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Interannual variability of surface currents in the tropical 
Pacific during 1987-1993 

Claude Frankignoul and Fabrice Bonjean 
Laboratoire d'Ocdanographie Dynamique et de Climatologie, Universit6 Pierre et Marie Curie, Paris 

Gilles Reverdin l 

Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York 

Abstract. Buoy drifts and current meter records between January 1987 and December 
1993 are used to investigate the interannual variability of the equatorial Pacific currents at 
a depth of 15 m. The sampling is coarse until mid-1988 but more complete afterward, so 
that the large-scale features of the anomaly currents can be documented on the seasonal 
to yearly timescale. Using objective analysis, bimonthly current anomalies are mapped 
between 20øN and 20øS on a 1 ø x 5 ø grid, and the error covariance matrix of the analyzed 
fields are estimated. The current anomalies are primarily zonal, with largest amplitudes 
within about 8 ø from the equator, and they are largely linked to the E1 Nifio-Southern 
Oscillation phenomenon. In particular, broad, basin-wide westward anomaly currents were 
encountered during the 1988 La Nifia, and strong eastward currents persisted from July- 
August 1991 to January-February 1992, followed by westward currents from May-June to 
July-August 1992. An empirical orthogonal function (EOF) analysis shows that the first 
EOF of zonal current anomaly is largely uniform in the equatorial band, while the next 
two EOFs describe large-scale currents of opposite sign across the equator and across 
160øW, respectively. The EOFs are rather smooth and the errors on the principal 
component time series relatively small, which indicates that the sampling is adequate to 
describe the large-scale, low-frequency zonal current fluctuations. As the dominant EOFs 
of meridional current are noisy and the relative errors on the principal components larger, 
the meridional current fluctuations are not as well captured by the data set. Correlation 
analysis and a singular value decomposition are used to investigate the influence of 
advection by the large-scale, low-frequency currents on sea surface temperature (SST) 
anomalies during 1987-1993. Although the data set is noisy and other terms play an 
important role in the SST anomaly equation, the effect of zonal and, to a lesser extent, 
meridional advection is seen in much of the central and eastern equatorial Pacific. The 
dominant terms are the anomalous zonal advection of mean SST, the mean zonal, and, 
intermittently, meridional advection of SST anomalies. 

1. Introduction 

In most of the equatorial Pacific the evolution of the sea 
surface temperature is strongly affected by the oceanic circu- 
lation. The variability of the surface currents thus plays an 
important role in the E1 Nifio-Southern Oscillation (ENSO) 
phenomenon, and its monitoring is crucial for understanding 
the physical processes that control the low-frequency changes 
in the sea surface temperature (SST) and the ocean- 
atmosphere coupling. Wyrtki [1974] has estimated the fluctua- 
tions in the tropical Pacific zonal currents by monitoring sea 
level differences between several islands, suggesting, in partic- 
ular, that the westward North Equatorial Current (NEC) and 
eastward North Equatorial Countercurrent (NECC) fluctuate 
synchronously and in opposition to the westward South Equa- 
torial Current (SEC). Somewhat more accurate estimates of 
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the geostrophic current fluctuations have been derived from 
dynamic height calculations in regions with well-sampled tem- 
perature data. Considering the ship tracks that traverse nearly 
meridionally the central Pacific, Kessler and Taft [1987] and 
Taft and Kessler [1991] showed that the NEC varied little dur- 
ing Nifios, while there were large changes in the NECC and, to 
a lesser extent, the SEC. During the 1972 and 1982-1983 E1 
Nifio warmings both the surface current and the volume trans- 
port indicated that the SEC became anomalously weak, while 
there was a large increase in the NECC, resulting in a west-east 
transfer of warm water. After the peak of the events the NECC 
nearly disappeared and the SEC reached a maximum. This 
pattern, however, was not marked in the moderate 1976 and 
1986-1987 Nifios. Picaut and Tournier [1991] gave refined es- 
timates for the 1979-1985 period and found similar variations 
in the western Pacific. The surface geostrophic flow fluctua- 
tions can also be estimated with a more global coverage from 
altimeter height anomalies, and Delcroix et al. [1991] and 
Picaut and Delcroix [1995] found evidence in the along-track 
Geosat sea level data of equatorial wave propagation during 
the 1986-1989 period. 

In the above studies, only the surface geostrophic flow could 
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be estimated from the oceanic observations. However, the 
ageostrophic, frictionally controlled currents are generally 
larger near the surface, and, at least away from the equator, 
they dominate the near-surface currents [e.g., W•jffels et al., 
1994]. The Ekman component could, in principle, be derived 
from wind stress observations, but the vertical shear of the 
ageostrophic current and its rate of rotation with depth is 
poorly documented, and the Pacific wind stress remains inac- 
curately known, albeit to a lesser extent since the deployment 
of the Tropical Ocean and Global Atmosphere (TOGA) Trop- 
ical Atmosphere Ocean (TAO) array [Hayes et al., 1991a]. 
Hence direct measurements are needed to estimate the near- 

surface currents. Long time series of horizontal current have 
been obtained from current meters at a few mooring sites 
located along the equator, showing intraseasonal fluctuations 
and a marked interannual variability associated with ENSO 
[e.g., Halpern, 1987; McPhaden and Hayes, 1990; McPhaden et 
al., 1990]. In particular, an anomalous eastward advection in 
the surface layer was observed during the E1 Nifio events. In 
the western Pacific there was a reversal of the SEC during 
westerly wind bursts and during periods of sustained westerlies, 
causing large eastward displacements of warm surface water 
along the equator. Occasional reversals of the SEC were also 
seen in the eastern Pacific during the passage of the Kelvin 
waves forced by the western Pacific westerly wind bursts. 

Although the current meter data are highly accurate and 
provide precious information on the high-frequency fluctua- 
tions and the current shear, they are limited to a few locations 
and give little information on the spatial patterns of the surface 
currents. A broader coverage is provided by the satellite- 
tracked drifting surface buoys that have been deployed in the 
tropical Pacific since the late 1970s, but the sampling was 
limited at first. More drifters began to be launched in 1986, and 
after mid-1988 the number of drifters increased greatly, pro- 
viding an acceptable sampling in most of the tropical Pacific, 
except near the equator, because the mean current has a strong 
divergence near the equator that tends to create data void 
regions [Poulain, 1993]. A combination with the mostly equa- 
torial moored data can compensate for the low equatorial 
sampling, however. Thus merging the two data sets for the 
period January 1987 to April 1992, Reverdin et al. [1994] esti- 
mated the horizontal current at a depth of 15 m, which corre- 
sponds to the level of the current that is followed by most 
drifters, and investigated the mean seasonal variability of the 
equatorial Pacific currents between 20øN and 20øS. Here we 
consider the interannual variability of the horizontal current in 
this data set, which has been extended to December 1993, 
although for consistency with Reverdin et al. [1994] the anom- 
alies are calculated with respect to the January 1987 to April 
1992 mean seasonal cycle. The 1987-1993 period contains the 
end of the 1986-1987 E1 Nifio, the strong 1988 La Nifia, and 
the 1991-1992 E1 Nifio, whence the anomalous displacements 
of water masses during these events can be documented, even 
though the data distribution is often gappy and does not really 
allow the full resolution of the anomaly currents before the end 
of 1988. 

To map the space-time variability of the surface current 
anomalies, we use objective analysis. Because of the limited 
sampling, only bimonthly anomalies are considered, which 
strongly filters the 20- to 30-day instability waves [e.g., Halpern 
et al., 1988]. For simplicity, the analysis is done in the spatial 
domain for each bimonthly period separately. Some smoothing 
is then done in the time domain, so that the time resolution is 

too coarse for resolving Kelvin wave propagation (a first ba- 
roclinic mode propagates through 120 ø longitude in 2 months), 
barely adequate for Rossby waves, but well-adapted to the 
ENSO variability. The full error covariance matrix of the an- 
alyzed fields is also calculated, so the accuracy of the analyzed 
fields can be assessed, and the data can be used for tropical 
ocean model testing [Frankignoul et al., 1989]. 

Because of the large zonal gradients of the SST field in the 
equatorial Pacific, it has often been suggested that anomalous 
advection largely contributes to SST changes. Using a simple 
wave model to explain the observed SST changes from sea 
level observations, Gill [1983] showed that the warm SST 
anomalies seen in the central Pacific during the 1972 E1 Nifio 
resulted from a huge anomalous eastward advection of warm 
water lasting about a year, while near the eastern boundary, 
anomalous poleward advection and upwelling were likely to be 
more important. Harrison and Schopf [1984] stressed the de- 
pendence of zonal advection by Kelvin waves on the mean SST 
gradients and the resulting seasonal dependence of the advec- 
tive effects, while Seaget [1989] showed that, in his simple 
tropical model, zonal advection played an important role in the 
central Pacific, but upwelling was more efficient in the eastern 
Pacific. A linear, two-layer reduced gravity model was used by 
Kawabe [1994] to suggest that the rate of temperature changes 
almost balanced the zonal SST advection by Kelvin and Rossby 
waves between 170øW and 110øW, while east of 105øW, the 
zonal advection was opposite in sign to the SST changes and 
entrainment of deeper water dominated the SST equation. 
Using in situ currents [McPhaden and Picaut, 1990] and Geo- 
sat-derived currents [Picaut and Delcroi•,, 1995], it has been 
shown that the zonal displacement of the eastern edge of the 
western Pacific warm pool was primarily due to advection by 
zonal current anomalies during the 1986-1987 E1Nifio and the 
1988 La Nifia. 

The role of advection has also been investigated in oceanic 
general circulation models (GCMs). Harrison et al. [1990] 
found in the Geophysical Fluid Dynamic Laboratory (GFDL) 
GCM that the major central Pacific warming during the 1982- 
1983 E1 Nifio occurred primarily from anomalous eastward 
advection of warm water, while, farther east, eastward advec- 
tion remained significant but meridional advection was also 
important. The 1983 cooling, however, was initiated by vertical 
advection and mixing, and horizontal advection was not im- 
portant at first. However, Harrison et al. [1990] found the 
dominant physics at the equator to be somewhat a function of 
the wind stress data used in the simulations, so that the forcing 
uncertainties may obscure the model results. The dominant 
physics are also model-dependent, since Barnett et al. [1991] 
found in a Max Planck Institute fiir Meteorologie (MPI) GCM 
that meridional advection (primarily due to anomalous Ekman 
currents) dominated the heat balance in all the tropical Pacific, 
except right at the equator, where all the terms contributed. 
The model dependence of SST anomaly dynamics has been 
discussed by Miller et al. [1993], who found different balances of 
terms in different tropical Pacific models, although zonal ad- 
vection always tended to be dominant west of the dominant 
SST anomalies, meridional advection north and south of their 
peak, and upwelling and vertical mixing on their eastern flank. 

In view of the dependence of the results on both the oceanic 
model and the atmospheric forcing data, it is of interest to 
quantify .the relative contribution of zonal and meridional ad- 
vection to the SST anomaly changes, using solely observations. 
Some studies have used the equatorial moored array data. In 
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particular, Hayes et al. [1991b] studied the surface mixed layer 
heat budget along 110øW during 1986-1988. Although no sin- 
gle process dominated the SST changes and many terms in the 
heat balance were important, there was little correlation be- 
tween mixed layer heating and zonal temperature advection 
and only some evidence of meridional advection effects. How- 
ever, the spatial resolution was poor and the duration of the 
measurements limited. Using a more complete data set at 
140øW, Kessler and McPhaden [1995] suggested that the largest 
SST anomaly variations during 1991-1993 could be ascribed to 
upwelling and that horizontal advective mechanisms were only 
important at certain times. 

In this paper we analyze the effects of horizontal advection 
on the low-frequency SST anomaly variability in the tropical 
Pacific, using our surface current estimates and the SST data of 
Reynolds and Smith [1994]. Again, we consider the 1987-1993 
period, although the surface currents are noisy at the beginning 
of the period and there are large gaps near the equator in 1993. 
However, we restrict the analysis to a somewhat smaller por- 
tion of the tropical Pacific where regions which are generally 
poorly sampled have been eliminated. Note that only the large 
spatial and temporal scales can be resolved by the analysis and 
that we do not consider other important terms in the near- 
surface heat budget, like vertical advection, eddy heat flux, and 
surface heat exchanges. Thus we do not expect even a rough 
balance between SST anomaly rate of change and anomalous 
horizontal advection. 

The paper is organized as follows. In the next section we 
present the buoy drifts and the mooring currents and recall 
how they were merged and how the seasonal cycle was esti- 
mated. Our version of objective analysis is described in section 
3, and the main features of the observed current anomalies and 
their dominant spatial patterns of variability are discussed in 
section 4. The effects of horizontal advection on SST anomaly 
changes are investigated in section 5, and a summary is given in 
section 6. 

2. Data 

2.1. Drifters 

The data used in this analysis were obtained from drogued 
surface drifters and moored current meters deployed in the 
equatorial Pacific during the period January 1987 to December 
1993. The data and data handling are described by Reverdin et 
al. [1994] (hereinafter referred to as REV)i and only a sum- 
mary is given here. 

The drifters typically have a surface float linked by a loose 
tether to a subsurface float at 4 m and a drogue centered at 15 
m. They were tracked by satellite with the Argos system, with 
rms positioning errors of less than a few hundred meters. 
There are typically five to eight satellite fixes per day, and the 
raw positions were constructed at 6-hourly intervals with a 
krieging algorithm [Hansen and Herman, 1989]. As most buoys 
were only emitting 1 day out of 3, daily averaged velocities 
reported at midday were used. The number of drift days greatly 
increases after mid-1988. The data density varies somewhat in 
time and space, and large areas can be poorly sampled at times. 
Also, the drifter density can be small at the equator because of 
the meridional divergence of the surface currents [Poulain, 
1993]. 

Calibration experiments [e.g., Niiler et al., 1987] suggest that 
the drifts of the drogued buoys are within a few centimeters 
per second of the currents at 15 m and that the difference can 

be modeled, knowing the buoy characteristics, the wind, and 
the current shear. This error can be coarsely modeled by 0.003 
W, where W is the wind velocity at 10 m, and it was corrected 
for in the daily currents, using monthly pseudostress field de- 
rived from ship and buoy measurements by Legler and O'Brien 
[1985] to estimate W. Typically, the correction does not exceed 
3 cms -•. 

Nearly 30% of the drifter data considered here (but only 
10% near the equator) were reported as having lost their 
drogue. Although undrogued buoys could have an additional 
downwind drift of the order of 10 cm s -• no correction was 

attempted because, in practice, some of the drogue loss reports 
are uncertain; for example, 41 buoys in the western Pacific for 
which drogue loss was reported were not equipped with a 
drogue-loss sensor. The averaged downwind error resulting 
from the inclusion of undrogued buoys should range between 
1 cm s -• near the equator and 5 cm s -• poleward of 10øN, 
10øS. This is within the range of current errors associated with 
deviations of the drogue center from its nominal depth and 
well below sampling errors. Note that REV was not able to 
distinguish the seasonal currents estimated from all the buoys 
from those using only buoys reported with their drogue. 

Since the currents have a much longer zonal than meridional 
scale, except near the continents, the daily velocity data were 
binned into monthly means on a 1 ø x 5 ø latitude x longitude 
grid. To better represent the meridional current structure, the 
equator is a boundary between grid boxes. 

2.2. Moored Current Meters 

Velocity measurements were also obtained from current 
meter moorings located along the equator at 110øW, 140øW, 
170øW, 165øE, and at 7øN, 140øW [McPhaden and McCarty, 
1992; McCarty and McPhaden, 1993; R. Weisberg, personal 
communication, 1994]. The equatorial moorings at 110øW, 
140øW, and 165øE were available for the whole period until 
September, October, and December 1993, respectively. At 
170øW the data were from May 1988 until December 1993 and 
at 7øN, 140øW, from June 1988 to April 1991. Typically, the 
15-m horizontal current was estimated by linear interpolation 
between the two closest levels (10 to 25 m in some cases, but 
also 3 to 25 m and 10 to 45 or 50 m). When data at one level 
were missing, an averaged shear was added to the other record, 
which should not introduce arms error larger than 5 cm s- • in 
the monthly currents. At the 170øW mooring, which had all 
upward looking Doppler profiler located at 250 m depth, the 
shallowest reliable data were centered at 30 m, so it was as- 
sumed that the shear between 15 and 30 m is the same as 

between 30 and 40 m. 

The high-frequency variability of the moored velocity time 
series is large, in particular, along the equator at 110øW and 
140øW, with an integral timescale of about 3 days for the zonal 
component u and 2 days for the meridional component v. To 
blend the moored data with the drifter currents, the current 
meter records were divided into daily means. 

2.3. The Blended Product 

REV have shown from an investigation of close-by currents 
from moorings and drifters that there might be a systematic 
bias with stronger drifter currents but that it is usually less than 
10 cm s -• and often small compared to the sampling errors. 
Thus the two data sets were merged without further correction. 
Since the drifter data are sparse within 1 ø of the equator, 
because of the equatorial divergence, more importance was 
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Figure 1. Distribution in time of the total number of current 
days per bimonthly period used for the analysis within 20øN 
and 20øS in the equatorial Pacific Ocean. 

given to the current meter data in the blended product by 
choosing the grid so most equatorial moorings would be cen- 
tered between four adjacent 1 ø x 5 ø grid boxes and distributing 
the moored data equally between the boxes. This artificially 
increases the apparent spatial coverage of the observations but 
does alter the number of independent data. 

Because of the large level of high-frequency fluctuations, 
monthly mean velocities were only calculated at 1ø x 5 ø boxes 
with at least 5 days of data for u and 3 days for v. Their error 
was simply estimated by dividing the monthly variance by an 
effective number of independent samples per month, which 
was crudely taken as the number of current days divided by 5 
for u and 3 for v. Figure 1 shows the total number of current 
days per bimonthly period for the zonal velocity. Although it is 

slightly larger for the meridional velocity, the sampling is too 
small to resolve the current anomalies on a monthly basis, 
except in a few areas, and a bimonthly resolution is used below. 

2.4 Mean Seasonal Cycle 

The construction of a mean seasonal cycle for the period 
between January 1987 and April 1992 is described in REV. 
The seasonal cycle was constructed by using a function-fitting 
algorithm, which interpolates and smoothes the monthly ve- 
locities zonally (the function is a straight line defined over five 
grid points centered at the longitude of interest) but not me- 
ridionally, and only keeps the yearly mean and the annual and 
semiannual harmonics. The fitting was done for each year by 
least squares and the monthly velocities weighted by their 
accuracy. The January 1987 to April 1992 mean seasonal cycle 
was then estimated by averaging, taking into account the ac- 
curacy of each year's estimates. Because of the zonal unifor- 
mity of the currents in the tropical Pacific, the mean velocity is 
well resolved in most regions. However, the smoothing proce- 
dure is inadequate near the boundaries. In particular, finer 
zonal resolution would be needed to represent correctly the 
Mindanao Current, as in the work by Lukas et al. [1991]. 

2.5. Velocity Anomalies 

The mean seasonal cycle was subtracted from the (gappy) 
monthly data, and bimonthly velocity anomalies with respect to 
the January 1987 to April 1992 monthly climatology were con- 
structed at each grid ?tint by averaoino the monthly anorna- ....... c•---c• -d .......... 

lies. The data density is illustrated in Figure 2 (top) for No- 
vember-December 1987, a poorly sampled bimonthly period at 
the beginning of the series, and for November-December 1991 
(Figure 2, bottom), a typical bimonthly period following the 
mid-1988 increase in drifter launches. While the data coverage 
is insufficient at first, it becomes more adequate by November- 
December 1988, even though there are still a few periods 
where large gaps remain, as in the central equatorial Pacific 
during part of 1993. 
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Figure 2. Number of zonal current days data for November-December (top) 1987 and (bottom) 1991 The 
moored currents have been distributed in equal number among the four boxes next to the mooring sites. 
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3. Objective Analysis 
The gridded anomaly data are noisy and distributed irregu- 

larly. The accuracy of the anomaly fields depends both on the 
density of measurement and the level of short-timescale oce- 
anic variability. To map the velocity anomalies onto a uniform 
grid, we use an optimal interpolation technique [Bretherton et 
al., 1976], treating each velocity component and bimonthly 
period separately. 

The objective analysis requires knowledge of the scales over 
which the data are correlated and, possibly, how this correla- 
tion varies in space and time. It also requires knowing the 
variance of the (true) signal, as well as having an estimate of 
the data noise and its space-time correlation. Thus the lagged 
covariance of the (true) signal must be given and the error 
covariance matrix of the data noise specified. 

As little information is available for the spatial structure of 
the surface current anomalies, we use the present data set to 
estimate the lagged covariance of the velocity components. 
The correlation between pairs of gridded anomalies in individ- 
ual bimonthly periods was found to approximately decrease 
exponentially in the zonal and meridional directions, so we 
choose for the lagged covariance of each velocity component 
the form 

C(r) = V exp (-r/X), (1) 

where r is the spatial separation, V is the signal variance, and 
)• is an e-folding scale. The spatial structure of tropical data is 
often approximated by a Gaussian formula rather than an 
exponential decay [e.g., White et al., 1982; Meyers et al., 1991], 
but (1) gives a better representation in the present case, pre- 
sumably because our analysis is based on gridded averages 
rather than raw measurements, which filter the short space- 
time fluctuations. The zonal velocity in some bimonthly peri- 
ods also showed evidence of additional basin scales. The latter 

were not introduced in the objective analysis scheme, as the 
data density is generally sufficient to correctly resolve the larg- 
est scales. 

For simplicity, we assume that the fields are spatially homo- 
geneous but anisotropic, thus neglecting any regional and sea- 
sonal variability in the parameters, such as the large increase in 
zonal velocity variance as one approaches the equator. When 
estimated from the raw gridded bimonthly anomalies, the lat- 
ter corresponds to a factor of 8 between 10 ø and 0 ø, but this 
includes the equatorward increase in variance of both the high 
frequencies (see Figure A1 of REV) and the resolved basin- 
scale motions (e.g., Figure 9). Thus the modulation of V that 
would be needed in (1) should be much smaller, and indeed, 
the constant V does not prevent the variance of the analyzed 
fields to increase equatorward as much as the raw data. The 
anisotropy is taken into account by stretching the meridional 
coordinate by a factor of 5 and treating the stretched data as 
isotropic, which is simpler than specifying a zonal and a me- 
ridional correlation scale. This anisotropy corresponds to that 
of the bin size (5 ø x 1 ø) and is equal to the ratio of zonal to 
meridional decorrelation scales found for the depth of the 
20øC isotherm in the tropical Pacific by Meyers et al. [1991]. It 
was found to fit well the observations, as seen in Figure 3, 
where zonally and meridionally separated data points have 
been combined to estimate an averaged sample structure func- 
tion for each velocity component, using 14 well-sampled bi- 
monthly periods. Note that instead of using (1), we worked 
with the corresponding structure function, V[1 - exp (-r/A)]. To 
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Figure 3. Structure function for (top) u and (bottom) v es- 
timated from all the bimonthly periods available from Janu- 
ary-February 1990 to March-April 1992 (drifter data only, 
squares) and analytical fit (circles) derived from expression (1). 

construct the data points in Figure 3, we first estimated for 
each bimonthly period a sample structure function 

ni 

F(ri) = E (vj- •)(v•- •)/n, 
J 

(2) 

where an overbar indicates spatial averaging and F(0) = 0, 
using all n i pairs of data (denoted by j and k) separated by 
distances smaller than 10 spatial units (5 ø in longitude and 1 ø in 
latitude) for u and 6 for v. As the locations of the current 
meters are not random within the 1 ø x 5 ø bins, only drifter data 
were considered. Relation (2) is affected both by the low- 
frequency variations and the high-frequency data noise. To 
coarsely estimate the latter, we calculated the variance of the 
bimonthly velocity anomalies at each grid point by using the 
variance of the monthly means, assuming for simplicity that 
data in 2 consecutive months are independent and neglecting 
the small effect of subtracting the climatological cycle from the 
monthly data. The high-frequency noise was also assumed to 
be spatially uncorrelated. An averaged noise over all the grid 
points entering the sum was then subtracted from (2), which is 
equivalent to removing uncorrelated noise from a covariance 
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Figure 4a. (top) Raw current vector for November-December 1991 (scale at left). (middle) Analyzed zonal 
velocity (in centimeters per second). (bottom) Corresponding standard errors, with contour interval of 2 cm 
s -] for u and 1 cm s -] for v; larger values are shaded. 

function. The corrected sample structure functions for the 14 
bimonthly periods were then averaged, using a weight propor- 
tional to the data density. 

The adjustable parameters in (1) are the variance V and the 
decorrelation scale ;t, which were estimated by least squares 
fitting to the mean structure functions. The fit was very good 
for both velocity components, except for a small systematic 
offset, suggesting that the high-frequency noise had been 
slightly overestimated. The disparity disappeared when only 
90% of the estimated noise variance was subtracted from the 

sample structure functions, so this is the case represented in 
Figure 3. A 10% reduction is well within the accuracy expected 
from the crudeness of our assumptions in estimating the num- 
ber of independent samples at each grid point, whence it was 
also adopted for the analysis below. Note that the fit was also 
performed on individual bimonthly periods, showing, in most 
cases, a reasonable agreement with the model (1) but some 
variability in the estimated variance. 

The fit yields decorrelation scales of 2.2 and 1.6 stretched 
units for u and v, respectively. This corresponds to e-folding 
scales of 11.1 ø longitude and 2.2 ø latitude for u and 8 ø longitude 
and 1.6 ø latitude for v, somewhat smaller than those found by 
Meyers et al. [1991] for the 20øC isotherm depth (15 ø longitude 
and 3 ø latitude). The signal variance V in (1) is 1.2 10 -2 m 2 s -2 
for u and 3.4 10 -3 m 2 s -2 for v, so the rms value of the 
low-frequency, medium-scale anomaly currents given by the 

analysis is assumed to be 11 and 6 cm s-• for u and v, respec- 
tively. As pointed out before, the largest scales are not in- 
cluded in V but are explicitly resolved, except when there are 
large data gaps. Note that the value of V has very little impact 
on the analyzed fields but a strong influence on the error fields, 
as it completely determines the error in regions with no data 
coverage. Hence the more realistic use of a spatially varying 
variance V would have primarily affected the errors but not the 
anomaly fields. 

The anomalies in each velocity component were mapped for 
each bimonthly period, using zero as a first guess and limiting, 
for simplicity, the radius of influence to five correlation scales. 
The noise at each grid point was given by the (corrected) 
high-frequency noise, except when the bimonthly mean was 
derived from less than seven daily values for u and five for v. 
Then, it was compared with the averaged variance over longi- 
tude and seasons at that latitude, divided by the effective num- 
ber of samples. If the latter was larger than the noise, it was 
used instead. This avoids giving too much weight to data acci- 
dentally having too little dispersion, but may increase the 
smoothing. The full error covariance matrix of the analyzed 
fields was also estimated. 

The analysis is illustrated in Figures 4a and 4b. The raw 
bimonthly anomaly currents are represented at all grid points 
where both components could be estimated (Figure 4a, top), 
but their accuracy is variable, as it depends on the data density, 
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given in Figure 2 (bottom). Although the raw data are noisy, 
well-defined, large-scale structures can be seen and emerge 
from the analysis, given both in vector form (Figure 4b, top) 
and for each component (Figures 4a and 4b, middle). The 
(univariate) standard error of the analyzed fields are given in 
Figures 4a and 4b (bottom). The zonal component is rather 
well resolved and dominated by large-scale features, in partic- 
ular, between about 10øN and 10øS. The meridional velocity is 
more noisy and dominated by smaller scales, although peak 
values clearly stand above the noise. Note that the estimated 
noise in Figures 4a and 4b only pertains to the "medium-scale" 
current anomalies represented by (1) and not to the larger- 
scale ones. The error is thus underestimated if there are re- 

gions with large data gaps, as the radius of influence is limited 
to five correlation scales and current anomalies are set to zero 

in the absence of data. Because of the constant (hence aver- 
aged) value of the variance V in (1), the errors are also likely 
to be underestimated in energetic regions, as near the equator, 
and overestimated elsewhere. 

To decrease the noise in the analyzed maps and emphasize 
low-frequency variability, an additional 1-2-1 binomial filter 
was applied in the time domain. This slight smoothing yields an 
effective time resolution of about 4 months, slightly larger than 
that of the climatology (REV). 

4. The Velocity Anomalies 
4.1. Observations 

The current anomalies are primarily zonal and the largest 
amplitudes are encountered within 8 ø or so from the equator, 
often peaking in the vicinity of the date line where the wind 
stress variability tends to be largest. The anomalies generally 
have a larger amplitude than the mean seasonal currents 
(given in REV) west of the date line, but somewhat smaller 
east of it. 

In Figure 5 (left) a longitude-time plot of the zonal current 
anomalies along the equator shows their temporal evolution in 
relation to corresponding bimonthly SST anomalies derived 
from the data of Reynolds and Smith [1994] (Figure 5, right). 
Note that the January 1987 to April 1992 period is a little 
warmer than the long-term climatology. Figure 5 shows that 
the zonal and temporal scales of the zonal current anomalies 
are large, but they are smaller than those of the SST anomalies, 
with a dominant scale of about a year. 

The SST warming of the 1986-1987 El Nifio started at the 
end of boreal summer 1986, and the SST anomaly peak was 
reached in most of the equatorial Pacific during summer 1987. 
The SST anomalies then decreased rapidly, reaching near- 
normal conditions at the end of the winter. During this period 
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Figure 5. Time-longitude plot along the equator of (left) zonal current (in centimeters per second) and 
(right) sea surface temperature (SST) (in kelvins) bimonthly anomalies (averaged between 2øN and 2øS) with 
respect to the January 1987 to April 1992 period. The SST observations are from Reynolds and Smith [1994]. 

the anomaly currents are rather small and mostly westward, 
except for a large anomalous eastward advection west of about 
170øW from March-April to September-October 1987, which 
corresponds to the warmest SST, found between 160øW and 
180øW. Picaut and Delcroix [1995] have shown that these west- 
ern currents can be interpreted in terms of locally and remotely 
forced Kelvin and Rossby modes, but here, neither the time 
resolution nor the sampling is sufficient for such an analysis. 
One should be cautioned that, as the anomaly currents are set 
to zero if there are no data and the sampling is poor until fall 
1988, their smallness at the beginning of the series in Figure 5 
may be, in part, an artifact of the analysis procedure, except at 
the mooring sites, at least after May 1988, when they are all 
occupied. The analyzed bimonthly maps (not shown) indicate 
that the anomalous eastward currents were centered around 

the equator, whereas the anomalous westward currents that 
prevailed east of 170øW were centered near 5øN. The net 
surface flow at 165øE in July-August 1987 was eastward be- 
tween about 3øS and 7øN, in agreement with the zonal currents 
derived by McPhaden and Picaut [1990] from a single meridi- 
onal section of shipboard velocity measurements, not included 
in our analysis. 

Cold SST anomalies developed rapidly in the east during 
spring 1988, and a first peak was reached in May-June around 

120øW. The anomalous cooling extended westward and 
reached its maximum in November-December when SST 

anomalies over -2øC were seen from 180øW to 100øW, while 
to the east the anomalous temperature started to weaken. In 
the western Pacific, strengthening westward anomaly currents 
centered along the equator were encountered throughout 
1988, showing a sustained anomalous westward advection until 
early 1989. On the other hand, in the central and eastern 
Pacific the equatorial current anomalies were small and vari- 
able during the first part of the year. Note that strong current 
fluctuations were present at higher frequencies [Picaut and 
Delcroix, 1995] but were filtered out by our analysis scheme. 
Nonetheless, the low-frequency currents are in reasonable 
agreement with the June 1988 section of McPhaden and Picaut 
[1990], possibly, in part, because drifters were launched during 
that cruise. During the second part of the 1988 the anomaly 
currents east of the date line became westward and by Sep- 
tember-October, one bimonthly period before the peak of the 
1988 La Nifia, strong and broad westward anomalous currents 
covered most of the equatorial band. The 1988 evolution is 
briefly illustrated in Figure 6. Note that when the sampling is poor 
and there is no basin-wide structure, the scales of the anomaly 
currents are partly given by the analysis procedure, whereas 
the latter have less influence when the data density is larger. 
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Figure 6. Anomaly currents (in centimeters per second) (top) May-June 1988 and (bottom) November- 
December 1988. The shaded regions mark grid points with no zonal current data in any of the three bimonthly 
periods used to construct each of the smoothed maps (section 3). 

In spring 1989 the SST anomaly started increasing, and by 
summer the SST reached near-normal conditions, except in the 
central Pacific where the temperature remained somewhat be- 
low normal until the end of the year. Normal SST conditions 
persisted until spring 1991, when warm SST anomalies started 
to develop. In January-February 1989 the surface currents in 
the eastern and central equatorial Pacific started reversing and 
turned eastward, but they weakened after May-June and no 
strong anomalous current could be seen until November- 
December 1990, when westward anomalous currents appeared 
in the central Pacific, extending to the western Pacific by the 
beginning of 1991 and persisting until March-April 1991. 
Meanwhile, strong anomalous eastward equatorial currents de- 
veloped in the eastern Pacific at the beginning of 1991. The 
anomalous currents during this "normal" period were some- 
what stronger in the western Pacific, where a strong westward 
jet was seen near the equator in summer 1989, followed by 
persistent but moderate eastward current anomalies which 
lasted until the end of 1990 (Figure 7). 

In May-June 1991, significant positive SST anomalies ap- 
peared along the equator, but the 1991-1992 E1 Nifio warming 
only developed in September-October 1991, reaching a peak 
in the central Pacific in January-February 1992 and at the 
eastern coast in March-April 1992. In May-June 1991 the 
surface current anomalies started reversing and becoming east- 
ward in the east and in the west, and by June-August, broad 
and strong eastward anomaly currents were observed across 
the entire equatorial Pacific (Figure 7). The large anomalous 
eastward advection persisted for 8 months, peaking in Novem- 
ber-December 1991 and strongly contributing to the eastward 
extension of the Pacific warm pool. It is shown in section 5 that 
zonal advection does not contribute significantly to the SST 
changes east of about 120øW, so the SST rise in the east was 
presumably due to upwelling changes. 

In March-April 1992 the SST anomaly began to decrease in 
the central Pacific, and at the same time, a current reversal was 
seen in the eastern and western Pacific, while anomalous east- 

ward currents were persisting in the central Pacific, south of 
the equator. By May-June 1992 the warm event was over and 
strong basin-wide westward equatorial currents were estab- 
lished (Figure 7), weakening in September-October. 

The warm event was not followed by a cold one, and the 
temperatures remained close to normal (with respect to the 
present climatology) until the end of 1993. During 1993 (no 
map shown) the currents until July-August were strongly east- 
ward west of the date line and weak and variable elsewhere, 

while at the end of the analysis period, broad but weak east- 
ward and westward anomaly currents seemed to converge in 
the western equatorial Pacific near 160øE (Figure 5), with little 
activity elsewhere. 

4.2. Patterns of Variability 

To document the main patterns of variability of the anomaly 
currents, we performed a principal component analysis for 
each velocity component. The analysis is limited to a smaller, 
concave domain which is reasonably well sampled, except in 
two areas near the equator, where the analyzed signal is likely 
to have been underestimated (Figure 8). Note that the largest 
data density is at the location of the four equatorial moorings, 
which stresses their crucial role in complementing the drifters 
and monitoring the equatorial currents. 

As expected, the zonal component is least noisy, and seven 
empirical orthogonal functions (EOFs) already account for 
more than 80% of the variance. The dominant EOFs and 

principal components correspond to low-frequency, basin-wide 
fluctuations related to ENSO. In the first EOF (33% of the 
variance) the zonal anomaly currents have one sign across the 
whole equatorial band between about 8øN and 8øS, with the 
largest values at the equator in the western Pacific, and slightly 
north of it in the central Pacific (Figure 9a, top). As the time 
series (principal component) is normalized, the amplitude of 
the EOF pattern is indicative of the zonal current (in centime- 
ters per second) (Figure 9b, top). Also shown are the 95% 
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Figure 7. Anomaly currents (in centimeters per second) at bimonthly intervals from November-December 
1990 to July-August 1992. The shaded regions mark grid points with no zonal current data in any of the three 
bimonthly periods used to construct each of the smoothed maps. 
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Figure 8. Limited domain for the empirical orthogonal function (EOF) analysis. The total number of 
bimonthly periods with zonal current data is indicated at bottom. The data density is a little larger for the 
meridional component. 

confidence intervals, which are estimated by assuming normal- 
ity and projecting the error covariance matrix of the analyzed 
bimonthly fields onto the EOF pattern; the confidence interval 
is then given by _+ 1.96s, where s is the squared root of the 
error variance. Note the larger noise reflecting the poor sam- 
pling at the beginning of the record and the large signal-to- 
noise ratio during the three active periods associated with the 
large ENSO fluctuations. The second EOF (16% of the vari- 
ance) mainly describes zonal currents of opposing direction 
west and east of 175øW and peaking at the equator, while the 
third one (11% of the variance) shows anomalous zonal cur- 
rents which are primarily alternating in sign between the two 
hemispheres. The second and third eigenvalues are close and 
the patterns sensitive to rotation, however, so that slightly 

different patterns might be obtained in longer data sets, Al- 
though the signal-to-noise ratio decreases with increasing EOF 
number, it does so slowly and remains large for at least 10 
EOFs, which suggests that our data set is adequate to descrlbe 
the zonal current fluctuations. 

On the other hand, the meridional velocity component is 
more noisy, and the first seven EOFs only represent 60% of the 
variance. The dominant scales are rather large, as illustrated in 
Figure 10 by the first EOF, which represents 14% of the vari- 
ance, but is sensitive to details in the calculation. As the noise 
level (estimated by the 95% confidence intervals) of the prin- 
cipal component time series quickly becomes large for the 
higher EOFs, it appears thai the drifter sampling was insuffi- 
cient to capture adequately the meridional velocity fluctuations. 
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Figure 9a. First three EOFs of the zonal velocity anomalies, with contour interval Jn centimeters per second. 
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Figure 9b. Normalized principal component time series correspond to Figure 9a. The dashed lines indicate 
(univariate) 95% confidence intervals. 

5. Advection Effects on SST Anomalies 

The present data set and the mean seasonal currents of REV 
describe the large-scale, low-frequency surface currents during 
1987-1993. In this section they are used to estimate their in- 
fluence on the SST anomalies, although even an approximate 
balance between SST anomaly rate of change and anomalous 
advection is not expected, as there are other important terms 
in the SST anomaly equation which are not considered, like 
surface heat exchange, vertical advection, mixing, and SST 
advection by synoptic eddies and instability waves. 

In addition to the present data set and the seasonal currents 
of REV, we use the high-resolution weekly SST product of 
Reynolds and Smith [1994], which combines in situ SST data 
and satellite SST retrievals, using optimum interpolation anal- 
ysis. First, the SST is calculated on a 1 ø x 5 ø grid of the surface 
currents. The SST advection by the net (seasonal plus anom- 
alies) surface currents is calculated, using centered finite dif- 
ferences to estimate the derivatives, and the calculation is 
limited to the better-sampled domain in Figure 8. Bimonthly 
anomalies are then calculated with respect to the 1987-1993 
seasonally varying climatology. To get more insight, the zonal 
and meridional advection anomalies are also decomposed into 
anomalous advection of mean SST, anomalous advection of 
anomalous SST (minus its mean, since we are only considering 

anomalies), and mean advection of anomalous SST, yielding 
the standard expression 

c)tT' +tt' c)xT + •-Oxr' + v' c)yr + 

+ U'Oxr' - U'Oxr' + v'c)yT' -- v'c)yT' (3) 

where T is SST, a prime denotes a bimonthly anomaly, and an 
overbar denotes the seasonally varying climatology. In their 
study based on moored current meter data, Kessler and 
McPhaden [1995] have stressed that the calculation of the 
meridional advection term at the equator was very sensitive to 
the differencing scheme and that only upstream differencing 
could reflect the generally equatorward eddy heat flux associ- 
ated with the tropical stability waves. However, our estimates 
were found to be insensitive to the differencing scheme, pre- 
sumably because instability waves are not resolved in bi- 
monthly data, and the equator is a boundary between grid 
boxes, so the differencing is not done symmetrically about the 
equator. 

The correlation between the rate of change of the SST 
anomalies and (minus) the anomalous advection effects has 
been calculated at each grid point. The results were somewhat 
noisy, so the data have been averaged on a 2 ø x 10 ø grid. The 
correlations are given in Figure 11 for zonal and meridional 
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Figure 10. (top) First EOF of the meridional velocity anomalies, with contour interval in centimeters per 
second. (bottom) Corresponding normalized principal component time series. The dashed lines indicate 
(univariate) 95% confidence intervals. 

advection. Their statistical significance is difficult to establish, 
since there is some serial correlation in most of the time series. 

If there were no serial correlation, there would be 42 (number 
of bimonthly periods) - 12 (two mean seasonal cycles) = 30 
degrees of freedom, hence a correlation larger than 0.3 would 
be significant at the 5% level (one-sided test). An equivalent 

number of degrees of freedom averages to about half, so, as an 
admittedly coarse approximation, we use 0.4 in Figure 11 to 
indicate grid points where the correlation is likely to be signif- 
icant at the 5% level (dark shading). Correlations between 0.2 
and 0.4 (medium shading) might still indicate advection effects, 
but their statistical significance is very low. 

Cor(3T'/at, (-u3T/3x)') mean = 0.19 

....... 
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Figure 11. Correlation between anomalies in the rate of change of SST and minus (top) zonal and (bottom) 
meridional advection for the period 1987-1993. A coarse estimate of the 5% significance level is 0.4. 
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Figure 12. Same as in Figure 11, but (from top to bottom) for mean zonal advection of SST anomalies, 
anomalous zonal advection of mean SST, mean meridional advection of SST anomalies, and anomalous 
meridional advection of mean SST. 

Zonal advection (Figure 11, top) is rather well correlated 
with the SST anomaly rate of change (for brevity, the fact that 
we are considering minus the advection terms will not be re- 
peated); the correlations are positive over most of the domain 
(spatial average, 0.19), a large proportion (11%) of "signifi- 
cant" correlations at the 5% level is found, and the results are 
stable to changes in the grid size or to limiting the calculation 
to the better-documented period starting in November- 
December 1988 (not shown). The correlations are largest in 
the central Pacific between 170øE and 100øW, except near the 
equator east of 120øW, where little correlation is found, pos- 
sibly because of the dominance of equatorial upwelling in the 
SST changes. Note that the magnitude of the zonal advection 
term is smaller than that of the temperature rate of change, so 

that other effects must also play an important role. This is 
emphasized in the "maximum covariance analysis" below. 

The correlations with meridional advection (Figure 11, bot- 
tom) are a little weaker, although the correlations are rather 
high between 150øW and 110øW, except at the equatorial grid 
points, and in two areas of the western Pacific. Interestingly, 
the correlations in the former region become much smaller 
when the calculation starts in the November-December 1988 

period, although the prior data coverage was much poorer. In 
particular, the drifter density in the eastern part of the basin 
was rather low in 1987 and poor during the first half of 1988. 
However, it is shown below that the large correlations in the 
eastern Pacific are mainly due to SST anomaly advection by 
the mean meridional currents during 1987-1988, so they may 
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Figure 13. Interannual variations of bimonthly anomalies (in degrees Celsius per month) of SST rate of 
change (solid line) minus the zonal SST advection (long-dashed line) and minus the meridional SST advection 
(short-dashed line) in the (left) 160ø-170øE and (right) 150øW-140øW boxes. 

not be too strongly affected by the poor sampling during this 
period. 

The correlation was repeated separately for the anomalous 
advection of mean SST, the anomalous advection of anoma- 
lous SST, and the mean advection of anomalous SST. The 
results (Figure 12) show that the anomalous zonal advection of 
mean SST and the mean zonal advection of anomalous SST 

contribute about equally to the correlations in Figure 11, the 
former being dominant near the equator, in particular, after 
1988. As noted above, the correlations with the meridional 
advection primarily come from the mean advection of anom- 
alous SST during 1987-1988. Such effects are not unexpected 
in the central Pacific, since the mean meridional current at the 
equator is large during some seasons, and its yearly mean 
reaches about 10 cm s-1 slightly off the equator (see REV). A 
weak influence of the anomalous meridional advection is also 

detected at the equator between 100øW and 80øW. Whether 
the smallness of the influence of the meridional current anom- 

alies is physical or reflects the noise in their estimates is not 
known. In both cases the anomalous advection of anomalous 

SST has negligible effects (not shown). 
Our analysis suggests smaller zonal advection effects than 

that of Picaut and Delcroix [1995], who used Geosat-derived 
currents and suggested that anomalous zonal advection dom- 
inated the SST changes along the eastern edge of the warm 
pool from December 1986 to August 1988. However, their time 
resolution is finer, the data coverage is better, and the calcu- 
lation was done for a region that follows the eastern edge of 
the warm pool, starting from 165øE-180øE and going as far east 
as 150øW-130øW in mid-1987, hence it is not representative of 
the Eulerian viewpoint adopted here. For comparison, Figure 
13 (left) shows the evolution of the anomalies in SST rate of 
change (solid line), zonal (dashed line), and meridional (dot- 
ted line) advection at the equator near 165øE. Although the 
data are noisy, it is seen that the anomalous SST cooling during 
the 1988 La Nifia is indeed largely due to anomalous westward 
advection but that meridional advection also contributes sub- 

stantially. Note that while the SST anomaly starts increasing at 
the end of 1988, the advection of colder water persists until fall 
1989, so that other effects must have been dominant. 

Figure 13 (right) illustrates the time series in the middle of 
the basin, where zonal advection seems particularly active, 
especially during the 1991-1992 E1 Nifio, although meridional 
advection effects are also seen. Because of the strong vertical 
shear of the near-surface currents, Kessler and McPhaden 
[1995] found, using moored current meter data, that at 0 ø, 
140øW the advective effects were smaller when integrated over 
an upper layer of 50 m thickness, and they ascribed the bulk of 
the 1991-1992 SST changes to upwelling variations. The 
present data set suggests larger advective effects but does not 
allow one to take the shear into account, hence it is only 
representative of advection effects at 15 m depth in regions of 
strongly sheared currents. 

To emphasize the dominant large-scale patterns, a maxi- 
mum covariance analysis based on a singular value decompo- 
sition (SVD) of the covariance matrix of the rate of change of 
SST anomalies and advection anomalies has also been per- 
formed. As discussed by Bretherton et al. [1992], SVD isolates 
the linear combinations of spatial variables within two fields 
that maximize the covariances between the two fields. The 

technique is less sensitive to small-scale noise than the point- 
by-point correlations, and it reflects covariances rather than 
correlations, thus providing a complementary view. 

The dominant linear combination for the rate of change of 
SST and zonal advection anomalies yields two expansion co- 
efficient, which are represented in Figure 14 (bottom). The 
combination explains 0.44 (øC month-•)2, which corresponds 
to 64% of the total squared covariance; the correlation be- 
tween the two expansion coefficients is 0.73. Figure 14 (top and 
middle) shows the corresponding "homogeneous covariance 
maps" which represent the (temporal) covariance of each ex- 
pansion coefficient and the corresponding field. The patterns 
have a maximum amplitude in the equatorial waveguide and 
little amplitude elsewhere, contrary to the correlation maps. 
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o I 2 
zonal advection anomalies. Units are in ( C month- ), but note the two different scales. (bottom) Corre- 
sponding normalized time series in solid and dashed lines, respectively. 

The dominant mode for the rate of change of SST anomaly has 
one sign across most of the equatorial Pacific, with a large 
amplitude in a large region located between about 180øW and 
the eastern coast. That for zonal advection is rather similar, but 

the amplitude is only large between 170øW and 120øW, becom- 
ing even negative at the eastern coast (this latter feature is 
associated with the mean advection of anomalous SST). The 
agreement in patterns is particularly good when the SVD is 
made with the anomalous advection of mean SST, except for a 
shorter eastward extent of the advection effects (not shown). 
Noteworthy is that the amplitude of zonal advection is smaller 
than that of the rate of change of SST anomaly. This could 
occur if zonal advection was acting in phase with other impor- 
tant terms in the SST equation, like vertical entrainment or 
mixing, as expected if the (unresolved) equatorial Kelvin waves 
play a large role; indeed, zonal current and thermodine depth 
would then be in phase. This could also explain the differences 
in the eastward extensions of the patterns, as upwelling be- 
comes increasingly dominant eastward. However, it should be 

recalled that the anomaly currents are likely to be underesti- 
mated in two poorly sampled equatorial areas. The time series 
show that zonal advection played a role in the 1988 La Nifia 
(mostly the mean advection of anomalous SST) and also dur- 
ing the 1991 E1 Nifio (mostly anomalous advection). Notewor- 
thy is that zonal SST advection strongly influences the SST 
decrease during 1992; this is rather similar to what happened in 
1988, but no La Nifia event occurred in 1992. 

Figure 15 shows the dominant expansion coefficients for 
meridional advection, which represents a larger covariance 
than zonal advection, 0.70 (øC month-•) 2, 66% of the total 
squared covariance, but are more poorly correlated (0.62). The 
two homogeneous covariance maps are again centered in the 
central and eastern equatorial Pacific, and they are similar in 
shape and magnitude, except that meridional advection is 
small just at the equator, as expected, and north of it in the 
eastern part. The dominant meridional advection mode has a 
more eastward extension than the zonal one in Figure 14. The 
spatial domains of influence appear more clearly than in the 
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Figure 15. Singular value decomposition of meridional advection effects on SST anomalies. Homogeneous 
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correlation analysis, in part, because SVD filters the small- 
scale noise, but also because it emphasizes covariances. Thus 
the SVD is undoubtedly suggestive of substantial meridional 
advection effects. in agreement with our discussion, the expan- 
sion coefficients show that meridional advection mostly matters 
during the 1988 La Nifia, but not thereafter. In particular, the 
meridional advection effects were much smaller in 1992, con- 
trary to the horizontal ones, which were nearly comparable 
during 1988 and 1992. In fact, repeating the calculation for the 
period starting in November-December 1988 leads to poorer 
results and no consistency in the homogeneous covariance maps, 
even though the sampling was better during the latter period. This 
stresses the intermittency of the role of meridional advection, 
contrary to that of zonal advection, which varies less in time. 

6. Summary 
This analysis provides an estimate of the large-scale, low- 

frequency current anomalies at depth of 15 m in the equatorial 
Pacific between 20øN and 20øS based on buoy drifts and cur- 

rent meter records between January 1987 and December 1993. 
The current anomalies have been calculated with respect to the 
mean seasonal currents of REV, using objective analysis. The 
sampling is coarse until midol988 but more complete after- 
ward, when the main features of the zonal current anomalies 
can be documented over much of the domain in a period which 
includes the end of the 1986-1987 El Nifio, the 1988 La Nifia, 
and the 1991-1992 El Nifio. The meridional current anomalies 

are more noisy and have smaller correlation scales, hence they 
are not as well captured by the data set. 

The current anomalies are primarily zonal, with largest am- 
plitudes within about 8 ø from the equator and a dominant 
timescale somewhat smaller than that of the sea surface tem- 

perature anomalies. The dominant patterns of variability of the 
zonal current anomalies are directly linked to ENSO. In par- 
ticular, broad westward anomaly currents were encountered 
throughout the equatorial band during the 1988 La Nifia, and 
strong basin-wide eastward anomaly currents persisted from 
July-August 1991 to January-February 1992, followed by west- 
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ward anomaly currents from May-June to July-August 1992. 
The relations between the anomaly currents and the surface 
wind stress and other oceanic variables like thermocline depth 
will be discussed elsewhere. 

Using correlation analysis and a singular value decomposi- 
tion, it was shown that large-scale advection by zonal and 
meridional currents significantly, but not solely, contributes to 
the development of sea surface temperature anomalies in the 
central and, to a lesser extent, the eastern equatorial Pacific. 
Zonal advection dominates the correlations with the SST 

anomaly rate of change, while meridional advection tends to 
dominate the covariances. Both the (seasonally varying) mean 
advection of SST anomalies and the anomalous advection of 

the mean SST contribute to the zonal advection effects, while 
only the (seasonally varying) mean meridional advection of 
SST anomalies correlates with the SST anomaly rate of change, 
possibly because of the noise in the meridional current anom- 
aly estimates. Noteworthy is that the meridional SST advection 
effects are only seen during the 1988 La Nifia, while zonal 
advection effects occur more regularly in time. Still, the anal- 
ysis stresses the diversity of the ENSO events during the 1987- 
1993 period. 

Although zonal advection seems more important than me- 
ridional advection for the SST anomalies at the resolved space- 
time scales, its amplitude is small. This may be due, in part, to 
the limitation of the data set, in particular, the underestimation 
of the current anomalies in poorly sampled areas, and also to 
the good correlation between the fluctuations in zonal current 
and thermocline depth that is expected from equatorial wave 
dynamics, making the advection by zonal current anomalies a 
proxy for more complex effects, like upwelling changes which 
dominate {n the analysis of Kessler and McPhaden [1995]. It will 
thus be useful to use model data to investigate this problem. 
Although a detailed comparison with numerical model results 
has not been done, the present results seem generally consis- 
tent with those of Harrison et al. [1990] for the GFDL GCM, 
who found that anomalous zonal advection played the domi- 
nant role in some episodes of large central Pacific SST changes 
but that other processes, like meridional advection and vertical 
mixing, were more important during others. On the other 
hand, the moderate anomalous meridional SST advection es- 
timated here seems inconsistent with the strong one found in 
the MPI model by Barnett et al. [1991], although a better 
resolution of the meridional current anomalies may temper 
this conclusion. Our results suggest, nonetheless, that the sim- 
pler ocean models [see Kawabe, 1994; Miller et al., 1993] un- 
derestimate the influence of meridional advection and, per- 
haps, overestimate that of zonal advection. However, the 
strong smoothing in time that was used here may mask larger 
zonal advection effects on small timescales. A rigorous com- 
parison with tropical ocean models will be undertaken. 
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