on the
one hand and the subpolar and tropical Atlantic on the
other. S-EOF 3 describes mainly the variability of the
Gulf Stream system.

Table 4 summarizes the oscillations detected. For
¼"168 months, two major peaks are found near 7.5
and 13 y (pairs 3—4 and 7—8, respectively). More pre-
cisely, the interdecadal peak has about equal power at
12.8 and 13.9 y for ¼"168 months, and larger power
at 15.2 y than at 13.9 years (the second largest value, in
this case) for ¼"240 months. QB oscillations are
found in this basin, but only when using windows of 72
and 120 months (pairs 11—12 and 14—15, respectively)
and far weaker than the two major peaks, near 7.5 and
13—15 y, revealed by the analysis with ¼"168
months (see Table 4).

The life cycle of the 13—15 year oscillation (Fig. 9)
exhibits a striking seesaw, with the two maxima of
opposite signs occurring between Cape Hatteras and
the Bermudas and due south of the Denmark Straits,
near the North Atlantic Drift, respectively. There is
some indication of downstream propagation, as the
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Fig. 9 Phase composites of the
interdecadal 13-y oscillation
identified over the North
Atlantic. Contour interval is
0.04 °C. The southern limit of
the analysis domain is 5 °N,
while the map extends, for visual
convenience, to the Equator

greatest intensification of the second maximum (say
from phase 6 to phase 7) occurs later than the most
intense phase of the first, and the maxima near Iceland
are eventually more intense than those off Cape
Hatteras. Such downstream propagation is consistent
with the SST analysis of Hansen and Bezdek (1995),
who used higher resolution in space, but lower in
time, and did not pinpoint a preferred oscillation time
scale.

Anomalies of the same sign as near Iceland, but not
as strong, also arise in the tropical Atlantic, off Sierra

Leone and, in the most intense phases (3 and 4 or 7 and
8), extending along the west coasts of Africa and Euro-
pe to unite with the high-latitude ones. Given the oscil-
lation’s peak-to-peak amplitude of up to 0.5 °C in the
North Atlantic Drift, its presence in the Central Eng-
land temperatures over 335 y (Plaut et al. 1995) and the
Kochi index of sea-ice extent off Iceland over 370 y
(Stocker and Mysak 1992) is not surprising.

The pattern of the shorter-period, 7.5-y oscillation is
very different (Fig. 10): anomalies of one sign extend
over most of the basin and reach their strongest
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Fig. 10 Same as Fig. 8 but for
the 7.5-y oscillation

amplitude over the northwestern part of the subtropi-
cal gyre, off New England and Canada’s Maritime
Provinces, while anomalies of much smaller amplitude
and opposite sign occur over the subpolar gyre. Since
these SST features, subtropical and subpolar, correlate
each in the same way with the intensity of the respective
gyre, it appears that the entire double-gyre circulation
of the North Atlantic oscillates with this 7.5-y period.
The interaction of such an SST oscillation with the
atmosphere above (Bjerknes 1964; Deser and Black-
mon 1993; Kushnir 1994) and the thermohaline circula-
tion below (Delworth et al. 1993; Chen and Ghil 1995,
1996; McWilliams 1996) deserves further exploration.

This peak is also present in global (Ghil and Vautard
1991), as well as in North American (Dettinger et al.
1995b) and European (Plaut et al. 1995) records.

To ascertain further the significance level of these
two signals with very low frequency, single-channel
MC-SSA was applied, as outlined at the end of Sect.
2.2. The procedure was carried out for S-PCs 1—3 of
this domain’s SSTs, using M"168. Only components
with periods longer than 12 months are retained in the
definition of the ‘‘deterministic signal.’’ The results of
these tests are summarized in Table 5. Note that three
levels of significance (80%, 90% and 95%) are con-
sidered.
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Table 5 Estimation of
significance level for channels
1—3 of the North-Atlantic SSTs,
using Monte-Carlo SSA (MC-
SSA)

Channel Component (the number in
parenthesis is the order of
corresponding eigenvalues)

Test: against pure red noise
(RN) and against red noise#
signal (RN#components)

Trend (1—2) '95% (RN)
1 70—90 months (3—4) '95% (RN#1!2)

68 months (6) '80% (RN#1!2)

Trend (1) '95% (RN)
2 160 months (2—3) '95% (RN)

106 months (4) '80% (RN)
50 months (5—6) '90% (RN#1!4)

Trend (1) '95% (RN)
3 170 months (2—3) '95% (RN)

25 months (4—5) '80% (RN)
40—60 months (6—7) '80% (RN#1—5)

The interdecadal oscillation, found in channels
2 (with a period of 160 months) and 3 (with 170
months), has a high significance level (95% against red
noise). The two channels it affects represent mainly
a pattern of phase opposition between the basin’s mid-
latitudes (and especially the Gulf Stream) with the rest
of the North Atlantic. The subdecadal oscillation is
highly significant only in channel 1, which depicts the
in-phase evolution of the whole basin, with strongest
loadings over its western part. Complementary ana-
lyses with windows of 240 and 360 months confirm the
stability of the 7—8-y spectral peak in this channel. The
subdecadal oscillation is significant at the 95% level
when tested against a null hypothesis of ‘‘red
noise#trend’’ (identified as SSA components 1—2 in
channel 1).

For both oscillations, the question arises as to
whether these are purely oceanic or coupled, ocean-
atmosphere phenomena. Based on 1890—1940 data,
Bjerknes (1964) showed that interannual changes in
SST are largerly wind-induced, while the long warming
trend early this century appears to be driven by
ocean-circulation changes (see also Zorita et al. 1992;
Deser and Blackmon 1993; Kushnir 1994; Battisti et al.
1995).

The leading mode of interannual atmospheric varia-
bility over the round the North Atlantic is the North
Atlantic Oscillation (NAO), which describes the inten-
sity of the westerly jet across the domain (Van Loon
and Rogers 1978; Rogers 1984). A convenient measure
of the NAO is the normalized sea-level pressure (SLP)
difference between Ponta Delgada (Azores) and Styk-
kisholmur (Iceland). This index is available since 1865
on a monthly basis. MC-SSA was performed first on
the monthly values of this index between 1865 and
1994, with window widths of 72, 120 and 168 months.
No robust oscillations with periods above 12 months
stood out. This result is consistent with independent
studies of Makrogiannis et al. (1991) on a zonal index
over Europe and the Central North Atlantic.

Other studies (Rogers 1984; Kozuchowski 1993;
Hurrell 1995; Hurrell and Van Loon 1997) of seasonal
or monthly anomalies in SLPs, surface-air temperature
and precipitation patterns, however, found interannual
and decadal-scale modulations mainly during the
boreal winter, when the westerlies reach their strongest
intensity. We reanalyzed therefore the NAO index for
boreal winter only (December—March) on an interan-
nual basis with window widths of 20 and 30 y. The first
component identifies a long-term modulation with
stronger westerlies during 1900—1920 and since the
1970s, and weaker westerlies near the beginning of the
time series (1870—1890) and even more so during the
1940—1970 interval. A robust oscillation with a period
of 7—8 y dominates the interannual variability; its peri-
od is close to the one found in SST. This result is
consistent with the broad 6—10-y peak in the NAO
index of Hurrell and Van Loon (1997).

No significant SSA components are found in this
NAO index near 13—15 y. We wished, therefore, to
check further the situation for SLPs, representing pre-
sumably atmospheric variability, versus SSTs that cap-
ture oceanic variability. To do so, we carried out an
MSSA analysis of monthly SLPs over the North Atlan-
tic-Western-European area (60 °W—40 °E, 15 °—75 °N),
using 6 channels and a windows of ¼"168 months.
Significant peaks appear at 65—86 months (pair 6—7), 56
months (pair 10—11), 32—34 months (pair 8—9), 27
months (pair 15—16), and 9 months (pair 13—14). The
latter might be associated with the 7-month peak ob-
tained in a much shorter time series of Gulf Stream
variability from satellite data by Lee and Cornillon
(1995). Separate analyses for the two intervals preced-
ing and following 1947—1948 confirm the greater
strength and robustness of the subdecadal oscillation in
the earlier part of the century, as discussed by Deser
and Blackmon (1993), but do not reveal a 13—15-y peak
either. Ascertaining the nature of ocean-atmosphere
coupling, or lack thereof, at subdecadal and interde-
cadal time scales will clearly require further studies (see
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Fig. 11 Reconstructions in the
first channel (S-PC 1) of the
South-Atlantic components 3—4
(dashed) and 2—5 (dotted), along
with the North-Atlantic 13-y
oscillation (solid). Units are
0.01 °C

also Cayan 1992; Battisti et al. 1995; Kushinir 1994;
Houghton 1996).

4.4 South Atlantic

Only two channels, accounting for 27% of the total
variance, are retained. They represent respectively the
whole equatorial and southern Atlantic and a seesaw
pattern between the NE and SW parts of the basin.
Both the long-term trend and decadal variability are
strong in the bivariate MSSA and describe together
about 40% of the total variance. The spatial aspects of
the trend agree with those obtained from the global
analysis (Fig. 3) and are therefore not discussed further.

For ¼"168 months, significant interdecadal varia-
bility is present in ST-PCs 2—5. The pair 3—4 does
exhibit a spectral peak near 14 years, but does not pass
out stringent phase-quadrature test at the preset level
(see Sect. 2.2), while Venegas et al. (1996) did find a 15-y
peak in this basin’s COADS data for 1953—1992, using
the multi-taper method. We perform, therefore (see
Fig. 11), a reconstruction in channel 1 of both ST-PCs
3—4 and 2—5.

The largest amplitudes occur near the beginning and
the end of the century, which could be an end effect of
the reconstruction process. Warm episodes are found in
1915—1925, the late thirties, mid-sixties, mid-seventies
and late eighties, separated by cold episodes. We also
added in Fig. 11 the reconstruction in channel 1 of the
North Atlantic’s 13—15-year oscillation. Although
there are only about seven repetitions of the approxim-
ate 13—15-y cycle, the curves in the figure suggest that
the North Atlantic leads the South Atlantic by
8 months, with a correlation of 0.48.

As for the interdecadal variability of the North At-
lantic, MC-SSA was performed independently on both
S-PCs for assessing even more stringently the statistical
significance of these interdecadal fluctuations. For
channel 1 (in-phase evolution of the whole basin), apart
from the long-term trend identified in the first two
eigenvalues, which is significant against pure red noise
at the 95% level, the other significant components

describe the variability related to the 60-month and
40-month peaks (pairs 4—5 and 6—7, respectively), both
of which are significant only at the 80% confidence
level against the null hypothesis of ‘‘red noise#trend’’.
Interdecadal variability associated with the third eigen-
value is not significant in this channel. For channel
2 (seesaw between the equatorial and southeast Atlan-
tic), both the trend (eigenvalue 1) and interdecadal
variability (near-equal eigenvalues 2—3) near 13 ys are
above the 95% level of significance against pure red
noise. The fourth eigenvalue represents very slow varia-
bility (strongest peak around 40 y) and is significant at
the same level. Interdecadal variability of the South
Atlantic is thus highly significant, mainly over the
equatorial and SE parts of the basin, as suggested by
Mehta and Delworth (1995).

Both QB and lower-frequency interannual oscilla-
tions are found in the South Atlantic (see Table 4).
There are two well-marked peaks, at 63—65 months and
39—43 months, in the spectrum of the pairs 7—8
(¼"120 months) and 8—9 (¼"168 months); the
second one corresponds to the unique 44-month peak
in pair 4—5 of the 72-month window. Using MC-SSA,
we also find that the 8—9 pair in the largest window is
significant against the null hypothesis of ‘‘red
noise#signal (1, 2)’’ for both leading S-PCs. However,
the correlation between the associated RCs and their
counterpart in the SOI is very weak, suggesting a loss
of coherence in the Atlantic’s response to ENSO, if any;
this result is at variance with the quasi-quadrennial
results of Venegas et al. (1996). On the other hand, we
find a rather weak cycle, it has a period of 29 months in
pair 10—11 for M"120 and of 28 and 33 months in
pairs 10—11 and 12—13 for M"168, that might be
associated with Latif et al.’s (1996) ‘‘Hermanito.’’

Unal and Ghil (1995) carried out MSSA analyses of
tide-gauge data, independently along the eastern and
western shores of the Atlantic, but combining the
North and South Atlantic, with relative sea-level
heights available from 30 °S to 70 °N and 50 °S to
50 °N, respectively. Both analyses give significant peaks
at 34 months and 5—8 ys, as well as 15-y modulation of
the annual cycle’s amplitude along the western shore.
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Fig. 12 Reconstruction of the
bidecadal components 2—3 in
the Indian Ocean, in channels 1,
2 and 3. Units are 0.01 °C

The steric effect of the sea water’s density change on sea
level is well known (e.g., Roemmich 1990) and the SST
results here seem fairly consistent with Unal and Ghil’s
(1995) results.

4.5 Indian Ocean

Five channels accounting for 33% of total variance are
retained. The long-term trend is given by the first
MSSA component and represents 20—25% of the total
variance, depending on the window used. Subsequent
ST-PCs indicate substantial interdecadal variability
with no clear pairing into oscillations. ST-PCs 1
to 4 (for ¼"168 months) peak above 100 months.
ST-PCs 2—3 reveal a fairly regular oscillation with
a periodicity near 20 y from 1901 till about 1950, which
becomes much less regular afterwards (Fig. 12). The
variance of RCs 2—3 is largest for channel 1, which
describes an in-phase evolution of the whole basin.

MC-SSA with a window of 168 months was carried
out for this channel to assess the significance of the
lowest-frequency components, as done for the North
and South Atlantic basins. The trend (eigenvalue 1,
with 51% of the total variance) and the bidecadal
component, represented by eigenvalue 2 with a spectral
peak at 240 months and 10.7% of total variance, are
significant above the 95% level against red noise. When
these two components are assigned the role of a ‘‘deter-
ministic signal,’’ the bidecadal variability in eigenvalue
3 (also peaking at 240 months) is still significant above
the 90% level against ‘‘red noise#signal’’ hypothesis.
So a bidecadal oscillation seems significant for the
Indian Ocean (Allen et al. 1995).

For ¼"72 months, no oscillating MSSA pair is
detected (see again Table 4). With ¼"120 months
and ¼"168 months, the Indian Ocean’s SSTs do
exhibit some paired interannual variability, but the
mode that is closest to QB has a period of 34 months
(pair 11—12 for M"168). For the lower-frequency
mode (pair 6—7 with period 40 months for M"120),
lagged correlations of RCs with the corresponding SOI
components reach about !0.6. This is consistent with

the results of the global analysis in Figs. 5 and 7: high
(low) SOI values are associated with cold (warm)
anomalies over the whole Indian Ocean, especially
throughout its tropical part, which grow during the
following six months. For the shorter-period modes,
like for the South Atlantic, cross-correlations with sim-
ilar components of SOI are very weak. So, QB variabil-
ity recorded in Indian Ocean SSTs seems almost
independent from corresponding modes over the Paci-
fic Ocean, when the two domains are analyzed separ-
ately.

This SST result seems to contradict the weak but
significant correlation between the two tropical basins
obtained in zonal surface winds by Barnett (1983, 1991)
and Rasmuson et al. (1990). The resolution of this
apparent contradiction could lie in ocean-atmosphere
coupling that is stronger in the tropical Pacific, on the
one hand (see also joint MSSA analyses of SSTs and
surface marine winds in Jiang et al. 1995), and the larger
cross-basin cohesion of the Walker circulation in the
atmosphere, on the other. The latter could also explain,
in the absence of such a peak in our SST analyses,
indications of a 15—16-month periodicity found in
a South-Asian monsoon index (Li 1994; Yanai and Li
1994). This peak is consistent with the Devil’s staircase
scenario (4/3 y, as found by Jiang et al. 1995 and Rober-
tson et al. 1995 in the Tropical Pacific) and is present in
the difference between the 850-mb and 200-mb wind
averaged over the region (0—20 °N, 40°—110 °E).

5 Concluding remarks

Space-time variability of sea-surface temperature (SST)
fields was analyzed by using multi-channel singular
spectrum analysis (MSSA) over the World Ocean and
over separate ocean basins. The overall aim was to
provide a global picture of observed relationships
among these basins’ near-surface climate on interan-
nual-to-interdecadal time scales. The length of the
UKMO multivariate time series, going back to the
beginning of the century, allows the analysis of time
scales of 2—15 y. The statistical significance of the
regularity of the longest periods in this range is harder
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to establish. To do so, Monte-Carlo SSA (MC-SSA)
was applied to the leading channels that exhibit the
interdecadal periods. Particular attention was paid to
the Atlantic Ocean, because of the recent increase of
interest in its near- and inter-decadal variability.

The strongest climatic signal is the irregular long-
term trend, as found also in other climatic records (Ghil
and Vautard 1991; Allen 1992; Folland et al. 1992;
Parker et al. 1996). The data-adaptive running means
provided by our SSA analyses over the present century
confirm (Fig. 4a) the previously noted features, in
a slightly smoother version than analyses that had used
prescribed weights: a combined gradual increase of
SSTs over both southern and northern oceans between
1910 and 1940, a continued increase of NH SSTs
through the mid-1950s, while the SH oceans staid col-
der, a NH cooling through the 1960s and into the late
1970s, while SH SSTs first stay flat and then rise, thus
resulting in a reversal of interhemispheric contrast in
the early 1970s, and, finally, an SST increase in both
hemispheres throughout the 1980s capped by a slight
flattering of this long-term trend in recent years.

The short instrumental climate records at our dis-
posal make it difficult to distinguish between explana-
tions of this irregular increase in global SSTs that
essentially attempt to interpret it either as a more-or-
less monotonic increase or as part of a longer-term,
secular oscillation. Gordon (1991) suggests the hypoth-
esis of a long, anomalous ‘‘run’’ of the red-noise pro-
cesses that drive the low-frequency behavior of the
climate system. The most popular ‘‘suspects’’ are an-
thropogenic greenhouse gases that, barring internal
climate variability, would imply a linear increase in
SSTs given an exponential increase in carbon dioxide
(Dickinson and Cicerone 1986). External forcing has
been invoked in the form of slow insolation variations
due to the Sun’s gradual recovery from the Maunder
and Dalton sunspot minima or to its supposed, 80—90 y
Gleissberg cycle (Damon and Sonett 1991), as well as to
changes in mean terrestrial volcanism on this time scale
(Rind and Overpeck 1995). Mann et al. (1995b) have
shown evidence for climatic oscillations with a period
of about 65years in proxy records extending over up to
500 years, but the shortness of the instrumental SST
record we consider, selected for adequate spatial cover-
age and reliability, prevent us from contributing signifi-
cantly to this debate.

A novel and striking result here is that large-scale
warming and cooling seem to be preceded by similar
behavior off the southern tip of Greenland and, soon
thereafter, over the Central North Pacific (Fig. 3). This
phenomenology suggests an important role for high-
latitude processes in the North Atlantic and possible
coupling through the atmosphere to the Pacific sector
(e.g. Mysak et al. 1990; Chen and Ghil 1996).

On the near-decadal time scale of 7—15 y we did not
find regular oscillations with global-scale coherence.
Two such oscillations are found to be significant over

the North Atlantic, with periods of about 13—15 and
7.5 y. The interdecadal oscillation arises off Cape Hat-
teras and propagates down the Gulf Stream into the
North Atlantic Drift, where its phase is reversed
(Fig. 9). In a weakened form, it affects also the tropical
Atlantic and leads a similar oscillation in the South
Atlantic by about 8 months (Fig. 11). A 13-y oscillation
in sea level was found by Unal and Ghil (1995) along
the shores of both basins (see also Deser and Blackmon
1993; Hansen and Bezdek 1996; Venegas et al. 1996;
Hurrell and Van Loon 1997 for confirmation of various
subsets of these results).

Previous evidence for such a signal has been some-
what inconsistent in its spatial pattern or exact peri-
odicity. Allen and Smith (1994) found a 10-y signal that
is strongest in the tropical Northern Atlantic, while
Mann and Park (1994) and Mehta and Delworth (1995)
found an 11—15-y peak with dipolar structure in the
tropical Atlantic. A 15-y oscillation found by Ghil and
Vautard (1991) in global data sets was shown by Mann
and Park (1993) to extend from North America to
Southeast Asia and then assigned a period of 15—18 y
in later studies of Mann and colleagues (Mann and
Park 1994; Mann et al. 1995a, b), while Plaut et al.
(1995) found a sharp 14-year peak in Central England
temperatures. Sutton and Allen (1997), of which we
became aware at revision time, provide some evidence
for the North Atlantic that is roughly consistent with
our results.

There is considerable interest in the interdecadal
variability of ENSO and of related extratropical pat-
terns, such as the Pacific North American (PNA) one
(Pan and Oort 1990; Graham 1994; Trenberth and
Hurrell 1994; Mann et al. 1995a, b). Our analysis did
not detect a major, significant peak at periods longer
than 10 years, either over the entire Pacific or the
World Ocean. On the other hand, a bidecadal oscilla-
tion was detected over the Indian Ocean (as reported
by Allen and Smith 1994 and Allan et al. 1995). It is
particularly regular in the first half of the century
(Fig. 12) and its significance was assessed using MC-
SSA on the first channel (S-PCI), which exhibits an
in-phase pattern over the whole basin. Such bidecadal
variability has also been reported in Indian rainfall by
Mitra and Dutta (1992), although we do not agree
necessarily with its attribution by these authors to
a climatically elusive lunar nodal cycle (see Unal and
Ghil 1995 and Currie 1994 for sea-level versus climatic
effects of this tidal signal).

Our subdecadal, 7—8 y oscillation involves a phase
opposition between the North Atlantic’s subtropical
and subpolar gyres (Fig. 10). An oscillation with similar
period, strongest near Newfoundland, has also been
reported by Mann and Park (1994), who associated it
with the 7.3-y spectral peak reported in a North-Atlan-
tic Oscillation (NAO) time series by Rogers (1984). We
find a significant peak near this frequency using MC-
SSA on the boreal-winter NAO index.
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On interannual time scales of 2—6 y, three dominant
periods have been identified: 24—30, 43 and 60—65
months. The former is the well-known quasi-biennial
(QB) component of ENSO, strongest over the tropical
Eastern Pacific, with anomalies of the same sign ex-
tending along the west coast of the Americas; weaker
anomalies, mostly of the opposite sign, cover the rest of
the Pacific basin, while the systematic effects in other
basins are negligible (Fig. 6). The latter two peaks cor-
respond to Rasmusson et al.’s (1990) low-frequency
ENSO component (see also Barnett 1991; Keppenne
and Ghil 1992). Jiang et al. (1995), based on 1950—1990
SST and marine surface-wind data from the Tropical
Pacific, identified this as a quasi-quadrennial mode.

An important new finding here is that the two appar-
ently distinct low-frequency modes seem to represent
a single physical phenomenon, whose frequency shifts
fairly abruptly in the 1960s, from near-five years before
to near-four years afterwords (Fig. 2; see also Wang
and Wang 1996). This fact helps explain the identifica-
tion of a quasi-quadrennial mode in Jiant et al.’s (1995)
data, which covered mostly the latter time interval. The
low-but-variable-frequency mode so identified is stron-
ger in the Pacific than the QB one and does extend,
albeit with smaller amplitudes, outside the Pacific basin
(Fig. 5); their two patterns, when restricted to the Paci-
fic basin, are fairly similar (Figs. 5, 6).

The similarly in spatial pattern between the QB and
low-frequency mode, as well as the rather abrupt
change in periodicity of the latter, about 4 to 5 y, seems
to support the Devil’s staircase scenario for ENSO (Jin
et al. 1994, 1996; Tziperman et al. 1994; Chang et al.
1995). In this scenario, ENSO irregularity arises from
the interaction of the intrinsic instability in the tropical
Pacific’s coupled ocean-atmosphere system with the
seasonal cycle. The shift in frequency noted here might
thus be due to frequency locking with an integer mul-
tiple of the annual period (see also Jiang et al. 1995 and
Robertson et al. 1995). The frequency shift is preceded
by a fairly sharp change in SST, and hence thermocline
depth, in the tropical Eastern Pacific (Fig. 4b), which
plausibly corresponds to the kind of parameter change
that induces such frequency shifts in the Devil’s terrace
(see, in particular, Fig. 6 of Jin et al. 1996).

QB modes are also found in other ocean basins, but
they are not correlated at all with the tropical Pacific’s
Southern Oscillation Index (SOI), or only very weakly
so. This suggests that the stronger quasi-quadrennial
signal can trigger more easily remote atmospheric forc-
ing outside the Pacific basin (see also Dettinger and
Ghil 1997) and then SST response, while the Pacific QB
oscillation cannot, or at least not discernibly so. Con-
sistent with previous literature, warm anomalies over
the Eastern and Central Pacific are synchronous, in the
low-frequency ENSO band, with warm ones along the
west coast of the Americas between Alaska and Chile
and over the Indian Ocean and with cold anomalies
over the equatorial Atlantic (Delecluse et al. 1994; Latif

and Barnett 1995), while the Atlantic mid-latitudes are
warmer. Warm events are followed 6—12 months later
by an overall warming, mostly over the equatorial
Atlantic, when El Nin8 o decays in the Tropical Pacific.
While low-frequency teleconnections between the
tropical Pacific and the Indian Ocean appear to be
stable during the current century, it seems that correla-
tions are weaker and less consistent over the Atlantic.

The lagged warming of the equatorial Atlantic al-
most one year after a Pacific El Nin8 o is clear during the
beginnging of the current century and mainly after
1960, when warm events themselves are stronger in
amplitude (Gu and Philander 1995). Thus, ENSO oscil-
lations could help trigger similar variability in the
equatorial Atlantic, as suggested by Zebiak (1993) and
Delecluse et al. (1994), but not be their exclusive cause,
since quasi-quadrennial variability in the equatorial
and Southern Atlantic is relatively constant during the
current century. The modulation of interannual varia-
bility around the Atlantic could be due also to other
factors, acting on longer time scales. These might in-
clude the interhemispheric SST gradient, identified here
as part of the global trend (Fig. 4a), or the dipolar
structure in the tropical Atlantic identified here in the
near-decadal variability (see also Janicot et al. 1996;
Trzaska et al. 1996).

A weak oscillation of about 28—30 months is detec-
ted in our analysis of the South Atlantic SSTs and is
consistent with the ‘‘Hermanito’’ found by Latif et al.
(1996), who consider this oscillation to be an analog of
the Pacific El Nin8 o. The fact that this mode appears
here only with a variance that is lower than the interde-
cadal and 4—5-y modes, while Latif and colleagues
found it to be strongest, could be attributed to the fact
that we consider basin-scale SSTs instead of their strict-
ly equatorial index. The time interval analyzed in our
study is also longer than in Latif et al. (1996):
1901—1994 here versus 1949—1991 there.

The present results on the spatial patterns of inter-
annual-to-interdecadal oscillations in global and re-
gional SSTs are a step in the comparison of two- and
three-dimensional model simulations with observa-
tional analyses. Given the current interest in natural
climate variability on these time scales (e.g., Martinson
et al. 1995), the sharper such comparisons can be made,
the faster our progress will be.
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Appendix

Construction of phase composites

Let us denote by X(t) the state vector containing as coordinates the
¸ leading S-PCs. When two eigencomponents of order k and k#1
form an oscillatory pair, their associated ST-PCs a

k
(t) and a

k`1
(t)

are in approximate phase quadrature. Following Plaut and Vautard
(1994), one calculates the reconstruction. X

k,k`1
(t) of the oscillation

captured by the two modes, which is a multivariate time series of the
same dimension as X (t). The transform between X (t) and X

k,k`1
(t) is

a linear, adaptive filter focusing on the frequency band defined by
the modes k and k#1. Each scalar component of the vector
X

k,k`1
(t) has an approximate sinusoidal time behavior, and could

therefore be used to define an instantaneous phase index.
Plaut and Vautard (1994) retained, for this purpose, the channel

l in which the variance is maximal. A more objective approach is to
use the direction in phase space which has a maximal variance; this
direction is given by the leading principal component of the recon-
struction. Therefore, a new PCA is applied to the multivariate time
series X

k,k`1
(t), and its first S-PC, b(t), is the time series from which

phase and amplitude indices are built. Using this new time series
instead of their optimal channel, we then follows the procedure of
Plaut and Vautard (1994). Both b (t) and its time derivative b@ (t) are
normalized, resulting in two new time series c(t) and c@(t), respective-
ly. These time series are, by construction, in approximate phase
quadrature. In practice, c@ (t) is estimated by centered finite differ-
ences.

The phase and amplitude indices, h (t) and A (t), can therefore be
defined by the argument and the modulus of the complex number
c@(t)#ic(t), i.e.,

c@(t)#ic(t)"A(t)eih(t) (A1)

In this way one can define objectively the instantaneous state of the
oscillation by two real scalars.

Plaut and Vautard (1994) used the high values of A(t) to define
spells of intermittent oscillations. Here we focus only on the instan-
taneous pattern of an oscillation at constant phase, regardless of its
amplitude. In order to evaluate this pattern in physical space, we
select eight categories (phase 1 to phase 8): the oscillation, at time t is
said to belong to ‘‘phase m’’ when

(m!1)
n
4
4h (t)4m

n
4
. (A2)

The average of the reconstruction over all occurrences in phase
m is called the phase composite C

m
. It is a vector belonging to the

space spanned by the leading ¸ S-EOFs, which can be projected
back onto physical space and thus provides the average life cycle of
the oscillation’s spatial patterns. Figures 5, 6 and 8—10 are construc-
ted in this manner.
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