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ABSTRACT

A new sea level observation network initiated by the World Ocean Circulation Experiment (WOCE) program
is delivering hourly data from about 150 ocean stations worldwide. A complete analysis of these data was
performed using a least squares method allowing better accuracy over time series virtualy unlimited in time
(up to 13 yr in this case). In addition to the classical tidal harmonic constants, the power density spectrum of
the detided signal was computed. The 95% confidence intervals of the results of the analysis have been sys-
tematically estimated. The numerical and statistical methods applied to produce these numbers are presented
for three stations as an illustration. One example of application of this new dataset and its error bars is the
selection of atidal constant set, which is useful for validating and comparing the long-period tide models. This
selection is performed by eliminating stations where the oceanic continuum spectrum magnitude (around a given
tidal frequency) is more than 25% of the corresponding tidal peak amplitude. This study intends to lead to a
better exploitation of sealevel observations, which contain highly valuable information in the tidal and nontidal
domains. The authors conclude that the WOCE Sea Level network must be maintained, in particular for a
combined use with the present and future satellite altimetry missions. Thus, the aim of this paper is to present
anew analysis of thein situ sealevel observations acquired within the WOCE program with a particular emphasis
given to the precise determination of the tidal harmonic constants.
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1. Introduction

Observing, understanding, and predicting sea level
variations are currently primary concerns for the sci-
entific community. Satellite altimetry missions provide
us the means to observe the sea surface topography
globally, accurate to within a few centimeters. Among
the various processes responsible for sea surface vari-
ations, the oceanic tide represents the major contribution
(more than 80% of sea level variations in terms of var-
iance as estimated in TOPEX/Poseidon altimetric data;
Ray 1993). It is clear that in high wavenumber regimes
like Kuroshio, Gulf Stream, Malvinas, the sea surface
variability, on a percentage basis, due to the tides is
much less. Thus, in order to access the signal related
to other processes such as mean sealevel variationsand
short- and large-scale variability of the ocean circula-
tion, it is necessary to predict the oceanic tide with high
accuracy and therefore to determine the characteristics
in amplitude and phase of the tidal constituents. In re-
cent years, ocean tide models have been significantly
improved, in particular through the assimilation of al-
timeter datain hydrodynamic models. For the Jason one-
centimeter challenge (Ménard et al. 1999 manuscript
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submitted to Eos, Trans. Amer. Geophys. Union) the
accuracy of the tide model solutions hasto be even more
precisely estimated. One way to evaluate this accuracy
consists in comparing these solutions with tide gauge
data. Thanksto extremely well controlled long-duration
measurements, tidal gauge reading is indeed a highly
effective technique to measure sealevel and in particular
to deduce the tidal harmonic constants. Historically de-
ployed in coastal areas for navigation purposes, tide
gauges are now a major tool for studying the ocean and
its variations (Pugh 1987; 10C 1997).

Until recent years, many altimeter comparisons with
tide gauge data have been performed using the 103 stan-
dard tide gauge set (ST103; Le Provost 1994, Molines
et al. 1994; Andersen et al. 1995; Shum et al. 1997). In
1995, thisin situ reference was used as one of thecriteria
to select the two tide models: CSR3.0 (see Eanes and
Wahr 1996) and FES95.2 (see Le Provost et al. 1998)
for reprocessing of the TOPEX/Poseidon (T/P) Geo-
physical Data Records. For these accuracy tests, the
considered discrepancies between the different models,
in terms of discrimination of their individual constitu-
ents, were lower than one millimeter. Unfortunately, the
problem of the confidence interval estimates of tidal
constant errors was neglected in this comparison. The
study was hindered by the unavailability of these error
bars and by the lack of access to the initial time series
from which the tidal constituents were computed.
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Now, with the World Ocean Circulation Experiment
(WOCE) and its sea level component, a new and im-
proved tide gauge dataset is available. Data have been
acquired from over 150 sitesin 25 countries worldwide
and constitute a global dataset of unprecedented scope
and accuracy. In addition to the high standards of ob-
servations, more than 70 stations have now compiled
records dating back more than 13 years. This high qual-
ity material gives us the opportunity to produce a new
and more precise bank of tidal harmonic constants. Fur-
thermore, the long duration of the time series not only
allows systematic computation of the error bars relative
to the tidal analysis for the first time, but also provides
an insight into the nonstationary component of the oce-
anic tide.

Thus, the aim of this paper is to illustrate through a
couple of typical examplesthe available products of this
analysis, namely the usual tidal harmonic constants plus
their confidence limits and the power density spectra of
the residuals with error bars. In addition, we present one
application for the error barswhich consistsin providing
data assimilation codes, such as that implemented for
ocean tide modeling by Lyard et al. (1999, manuscript
submitted to J. Geophys. Res., hereafter LPP), with a
realistic estimate of the error variance in the observa-
tions.

This paper is organized asfollows: Section 2 presents
the WOCE Sea Level data set. Section 3 gives an over-
view of numerical and statistical methods. Section 4
presents a couple of typical results. Section 5 provides
one preliminary application for this new dataset: the
selection of a validation set for the M; tidal models.

2. The WOCE Sea Level dataset

During the recent years, the common in situ reference
for global tide studies was referred to the ** 103 standard
tide gauge set.” This was constructed, in 1994, from
the original set of 80 tide gauges selected by Cartwright
and Ray (1991) with various additions, corrections, and
updates (Le Provost 1994). The additional or corrected
data have been extracted from either the IAPSO data
(Smithson 1992) or the preliminary analysis of the
WOCE Sea Level time series (J. M. Molines, personal
communication).

The study of the large-scale circulation in the ocean
is at origin of WOCE, an international project initiated
in 1990 (WRCP 1988). WOCE aims have been to ac-
quire from satellites, ships, and autonomousinstruments
to obtain a basic description of the physical properties
and of the dynamical parameters characteristic of the
circulation of the global ocean over a limited period
(1990—-97). Within the scope of this project, the WOCE
Sea L evel network has been progressively deployed and
delivers hourly time series recorded in 164 stations in
the five oceans: 33 in the North Atlantic, 12 in the South
Atlantic, 26 in the Indian Ocean, 55 in the North Pacific,
37 in the South Pacific, and 1 station in the Arctic Ocean
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(the real number of instrumented sites for the WOCE
network can be slightly different as some instruments
have not been deployed exactly at the same location
along the observation duration; namely, the number of
stations reduces to 153 if we consider as distinct sites
the stations distant from each other by at least 25 km).
The global WOCE Sea Level network is presented in
Fig. 1. The WOCE project has been split into two phas-
es. First, an acquisition phase from 1990 to 1997, fol-
lowed by a second phase started in 1997 and scheduled
to finish in 2002, consisting in the exploitation of the
acquired material. At the time of writing, more than the
half of the stations have record lengths exceeding 10
years. This is an exceptionally long duration for a set
of this importance, which is one of the main reasons it
is so invaluable. In response to a wide demand in the
scientific community, this sea level network will be
maintained as part of Climate Variability and Predict-
ability (CLIVAR; WRCP 1998) scientific program and
the Global Sea Level Observing System/Global Ocean
Observing System (GLOSS/GOOQOS; 10C 1997) plans.
Therefore, data distribution for these stations should
(and do indeed) continue after the initial deadline of
1997.

Many stations transmit data by satellite thus allowing
data collection in near—real time even for uninhabited
and rarely visited observations sites, like the St. Paul
Island in the South Indian Ocean. There aretwo delivery
centres of data: the Fast Delivery Center at the Uni-
versity of Hawaii Sea Level Center (UHSLC), which
assembles and distributes the data transmitted by sat-
ellite within 1-3 months; and the Delayed Mode Sea
Level Centre at the British Oceanographic Data Centre
(BODC), which assembles, quality controls, distributes,
and archives all available sea level data within 18-24
months. At the present time, the UHSLC delivers data
for 109 stations and the BODC for 105 stations. Data
concerning about 50 stations are archived by the two
centers. The time series distributed by the UHSL C gen-
erally overlap those archived in the BODC but there are
some exceptions where time series are complementary
such as the Ponta Delgada tidal gauge (37°44.0'N,
25°40.0'W) in the Northern Atlantic: the UHSLC de-
livers effectively data for the period ranging from 1994
to 1998, whereas the BODC distributes data for the
period ranging from 1984 to 1993.

3. The method of analysis and statistics
a. General

Tides are the major contribution to sea surface var-
iations (up to 80% of the sea surface height variability).
They are mostly generated by gravitational forces ex-
erted by the Moon and the Sun upon the oceans (like
the mean lunar tide M, or the lunisolar K,). It has been
shown that these generative forces derived from a po-
tential (Cajori 1962). Darwin and Adams (1995) de-
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FiG. 1. The WOCE Sea Level network.

scribed this tide-producing potential asasum of circular
functions of time, based on the apparent lunar and solar
motions and leading to a discrete tidal spectrum in-
cluding about 32 lunar terms. The Darwin harmonic
expansion is still widely used, despite more precise ex-
pansions have been derived since [unlike Darwin who
used the lunar orbit as reference system to express the
longitude and the latitude of the Moon, Doodson (1921)
expressed these quantities related to the ecliptic; he ob-
tained purely harmonic developments including more
than 400 significant constituents]. However, as men-
tioned before, Darwin’s spectrum, extended by Shure-
man (1958) to about 70 lunar terms and 59 solar terms,
is the most commonly used. It is due to the simplifi-
cations offered by the nodal correction concept (see be-
low). Abbreviated, this expansion can be expressed as
a sum of long-period terms, diurnal terms, and semi-
diurnal terms. Each of them depends on parameters,
suchas o, I, e,m, T, s a p, & and v, where

is the latitude of the place of observation,

| istheinclination of the Moon’s orbit to Earth’s equa-
tor,

e isthe eccentricity of the Moon's orbit = 0.0549,

is the ratio of mean motion of the Sun to that of the

Moon,

hour angle of the mean Sun,

s isthe mean longitude of the Moon referred to equi-

Nox,

is the mean longitude of lunar perigee,

is the longitude in the Moon’s orbit of the intersec-

tion of the lunar orbit with the celestial equator, and

v is the longitude in the celestial equator of the in-

tersection of the lunar orbit with the celestial equator.

e O

For example, the mgjor [unar contributionVv,, (inducing

the M, tidal constituent) to the tidal potential V can be
formulated as

0 0
3 M,, a%p% | 5
Vy, = ———— Co0S¢p |lcos*| =] [1 — =ze?|cos( 2T — 2s + 2h + 2& — 2 1
= 2 e o5 Joos(3) (1 - 5eoos ¢- 20 M
L Il g Il | | | | | g
[ [ [ [ [ I
G Aw, D obliquity elliptic factor Vi, Uy, D
r factor 0
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where g is the mean acceleration of gravity on Earth’s
surface; M,,, M. are, respectively, the Moon and Earth
mass; a is the mean radius of Earth; p is the distance
of the place of observation from the center of Earth;
and c,, is the mean distance Earth to the Moon. Except
[, & and v, which directly depend upon N, the longitude
of the Moon’s node, all the terms uniformly vary with
time.

The tide-producing potential created by the Sun pre-
sents the same analytical form as that of the Moon,
except that the parameter e has to be replaced by e,,
(eccentricity of Earth’s orbit). | by w, (inclination of the
ecliptic to the Earth’'s equator), s by h (mean longitude
of the Sun), and p by p, (mean longitude of solar peri-
gee). Here, £ and v are equal to O.

Taking into account all the different contributions, the
tide-producing potential V can generally be written as

V==_G }h_ﬂ‘, AS cos(V, + uy), 2

where M is the number of tidal constituents.

The V, arguments contain the linear combination of
T, h, s, and p quantities. These values uniformly vary
with time and thus can be expressed as

Vi = ot + Vg, 3

where w, is the frequency of the tidal constituent k, t
is the mean solar time calculated from 1 January of the
considered year, and V is the value of V, on 1 January
of the considered year. The u, quantities contain the
linear combinations of ¢ and v parameters, which slowly
vary with motion of the lunar ascendant node. The con-
stant G is given by
63 Mu e’
4 Me ¢

The factor of latitude A, is equal to cos?¢ in the case
of the semidiurnal constituents (such as M, mentioned
above).

The S, coefficient is a product of a function of e or
m [noted ®, (e, m)] and a function of the inclination |
[noted ®,(1)]. The former is referred to as the elliptic
factor because it involves the e or m quantities which
are linked to the Keplerian motions of the earth and
Moon. The latter is called the obliquity factor as it ex-
presses the inclination of the Moon’s orbit to the plane
of the earth’s equator:

Sc = Py(e, MP(l). 4

As the inclination | slowly varies (due to the low var-
iation of the longitude of the Moon’snode), it ispossible
to approximate the instantaneous value of ®, (1) by its
mean value ® (1) multiplied by afactor called the nodal
correction coefficient in amplitude f,. Thus, we have

()
T 0)

©)
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The product of the elliptic factor ®,(e, m) by the mean
value ® (1) of the obliquity factor is known asthe mean
constituent S, and it expresses the mean importance of
the constituent k:

S = S (6)

The concept of nodal corrections (through the f and u
terms, which are not expanded in circular function of
time) allowsin fact to reduce the number of constituents
in the tidal spectrum. This is equivalent to gathering
together the constituents, which are not separable over
a period shorter or equal to one year, therefore con-
serving in the spectrum only the most important con-
stituent in the group. The neighboring constituents, of
lower amplitude, are taken into account through the nod-
al correction coefficients, which are applied both to the
amplitude and phase of the central constituent. These
coefficients are thus responsible for the slow modulation
of the amplitude and phase of the major constituent.

b. Harmonic analysis based on the least squares
method

The global WOCE dataset has been analyzed using
an harmonic method. This consists in expressing the
rise and fall of the tide as a sum of independent con-
stituents accordingly to the tidal potential spectrum. To
these astronomical tides, we must add the tides of a
nongravitational origin. This is the case for the con-
stituents of radiational origin (for instance S, or par-
tialy S,), which are directly or indirectly induced by
solar radiation through meteorol ogical forcings. Last but
not least, in coastal areas nonlinear constituents are gen-
erated by the nonlinear processes of thetidal wave prop-
agation in shallow waters (bottom friction, continuity,
and advection). As a conseguence, nonlinear constitu-
ents such as M, or M are, respectively, generated by
advection of M, constituent energy or by friction of M,
constituent on the bottom. Some of these nonlinear con-
stituents can have exactly the same frequencies as as-
tronomic constituents, in which case they are called
mixed constituents (like w., and 2MS,; Le Provost 1974;
Pugh 1987). In the real world, the harmonic expansion
is somehow artificial in that sometidal constituents can-
not, dynamically speaking, be dissociated, asisthe case
for M, and M, for example. But in practice, it remains
avaluable approach. Accordingly to the harmonic meth-
od, we express the sea surface elevation at a point (X, y)
and time t by

Sy, ) = Sxy) + g,l fl)S(x, ¥)

X cogwt + Vi (ty) + u(t) — Gux, yl,
(7
where

* M is the number of constituents,
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e Sy(X, y) is the mean sea level,

e S(X,y) isthe amplitude of the constituent of index k,

e G, (X,Y) is the phase lag relative to Greenwich time,

* w, is the angular frequency of the constituent of in-
dex Kk,

* V,, is the astronomical argument at time origine t,

 f,(t) isthe nodal correction coefficient applied to the
amplitude of the constituent of index k, and

 u,(t) isthe nodal correction coefficient applied to the
phase of the constituent of index k.

Among these parameters, w,, f.(t) and u,(t) aregiven
by the development of the tidal potential, and therefore
only S(x, y) and G,(x, y) still remain to be determined.
The amplitude S, and the phase lag G, are the so called
harmonic constants of the constituent k of the tide. As
ocean tide models become increasingly more accurate,
the estimation of the accuracy of the harmonic constants
derived from the tide gauge recordingsis becoming sig-
nificant. In particular, the accuracy of the predicted tide
depends on the number M of constituents included in
the analysis. In practice, we have defined an a priori
tidal spectrum including the most significant astronom-
ical constituents in the Darwin development (following
Shureman 1958) completed by 33 nonlinear constitu-
ents. This a priori spectrum all together contains 77
constituents.

The temporal variations of the nodal coefficientshave
a very long period (18.61 yr), and are therefore tradi-
tionally recomputed once for all for a given year of
interest in prediction or analysis applications. Never-
theless, in order to avoid any source of inaccuracy in
our tidal analysis, even minor ones like the approxi-
mation on the variations of these coefficients, we have
computed them for each day. In practice we set a new
time origin t, at the beginning of the day, and we re-
compute the three astronomical arguments V,, u, and f
at this time origin. The coefficients of the nonlinear
constituents are deduced from those of the astronomical
constituents, using the nonlinear theory on tidal wave
propagation in coastal areas (Le Provost 1991).

We favor the least squares method for one main rea-
son, namely that it allows analysis of incomplete time
series where the spectral methods require that the time
series be completed either by replacing the missing data
by zero or by the result of an interpolation where the
spectral methods call for the addition of artificial in-
formation not in the initial time series. On the contrary,
the least squares method generates more processing
overhead compared to the other methods. Also for op-
timisation purposes, the latter generally require to trun-
cate the time series, thus losing information (i.e., spec-
tral methods are really faster when the number of data
is equal to the product of elementary prime numbers).
Generally speaking, the difference, in terms of efficien-
cy, between the least squares and the spectral methods
is not striking when the number of observation is ran-
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dom (and thus likely to be far from the result of asimple
product of prime numbers).

The least squares method consists in seeking the best
fit of the tide gauge reading S,,(x, y, t) by a represen-
tation S,(x, y, t):

Sob(X= yi t) = Sap(x7 y! t) + 8(X1 y7 t) (8)

In order to determine low amplitude constituents more
accurately, we use an iterative process based on the
analysis of the residuals [(S,,(x, y, t) — S, (X, y, )] until
certain stop criteria are satisfied. Thisincreases the pre-
cision of the linear system resolution by reducing the
energy of the second member . In theory, because of
the linearity of the system to be solved, the exact so-
lution should be obtain in one step. However, in the case
wheretherecord length isbarely sufficient to distinguish
two tidal constituents of close frequencies, or where the
number of missing datais large, the matrix conditioning
may be weak. In such cases, the large magnitude of the
main constituentsisresponsiblefor acomputational pol-
lution of the smaller constituents. The analysis of the
residuals allows for a levelling of the right-hand-side
vector, and thus for a minimization of the numeric error.
Two criteria are checked and the analysis is stopped
when at least one becomes true: 1) the number of it-
erations is greater than 50. This limit is set only to stop
theanalysisif the process does not converge. In practice,
the typical number of iterations is less than 10. 2) The
sum of residuals-squares varies less than 10-¢ cm?,
compared to the previous step.

Several criteria essentially based on the record length
7 of the time series are applied to select the constituents
taken into account in the analysis. First, we eliminate
non-linear constituents which have the same frequency
as some of the constituents induced by the tidal poten-
tial. Second, constituents with excessively low frequen-
cy, for example, lower than 7—*, are discarded. Third,
we apply the usual Rayleigh criterion to estimate the
minimal observation period necessary to separate two
tidal constituents. Two constituents of frequencies v, and
v; must satisfy:

(9)

When two constituents are not separable over the period
7, the following arguments are applied to select the
constituent to eliminate 1) in case of two nonlinear con-
stituents, the constituent of expected lower amplitudeis
ignored; 2) in case of one astronomical constituent and
one nonlinear constituent, the former is kept, 3) in case
of two astronomical constituents, we introduce addi-
tional hypotheses based on physical considerations.
Similarities in phase and amplitude exist between the
constituents of similar origin and close frequencies(cre-
do of smoothness; Cartwright et al. 1988). Therefore,
these purely local facts allow us to complete our har-
monic method by the use of a rough response method.
This formalism introduces the notion of major (p) and

N e
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secondary (s) constituents. The amplitude ratio is re-
ferred to as kg, and the phase lag between the two
constituents as AG,,. They can be deduced either from
the tidal generating potential or from a pre-existing set
of harmonic constants. Therefore, the analysis of the
major constituent p leads to the determination of the
secondary constituent through to the following con-

straints:
SS - kSPSP
G, = G, + AG,,.

c. Estimation of error of tidal parameters

(10)

The least squares analysis supplies a set of mean har-
monic constants representative of the tidal signal over
the whole observation duration 7. The results of the
analysis are corrupted by the measurements errors and
by the error due to the contamination of the tidal signal
by the oceanic continuum (contamination must be un-
derstood from a tidalist point of view). In addition, the
tidal signal, which is usually considered as strictly pe-
riodic, can be slightly modulated in time. Effectively,
it may be rectified during some short periods (from a
few days to a few months) because of the interaction
with meteorologically forced processes, or can show
some seasonal to annual fluctuations linked to the ocean
climatology. Strictly speaking, these phenomena do not
induce an error but make it difficult to provide a com-
plete parameterization. We have chosen to produce a
mean value (i.e., the value obtained by analysing the
whole time series) for the amplitude and phase of each
constituent, complemented by a confidence interval
based on statistics computed from annual subanalysis.
In order to compute the annual values of S and G for
each constituent, we perform the harmonic analysis on
the n annual time series obtained by splitting the whole
(n years) time series. The temporal variations of the
harmonic constants are estimated by applying statistical
considerations on these samples. For the amplitude and
phase of each constituent, we estimate the confidence
interval with a confidence level (1 — «) such that we
could affirm that the mean quantity (amplitude or phase)
varies over the interval [a, b] with a given likelihood
« of error. The confidence interval estimation is based
on the use of the central limit theorem, which supposes
that the distribution of the n annual values of Sor G is
close to a norma distribution N(O, 1). Therefore, we
have computed for each constituent of index k the stan-
dard deviation which is defined for a finite set of n
separate analysis as

UZ(Xk)—( n )Uz(Xk)— gnxuik)z, (11)

where the quantity X is either the amplitude S or the
phase G of the tidal constituent of index k for the year
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TasLE 1. Amplitude and phase for the eight mgor tidal constituents
and the fortnightly and monthly tidal constituents at Rikitea station.*

Noise

Amplitude S Phase G level
Constituent (in cm) (in degrees) (in cm)
M, [26.8 27.1 27.3] [349.0 3495 349.9] 0.088
S [89 9.0 91] [307.6 307.8 308.1] 0.030
N, [6.8 6.9 7.0] [330.2 331.6 332.9] 0.049
K, [27 27 27 [299.7 300.2 300.8] 0.024
K, [24 24 24] [4.4 49 54] 0.020
o, [1.8 1.8 18] [45.7 464 47.1] 0.020
P, [09 09 0.9] [-20 0.1 22] 0.020
Q. [0.4 04 04] [55.9 589 61.8] 0.014
M, [06 08 1.1] [421 577 76.3] 0.015
M., [0.6 0.8 1.0] [29.9 76.7 123.6] 0.019

* The 95% confidence limits plus the mean values for the amplitude
and phase are in brackets [lower limit mean value upper limit]. The
noise levels reported in the table correspond to the mean residual
energy very close to the tidal peaks.

j- We deduce the confidence interval with a confidence
level (1 — o), associated to each tidal constant:

N o (X9, o(X
X = a2~ \/_ X + Marz= — \/_ (12)
where u,, = 1.96 for « = 5% and u,, = 2.58 for «

= 1% according to the normal distribution N(O, 1).

These confidence intervals depend only on the num-
ber of samples. Therefore, it appears clearly that the
longer the multiyear time series, the larger the number
of samples and thus the more accurate the confidence
limits. This underlines the necessity to maintain aslong
as possible the WOCE Sea Level network. In our case,
these limits were estimated with a 95% confidencelevel.
It should be noted that these error bars correspond to
the uncertainty regarding the determination of the mean
tidal signal and not the interannual variations of thetidal
signal. Therefore, to obtain the interannual variations of
the tidal signal one can multiply the upper and lower
limits by \/nu_3.

For different reasons, we have al so chosen to compute
the Fourier spectrum of the detided signal. The main
reason for this is to provide an internal check for the
tidal analysis. Namely, we systematically analyze power
density spectra of the residuals to check that we cor-
rectly remove the tides from the initial signal or not.
Peaks in the residual s spectra may indicate that the anal -
ysis is not able to extract all of the tidal signal at the
considered frequency (problem of separation, omission
of constituentsin the apriori spectrum, etc.). In addition
to the classical data quality control based on the data
residuals edition (usually done by the collector and ar-
chive center), the examination of the residuals spectrum
can tell us about anomalies in the time series. In par-
ticular it can help to detect any problem with the time
reference (such as an erroneous UTC zone labeling, or
clock drift) by checking the level of the residuals signal
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Figure 2a : RIKITEA 23 07'S-134 57'W, Detided Sea Level
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Figure 2b : RIKITEA 23 07'S-134 57'W, Long-Period band
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Figure 2d : RIKITEA 23 07'S-134 57'W, Semi-Diumnal band
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FiG. 2. (8) The power spectrum density (mm?) and the 95% error bar obtained at Rikitea station. Enlarged views of (a) are given for (b)
the long-period band (0-12 cpd), (c) the diurnal band (0.8-1 cpd), and (d) the semidiurnal band (1.8-2.2 cpd). The smooth solid curve
corresponds to the residuals average. One vertical line translates the energy associated with the labeled tidal constituent.

around the tidal peaks. In order to compute the power
spectral density (PSD) of the residuals, we use adiscrete
fast Fourier transform where missing data have been
replaced by a zero value. Squaring the modulus of the
Fourier coefficients, we obtain the powers of theresidual
signal averaged over the frequency interval [v — (%2)dv;
v + (%)dv], where v = 7. This confirms once again
the usefulness of long-duration observations in approx-
imating the theoretical case.

The spectra of the sea level records do not only con-
tain the tidal peaks but also the continuum due to the
background nontidal variability. Therefore, to estimate
the significance of the remaining peaks after analysis
we need to systematically determine the error bars as-
sociated with this background spectrum. It is hard to
identify a single approach that works better than any
other. We consequently pursued two distinct approaches
to estimate the error bars.

The first approach is based on the assumed statistical
properties of the discrete spectral density. Considering
P, the true spectral density at frequency j and P, the
sample spectral density at the same frequency, it sup-

poses that the sample estimate P, is unbiased (i.e., on
average over many realisations, isequal to thetruevalue
P,) and inconsistent (i.e., the scatter in individual real-
isations does not decrease as record length increases.
Thus P, from along record is no more reliable than from
a short record. The most important hypothesis is that
the expected scatter in sample estimates is as large as
the true value. In addition, it supposes that the sample
spectral density estimates are chi square distributed with
two degrees of freedom. The confidence interval on the
power spectra can be expressed as

d 2 2 ,_D
Probl—=—P <=p=——PBl=1-a (13
EXZ((X) x2(1 a) ]
2\ 5 2 Y
0 \2 2/ o

Therefore, the confidence intervals depend on the sam-
ple spectral density at each frequency. This problem of
variable length of the confidence intervals is consid-
erably simplified by taking the logarithm
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Figure 3a : RIKITEA 23 07'5-134 57W, Smoothed Detided Sea Level
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Figura 3b - RIKITEA 23 07"5-134 57W, Long-Period band
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Fic. 3. (@) The smoothed power spectrum density and the 95% confidence limits obtained at Rikitea station. Enlarged views of (a) are
given for (b) the long-period band (0-12 cpd), (c) the diurnal band (0.8-1 cpd), and (d) the semidiurnal band (1.8-2.2 cpd). One vertical

line translates the energy associated with the labeled tidal constituent.
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Then the confidence range on the logarithm of the PSD
is
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It is independent of either P; or P;, and therefore is the
same at all frequenciesin alogarithm representation. In
our case, we chose to estimate these error bars with a
95% confidence level. This led to a unique confidence
interval on the PSD of [0.271, 39.525]. The main ad-

(15

vantages of this approach are that it does not alter the
signal and it generates a unique error bar. The drawback
lies in the extent of the error bar, which is globally
overpessimistic. Nevertheless, thisapproachisvery use-
ful to test the significance of a peak in the residuals, in
that peaks estimated from this criterion are undoubtedly
significant. On the other hand, peaks flagged as insig-
nificant could be reestimated.

The second approach consistsin filtering the PSD and
therefore implies the alteration of the signal. Neverthe-
less, at this step, most of the high-frequency signal
should be removed and therefore the effect of smoothing
remains limited. We use a rectangular window of width
[f — (Fymonth; f + (¥%)month]. A confidence interval
relative to the central frequency of each window iscom-
puted with a 95% confidence level. This approach sup-
plies information about the level of energy of the oce-
anic signal around the frequency of the considered tidal
constituent. Indeed, the mean PSD of the residuals rep-
resents a good approximation of the oceanic continuum.
In the following, we will refer to this level of energy
as the noise level in the vicinity of the considered tidal
constituent. The potential level of the tidal signal con-
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Figure 4a : POHNPEI 6 59'N-158 14’E, Detided Sea Level
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Figure 4d : POHNPEI 6 59'N-158 14'E, Semi-Diurnal band
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FiG. 4. (a) The power spectrum density (mm?) and the 95% error bar obtained at Pohnpei station. Enlarged views of (a) are given for (b)
the long-period band (0-12 cpd), (c) the diurnal band (0.8-1 cpd), and (d) for the semidiurnal band (1.8-2.2 cpd). The smooth solid curve
corresponds to the residuals average. One vertical line translates the energy associated with the labeled tidal constituent.

tamination by the oceanic continuum can indeed be
evaluated by comparing the squared amplitudesfor each
constituent to the averaged spectra. This is one way of
detecting energy transfers between the oceanic contin-
uum and the tidal signal such as through tidal cusps.

4. lllustrations for a set of typical stations

In order to illustrate the usefulness and the efficiency
but also the limits of the applied method, we selected
three stations in separate oceanic basins: Rikitea (south-
west Pacific), Pohnpei (northeast Pacific), and Ammas-
salik (North Atlantic). The complexity of the signals
recorded at these distinct stations varies according to
local and regional conditions. Indeed, this complexity
is related to the bathymetry, the meteorological effects,
or the presence of ocean currents in the vicinity.

a. Rikitea: A low-noise level station

The Rikitea station is located in the west Pacific at
23°07.5’'S and at 134°57.2'W. This station is typical of
a long-duration observation in the WOCE Sea Level

network (13.5 yr from 1985 to 1998). The values of the
tidal harmonic constants are presented in Table 1 for
the eight major astronomical constituents as well asthe
fortnightly and monthly constituents. The confidence
limits translating the interannual variations are also re-
ported in this table. The tidal constant variations are
lower than 0.5 cm for the amplitudes. For the phases,
the fluctuations are the order of a few degrees. These
values indicate a very stable tidal signal for the Rikitea
station. The power density spectrum of theresidualsare
shown in Figs. 2a—d. The top-hand diagram (see Fig.
2a) shows the power density spectrum of the residuals
whereasthe Figs. 2b,c, respectively, giveenlarged views
of the long-period, diurnal, and semidiurnal frequency
bands. To make easier the comparison between the tidal
constituent signal and the oceanic continuum, we have
also plotted vertical lines translating the energy asso-
ciated with each tidal constituent (i.e., squared physical
amplitude of thetidal constituent). Consistently with the
Table 1, Fig. 2a exhibits a very low signal in the high
frequency band (if we except thetidal peaksthemselves,
of course). The energy associated with the nontidal sig-
nal is lower than 0.1 mm. In the diurnal band (Fig. 2¢),
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Figure 5a : POHNPEI 6 50'N-158 14'E, Smoothed Defided Sea Level
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Figure 5b : POHNPE! 6 59'N-158 14'E, Long-Period band
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Figure 5d : POHNPE! 6 59'N-158 14'E, Semi-Diurnal band
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Fic. 5. (a) The smoothed power spectrum density and the 95% confidence limits obtained at Pohnpei station. Enlarged views of (a) are
given for (b) the long-period band (0-12 cpd), (c) the diurnal band (0.8-1 cpd), and (d) the semidiurnal band (1.8-2.2 cpd). One vertical

line translates the energy associated with the labeled tidal constituent.

all thetidal constituents are significantly above the noise
level. If we translate the error bar along the black solid
curve (corresponding to the smoothed power density
spectrum, e.g., to the oceanic continuum), the energy
associated with the tidal constituents appears always
higher than the energy of the oceanic continuum. This
indicates without doubt the physical significance of the
tidal peaks. In the semidiurnal band (Fig. 2d) the picture
is not exactly the same. Thetidal cusps, that is, the local
amplification of the oceanic continuum due to the trans-
fer of energy between the tidal signal and the neigh-
bouring oceanic signal, are responsiblefor ahigher level
of residual signal, essentially around the M,, S,, and N,
frequencies. Therefore, if we consider the Chi2-based
estimator, the nonlinear constituents M(KS),, M(K).,,
and MSK, may be not significantly above the surround-
ing oceanic signal. Nevertheless, when considering the
95% confidence intervalsindicating the upper and lower
limits of variations in the mean oceanic continuum, we
come to the conclusion (see Fig. 3d) that the values for
constituents M(KS),, M(SK),, but not for MK, are
significant. In the low frequencies (see Fig. 2b), due to
the over pessimist nature of the first estimator, it would

tend to indicate that the M, constituent is the only one
which is without any doubt above the noise level when
all the other long period tides (LPTs) are obscured by
the background nontidal variability. On the other hand,
the second estimator (see Fig. 3b) indicates that M;, but
also M, and M, are significantly above the noise level.
This example is a typical application of the comple-
mentary uses of the two estimators.

The mean noise levels deduced from the power spec-
tral density in the vicinity of the major constituents are
presented in Table 1. These are a good indicator of the
contamination of the tidal signal by the oceanic contin-
uum, and therefore a good estimator of the accuracy of
the harmonic constants. For this station, the noise levels
are very low (<1 mm), confirming the high quality of
the analysed constants.

b. Pohnpei: A more complex site

The second station shown here is Pohnpel station
(6°59'N, 158°14'E) in the Pacific Ocean. Thirteen years
of data are available between 1985 and 1998 at the
Hawaii center. The BODC has archived sea level data
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Figure 6b : AMMASSALIK 65 36'N-37 37'W, Long-Period band
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Figure 6d : AMMASSALIK 65 36'N-37 37'W, Semi-Diurnal band
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Fic. 6. (@) The power spectrum density (mm?2) and the 95% error bar obtained at Ammassalik station. Enlarged views of (a) are given in
(b) for the long-period band (0-12 cpd), (c) the diurnal band (0.8-1 cpd), and (d) the semidiurnal band (1.8-2.2 cpd). The smooth solid
curve corresponds to the residuals average. One vertica line translates the energy associated with the labeled tidal constituent.

only at the moment for the period starting in 1985 up
to 1993. The signal is more complex at this station than
it is a Rikitea (see Figs. 4a—d). A much larger amount
of energy, corresponding to the nonlinear tidal harmon-
ics, appears in the power density spectrum at the very
high frequencies (see Fig. 4a and Fig. 5a). In particular,
the energy relative to the quarter diurnal constituents
and to the diurnal constituents are of the same order of
magnitude. The main harmonic constants are given in
Table 2. We can clearly observe the tidal cusps in the
semidiurnal frequency band on Fig. 4d and Fig. 5d but
also in the diurnal band (see Fig. 4c and Fig. 5c). About
10-mm? energy is associated to these phenomenain the
diurnal band, which corresponds to a magnitude 10
times larger than the one measured at Rikitea. Thisin-
dicates the existence of higher nonlinear processes at
Pohnpei. A larger continental shelf at Pohnpei than at
Rikitea, combined with a stronger tidal signal in terms
of amplitude and currents, may explain thisfeature. The
noise level is about 1 mm for the four semidiurnal con-
stituents and for the major diurnal constituent K,. Con-
sequently, the tidal harmonics for minor constituents
such as m;, ¢, close to K, or MXK,, MKS,, M(X),,

M(KS,) close to M, or T,, R, in the vicinity of S, are
probably strongly biased. The noise level around these
frequenciesis effectively of the same order as their am-
plitudes. For example, using the harmonic analysis
method combined with the smoothed tidal spectrum, the
amplitude of ¢, is estimated at 0.4 cm, and the noise
level is about 0.1 cm. With regard to the second esti-
mator (see Fig. 5d), the energy values for MSK,,
M(SK,), and M(KS,) are significant but MKS, is con-
siderably under the lower bound of noise. All the an-
alysed long-period tides (see Fig. 4b) are barely distin-
guishable from the surrounding noise except for M; and
M,,, but only M; is undoubtedly above the noise level.
Considering the second estimator (see Fig. 5b), we can
complete the picture by saying that M,, is also above
the noise level. In addition, we note that MS, and M,
stand out from the surrounding oceanic signal.

c. Ammassalik: A ““short” record station

Ammasalik station (65°36'N, 37°37’'W) in the North-
ern Atlantic delivers data for the period ranging from
1990 to 1995. Unlike the first two examples, data are
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Figure 7b : AMMASSALIK 65 36'N-37 37'W, Long-Period band
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Fic. 7. (a) The smoothed power spectrum density and the 95% confidence limits obtained at Ammassalik station. Enlarged views of (a)
are given for (b) the long-period band (012 cpd), (c) the diurnal band (0.8-1 cpd), and (d) the semidiurnal band (1.8-2.2 cpd). One vertical

line translates the energy associated with the labeled tidal constituent.

exclusively distributed by the BODC. The values of the
harmonic constants and their interannual variations are
given in Table 3. After detiding, the level of energy
associated with the residuals is still high (see Figs. 6a
and 7a) Compared to Rikitea the energies of the resid-
uals at the two stations differ by a factor of ten. There-

TaBLE 2. Amplitude and phase for the eight mgjor tidal constituents
and the fortnightly and monthly tidal constituents at Pohnpel station.*

fore, many constituents have no significant valuesin the
different frequency bands (see Figs. 6b—d). In particular,
all the diurnal (except O,, P, K,) and long-period con-
stituents are totally obscured by the nontidal signal (see
Fig. 6¢) Considering the second estimator (see Fig. 7¢),

TaBLE 3. Amplitude and phase for the eight major tidal constituents
and the fortnightly and monthly tidal constituents at Ammassalik
station.*

Noise Noise

Amplitude S Phase G level Constit- Amplitude S Phase G level
Constituent (in cm) (in degrees) (in cm) uent (in cm) (in degrees) (in cm)
M, [27.0 274 27.8] [123.2 1244 125.6] 0.311 M, [100.5 100.6 100.7] [198.9 199.1 199.3] 0.133
S [19.1 19.3 19.6] [146.9 147.8 148.7] 0.179 S [39.9 40.0 40.0] [237.1 2375 237.9] 0.076
N, [ 46 48 49 [130.2 1322 134.4] 0.082 N, [19.3 194 194] [176.2 1764 176.7] 0.094
K, [ 51 54 57 [1425 1441 1456] 0.154 K, [11.0 111 11.2] [2353 2359 236.5] 0.056
K, [159 161 16.2] [ 626 632 638 0.116 K, [15.0 151 153] [147.3 147.6 147.8] 0.130
O, [ 97 97 9.8 [402 408 41.3] 0.050 O, [69 7.1 7.4] [111.8 1121 1124] 0.136
P, [49 50 51] [602 615 628 0.076 P, [48 4.8 48] [140.8 141.8 142.8] 0.119
Q. [18 19 19 [281 291 30.1] 0.030 Q, [04 0.6 08 [-93 359 811] 0135
M [12 13 14 [ 87 150 21.3] 0.007 M, [1.8 31 4.3] — 3.027
M., [06 09 11 [ 38 246 455 0.016 M., [1.2 35 5.9] — 2.905

* Same as Table 1.

* Same as Table 1.
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FiG. 8. Validation set for the M, tidal constituent: the stations shown have at the most a 25% noise-to-signal ratio.

the diurnal problem is completely solved. Namely, all
the diurnal constituents are above the upper limit of the
confidence interval. But, determining the long-period
constituents is impossible even if we use this second
estimator (see Fig. 7b). In fact, the oceanic signal levels
are about 3 cm around the M, and M, frequencies, which
are more or less higher than the expected amplitudes of
the long-period tide amplitudes in this region. When
considering the low-frequency spectrum on Fig. 7b, it
is clear that there are no significant tidal peaks for M,
and M;. The MS,,, and MS,, amplitudes seem to emerge
from the oceanic continuum. For these two constituents,
this is probably the sign of a strong non-linear constit-
uent (Wunsch 1967). As aresult, the harmonic constants
of the long-period tides are meaningless which is con-
firmed by the strong year to year variations for these
constants reported in Table 3 (the phase fluctuations are
so large that the values have not been reported in the
table).

5. An example of application of the tidal analysis
database: The selection of a validation set for
the M, tide

Initiated by the T/P program, progress in global tidal
modeling has focused largely on the major tidal con-
stituents, which have the main impact on the accuracy
of oceanic tide predictions. Progressively, it has been
recognized that the prediction spectrum needed to be
extended by including minor constituents (see Molines
et al. 1994; Shum et al. 1997). Also the practice of using
the equilibrium approximation for correcting the LPT
has been questioned for similar reasons. Recent devel-

opmentsin tidal models have allowed for the production
of some of these additional tidal constituents that need
to be validated by being compared with in situ data. For
all these new constituents, the lower amplitude of the
tidal signal is an extra difficulty compared to the mod-
eling of the main constituents. The pictureis even worse
for the LPT that are mixed with a strong nontidal signal
(typically 1 mm to 1 cm PSD depending on the region;
see section 4 for example). As a consequence, the LPT
harmonic constants computed from the time series are
likely to be polluted to a greater or lesser extent by the
nontidal energy at a significant level. In practice, it is
not possible to separate the tidal signal and the nontidal
signal at thetide frequency. But, as mentioned in section
3c, it is possible to estimate the level of energy of the
nontidal signal in the vicinity of the tidal peak from the
smoothed PSD. Using this technique, we selected aval-
idation set for the M, tidal constituent. To do so, we
must find the right balance between an acceptable noise
to signal ratio (i.e., nontidal signal to tidal signal ratio)
in the data and a satisfactory geographic distribution of
the data. The maximum noise to signal ratio was set at
25%. This is rather low even so applying this criterion
eliminates ailmost all of the stations of the mid and high
latitudes but leaves nearly untouched the set of stations
in the equatorial and tropical bands (see Fig. 8). The
conclusion of this application is that this technique is
more than useful for selecting significant data for val-
idation and assi milation purposes. Unfortunately, there-
sulting validation set is not suitable for global valida-
tion. A different approach is still to be found for the
mid and high-latitude problem. The approach can be
applied to M, but also to the other LPT, to nonlinear
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constituents such as M, or to low-amplitude tidal con-
stituents such as 2N,.

6. Conclusions

The time series of the sea level observation network
initiated by the WOCE program have been entirely rean-
alysed in order to produce a highly accurate harmonic
constants set. In addition, we have estimated the error
bars associated with the constants and computed the
Fourier spectra of the residuals (after detiding the sea
level records). As with the harmonic constants, the con-
fidence intervals on the residual power density spectra
have been estimated, using two different methods. Re-
cently, these products have been made available on the
WOCE CD-ROM (WOCE meeting, Halifax, Nova Sco-
tia, 1998). This database has been labeled WSLA 98
(standing for WOCE Sea Level Analysis, 1998). In the
future, the WOCE time series will be regularly reana-
lysed and the products will be made available on the
LEGOS anonymous ftp site (for any information contact
Techine P: techine@pontos.cst.cnes.fr).

This work represents an original and unprecedented
effort, at thisscale, to improve theinformation delivered
with the harmonic constants. For instance, one major
application of the data error bars is to supply data as-
similation models with realistic estimates of the obser-
vation errors. They also make it possible to improve
tidal model validation by increasing the precision of the
comparison tests. Namely, with the predictableimprove-
ments of the tidal models, it will be agreat help to have
more discriminative tests based on the tide gauge data
set. As shown in the above section, the knowing of the
nontidal signal energy allows us to estimate whether or
not a given tidal constant is significant (assuming, asin
the case of My, that a minimum 25% noise to signal
ratio is required for a constant to be qualified). More
generally, it will alow us to select validation and as-
similation data for minor tidal constituent simulations.

In fact, we are just at the beginning of a wider ex-
ploitation of the sea level data. We have focused in this
paper on the high-frequency terms because our main
interest isin tides, but they will be used in conjunction
with satellite altimetry for many other scientific inves-
tigations on ocean dynamics at interannual to deceda
(up to multidecadal) timescales. The sea level obser-
vations contain the signature of the ocean’sinternal pro-
cesses, and we need very long time series to study and
understand the interannual and decadal variability of the
oceans, especially in connection with climate changes.
In the context of global ocean dynamics, the application
to the monitoring of the El Nifio events was at the be-
ginning of the TOGA sea level gauge deployment
(Wyrtki 1979). For the long-term monitoring of the
mean sea level, tidal gauge measurements appear to be
an essential tool when used in conjunction with DORIS
readings or/and GPS measurements (Cazenave et al.
1999; Neilan et al. 1998). On the other hand, the now
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recognized high quality of the WOCE network gives us
the capability to control and validate the altimetric mis-
sions not only at few calibration sites but on a nearly
global scale. In conclusion, the WOCE Sea Level read-
ings are not only avery rich parameter for ocean studies
but also play an important role for present and future
altimetric missions. There is how a strong consensus in
the scientific community to maintain this network in the
future and we firmly support this consensus.
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