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Dissipation in
Introduction
The importanceof longequatorial waves
in the development of EI Niño has been
widely recognized since the seminal works of
Wyrtki ( 1975)and McCreary ( 1976). Equatorial-ocean linear models, forced by observed winds, have been quite successful in
reproducing the major sea-level signature of
El Niño (see, e.g., Busalacchi et al., 1983).
This event is the result of an intrinsic coupling between tropical ocean and atmosphere
(El Niño-Southem Oscillation, or ENSO),
and both simple and complexcoupled oceanatmosphere models have been developed to
understand the phenomenon (McCreary and
Anderson, 1991; Neelin et al., 1992). Analyses of model solutions have led to several
interesting ENSO theories, such as the delayed-action oscillator (Suarez and Schopf,
1988; Battisti and Hirst, 1989), in which
equatorial Rossby and reflectedKelvin waves
are important. Unstable coupled ocean-atmosphere modes therefore may be at the
origin of ENSO. According to Wakata and
Sarachik(1991),thesemodesaresensitivetothe
choice of Rayleigh friction.
Dissipation in the form of Rayleigh friction was introduced by Gill (1980) in an
equatorial long-wavemodel. Fora multiplemode linear model, friction is usually taken
as a vertical-mode dependent parameter (if
possible based on physical assumptions) to
allow separation into vertical modes
(McCreary, 1981). Gent eral. (1983)discuss
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the equivalence of horizontal and vertical
damping with Rayleigh friction and its vertical-mode dependence. Through a model best
fit of the observed semiannual zonal current
oscillationin theequatorial Indian Ocean,the
same authors found a first-vertical-modedecay time of two years. Without a better
estimate of damping, many modelers have
used a similar value for the Rayleigh-friction
coefficient.
The purpose of our study is to estimate
the Rayleigh-frictioncoefficient in an equatorial long-wave model, constraining sealevel results to best fit three independent
observed sea-level data sets (tide gauges,
moorings and GEOSAT). Following the
results of Busalacchi and Cane ( 1985). where
the addition of the third and fourth vertical
modes does not add any constructive information to their model/data intercomparison,
our study is done using two vertical modes,
and without any a priori hypothesis on the
dependenceofthefrictioncoefficientonmode
number.

Daily mean, surface dynamic-height
fields,relative to500db, arederived from the
temperature sensors of nine TOGA-TAO
moorings and three current meter moorings
(McPhaden and Hayes, 1990), using Levitus
( 1982) mean TS relations. Most of the dynamic-height time series cover the 1986-9I
period, except at Oo-14O0W and Oo-1 1O0W,
where they start in November 1983. The
significanceof these open-ocean ?¡me series
is altered by several gaps and technical constraints (such as the use of a reference level,
mean TS relations, and inadequate vertical
temperature sampling), which probably result in error ranges at least equal to those of
the tide-gauge measurements.
The GEOSAT altimetric sea-level data,
resulting from the geodetic and exact-repeat
missions, cover the April 1985 - October
I989 period over most of the tropical Pacific
(Figure I). There is a gap in the data from 30
September 1986 to 8 November 1986 between the two different missions, and there is
serious data degradation after May 1989.
This data set was built on a So longitude x lo
Data
latitude grid and interpolatedto daily values.
The longest sea-level data set (1975-89) Detailed informationabout datacombination
used in this study is deduced from daily within the two missions, their corrections,
means of tide-gauge measurements at 14 and their processing can be found in Miller
islands, situated mostly in the western and Cheney( 1990)and Cheneyer al.( 1991a).
Pacific (Figure 1 ). Between instrumental The improved water-vapor and orbit>coruncertainties, island and barometric effects, rections result in an r m s difference between
the error in sea-level estimates is of the order monthly GEOSATand islandsealevelof3 to
of a few centimeters.
M U T 1994 4 cm (Cheney et al., I99 I b).
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Model
The model is linear and forced by the
observed wind-stress fields over the period
1961-91, and is described in detail in Cane
and Patton (1984). Briefly, the linear shallow-water equations are solved on an
equatorial ß-plane, subject to the low-frequency long-waveapproximation.Variables
are calculated every 5 days and are located
on a staggered grid of 2' longitude by
0.5' latitude within the model boundaries
(Figure 1). The forcing is derived from the
2' x 2O monthly pseudo-stress FSU (Florida
State University)wind product (Goldenberg
and O'Brien, 1981) through a drag coefficient CD,and is then linearly interpolated to
the model time and space grid. Changing
the drag coefficient results in a proportional change in the amplitude of model
solutions. These solutions are generated
for the first and second vertical modes
calculated from a specific vertical density
profile. The total sea-level height field is
found by summing the individual contribution of these two modes. Model wind-stress
projections and internal-wave speeds are
calculated from several types of vertical
density profiles. Levitus (1982) profiles,
representative of the mean condition along
the Pacific equator, and instantaneous profiles taken during the ALIZE2 cruise (Eldin
er al.. 1992) are used.
Model-data Adjustment
The linear model forced by FSU monthly wind stress cannot reproduce oceanic
phenomena with periods lower than two
months. Therefore a 95-day Hanning filter
is used in order to remove the observed 4060 day and 20-30 day waves from the sealevel data. A Levitus density profile of the
central Pacific is selected first. The corresponding phase speeds are c , = 2.45 m s-' for
mode 1, and c2= 1.5 1 m s-' for mode 2. Our
approach is to find the optimal fit between
model and observed series by tuning the
drag coefficient (C,) and the decay times
for the first (Ti) and second (T,) vertical
modes.
For the purpose of our study, we define
coras theglobalcorrelation coefficient (sums
are made on space and time) and rms as the
global rms difference between model and
observations, both scaled to the global standard deviation of the observed series. We
also define the global scaled standard devia-

tion (G.~,.)as the ratio of the global standard
deviations of the modeled and observed
series (i.e., the ratio of their amplitudes).
Since CD directly acts on the amplitude of
the model, we can write

where a is a functiononly of Ti and T2. Basic
algebra shows that the quantities cor, Arms,
and o,,.
are dependent through the relation
(Arms? = o
s
:

- 2osrcor + 1.

(2)

is lower than 4 months; for GEOSAT, TI is
around 5 months and T2 is lower than 2
months. Results for the moorings are somewhat different, with a maximum of correlation coefficient for Ti around 2 months and
for T2 around 4 months.
Ifoneassumesthat highervertical modes
will experience more frictional damping, T,
should be lower than T,,which is not the casë
for the mooring data. One reason for this
discrepancy might be that surface dynamic
height relative to 500 db does not take into
account all the vertical information of the
first baroclinic mode and probably gives too
much weight to the second mode. Another
reason is that the mooring data are restricted
to specific locations. To test the latter
hypothesis, a correlation analysis was performed with GEOSAT data series interpolated to the mooring positions. The results
for the maximum of correlation are the sanie
as the global GEOSAT results. Thus, we
conclude that the discrepancy is due to the
mooring locations, and therefore give more
credit to the tide gauge and GEOSAT results.
In the following,then, we use decay times of
5 months for the first mode and 3 months for
the second mode. From this estimation of
(T,,T2), the right panel of Figure 3 gives a
drag coefficient of 1.8, 1.5, and 1.4 x IOm3,
respectively, for tide gauges, moorings, and
GEOSAT. Finally, this method allows an
estimate of a mean CDof 1.6 x lo5.
All of the previous analyses were performed with a specific Levitus vertical density profile from the central Pacific. It is
important to test the sensitivityof the results
to the choice of profile. Five other mean
Levitus profiles and five instantaneous profiles, taken during the ALIZE2 cruise, were
selected all along the equator. Correlation
analyses with these various profiles show
no significant difference in the decay-time
results. The extreme values of the first
vertical mode phase speed among these profiles are 2.1 m s-' and 2.8 m s-'. Given our
estimation of decay times, the phase differences induced in the model solutions by
these extreme phase speeds cannot be significantly resolved by the use of monthly
FSU wind stress, which results in an uncertainty of at least 15 days.

Since cor is only a function of T, and T,,
Arnu is a function of TI, T2. and C,.
The best fit between the modeled and
observed series is achieved for maximum of
COI. and minimum of Arms. For fixed values
of T, and T2 (i.e., for a given COI.), the
minimum of Arms in (2) is equal to
when o,, = cor. According to (1),
the only way to get o,,= cor is to tune C, so
that C, = corla, which is now a function of
(T,,TJ. In order to find the maximum of cor,
the calculation is then reiterated for T,and
T,, varying from very viscous (1 1 days) to
¡&cid (32 years) cases. At the maximum
of cor, Arm, which is equal t o j / s ,
reaches its absolute minimum.
Figure 2 presents, for fixed values of T,,
TI, and C,, the spatial distribution of the
corrclationcoefficientsin time between model
and GEOSAT sea level. It shows that the
lowest correlationsare mostly locatedaround
the ITCZ (Inter-TropicalConvergenceZone)
and SPCZ(SouthPacificConvergenceZone).
In order for the global correlationcoefficient
to be significant, the following method is
used. At each data point, the maximum of
correlationin time is estimated among all the
values of correlation in time calculated for
various couples (T,, T2).If this maximum of
correlation is not significant at 90% (following the significance method of
Sciremammano, 1979), the corresponding
data point is not taken into account in further
calculations. With this criterion at hand, all
tide gauges and moorings and 80% of
GEOSAT grid points are retained.
The global correlation coefficient and
drag coefficient are shown in Figure 3 as
functions of TI and T2 for each data set. The
maximum of correlation coefficient gives Discussion and Conclusions
Sea level determined from a linear,
close (T,,T2) for tide gauges and GEOSAT.
For tide gauges, T, is around 7 months and T2 equatorial long-wave model are correlated
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Figure I . Location ofmoorings(stars)andislandtidegauges (blackdots).Broken
lines represent the limits of available GEOSAT data, and long broken lines
denote the model boundaries.
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Figure 2. Correlation coeficients in time between modeled and GEOSAT
sea-level time series for fuced values of T,, T2,and CD.
with three independent in situ measurements (tidegauges,moorings,andGEOSAT)
in order to estimate Rayleigh-friction coefficients (i.e., decay times) of the first and
second vertical modes. The method of comparison is based on the determination of the
maximum of correlation coefficients and
simultaneous minimum of rms difference
between modeled and observed time series,
which in addition results in the estimation

of a drag coefficient. Our results lead us to
conclude that the best-fit parameters are
T, = 5 months, Tz = 3 months, and CD= 1.6

x 10".
All of our previous correlations were
done with modeled and observed series filtered with a 95-day Hanning filter. A test
with several low-pass filters (up to 1 year)
reveals a small shift in the first-mode decay
time result (up to 7 months for a I-year

filter). This small tendency may reflect that
low-frequency phenomena are less damped
than high-frequency ones. Therefore, we
suggest that T, = 6 months and T , = 3 months
may be more accurate estimates for the
decay time scales.
For these values of T, and Tz. cor and
Arms are respectively 0.63 and 0.78 for tide
gauges, 0.64 and 0.77 for moorings, and 0.62
and 0.78 for GEOSAT. The mean correlation could indicate that only 40% of the
observed variance is explained by the model.
It must be pointed out, however, that the sealevel data used in this study are noisy (cf.
datasection): correlation between GEOSAT
and tide gauges and between GEOSAT and
moorings indicates that only 68% of the
variance is common to all three data sets.
We find that the decay time of mode 2
is lower than that of mode I for the tide
gauges and GEOSAT data. The test with
various density profiles shows that, except
forthesharpprofiletakenduring the ALIZE2
cruise in the far-eastem equatorial Pacific,
the first mode is the dominant signal in the
modeled sea-level amplitude (two-thirds).
The broad range of second-modedecay time,
suggested by the shape of Figure 3 around
themaximumofcorrelationcoefficient,does
not allow us to extract a well-defined dependence between decay time and mode number, and shows that the second mode has
little influence on the phase of the total
(mode I + 2) sea-level signal.
Because of the Rayleigh friction, free
waves in the linear solutions decay exponentially in time, the corresponding decay
times representing the lifetime of free equatorial waves. Our dissipation results, estimated from the best fit between simulated
and in situ sea-level series, probably include
some of the ocean physics missing in the
linear model (e.g., damping of equatorial
waves by mean currents). Thus, processes
affecting dissipation in more complex models and the real ocean may be represented in
our study by smaller decay times.
Since the Rayleigh friction coefficient
commonly used in linear models is (2.5
years)-', our results suggest that dissipation
in the equatorial Ocean may be stronger than
expected. Consequently, multi-reflections
of equatorial waves on meridional boundaries may be impossible. Moreover, none of
the amplitude of an extra-equatorial Rossby
wave generated in the central Pacific may
.
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