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Abstract. Relative sea-level height (RSLH) data at 213
tide-gauge stations have been analyzed on a monthly
and an annual basis to study interannual and interdecadal oscillations, respectively. The main tools of the
study are singular spectrum analysis (SSA) and multichannel SSA (M-SSA). Very-low-frequency variability
of RSLH was filtered by SSA to estimate the linear
trend at each station. Global sea-level rise, after postglacial rebound corrections, has been found to equal
1.62 + 0.38 mm/y, by averaging over 175 stations which
have a trend consistent with the neighboring ones. We
have identified two dominant time scales of E1 NifioSouthern Oscillation (ENSO) variability, quasi-biennial and low-frequency, in the RSLH data at almost all
stations. However, the amplitudes of both ENSO signals are higher in the equatorial Pacific and along the
west coast of North America. RSLH data were interpolated along ocean coasts by latitudinal intervals of 5
or 10 degrees, depending on station density. Interannual variability was then examined by M-SSA in five
regions: eastern Pacific (25°S-55°N at 10° resolution),
western Pacific (35°S-45°N at 10°), equatorial Pacific
(123°E-169°W, 6 stations), eastern Atlantic (30°S, 0°,
and 30°N-70°N at 5°) and western Atlantic (50°S 50°N at 10°). Throughout the Pacific, we have found
three dominant spatio-temporal oscillatory patterns,
associated with time scales of ENSO variability; their
periods are 2, 2.5-3 and 4-6 y. In the eastern Pacific,
the biennial mode and the 6-y low-frequency mode
propagate poleward. There is a southward propagation
of low-frequency modes in the western Pacific RSLH,
between 35°N and 5°S, but no clear propagation in the
latitudes further south. However, equatorward propagation of the biennial signal is very clear in the Southern Hemisphere. In the equatorial Pacific, both the
quasi-quadrennial and quasi-biennial modes at 10°N
propagate westward. Strong and weak E1 Nifio years
are evident in the sea-level time series reconstructed
from the quasi-biennial and low-frequency modes. InCorrespondence to: M. Ghil

terannual variability with periods of 3 and 4-8 y is detected in the Atlantic RSLH data. In the eastern Atlantic region, we have found slow propagation of both
modes northward and southward, away from 40-45°N.
Interdecadal oscillations were studied using 81 stations
with sufficiently long and continuous records. Most of
these have variability at 9-13 and some at 18 y. Two
significant eigenmode pairs, corresponding to periods
of 11.6 and 12.8 y, are found in the eastern and western
Atlantic ocean at latitudes 40°N-70°N and 10°N-50°N,
respectively.

1 Introduction and motivation
During the past few decades, scientists have studied
the possibility of a sea-level rise due to the influence of
global warming of the atmosphere and oceans. However, the estimated rates of sea-level rise given in recent
studies still differ considerably. Possible reasons for
the differences may be the choice of minimum record
length, the actual time interval covered by the record,
the number of stations selected, the geographical distribution of the stations, the correction procedure for
vertical land movements, and the method of data aggregation and analysis. It is significant, nevertheless,
that both earlier and recent studies all find a positive
trend in global mean sea level within a range of 1-3
mm/y (Fairbridge and Krebs 1962; Lisitzin 1974; Emery 1980; Gornitz et al. 1982; Barnett 1983a, 1984; Peltier and Tushingham 1989; Douglas 1991).
In the present study, relative sea-level height
(RSLH) data have been analyzed on a monthly basis
to identify global sea-level rise, as well as interannual
and interdecadal oscillations. Estimating a linear trend
by the ordinary least-squares method can produce misleading results if the residuals do not have a white
spectrum, i.e., if they are correlated (Kuo et al. 1990).
Therefore, singular spectrum analysis (SSA) is used to
filter out the low-frequency variability of mean sea level and estimate the trend. SSA is a data-adaptive meth-
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od for time-series analysis that effectively separates
trend, oscillatory components and noise (Vautard and
Ghil 1989; Rasmusson et al. 1990; Ghil and Vautard
1991; Ghil and Mo 1991a, b).
Several factors affect sea-level changes on different
time and space scales. Real changes in the sea level result from differences in net water-mass balance, atmospheric pressures, winds, ocean currents, temperature
or salinity of seawater. Some of these effects are related to thermal expansion of the oceans, and melting
of glaciers and ice caps. Both irregular and seasonal
variations in temperature or salinity of the upper ocean
layers cause steric changes, i.e., expansion or contraction of the water volume in different regions. The persistence time of the relatively short-term steric changes
in sea level may be a few days, several months, or even
several years, and the magnitude may be as large as 50
to 150 mm (Levitus 1990; Roemmich 1990).
On the other hand, vertical land movements contaminate sea-level records because tide-gauge instruments are attached to the land, and thus measure sealevel variations with respect to it. As a result the
RSLH records include real changes in the ocean level,
along with fictitious changes due to vertical land movements resulting from post-glacial rebound or tectonic
processes. Therefore, relative sea level will show a rise
in regions where the land is subsiding, and a fall in regions where the land is lifting. Eliminating vertical land
movements from the RSLH records is essential for
studying real changes of sea level (Peltier and Tushingham 1989).
This study is primarily concerned with interannual
and long-term changes in mean sea level. In Section 2
we describe the data set and station-selection procedures. In Section 3, we present the methods used to
analyze this data set: singular spectrum analysis (SSA)
and multi-channel SSA (M-SSA). In Section 4, we first
illustrate the application of SSA to a particular sealevel time series and explain the findings obtained by
applying single-channel SSA to all 213 selected RSLH
stations. We compare our findings with previous studies of global sea-level rise, and of interannual and interdecadal oscillations. Preliminary results of this section were presented by Sezginer and Ghil (1991). Our
main results, obtained by applying M-SSA to RSLH
data in different oceanic regions, are found in Section 5
in two parts: interannual and interdecadal oscillations.
Concluding remarks appear in Section 6.

2. D a t a set

The RSLH data set which is archived by the Permanent Service for Mean Sea Level consists of monthly
means of sea-level heights at 846 stations, measured
between 1807 and 1988. Figure 1 shows the number of
stations included in the data set against time. Over 100
stations cover the time span 1925-1985. However, not
all the stations have continuous measurements over
this time span. Some stations have large gaps and suspicious records. Moreover, the geographical distribu-
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1. N u m b e r of stations measuring sea level as a function of
time. Tick marks on the abscissa coincide with the beginning of
the year

tion of the stations is uneven. While the Northern
Hemisphere is relatively well represented compared to
the Southern Hemisphere, it still has regions where the
stations are quite sparse. For example, in the mid-Pacific and mid-Atlantic, the number of stations is very
small and the record lengths are very short compared
to the coastal areas. This scarcity poses a major problem for the global interpretation of results.
The longer records can help minimize the influence
of interannual and interdecadal variability on estimation of sea-level trends. We selected a subset of stations for this study using the following criteria. A station is chosen if:
1. The record length is longer than 20 years; and
2. No more than 20% of the monthly data is missing.
No atmospheric-pressure corrections were introduced, since Wunsch (1972) argues that the "inverted
barometer" only provides a good approximation for island stations, but not for the much more numerous stations along continental margins. Prior to the analysis,
each RSLH time series was examined visually to detect
obvious problems (e.g., distinct jumps, irregular
changes between the means of successive portions of
the data, etc.). Then either doubtful portions of the
data were omitted or the station was totally excluded
from the data set. As a result of this screening, a total
of 213 stations were found suitable for further analysis.
The data gaps present in the selected stations are
filled by a random deviate having the same mean and
standard deviation as the corresponding month. For a
particular station, let tm be a year where the sea-level
height observation for month rn is missing. Then, the
missing data point is estimated by x(tm), where

X(tm) =.~m-t-

~"O'rn.

(1)

In Eq. (1), 2m and (rm denote the average and the
standard deviation of the sea-level height for month rn
over the available data, respectively, and r is a random
variable which has Gaussian distribution with zero
mean and unit standard deviation. The main reason for
filling the gaps with random deviates from the annual
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cycle is that SSA, the statistical method used here, recognizes random deviates as noise and does not permit
them to affect the oscillatory part of the solutions.

3 Methodology

on the length of the time series and the time scale of
the variability to be investigated. Vautard et al. (1992)
suggest that M should not exceed N/3 to prevent excessive sampling error in computing the autocovariance
function at larger lags.
The time series (xi) can be expanded with respect to
an orthonormal basis (pk) as

3.1 Singular spectrum analysis (SSA)

M

Xi+j_l = ~ a~pf, I<_i_<_N-M+I, I<_j<_M,

The data-adaptive statistical technique used in the first
part of this study is univariate, or single-channel, SSA,
following Vautard and Ghil (1989). This method has
been applied to over a dozen geophysical data sets by
Rasmusson et al. (1990), Ghil and Mo (1991a, b), Ghil
and Vautard (1991), Keppenne and Ghil (1992), Penland et al. (1991), Sezginer and Ghil (1992), Vautard et
al. (1992) and Dettinger et al. (1995), among others.
Since it uses data-adaptive basis functions, rather than
the predetermined sines and cosines of classical spectral analysis, it can detect weak, anharmonic oscillations in short, noisy time series. Vautard et al. (1992)
showed that SSA identifies such oscillations by the
near-equality of the variances associated with two eigenelements of the time series' lag-covariance matrix,
and that it can resolve an oscillation so identified in a
short signal superimposed on white noise, even if the
variance of the noise is two times larger than the variance of the oscillation. Since SSA uses a data-adaptive, orthogonal basis, it can detect a nonlinear, anharmonic oscillation by only two empirical orthogonal
functions (EOFs), while in conventional Fourier analysis, one needs a large number of sine-and-cosine pairs
to represent the same oscillation. Penland et al. (1991)
also concluded that SSA prefiltering enhances the
spectral resolution of the maximum entropy method
(MEM) and avoids the spurious peaks intrinsic to
high-order MEM estimates.
SSA is similar to principal component analysis
(PCA) (Preisendorfer 1988), except that it is applied to
a single time series in delay coordinates, rather than to
a number of distinct time series indexed by spatial
coordinates. Here, we used SSA essentially as a dataadaptive filter to extract low-frequency interannual
and interdecadal variability of the sea level from the
directly-forced, higher-frequency variability, such as
the annual and semi-annual cycles, and from the sampling noise.
Let x~=x(to+iAt), i=l,...,N, be a time series with
zero mean and unit variance, where At is the sampling
interval. The time series (x~) is embedded in an Mdimensional space by taking the N - M + 1 consecutive
lagged sequences of length M (xn, xn+l, ...,xn+M-0,
n = l to N - M + 1, as state vectors (Broomhead and
King 1986a). The embedding dimension (maximum
lag) M and sampling interval At bound the time scale
of the information extracted from the data, where the
sampling interval determines the lower bound and the
window length MAt determines the upper bound.
Therefore, for a given At, one month in the present
case, the crucial problem in SSA is choosing the proper
embedding dimension: M should be determined based

(2)

k=l

where pk are the moving-average filters, of length M,
called EOFs in PCA, and a k are the corresponding
temporal principal components (T-PCs), of length
N - M + 1; pk is the k th eigenvector of the auto-covariance function, and a k is the k th T-PC with variance Ak.
EOFs and T-PCs are indexed according to their variances, in decreasing order.
SSA can be used to isolate the dominant variability
or to separate the signal within a particular frequency
band from other signals. For example, the annual cycle
is given, as we shall see, by one pair of EOFs and can
be reconstructed by neglecting the EOFs and T-PCs
corresponding to higher or lower frequencies.
Let S be a subset of indices of EOFs and T-PCs to
be used in reconstructing the (sub)signal of interest. If
we define, following Ghil and Vautard (1991) and
Vautard et al. (1992),

Xi.j= ~ a~p~, I _ < i < _ N - M + I , I <_j<_M,
k~S

(3)

then the reconstructed time series (x[) is given as
1 i
x[ = - ~ Xi_j+lj,
l<_i<__M-1,
(4a)
j=l

1
X it = ~ J=~=lXi-j+l"J'
X/ --

M<_i<_N-M+I, (4b)

1
M
~
X i _ j + l , j , N-M+2<_i<_N. (4c)
N - i + 1 j=i-N+M

The significant eigenvalues M are determined according to three different tests: visual inspection of the
eigenvalue spectra, a Monte Carlo test, and an A4 test.
All three tests are applied separately to each set of eigenvalues and only those that pass all three are considered as significant.
The first rule seeks a break in the spectrum and assumes that the spectral slope becomes close to horizontal when the eigenvalues are no longer different from
noise; this rule was suggested by Craddock and Flood
(1969) for spatial EOF analysis and by Vautard and
Ghil (1989) for SSA. In the Monte Carlo test, significance of the eigenvalues is tested by constructing 100
randomly generated data sets, with the same number
of points in time and variance as the sea-level data, and
uncorrelated from point to point. Eigenvalues for the
100 realizations are sorted in an ascending sequence
for every eigenvalue order. Then, comparisons are
made between the eigenvalues of the RSLH time series and the 95 th value of this ascending sequence for
every order. Eigenvalues above the Monte Carlo curve
of 95% confidence are considered significant. This test
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is a modified form of the one used by Ghil and Vautard (1991), and follows the one suggested by Preisendoffer (1988) for spatial EOFs.
The A4 test (dominant variance rule) refines the visual test of Vautard and Ghil (1989). It estimates the
break point between ~k and Ak+t, for a certain probability distribution, and assumes that the population's
eigenvalues are indistinguishable from each other after
t h e k th order. For normalized eigenvalues, the u-statistic is defined as
M

u~:

~M-k]

\ M-k

'

where N is the number of data points and M is the window width (Preisendorfer 1988). When the conditions
uk-< t~ and U~+l > t~ are satisfied, the break occurs at k
with probability 1 - o~, where

periodic behavior of the system. However, interpretation of the phase and amplitude information obtained
by complex PCA becomes very difficult if there are
several waves propagating with irregular forms (Barnett 1983b; Horel 1984). The advantage of M-SSA over
complex PCA and principal oscillation patterns
(POPs) (Hasselmann 1988; Penland and Ghil 1993) is
the ability to identify, in a stable way, a larger number
of oscillatory patterns to be investigated. Robertson et
al. (1994a, b), in particular, have shown the superiority
of M-SSA over POPs in analyzing interannual signals
in the tropical Pacific.
The organized variability of map sequences which
occur in a certain time interval is, therefore, well resolved by M-SSA. The information on how the spatial
patterns that best describe this variability change in
time depends on the selected embedding dimension M,
as it did for single-channel SSA.
M-SSA provides a linear decomposition of a multichannel time series Y[M×LI similar to Eq. (2),
M×L

Among the modes considered to be significant by
these three tests, the oscillatory pairs are determined
by (1) closeness of the eigenvalues (Vautard and Ghil
1989), (2) periods of the corresponding T-PCs (Vautard et al. 1992), and (3) lag correlations of the T-PCs
(Ghil and Mo 1991a, b). The closeness of eigenvalues
is judged by their falling within the two-sided 95% confidence interval 61k = -+ 1.96o-k, where o-~= & (2/N) 1/2
(Vautard and Ghil 1989).

3.2 Multi-channel SSA (M-SSA)
M-SSA (Broomhead and King 1986b) combines spatial
E O F analysis and SSA, and considers time relations of
patterns. It is formally equivalent to the extended E O F
analysis introduced by Weare and Nasstrom (1982) for
only a few lags. It was applied by Kimoto et al. (1991)
to Northern Hemisphere 700-rob height anomalies to
study 40-day oscillations. Plaut and Vautard (1994)
used it on regional height data for detecting intraseasonal oscillations with periods of 30-70 days and to examine the relations between such oscillations and
weather regimes.
In this study, we used M-SSA to identify coherent
space-time patterns of a regularly sampled RSLH data
set. The primary advantage of M-SSA, compared to
other methods, is that it allows systematic identification of oscillatory patterns in terms of their spatial and
temporal behavior, within a wide range of time scales.
M-SSA permits us to capture both propagating and
standing oscillatory patterns, whereas conventional
E O F analysis allows identification of the latter only.
Cross-spectral Fourier analysis provides information
on propagating features of the field in the frequency
domain, but typical nonlinear phenomena are spread
over many frequencies, which prevents us from interpreting its results thoroughly. Complex PCA provides
propagation information and uses a data-adaptive orthogonal basis like M-SSA, allowing us to detect quasi-

Xi, j= ~ akip~, I<_i<_N-M+I, I<_]<_MxL.

(5)

k=l

In this equation, X~]=Yt,:, where t = ( j rood M ) + i is
thetimeindexands=[~/isthespaceindex,

[M ]

]

being the smallest integer greater than ~ , while L is
the number of data points in space. The eigenfunctions
of the spatio-temporal covariance matrix C = x T x are
pk, with X an ( N - M + I ) x ( M x L )
matrix having
components Xi]. The p k are now functions of space and
lag, while the corresponding T-PCs a k are still functions of time only, as before.
As in single-channel SSA, if two consecutive eigenvalues of the covariance matrix are nearly equal and
the corresponding eigenvectors are in (space- and
time-) quadrature, an oscillation in the data field occurs. It has the same period as the corresponding TPCs and the spatial pattern described by the alternation of the two associated EOFs.
The methods we applied for ascertaining the statistical significance of M-SSA eigenmodes follow closely
the three rules given in Section 3.1. The single-channel
SSA results (Section 4), however, are mainly used to
confirm and refine previous results on sea-level variability, interannual, interdecadal, and secular. The MSSA results in Section 5, on the other hand, are essentially new. Even greater care has been exercised, therefore, in evaluating the error bars 6,~k for the multichannel eigenvalues, by using ~k = 6,~k(2/N') 112. Here
N ' is an estimate for the independent number of spatially distributed RSLH data over a certain region (see
Section 5), with N" =N/~'max, and Tmaxis the maximum
over the decorrelation times of the records from all the
tide-gauge stations within the given region.
This is a very conservative estimate for N', assuming essentially perfect spatial correlation among the
stations within a region, while accounting for temporal
correlations by using values of %ax---2 separately de-
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Fig. 2. Singular spectrum of relative sea-level height (RSLH) data
from Brest, France (48°23 N, 4°30 W). Embedding dimensions
M=40, M=60 and M=80 are used. Error bars of 95% ( see text
for details) are plotted only for k = l (M=40 and 60), k = 2
(M=60 and 80), k=10 (M=40 and 60), k=20 (M=60 and 80),
k=40 (M---40 and 60), and k=49 (M=60 and 80)

termined for each region. Tighter error bars would
have been obtained by choosing the number of spatially independent degrees of freedom n _ 2, according to
the suggestions of Livezey and Chen (1983), and using
N ' =nN/,1-. . . .
An even better estimate for the error
structure of the M-SSA covariance matrix C could be
obtained by generalizing the Dyson-Wigner probabilistic model discussed by Cahalan (1983). Such a generalization might proceed by seeking a limit cycle, rather
than a fixed point, for the Fokker-Planck equation that
governs the model's very appealing physical analog,
based on straight line segments with constant charge
and mass density, subject to mutual Coulomb forces
and a uniform gravity field in a constant-temperature
heat bath.
4 Comparison with earlier results
4.1 Application of SSA to the R S L H data set

SSA isolates oscillatory features of time series as subsets of EOFs (principal axes) and T-PCs, according to
the lag-correlation structure of the data. Narrow peaks
obtained by conventional spectral analysis methods appear as pairs of eigenvalues in SSA, ordered by variance, rather than by frequency. The EOFs and T-PCs
corresponding to these pairs are in quadrature with
each other, i.e., they correlate best with each other at a
lag of one quarter period. The experience with short,
noisy climatic time series cited in Section 3.1 suggests

that, for reasonable values of the embedding dimension M, one can obtain about 3-5 distinct oscillatory
components of the signal with satisfactory statistical
confidence.
To choose the optimal M, we tested the stability of
the eigenset and the statistical confidence for various
values of M. Figure 2 shows the first 50 normalized eigenvalues of RSLH data in decreasing order for Brest,
France (48°23 ' N, 4°30 ' W), using different window
widths. As explained in Section 2, the sampling interval is one month. Thus, an embedding dimension of 40,
60 or 80 corresponds to a window width of 40, 60 or 80
months, respectively. The Brest record covers the years
between 1807-1987, with the missing periods of January 1836-December 1860 and January 1944-November
1952. These gaps are filled according to Eq. (1), as explained in Section 2. The 95% confidence interval associated with the k th eigenvalue, as defined in Section
3.1, is independent of M. In the figure, however, since
the/~k are normalized, for comparison purposes, by the
window width M, so are the error bars.
The first three eigenvalues indicate the same variability for all three window sizes, suggesting that the
leading eigenvalues do not depend on window width.
One of our purposes is to study ENSO-type variability
of RSLH in the equatorial Pacific. This necessitates a
window width of at least 60 months to be able to capture the low-frequency component of the ENSO signal
(Rasmusson et al. 1990; Keppenne and Ghil 1992).
From Fig. 2 it is clear that the eigenvalue spectra for
the window widths 60 and 80 do not differ much, and
that the slope for both changes suddenly after the
fourth eigenvalue. On the other hand, using a window
width of 60 months gives better statistical confidence.
Therefore we selected M = 60.
The first eigenmode is clearly distinct from the rest
and accounts for 25.8% of the total variance. The second and third eigenvalues are very close to each other
and correspond to an oscillation with a total variance
of 15.5%. A second, more subtle change in the slope of
the singular spectrum occurs at k=19. The first 19
leading eigenmodes capture almost 66.6% of the variability of the RSLH data, and higher-order eigenmodes
are considered to form the noise floor. The number of
significant eigenvalues and total variance captured by
them are smaller at Brest than at most other stations,
since the number of missing points is largest of all stations; in fact, the total number of missing monthly data
is around 19%, very close to the limit of 20% we imposed on selection of the station subset in general (see
Section 2). The missing data being replaced with random deviates raises the noise floor in the eigenvalue
spectrum.
Figure 3a-e shows the eigenvectors corresponding
to the eigenvalues 1-9, individually or in pairs. EOF1
has no zero, and represents a data-adaptive running
mean. It is related either to the trend or to very-lowfrequency (VLF) variability which cannot be resolved
by the window width of 60 months. EOF4 also exhibits
VLF variability superimposed on an annual-type signal, and the corresponding T-PC (Fig. 4c) has a peak
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8-9) with 3,9%

with a period near 10 years as well (compare Ghil and
Vautard 1991; Allen and Smith 1994). Since eigenvalues 2 and 3 are very close, the corresponding eigenfunctions are in quadrature, as expected. Figures 3b

and 3e shows that the eigenmodes 2-3 and 8-9 form
oscillatory pairs corresponding to the annual and semiannual cycles, respectively. EOFs 5-6 represent less
regular interannual oscillations with a period of approximately 3 years.
The first seven T-PCs for Brest are presented in Fig.
4a-e. The T-PC corresponding to the first mode shows
a trend, as expected from the eigenvector plot. T-PCs 2
and 3 are clearly oscillatory and in quadrature, with TPC 3 leading. To show the quadrature relation within
the pairs of oscillatory modes (2-3 and 5-6), they are
plotted for a short time interval, between 1960 and
1980. The first pair (Fig. 4b) is related to the annual
cycle and the second pair (Fig. 4d) represents interan-

Unal and Ghil: Oscillations in sea level

120

. . . .

[

. . . .

I

. . . .

I

[

. . . .

I

1

. . . .

T-PC 2

100-

12 months

= 80-

•

T-PC 5

- -

T-PC 9

.... ~ . ~ I ~ ` ~ . ~ I . ~ A ~ ` ~ ` ~ . . ~ * . ~ . ~ . . ~ ` ` ~

.

iiiii
............

6 o o .....................................................
~0!!~ s ~ ! f ! ~ ~

3 years

~

....................i

°

1001iii221UiiiiiiiiilL2211111Ui221111i!!2!2!iiiiii21
................................................................................

oJ
0

....

900

¢ 40-

20

t 00

6 months

¢-

- 60E

. . . .

261

l_.~J, I. . . .

f

0.05

0.15

011

1800 1820 1840 1860 1880 1900 1920 1940 1960 1960
Year

\ ...........
0'.2

0.~25

0.3

Frequency (cycle/month)
Fig. 5. The power spectra of T-PCs 2 (12 months), 9 (6 months)
and 5 (3 years) of the sea-level data at Brest (compare Figs. 3 and
4)
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Fig. 6. Reconstructed VLF sea-level height variations (light solid)
at ten sea-level stations. The dark straight lines are the result of
linear regression against these variations

nual variability with a period of 3 years. The third pair
(not shown) is the semi-annual cycle. Modes 4 and 7 do
contain low-frequency variability, but do not represent
a pure oscillation, either because of the shortness of
the window width (mode 4) or because of the irregularity of the variability (mode 7).
We decomposed all R S L H time series for the 213
selected stations into E O F s and T-PCs, as shown for
Brest, France. A t each station, the order of the eigenvalues which capture oscillations, secular trends and
noise differs. T o determine the periods associated with
the significant eigenmodes, we used Blackman-Tukey
spectral analysis with a T u k e y window (Jenkins and
Watts 1968). The spectra of the T-PCs reveal that most
of them have a large peak in one frequency band and a
white-noise background. The power spectra of T-PCs
2, 5 and 9 at Brest are presented in Fig. 5. The power
spectrum of the other m e m b e r of each pair (compare
Fig. 3) is not shown here, but reveals the same peak in
the same frequency band as that shown. Figure 5 confirms the visual evidence of Figs. 3 and 4: the pairs 2-3,

5-6 and 8-9 isolate pure oscillations with periods of 12,
36 and 6 months, although the E O F s are not sinusoidal.
Table 1 lists the n u m b e r of stations which manifest a
semi-annual and annual cycle, quasi-biennial oscillation, 4-5 year E N S O signal, and secular trend in the
first 10 eigenmodes. The annual cycle dominates the
sea-level data, and is most often captured by the eigenmode pairs 1-2 or 2-3. The semi-annual cycle is mostly
associated with the eigenmodes 4-6 or higher. The
E N S O low-frequency signal appears in eigenmodes 57, while the quasi-biennial signal is weakest in the
R S L H data and only shows up in eigenmodes 8-10
(see also Jiang et al. 1992, for lower power of this signal in tropical Pacific sea-surface temperatures).
Strongest in the sea-level data set after the annual cycle is the V L F variability or trend. However, the distribution of stations having trends in the first leading eigenmode (not shown) does not exhibit any organized
geographical pattern.

Table 1. Number of stations showing, in increasing order of the
time scale, the semi-annual and annual cycles, quasi-biennial oscillation, 4-5 year low-frequency ENSO signal, and trend in the

first 10 eigenmodes; the three largest numbers for each type of
signal are emphasized by bold lettering

Eigenmodes
1
Semi-annual cycle
Annual cycle
Quasi-biennial variability
4-5 y ENSO signal
Trend

2

3

4

5

6

7

8

9

10

Total

46
19
1
21
30

60

47

6
5

3
13

29
2
20

65

31

45

15

13

5

30
2
33
21
3

30
1
34
21
2

26
2
40
17
3

161
202
111
71
172

3

6

17

117

164

59

0
3

0
4
6

1
11
90

64

The total number of stations with the given type of signal in the
leading 10 eigenmodes is indicated in the last column; this number can be larger than the total number of stations (213) but is

smaller than twice that number, since each eigenmode with the
given period in its power spectrum is counted separately
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From the corresponding T-PCs, we reconstructed the
RSLH time series at all stations with a significant trend
or VLF component to study long-term sea-level
changes. The purpose here is to compare our findings
with previous ones, verify that SSA separates VLF variability and interannual oscillations from noise, and
show that reliable trends can be obtained by removing
the effects of the short-time scale variability. We calculated trends by applying linear regression analysis to
the VLF variability retained from each time series.
Figure 6 illustrates the time series reconstructed
from the eigenmodes of VLF variability and the resulting linear trend for Brest (France), Sydney (Australia),
Honolulu (Hawaii, USA), Seattle (Washington, USA),
San Francisco (California, USA), North Shields (United Kingdom), Cascais (Portugal), Bombay (India),
Key West (Florida, USA) and Portland (Maine, USA).
The observed sea levels are rising with a rate of 0.80,
0.58, 1.48, 1.83, 1.16, 1.68, 0.89, 2.06 and 2.12 mm/y, respectively. Key West and Portland, on the east coast of
the United States, have a much larger positive trend
because of regional land movements.
There were two major continental ice sheets over
Canada and northwestern Europe, respectively, at the
peak of the last glacial episode (18000 y BP). These ice
sheets completely melted by about 7000 y BP, and contributed around 100 m to sea-level rise. Although the
melting process was completed thousands of years ago,

8

9

264
the land along the east coast of North America is still
subsiding, while northern Europe is being uplifted due
to isostatic adjustment. Tushingham and Peltier (1991)
presented a global model based on the physics of the
deglaciation and isostatic adjustment process, which includes uplift of land previously under the Laurentide
or Fenno-Scandian ice sheets, and sinking in areas previously just south of them, where "forebulges" prevailed (Walcott 1973). We remove the isostatic postglacial rebound (PGR) effects by using their ICE-3G
model. For example, observed sea-level rise is 0.8 mm/
y at Brest; on the other hand, the PGR model indicates
that land is rising there at a rate of 0.1 mm/y. Therefore, actual sea-level rise at Brest is 0.9 mm/y. Linear
trends at all stations, with (panel b) and without (panel
a) PGR corrections, are summarized in Fig. 7.
As expected from isostatic PGR theory, the sea level along the west coast of North America is rising at a
relatively higher rate than elsewhere, since the land is
subsiding there (Fig. 7a). Similarly, sea level in northern Europe and northwestern Canada is rising at a
lower rate, due to the uplifting of these regions. After
PGR corrections (Fig. 7b), the RSLH trends are distributed more uniformly over the globe than the trends
without PGR corrections (Fig. 7a).
Since our data are sparsely and irregularly distributed, a global sea-level trend calculated by simply averaging the PGR-corrected station trends would still
exhibit a strong bias. Therefore, the tide-gauge sites
are divided into 11 geographical regions, symmetrically
with respect to the equator, except for the northeast
and southeast Pacific Ocean. Because there are only
two stations south of the equator in the east Pacific, we
define the northeast Pacific region as the west coast of
the Americas north of 10°N, and the southeast Pacific
region as that area south of 10°N. In addition, the
number of subregions in each ocean basin is selected in
proportion to the size of the basin. The regions and
number of stations in each are given in Table 2.
Outlying station trends in each region are not taken
into account, on the assumption that they cannot be
due solely to climatic effects. For example, in the
northwest Pacific Ocean region, Wajima, Japan
(37°24 ' N, 136°54 ' E) shows a fall of 0.79 mm/y. On
the other hand, stations close to Wajima, namely Onahama, Japan (36°56'N, 140°55'E) and Yantai, China
(37°32'N, 121°23'E), have a rising trend of 1.11 mm/y
and 0.66 mm/y, respectively. The trends of the latter
two stations are consistent with those of all other stations in the region. Hence, we omit Wajima's trend in
calculating the regional mean. Similar intercomparisons with adjacent data sites leave the total number of
regionally coherent station trends equal to 175, out of
the original 213 stations.
Results for the 11 regions, based on straight arithmetic averages, are also summarized in Table 2. Sea
level in all regions is rising with a rate of 1.2 mm/y or
more. Among the regions we defined, the smallest sealevel rise is in the Mediterranean, Adriatic and Black
Sea area and in the southwest Pacific, while the largest
is in the southeast Atlantic. The rate of mean sea-level
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Table 2. Regional mean trends, after PGR corrections, and associated standard errors
Region

Pacific
Ocean

Atlantic
Ocean
Indian
Ocean

1 (NWP)
2 (SWP)
3 (MP)
4 (NEP)
5 (SEP)
6 (NWA)
7 (SWA)
8 (NEA)
9 (SEA)

N

Trend
(mm/y)

17
4
9
19
3
44
26
44
4

1.9+0.5
1.2+0.8
1.4 + 0.9
1.3+1.4
1.6+0.3
1.5 + 1.2
1.8 -+1.4
1.5 + 1.3
2.4 + 1.0
2.0+0.7

10

3

Mediterranean,
11
Adriatic and Black Sea
Global trend

19

1.2+0.7

175

1.6-+0.4

Both major oceans, the Pacific and Atlantic, have a northwest
(NW), southwest (SW), northeast (NE), and southwest (SW) region, with the larger ocean having in addition a mid-Pacific(MP)
region; N indicates the number of stations in each region

change over the entire Atlantic Ocean (1.8 mm/y) is
larger than over the Pacific (1.5 ram/y). The global sealevel trend with PGR corrections is found to be
1.62 + 0.38 mm/y, by averaging arithmetically over the
eleven regions. Previous studies yielded 1.2 mm/y
(Gornitz et al. 1982), 1.51 +0.15 mm/y (Barnett 1983a),
1.43-2.27 mm/y (Barnett 1984) and 1.79+0.12 mm/y
(Douglas 1991). Our SSA-based results for the global
trend are thus consistent with those of previous studies, especially the latest. This enhances our confidence
in the method and leads us to use it for the less welltrodden study of interannual and interdecadal variability.

4.3 Interannual and interdecadal oscillations
SSA analysis (Figs. 2-5 and Table 1) clearly indicates
that the sea-level time series at many stations contain a
quasi-biennial mode and a low-frequency mode, with
periods of four-to-five years, in addition to the dominant features of the signal, i.e., the trend and the annual and semi-annual cycles. The distribution of stations with quasi-biennial signals is given in Fig. 8. The
distribution of periods, between 18-30 months, is
shown in the upper panel, and that of the amplitudes,
as a percentage of variance in the corresponding oscillatory modes out of the total station variance, in the
lower panel. The distribution of periods is rather irregular (Fig. 8a). Scattered periods appear mostly in the
regions where the signal's amplitude is small. The periods are more uniform in the equatorial Pacific and
along the west coast of North America, where most of
the higher amplitudes occur. Figure 8b reveals an amplitude reduction with increasing latitude along the
west coast.
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The distribution of the stations with a low-frequency ENSO signal is shown in Fig. 9. Such a 4-5 year signal appears at almost all stations (see last column of
Table 1), with an irregular distribution of periods (Fig.
9a). The amplitudes (Fig. 9b), like the ones of the quasi-biennial signal (Fig. 8b), are large mostly in the
equatorial Pacific and along the west coast of North
America, from the equator to 45°N.
Given the large amplitude of these two signals in
the tropical Pacific, we reconstructed the sea-level time
series for six individual stations in the low northern latitudes of the western and central Pacific, from the TPCs associated with the quasi-biennial and 4-5 y signals. These six stations (Fig. 10a) are situated between
123°E and 169°W, Legaspi (13°9 'N, 123°45 'E), Davao
(7°5'N,
125°38'E),
Apra
Harbor
(13°26'N,
144°39'E), Truk (7°27'N, 151°51'E), Kwajalein
(8°44'N,
167 °44'E),
and Johnston (16 °45'N,
169° 31'W) and are sufficiently close together to permit
obtaining an interpolated Hovm611er diagram of the
combined ENSO signal in sea level, between 120°E
and 170°W (Fig. 10b).
Rasmusson et al. (1990) point out that the quasibiennial component of the ENSO signal in the zonal
wind field at the equator shows an eastward propagation across the western and central Pacific. The filtered
sea-level data in Fig. 10b do not show a regular propagation picture: the signal represents a standing oscillation before 1963 and a westward propagating oscillation after 1963. Before 1967, a discontinuity occurs
roughly at the dateline, between Kwajalein and Johnston, with sea-level anomalies exhibiting a phase difference of 90 degrees to the east and west of the dateline.
To examine more carefully the propagation of this interannual variability, we applied M-SSA to the equatorial RSLH data; the results are presented in Section 5.
To examine interdecadal oscillations, we selected
81 stations with records of 50 years or longer. By applying first SSA with a 60-month window width, variations shorter than 60 months were filtered out at each
one of these stations, and zXt=12 months was used to
study the interdecadal variability. We then used the
multi-taper method (Thomson 1982; Yiou et al. 1991;
Vautard et al. 1992; Dettinger et al. 1995) to determine
sharp lines in the spectrum. Only the peaks with an Ftest confidence over 90% are selected, and the periods
present at each station are listed in Table 3. Our analysis indicates that most of the stations have variability
at 9-13 y and some high-latitude stations, mostly in
Northern Europe, have variability near 18 y. The latter
is likely to be associated with the 18.6-y tidal line
(Munk and Cartwright 1966). The former is of apparently climatic origin (Ghil and Vautard 1991; Allen
and Smith 1994).
In particular, we studied the pre-filtered, annuallysampled records of Brest, France, and San Francisco,
USA, for M = 4 0 and M = 3 0 years, respectively. Since
they have 181 and 127 years of sea-level data, respectively, it is appropriate to use large window sizes. San
Francisco sea level shows a trend in the first two TPCs, VLF variability with a period of 32 y superim-
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Fig. 10. a Locations of 6 equatorial Pacific stations; b time-longitude (Hovm611er)diagram of the ENSO signal in RSLH between
approximately123°E and 169°W.The diagram is based on spatial
interpolation to a regular grid of the SSA-filtered time series at
the six stations in a (see text for details); latitude differencesbetween stations are neglected. Contour interval is 10 ram, and longitude is counted eastward only. Negative contours are dashed
and positive anomalies are shaded

posed on 10-y variability in the third T-PC, and oscillations with a period of 12.5 y and 9.4 y associated with
eigenmodes 4-5 and 6-7, respectively (Fig. 11a). On
the other hand, the RSLH data at Brest indicate a
trend in the first T-PC, 40-y variations in the second
T-PC, and an oscillation with the period of 27 y in the
third and fourth T-PCs (Fig. 11b). T-PC 5 shows 18-y
variability and T-PCs 6 and 7 represent an oscillation
with a period of 12.8 y. Eigenmodes 8 and 9 contain
9.4-y variability but the variance associated with these
eigenmodes is less than 0.3% of the total. The rest of
the T-PCs have nearly zero variance and should be
considered as noise. The periods apparent in these two
records as 27 y (in the longer record) and 32 y (in the
shorter one) are likely to be associated with the dominant interdecadal signal (26.3 y) of Vautard et al.
(1992).

5 Main results

5.1 M-SSA of interannual variability
We applied M-SSA to sea-level height data in five regions: the eastern Pacific, western Pacific, eastern At-
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Table 3. Sea-level height stations which show interdecadal variability. Periods close to 10 years, 15 years and over 20 years are listed
separately
East Atlantic
Finland
Finland
Finland
Sweden
Finland
Norway
Finland
Finland
Sweden
Norway
Finland
Finland
Sweden
Sweden
Finland
Finland
Finland
Finland
Sweden
Sweden
Sweden
Sweden
Sweden
Norway
Sweden
Denmark
Denmark
Sweden
United Kingdom
United Kingdom
Sweden
Denmark
Sweden
Denmark
Denmark
Denmark
Sweden
Denmark
Sweden
Denmark
Denmark
United Kingdom
Denmark
Ireland
United Kingdom
United Kingdom
France (Atlantic)
Italy (Adriatic)
USSR (Black Sea)
France (Mediterrean)

Kemi
Oulu/Uleaborg
Raahe/Brahestad
Ratan
Pietarsaari/Jakobstad
Heimsjo
Vaasa/Vasa
Kaskinen/Kasko
Draghallan
Kjolsdal
Mantyluoto
Lyokki
Nedre Gavle
Bjorn
Lypyrtti
Turku/Abo
Degerby
Uto
Stockholm
Nedre Sodertalje
Stromstad
Landsort
Smogen
Tregde
Goteborg-Klippan
Hirtshals
Frederikshavn
Olands Norra Udde
Aberdeen I
Aberdeen II
Varberg
Aarhus
Kungholmsfort
Hornbaek
Kobenhavn
Fredericia
Klagshamn
Esbjerg
Ystad
Korsor
Slipshavn
North Shields
Gedser
Dublin
Southend
Newlyn
Brest
Trieste
Port Tuapse
Marseille

6544 N
6502 N
6442 N
6400 N
6342 N
6326 N
6306 N
6223 N
6220 N
6155 N
6136 N
6051 N
6040 N
6038 N
6036 N
6025 N
6002 N
5947 N
5919 N
5912 N
5857 N
5845 N
5822 N
5800 N
5743 N
5736 N
5726 N
5722 N
5709 N
5709 N
5706 N
5609 N
5606 N
5606 N
5541 N
5534 N
5531 N
5528 N
5525 N
5520 N
5517 N
5500 N
5434 N
5321 N
5131 N
5006 N
4823 N
4539 N
4406 N
4318 N

2433 E
2526 E
2430 E
2055 E
2242 E
907 E
2134 E
2113 E
1728 E
538 E
2129 E
2111 E
1710 E
1758 E
2114 E
2206 E
2023 E
2122 E
1805 E
1737 E
1111 E
1752 E
1113 E
734 E
1157 E
957 E
1034 E
1706 E
205 W
205 W
1213 E
1013 E
1535 E
1228 E
1236 E
946 E
1254 E
827 E
1349 E
1108 E
1050 E
127 W
1158 E
613 W
44 E
533 W
430 W
1345 E
3904 E
521 E

10.7
11.1

Calcutta (Garden Reach)
Bombay (Apollo Bandar)

2233 N
1855 N

8818 E
7250 E

11.1
9.1

Wajima
Aburatsubo
Mera
Tonoura
Hosojima
Macau
Honolulu
Newcastle III
Sydney, Fort Denison

3724
3509
3455
3454
3226
2212
2119
3255
3351

10.2
12.2
9.8
11.1
12.2
12.8
10.7
11.1
10.7
10.7
11.6
9.8
11.6/8.8
11.1
10.2
10.7
10.2
9.8
10.2
14.2
9.5

15.1
23.3
17.1
19.7
15.1
17.1
18.3

19.7
23.3
19.7
15.1
17.1

23.3
25.6

18.03
17.1
32
36.6

11.1
11.1
11.6
10.2
11.1
10.7
10.7
11.1
11.1

23.3

23.3

19.7
19.7
10.7
11.1
11.1
11.1
11.1
36.6
14.2
10.7
12.2

17.1

32
21.3

13.5
12.8

Indian Ocean
India
India
West Pacific
Japan (Honshu-Japan)
Japan (Honshu-Pacific)
Japan (Honshu-Pacific)
Japan (Honshu-Japan)
Japan (Kyushu)
Macau
Hawaiian Islands
Australasia
Australasia

N
N
N
N
N
N
N
S
S

13 654
13 937
13 950
13204
13140
11333
15752
15148
15114

E
E
E
E
E
E
W
E
E

11.6
13.5
28.4
28.4
28.4
36.6

10.7
8
11.6
10.7

21.3
17.1
21.3
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Table 3. (continued)
East Pacific
USA (Alaska)
Canada (Pacific coast)
USA (Pacific coast)
USA (Pacific coast).
USA (Pacific coast)
USA (Pacific coast)
USA (Pacific coast)

Ketchikan
Victoria
Seattle
Astoria (Tongue Point)
San Francisco
Los Angeles
La Jolla (Scripps Institute)

5520 N
4825 N
4736 N
4613 N
3748 N
3343 N
3252 N

13138 W
12322 W
12220 W
12346 W
12228 W
11816 W
11715 W

West Atlantic
USA (Atlantic)
USA (Atlantic)
USA (Atlantic)
USA (Atlantic)
USA (Atlantic)
USA (Atlantic)
USA (Gulf)
USA (Atlantic)
USA (Gulf)
USA (Atlantic)
USA (Gulf)
Panama (Caribbean)
Panama (Pacific)

Philadelphia (Pier 9N)
3957 N
Baltimore
3916 N
Annapolis (Naval Academy)
3859 N
Hampton Roads
3657 N
Porthsmouth (Norfolk Naval Base) 3649 N
Charleston I
3247 N
Pensacola
3024 N
Mayport
3024 N
Galveston II
2919 N
Miami Beach
2546 N
Key West (Naval Base)
2433 N
Cristobal
921 N
Balboa
858 N

7508 W
7635 W
7629 W
7620 W
7618 W
7956 W
8713 W
8126 W
9448 W
8008 W
8148 W
7955 W
7934 W
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28.4
13.5
8.8
11.1
9.1/12.2
17.1
9.8/14.2

19.7
17.1
28.4

11.6
12.8
12.2
12.2
12.2
12.2
13.5
12.2
12.8
12.2
11.6
10.2
14.2

lantic, western Atlantic, and equatorial Pacific. First,
we removed the trend from the sea-level height data of
each station by using SSA with the maximum embedding dimension M=N/3 (Vautard et al. 1992), and the
reconstruction formulae given by Eqs. (3, 4), where the
subset S at a station excluded the modes associated
with the trend at that station. Then we interpolated
sea-level values, from the detrended series, along the
continental coasts in 5 ° or 10 ° intervals, depending on
the density of the stations in every group. Time coverage of the gridded data in each group differs, to reflect
that of the stations ill the group. While applying MSSA, we used an embedding dimension of 84 months,
i.e., 7 y, with a sampling interval of one month. The
findings for the five regions are presented in the following subsections.

Eastern Pacific. The sea-level height data at 38 stations
located along the west coast of the American continent
are interpolated from 55°N to 25°S in 10 ° intervals, giving a total of 9 grid points. The coverage of the stations
combined to yield a grid-point value is not the same in
different time intervals, so data from different stations
may be used to interpolate in obtaining each monthly
value. If a station with a shorter time coverage than the
gridded data has an exceptionally high variance, then
the interpolated data will show a higher variance while
that station is being used than during the rest of the
time. Therefore, to prevent domination of the gridded
values by stations with high variance, we normalized
the station records to unit variance prior to interpolation.
In the eastern Pacific, gridded data cover the time
interval between January 1948 and D e c e m b e r 1969,
with a total n u m b e r of 256 data points. The size of the
covariance matrix to be diagonalized is 7 5 6 x 7 5 6 , as
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Eastern Pacific RSLH 25°S-55°N

Western Pacific RSLH 35°S-45°N
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Fig. 12a-e. Singular M-SSA spectra of RSLH data for: a Eastern
Pacific between 25°S and 55°N; b western Pacific between 35°S
an 45°N; c eastern Atlantic between 30°S and 70°N; d western
Atlantic between 50°S and 50°N, and e equatorial Pacific between 123°E and 169°W. Window width M=84, sampling interval 1 month. The number of channels is 9, 9, 11, 11 and 6, respectively. Solid line shows the Monte Carlo eigenvalue curve of 95%

confidence. Eigenvalues of R S L H data below the solid line are
not significantly greater than white-noise eigenvalues; triangles
show cumulative variance. Error bars are calculated by using the
heuristic variance formula, O'k= Ak( 2 / N ' ) 1/2, where N ' = N / r . . . .
N is number of data and % ~ is the maximum of the decorrelation times of R S L H data at all grid points used in the M-SSA
analysis of each panel

L M = 9 × 84 = 756. Figure 12a shows the first 60 eigenvalues with the 95% confidence interval described in
Section 3.2, where ~'max=4 months for this region. In
the s a m e graph, cumulative variances associated with
the eigenvalues are shown as percentages. T h e r e are
several breaks in the spectrum, after k = 2, 6, 10, 16 and
51. A f t e r k = 5 1 , the slope of the spectrum is almost
constant and only 3.6 percent of the total variance is
associated with the remaining 705 eigenvalues.
Oscillatory pairs are d e t e r m i n e d by the three criteria given at the end of Section 3.1. Following are the

oscillatory pairs found in the eastern Pacific sea-level
heights to be significant by these three pairing criteria:
1-2 with 12 months, 3-4 with 73 months, 5-6 with 6
months, and 9-10 with 26 months. The pair 7-8 satisfies only two of the pairing criteria, and is therefore
rejected as a pure oscillation. Still, its variability seems
to be d o m i n a t e d by near-periodicity at 3-4 y.
The first two eigenvalues account for 53.4% of the
total variance and are quite distinct f r o m the rest; they
correspond to the average seasonal variations of the
sea-level along the coast. T h e annual cycle is thus the
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most pronounced oscillation in the detrended R S L H
data along the west coast of the USA. The associated
T-PCs are in quadrature and have a correlation of 1.0
at lag 9 for T-PC 1 leading T-PC 2. Maps of the annual
cycle in sea level for the entire Pacific are shown by
Wyrtki and Leslie (1980). Our reconstructed time series of the annual cycle (not shown) illustrates that
minimum sea level along the west coast of the USA
occurs in February at 5°N and then shifts to higher latitudes until July at 45°N. Maximum sea level occurs in
August at 5°N and shifts northward through January.
At 55°N, the minimum is in June and the maximum
occurs in December. A shift of only one month for
both maxima and minima occurs, on the other hand,
between 5°S and 25°S. Sea level is maximum in October and minimum in April at 5° S, with the maximum in
September and the minimum in March at 25 ° S.
The second pair illustrates low-frequency variability
with a period of 6 y and 12% associated variance. Figure 13a shows the EOFs in the lag-latitude plane. It is
clear that the 6-y signal is propagating toward both
poles, away from 5°N, where the amplitude is vanishingly small. Calculated phase speed is about 18.5 km/
day (see Fig. 14a), which is slow compared with the 35
kin/day found by Chelton and Davis (1982). Sturges
(1987) also found sea-level variability with a period of
6 y that is coherent between San Francisco and Honolulu, but out of phase by several years. Enfield and Allen (1980) showed low correlations between Balboa
(8°58'N) and Buenaventura (3°54'N) sea-level anomalies, on the one hand, and the other stations along
the east Pacific shore. They suggested that this low correlation may be related to the anomalous behavior of
the trade-wind monsoon over the Panama Bight. Hastenrath (1976) indicated that the Inter-Tropical Convergence Zone (ITCZ) tends to move southward
(northward) during high (low) SST anomalies in the
eastern Pacific and that this results in a lower sea level
in the Gulf of Panama during the years of high SST
anomalies. The low sea-level occurring in the Gulf of
Panama during E1 Nifio years might explain the low
correlations between the two stations there (Balboa
and Buenaventura) and other east Pacific sea-level stations.
In our analysis, we found a poleward propagating
6-y signal which is consistent at all latitudes except
5°N. The amplitude of the signal at 5°N is considerably
smaller than that at other latitudes. Because of the low
correlation between Balboa, Buenaventura and the
other sea-level stations, and because we use both
Buenaventura and Balboa for interpolating to the 5°N
grid point, lower amplitudes of the low-frequency signal obtain there. The rest of the reconstructed signal
shows, however, consistent poleward propagation.
The second low-frequency pair, found to be significant by all three pairing criteria, consists of modes 9
and 10 with a quasi-biennial period of 26 months. The
corresponding T-PCs are most significantly correlated
when T-PC 10 is leading by 7 months. The plot of the
eigenvectors (Fig. 13c) suggests that the signal travels
poleward, accelerating toward high northern latitudes.
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We performed a linear regression analysis to find the
propagation speed from the equator to higher latitudes. The calculated mean slope from 11 maxima and
10 minima of reconstructed sea level (see Fig. 14b) between 1948 and 1969 is 52 + 10 kin/day and 40 + 20 km/
day, for the latitudes 5-25°S and 5-45°N respectively.
The latitude box centered at 55°N is excluded because
the amplitude of the signal there is very small and inconsistent with the signal at other latitudes. The maximum slope for the Northern Hemisphere is 92 kin/day
and occurs during the 1959 episode, while the minimum is 21 km/day in 1948-49.
The maximum and minimum slopes do not occur in
the same years in the Northern and Southern Hemispheres. Moreover, the 1955 and 1964 episodes exhibit
the same phase at all southern latitudes simultaneously, while 1961 and 1968 show slow propagation with a
speed of around 27 km/day. To estimate the average
wave speed in the Southern Hemisphere, the 1955 and
1964 episodes were, therefore, excluded. The mean
phase speed of this mode is still 2-3 times faster than
we found for the 6-y oscillation. Chelton and Davis
(1982) found from analyzing sea-level height data from
20 stations along the west coast of North America that
the low-frequency signal (0.125-1 cpy) traveled up the
coast at about 35 kin/day (40 cm/s). The cross spectral
analysis of Enfield and Alien (1980) suggests that the
phase speed of the low-frequency variability (0.24).4
cpy) is about 60-100 kin/day. The phase speed of the
26-month signal, calculated here as 20-62 kin/day is
close to the phase speeds reported in these two earlier
studies, which did not distinguish, as we do here, between a quasi-biennial and a lower-frequency signal.
The amplitude of the quasi-biennial signal during all
episodes is much larger at low latitudes (except 5°N)
than at high northern latitudes. This suggests that the
variability originates from the lower latitudes and
propagates northward while losing its strength. The
amplitude reduction might be an indication of energy
transfer to the open ocean in the form of westward
propagating Rossby waves (Pazan and White 1986; Jacobs et al. 1994). Poleward propagation of this signal
cannot be verified in the Southern Hemisphere, where
data are available only down to 25 ° S.
It is interesting to notice the similarities between
our observations and the model results of Pares-Sierra
and O'Brien (1989). Their reduced-gravity model
showed that the sea-level height anomalies along the
coast are due to disturbances of equatorial origin and
propagate to higher latitudes in the form of coastally
trapped Kelvin waves. The difference in phase speed
between the quasi-biennial and the 6-y signal is likely
to be due to differences in equivalent depth of the associated Kelvin waves.
By using SSA to analyze sea-surface temperature
and sea-level pressure data at tropical Pacific stations,
Rasmusson et al. (1990) identified two dominant time
scales of ENSO variability, a quasi-biennial mode and
low-frequency variability with periods of 4-5 y. The
same time-scale separation was found by Keppenne
and Ghil (1992) in the Southern Oscillation index
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(SOI). The two modes that appear in east Pacific sealevel height data are clearly related to these two ENSO
modes. The somewhat longer period of the second
mode in our data ( ~ 6 y) may be due to the shortness
of the available records (22 years only of RSLH).
The two eigenmodes and 8 are not in quadrature,
while having periods of 3--4 y. The reconstructed signal
using the quasi-biennial and 6-y oscillations, along with
eigenmodes 7-8 that have less regular behavior in
time, is illustrated in Fig. 15 for two different latitudes.
All strong (1957-58, 1965) and weak (1951, 1953, 1969)
events are common to both latitudes, while amplitude
is smaller overall at 25°N than at 5°S. Strong events
start when all three modes are in phase, whereas weak
events occur when the quasi-biennial signal is near
quadrature with the other two low-frequency modes.
The quasi-biennial sea-level signal is almost identical
with the corresponding SST signal of Puerto Chicama
(7°S) on the Peru coast (see Fig. 10 of Rasmusson et al.
1990). This shows the strong and instantaneous effect
of SST on sea-level height in the tropics, quite unlike
the opposite conclusion reached at Bermuda (32°N) by
Wunsch (1972).

Western Pacific. R S L H stations along the east coast of
Asia and on nearby islands are interpolated to 9 grid
points, extending from 35°S to 45°N in 10° intervals.
Data from a total of 189 stations are used in this inter1.6
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Fig. 15. Reconstructed sea-level height variability from all lowfrequency modes in the eastern Pacific at 25°N and 5°S
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polation. Out of the 189, however, 117 stations are located between 30°N and 40°N; the remaining 72 stations are more evenly distributed over the other latitudes. We performed M-SSA with the same window
width of M = 84 and sampling interval of one month as
before. The eigenspectrum with 95% confidence intervals for the first 60 modes is shown in Fig. 12b; %ax = 9
months in this case. As in the east Pacific region, the
first two eigenvalues are nearly equal and well separated from the rest; together they contain 44% of the
total variance. Breaks in the spectrum occur after
modes 2, 6, 8, 10 and 23. The slope of the spectrum is
very small and nearly constant after eigenvalue 23, suggesting that the remaining eigenmodes represent white
noise. The noise level seems higher than in the eastern
Pacific, and a larger number of eigenvalues is associated with noise. For example, the first 23 eigenmodes
here have a total variance of only 69.6%, as opposed to
87.8% for the eastern Pacific. The Monte Carlo test
suggests that the first 17 eigenvalues differ significantly
from noise. The dominant-variance rule A4 also gives
the same statistical dimension (Vautard and Ghil 1989)
of 17.
The pairs of eigenvalues that pass all three significance tests for oscillatory modes are 1-2, 3-4, 5-6, 7-8,
and 9-10. The first and third pairs correspond to the
annual and semi-annual cycles, and are thus of lesser
interest here. The other pairs represent low-frequency
oscillations having periods of 42.6, 51.2 and 21.3
months, respectively. When we applied M-SSA with a
sampling interval of 2 months but with the same window width, the order of the second and third pairs
changed, the second pair becoming a semi-annual cycle
and the third pair a 42-month oscillation (compare Allen et al. 1992, for the effect of changing SSA parameters on the order of the eigenmodes representing given
features of the time series). The rest of the variability
remained in the same eigenmodes. On the other hand,
eigenvectors and T-PCs associated with either period
were almost identical to the one-month sampling case,
confirming further the physical significance of the two
oscillations in question, along with the other three
present (12, 51.2 and 21.3 months).
Pairs that represent low-frequency oscillations, other than the annual and semi-annual cycles, will be
called pair 1 (42.6 months), pair 2 (51.2 months) and
pair 3 (21.3 months). The correlation coefficients of the
correspondingT-PCs are 0.83 at lag 9 for pair 1, 0.94 at
lag 9 for pair 2, and 0.86 at lag 5 for pair 3. Pairs 1-3
are apparently related to the ENSO cycle with periods
of 2-5 y. A fourth pair, 18-19, lies close to the noise
floor, but passes the three criteria for oscillatory behavior. Its period is 14.6 months and it could be related
to the Chandler wobble of the pole of rotation relative
to that of reference (Munk and MacDonald 1960, pp
149-153; Trupin and Wahr 1990). It gains further credence from the fact that the frequencies of pairs 3 and 4
are twice and three times that of pair 1.
In the eastern Pacific, 42-month variability is present in eigenmode 7, but it does not stand out as a clear
oscillatory pair, the way it does in the western Pacific.
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Fig. 16a-c. Reconstructed sea-level height evolution from a
modes 3-4 (42.6 months); b modes "/-8 (51.2 months), and c
modes 9-10 (21.3 months) for the western Pacific
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Moreover, the quasi-biennial component of ENSO, if
that identification for pair 3 is correct, has a higher frequency in the western than in the eastern Pacific; the
difference might again be due to the limited length of
the records.
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Reconstructed sea-level data from pairs 1-3 (Fig.
16a-c) show that low-frequency variability is mostly associated with the latitudes 5°S-15°N. The time-latitude
plots suggest a southward propagation from 35°N
through 5 ° S, especially for the 42- and 51-month oscillations before 1975-80 (Fig. 16a, b). Northward propagation in the Southern Hemisphere data for these two
pairs is not very clear. On the other hand, there appears to be northward propagation from 35°S to 15°S
in the 21-month mode (Fig. 16c). Amplitudes of the
signal at higher latitudes are relatively small. In the
first low-frequency mode, sea level at 35-45°N is dominated by high-frequency variability around 6 months,
while in the second and third low-frequency modes,
the variability at these latitudes is out of phase with the
others. Strong E1 Nifio years show large anomalies
around the equatorial latitudes that have longer time
coverage. Negative and positive anomalies in the equatorial region are very high during the time intervals
1971-1978 and 1982-1986, in both the 21- and 42month oscillations (Fig. 16a, c).
Reconstructed sea-level variability from the three
low-frequency modes is illustrated in Fig. 17 for each
10° latitude interval. Significant RSLH drops are found
in tropical latitudes during the years 1969, 1972-73,
1982-83 and 1986, which coincide with E1 Nifio events
in the eastern Pacific; the last drop shows the beginning of the 1986-87 event. Right before these years,
there are remarkable positive anomalies of RSLH,
when warm water accumulated in the tropical west Pacific. The low-frequency amplitude drops between
15°N and higher latitudes, and also between 5°S and
25°S.
Eastern Atlantic. There are 134 stations located in the

eastern Atlantic region between 30°S and 70°N. Their
records were interpolated to grid points along the coast
in 5° intervals, after removing the trend. The station
distribution is not uniform along the coast; in particular, over the intervals 25 ° S-5°S and 5°N-25°N, stations
are either very sparse or their coverage is too short to
perform M-SSA over a common time interval of 194787. Therefore, the data at latitudes 25°S-25°N are not
interpolated, and these latitudes are omitted hereafter,
except the equator itself.
The singular spectrum of the east Atlantic sea level
is given in Fig. 12c. Comparison with the Pacific Ocean
sea-level spectra reveals that the noise level in the eastern Atlantic is substantially higher. Since there are 11
channels in this analysis, the size of the covariance matrix is fairly large, 924 x 924, and the total variance is
shared by 924 eigenmodes. There appears a clear visual break after 21 eigenvalues. The dominant-variance
rule estimate of 32 is higher but the Monte Carlo test
confirms that only the first 21 eigenvalues are significant with 95% confidence. We examine therefore only
the oscillatory pairs among the first 21 eigenmodes.
The annual and semi-annual cycles, associated with
eigenmodes 1-2 and 3-4 respectively, are very distinct.
They contain 41% of the variance. The eigenmodes 58 (not shown) express jointly interannual variability
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East Atlantic Reconstructed SLH from modes 5-8
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with periods of 34 months and 5-8 y, respectively. An
eigenvector plot (not shown) suggests that the 5-8-y
variability is concentrated at 30°S and 0 ° latitude, while
the 34-month variability is concentrated at high northern latitudes, 30°N-70°N. Either the window width we
used is not large enough to resolve completely two interannual modes at all latitudes, or high-frequency variability dominates at higher latitudes and leaves part of
the interannual variability under the noise floor.
RSLH variations reconstructed from the low-frequency modes (Fig. 18) show that the 34-month variability is well organized before 1975 and has larger amplitudes starting with the late 1950s and ending in the
early 1970s. Poleward propagation occurs from 45°N to
70°N along the coast with a speed of about 8 kin/day,
much slower than for the eastern Pacific. Southward
propagation, not consistent with edge-wave theory, occurs from 40°N to 30°N with about the same speed.
Another low-frequency pair, 9-10, stands above the
noise level. Its period of about 14 months suggests that
it is a manifestation of the polar tide (Munk and Cartwright 1966; Trupin and Wahr 1990).
Western Atlantic. Western Atlantic RSLH data cover
the years 1949-1982 at latitudes from 50°S to 50°N,
and have been interpolated in 10 ° intervals. The singular spectrum is presented in Fig. 12d. Breaks in the
spectrum occur after orders 2, 4, 6, 10 and 23. According to rule A4, only eigenvalues after k = 60 are insignificant but the Monte Carlo test finds that solely
modes up to k = 10 are significant at the 95% level. We
thus study only modes up to 10, the smallest significant
number given by either of our three tests.
The pairs of eigenvalues 1-2, 3-4 and 5-6 all correspond to (sub)annual oscillations. The first and third
pairs represent the annual and the second pair represents the semi-annual cycle. The T-PCs of the third
pair are illustrated in Fig. 19a. The amplitude varies in
time with maxima around 1960 and 1974-76 and a min-

U n a l a n d Ghil: Oscillations in s e a level
West Attontic

PCs f o r M - - B / + , L : 1 1 ( 5 0 ° S - 5 0 ° N )

, , , I ,,

10

273

,t,,

, 1,'

'

['

'

' I',

'

I ' '

'

180"

6-

X3
160-

2

g

-2

J

-6"
,,

-10

,I,

, , I , , . I . , , I , , , l . , , I ,

,,

a

1/+0

120.

10
PC 7-8

6"

180

2"
160

-2"
"6"

o

. , , I , , ,I,

-10

.......,
PC 9-1Q

10
6-

140

, , I , , , I , , , I , , , I , , .
I

'

'

'1

'

'

'1

'

'

'

I

'

'

'

I

'

'

'

b 120

22

180

-2-

g

-6"

2

-10

,',,
1952

I,,
1956

', t , , ,
1960

1.,,
196/+

I.,,
1968

I,,.
1972

I , , .
1976
1980

Fig. 1 9 a - c . T - P C s of sea-level h e i g h t d a t a for t h e w e s t e r n A t l a n tic b e t w e e n 50°S a n d 5 0 ° N for m o d e s : a 5-6, with a p e r i o d of 12
m o n t h s ; b 7-8, h a v i n g 3 4 - m o n t h a n d 6 - 7 y variability, a n d c % 1 0 ,
h a v i n g 3 4 - m o n t h a n d 6 - 7 y variability as well

160

o,
140

1200
o

2L

4.8
Lag

72

0

21,,

/.8
Log

72

Fig.
21a-c.
First t h r e e i n t e r a n n u a l pairs for e q u a t o r i a l Pacific sealevel height: a pair 3-4, with a p e r i o d o f 51.2 m o n t h s ; b pair 5q5,
with p e r i o d s of 72 a n d 30 m o n t h s ; a n d c 7-8, with a p e r i o d of 23
m o n t h s . L o n g i t u d e c o u n t e d e a s t w a r d , as in Figs. 10 a n d 22

5.5~

. . . .
: 5 0 : ,

I

. . . .

I

. . . .

I

. . . .

I

. . . .

f .....................

..........

. . . . . . . . . . . . . . . . . .

30:N. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

•

.................

"

.......

. . . . . . . . . . . . . . . . . . . . .

o.s ...... 40.:S ........ :/

.........................

:: ~

• :.....,. s g : S ............................................~

1940

1950

1960

:

.....................:
............... :

1970

1980

1990

Year
Fig. 211. R e c o n s t r u c t e d sea-level h e i g h t s f r o m e i g e n m o d e s 7 - 1 0 of
t h e w e s t e r n Atlantic; t h e a s s o c i a t e d p e r i o d s are 2.8 y a n d 5 - 8 y.
D a t a a r e n o r m a l i z e d p r i o r to analysis

imum around 1968. This suggests that the annual cycle
is modulated by VLF variability, with a periodicity that
might be of 15 y, or slightly longer. Such a peak was
found in globally averaged surface air temperatures by
Ghil and Vautard (1991) and confirmed with different
data sets and methods by Vautard et al. (1992) and

Mann and Park (1993). The western Atlantic, north of
the equator, exhibits particularly high significance of
this signal in Mann and Park's analysis.
Eigenmodes 7-10 are characterized by interannual
variability, combining periods of 34 months and 6-7 y,
as did modes 5-8 for the eastern Atlantic. Correlation
coefficients between the two T-PCs of pairs 7-8, 8-9,
9-10 and 8-10 (see Fig. 19b, c) are 0.85 at lag 10, 0.66
at lag 19, 0.44 at lag 8 and 0.76 at lag 15, respectively;
the correlation coefficient between 9 and 10 is lower
than the others but still significant at 95%. The correlation coefficients among these four modes suggest that
they all represent the same variability with two distinct
interannual periods. RSLH changes reconstructed
from these four interannual eigenmodes are illustrated
in Fig. 20. A significant amplitude reduction occurs between 1960 and 1972, coinciding with the time interval
of high amplitudes in the eastern Atlantic interannual
modes (Fig. 18). The eigenmodes 22 and 23 correspond
to the Chandler wobble but lie within the noise floor;
therefore, this oscillation is not examined further.

Equatorial Pacific. In Section 4.3, we saw that equatorial Pacific stations exhibit clear ENSO variability in
sea level. The Hovm611er diagram of the combined
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ENSO signal in sea level between 123°E and 169°W at
around 10°N (Fig. 10b) shows a phase difference east
and west of the dateline before 1967, a slight eastward
slope before 1963 and westward slope after 1963. Locations of the 6 stations that entered the analysis in Fig.
10b are marked in Fig. 10a. We applied M-SSA with an
84-month window width to R S L H from these stations
for 1950-1977. Prior to analysis, the existing trend was
removed from each station record by SSA pre-filtering.
In this subsection, the data are not interpolated to a
regular grid because of the sparse and irregular distribution of the stations.
The first 19 eigenvalues (Fig. 12e) satisfy the Monte
Carlo significance test and contain 63% of the total
variance. The first interannual pair is 3-4, associated
with a period of 51.2 months and with 10.2% of the
total variance. The two T-PCs are in quadrature, having a correlation of 0.92 at lag 11. The two EOFs (Fig.
21a) reveal that the 51.2-month signal moves westward
from 169°W to 155°E, with increasing lag. Maximum
amplitude of the signal appears around 167°E at Kwajalein. Reconstructed time series based on this M-SSA
analysis confirm the westward propagation from
175°W to 15~°E (Fig. 22a).
Eigenmodes 5-6 and 7-8 form the second and third
ENSO-related pairs. They represent a 72-month oscillation, superimposed on 30-month variability, and a 23month oscillation with variances of 6.2% and 5.4%, respectively. The maximum amplitudes appear at Kwajalein (167°E) and Truk (151°E) for all three oscillations. The second interannual pair (Figs. 21b and 22b)
characterizes a standing oscillation which is dominated
by high-frequency (30-month) variability after 1963
and low-frequency (72 month) variability before 1963.
The 23-month oscillation (Fig. 22c) shows a westward
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Fig. 22a-c. Reconstructed sea-level height
evolution for the equatorial Pacific from:
a modes 3-4, with a period of 51.2
months; b modes 5-6, with periods of 72
and 30 months, and e modes 7-8, with a
period of 23 months

phase propagation with a speed of around 45 km/day
which is consistent with the results (43 km/day) of Mitchum and Lukas (1990). The phase speed is close to
the third baroclinic Rossby-wave phase speed at this
latitude. Reconstructed data from the 51.2- and 23month signals (Fig. 22a, c) show that the variability has
strengthened gradually since 1965 and 1970, respectively. As for the western Atlantic, the 14.6-month os-
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Fig. 23a, b. Reconstructed interdecadal variability; latitude interval is 10° and sampling interval 1 year. a Eastern Atlantic, 40°N 70°N (period of 11.6 y); window width is 33 years, b western Atlantic, 10°N-50°N, based on pair 1-2 (period of 12.8 y); window
width is 24 y
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cillation appears here in eigenmodes 21-22 that are not
considered significant by our battery of tests.

5.2 M-SSA of interdecadal variability
Interdecadal M-SSA analysis was performed by using
annually sampled data, as explained for single-channel
SSA in Section 4.3. In the eastern Atlantic region, the
narrow latitude interval 40°N-70°N has longer RSLH
coverage (1889-1987) than the broader 30°S-70°N interval for which the interannual analysis was carried
out. Using a window width of M = 33 years, we found
only one oscillation, eigenmodes 3-4, having a period
of 11.6 years. Reconstructed sea level (Fig. 23a) shows
southward propagation, with a 4-y delay between 70°N
and 40°N. Maximum variability occurs at 50°N and the
amplitude of the decadal oscillation increases from
1890 to 1915, to decay strongly thereafter.
In the western Atlantic, RSLH data cover the 72
years from 1913 to 1984. We used a 24-y window for
the channels 10°N-50°N and found two pairs of oscillations capturing the interdecadal variability: the first
pair is eigenmodes 1-2, with a period of 12.8 years, and
the second is 7-8, with a period of 10-11 y. Climatic
decadal signals were obtained by Ghil and Vautard
(1991), Vautard et al. (1992), and Allen and Smith
(1994). The first pair (Fig. 23b) exhibits regular behavior in time compared with the second (not shown). The
maximum amplitude of the first pair is at 30°N, with
the signal converging there from both north and south,
while the opposite phase obtains at 10°N.

6 Summary and discussion
Sea level responds to changes in the density and quantity of ocean water and tends to equilibrate on very
long time scales. Local and regional effects of land
movements, as well as of oceanic and atmospheric
processes, can also change the sea level. These local
effects on sea level are at times as large as the climatic
effects one is interested in, and heighten the difficulty
in studying globally coherent variations of sea level.
Singular spectrum analysis (SSA) is a powerful statistical method which helps us deal with the noise in, and
insufficient length of, time series. It was used to identify the long-term trend, interannual and interdecadal
oscillations in sea-level records; 213 records were selected for this analysis, out of 846 available, based on
their length and continuity (see Figs. 1 and 7-9).
Our analysis of the trends in relative sea-level
heights (RSLH) indicates that they are distributed
more uniformly over the globe after post-glacial rebound (PGR) corrections (Fig. 7a, b). In calculating
the global trend, regional trends were determined and
averaged to decrease the domination of trends by stations with large sea-level height variations. We calculated the trends in 11 subregions, after eliminating outliers, and observed that the minimum increase in sea
level, of 1.2 mm/y, occurs in the Mediterranean. The
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maximum increase, of 2.4 mm/y, occurs in the southeast Atlantic. The arithmetic average over the eleven
regions yields a sea-level rise with a rate of 1.6 mm/y
and a standard deviation of 0.4 mm/y (Table 2). This is
consistent with earlier estimates, especially those of
Barnett (1983a) and Douglas (1991).
Sea level also shows interannual and interdecadal
variations, other than the trend. After the annual cycle,
trend and semi-annual cycle (at some stations) were removed, we investigated the two dominant modes of interannual variability in sea-level records: variability between 18-30 months and between 36-60 months [following Rasmusson et al. 1990, for sea-surface temperature (SST) and surface winds, and Keppenne and Ghil
1992, for the Southern Oscillation index]. Quasi-biennial variability (Fig. 8) and the low4requency component of ENSO (Fig. 9), appear at many stations (see
also Table 1). Their relative amplitudes reveal that
these signals are most significantly associated with the
sea-level stations in the equatorial Pacific and along
the west coast of North America.
Sea-level time series were filtered to retain only
quasi-biennial and 4-5 y signals at six tropical Pacific
stations (mapped in Fig. 10a), to the north of the equator. Spatial interpolation of the six records (Fig. 10b)
indicates that westward propagation of sea-level anomalies occurs after 1963, while there is a 90-degree
phase difference between RSLH anomalies at Kwajalein (167°E) and Johnston (169°W) before 1967.
Multi-channel SSA (M-SSA) was applied to the
RSLH data in five regions, eastern, western and equatorial Pacific, as well as eastern and western Atlantic,
combining stations in 10° or 5° intervals. The analysis
for the eastern Pacific, from 25°S to 55°N, shows 73and 26-month oscillations, as well as less regular 32-42
month variability. The 6-y signal propagates poleward
with a phase speed of about 18.5 kin/day. The quasibiennial signal propagates poleward with a phase
speed of 52+10 km/day between 5-25°S and with
40+20 km/day between 5-45°N. The difference in the
southward and northward phase speed might be due to
near-shore variations in the stratification and bottom
topography. Strong and weak El Nifio years are clearly
apparent in the sea-level evolution reconstructed from
the interannual modes (Fig. 15).
The western Pacific RSLH, from 35°S to 45°N,
shows three interannual oscillations with periods of
42.6, 51.2 and 21.3 months in order of decreasing variance, as well as a 14-month oscillation. The former are
probably related to E1 Nifio; in fact, a quasi-quadrennial oscillation with a period of 52 months was clearly
identified by M-SSA in COADS SST and surface
winds by Jiang et al. (1992). The latter could be related
to the polar tide (Munk and Cartwright 1966; Trupin
and Wahr 1990) and also appears in the results of Jiang
et al. (1992). There is southward propagation from
35°N to 5°S in the 42- and 51-month oscillations, while
no clear propagation in these two is observed in the
southern latitudes. The 21-month signal, however,
shows an obvious northward propagation in the southern latitudes. The reconstructed signal, based on the
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three interannual modes, exhibits large drops of RSLH
during E1 Nifio years, with significant sea-level increases the year before. These increases, almost equal
to the subsequent E1 Nifio drops, especially near 5°N,
might eventually be useful in 6--12 month E1 Nifio prediction.
The poleward propagation along the West Coast
(Fig. 14) is consistent with the signal carriers being
coastally trapped Kelvin waves, as suggested already
by Enfield and Allen (1980) and by Chelton and Davis
(1982). These earlier studies considered only bandpassed signals at individual stations along the coast.
Using a window of 0.125-1 cpy (1-8 y), Chelton and
Davis found a propagation speed of 35 km/day, while a
window of 0.2-0.4 cpy (2.5-5 y) yielded 60-100 km/day
in Enfield and Allen's work. Chelton and Davis'
broader range covers the low-frequency band more
completely than Enfield and Allen's analysis. Our
data-adaptive method yields two separate interannual
signals, each with its own propagation speed, of about
20 km/day for the six-year signal and of 40-60 km/day
for the quasi-biennial signal. These two phase speed
could represent two different Kelvin waves, with distinct equivalent depths. The decay of the amplitude
beyond 30-40°N is consistent with the tropical origin
of the waves and effective damping that is not too unrealistic. It is plausible to think that the inclusion of 6-y
variability in Chelton and Davis' analysis affected their
calculations and resulted in a slower phase speed than
Enfield and Allen's.
The propagation picture in the western Pacific is
considerably more complicated. The indication of lowamplitude equatorward propagation in high latitudes
(Fig. 16) is in agreement with the continuing progression of coastal Kelvin waves around the basin, but with
substantial loss of energy. The more complex geography of island groups and chains in this part of the
ocean is expected to reduce further any possibility of
clear along-shore propagation. Finally, Rossby waves
with different properties at different latitudes are likely to be reflected eastward by the geographic features,
as well as being generated by instabilities of the various western boundary currents present here. This is
why the clearest features of the sea-level evolution in
Figs. 16 and 17 are the low-latitude anomalies associated with temperature changes of the western Pacific
warm pool, prior to and during E1 Nifio events.
In the equatorial Pacific from 123°E to 169°W, we
find separate 51.2- and 23-month oscillations, as well as
a combined 30- and 72-month oscillation. The combined 30- and 72-month oscillation (Fig. 22b) represents a standing oscillation, while the quasi-quadrennial (Fig. 22a) and -biennial (Fig. 22c) oscillations exhibit westward propagation with the same phase speed of
about 45 km/day.
The eastern Atlantic RSLH, from 30°S to 70°N,
shows 34-month and 5-8-y oscillations. The 34-month
variability is mostly associated with high northern latitudes (30°N-70°N), while the 5-8-y variability dominates at the equator and 30°S (Fig. 18). In the 34month mode, we found slow northward propagation
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from 45°N to 70°N at a speed of 8 km/day, and southward propagation between 40°N and 30°N with the
same speed.
In the western Atlantic, from 50°S to 50°N, subannual variability dominates the first three pairs of eigenmodes, with 48% of the variance. Interannual variability occupies the remaining four significant eigenmodes,
with two significant peaks at periods of 34 months and
4-7 y. The reconstructed interannual signal (Fig. 20)
has small amplitude between 1960 and 1972, compared
with amplitudes before 1960 and after 1972. Interannual RSLH in the east Atlantic shows higher amplitudes during the same time interval (Fig. 18), suggesting some exchange of energy between the two sides of
the ocean, on this time scale of 5-7 y. The semi-annual
signal in modes 5-6 appears to be modulated with a
period near 15 y, found in surface air-temperature data
by Ghil and Vautard (1991) and Vautard et al. (1992),
and shown to have particularly high significance in the
western Atlantic by Mann and Park (1993).
More generally, interdecadal variations in both sea
level and climatic fields might be important in understanding the natural oceanic and atmospheric variations on which antropogenic climate changes are superimposed. We applied SSA to sea-level data from 81
stations with sea-level records longer than 50 years;
these were low-pass filtered with a 60-month window
and sampled annually. By using multi-taper spectral
analysis, we examined the interdecadal oscillations at
each one of these stations (see Table 3). Most of the 81
records show an oscillation of 10-13 y, and high-latitude stations, especially stations in northwestern Europe, show an oscillation around 18 y. The latter is
likely to be associated with the 18.6-y lunar nodal tide
(Munk and Cartwright 1966; Trupin and Wahr 1990).
In the eastern and western Atlantic ocean, at latitudes 40°-70°N and 10°-50°N, respectively, M-SSA
produced two significant pairs corresponding to periods of 11.6 and 12.8 y. These periods do not agree perfectly with the decadal signals found by Ghil and Vautard (1991) and Vautard et al. (1992), 9.1 and 15.5 y,
respectively, in global surface air-temperature data,
probably due to the shortness of all available instrumental records. Allen and Smith (1994) find a particularly strong 10-y "seesaw" in surface air temperatures
between the northern and southern tropical Atlantic,
but the propagation directions of these decadal modes
in sea level do not seem to agree with a tropical origin
of the signal. To conclude, organized decadal and interdecadal climate and sea-level variability is a tantalizing possibility and, if confirmed, of some importance
for modeling the coupled ocean-atmosphere system
(Weaver et al. 1991; Quon and Ghil 1992).
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