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[1] Pronounced low sea levels during the 1997/1998 El Niño are analyzed for the effects
of local wind stress curl and baroclinic Rossby waves. The sea levels analyzed were
produced by a data-assimilating numerical model (not part of this study), and the wind
stress curl is based on the wind stress field used to force the model. Frequency and phase
as a function of time are inferred by convolving Morlet wavelets with the sea level and
wind stress curl data. At certain times and locations the phase relationships indicate
reasonable agreement with a solution to the vorticity equation and identify areas of Rossby
wave generation and propagation. In the initial stage of the El Niño the sea level declined
as a result of regional variability, but in the mature stage the decline was due to
interannual, basin-scale processes. INDEX TERMS: 4203 Oceanography: General: Analytical

modeling; 4215 Oceanography: General: Climate and interannual variability (3309); 4223 Oceanography:

General: Descriptive and regional oceanography; KEYWORDS: wavelets, wind stress curl, Rossby waves, phase

propagation, wind stress curl, El Niño
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1. Introduction

[2] A feature common to many El Niños, but particularly
striking during 1997/1998, is the exceptionally low sea
levels observed over a wide area of the tropical western
Pacific [Xue et al., 2000]. This feature tends to dominate
maps of sea level of the western tropical Pacific during the
mature phase [Meyers, 1982]. The timing and spatial extent
of the sea level changes, combined with those of wind stress
curl (WSC), is a key part of the complex interplay of
oceanic and climatic elements of ENSO events [Wyrtki,
1985; Philander, 1990]. The correlation between sea level
and WSC is visually evident in Figure 1.
[3] This study arose from concerns expressed over

changing sea level by Pacific islanders, particularly those
from Funafuti, Tuvalu (8.5�S, 179.2�E). Concern was with
both long term sea level rise and variability at shorter
timescales. This study addresses the latter timescales
(ENSO and shorter timescales). For example, it is believed
that during El Niño events, when sea levels are lower, water
quality and and water levels in coastal wells used for
drinking water are affected. Tuvalu is located in the area
of highest sea level varability during an El Niño, i.e., within
the South Pacific Convergence Zone, where the trade winds
from the east and southeast converge. This produces a
tendency for divergence in the upper ocean, and hence
upwelling through the thermocline. This tendency reverses
annually in the early part of the year, except during El Niño
events, when the cycle is disrupted [Meyers, 1982]. One of
the questions asked in this study is the degree to which the

sea level changes at Tuvalu during the 1997/1998 El Niño
can be ascribed to changes to the local wind patterns.
[4] The sea level data analyzed in this study were taken

from the NCEP ‘‘reanalysis’’ (see Appendix A). This data
set was chosen over satellite altimeter data to ensure
consistency with the wind fields, which are from the same
source (i.e., the wind field is a forcing function in the NCEP
reanalysis). The use of reanalysis sea level is justified by
comparison with tide gauge and satellite altimeter data in
the appendix.
[5] An analytical solution to the simplified vorticity

equation is used in the interpretation of the results. This
approach differs, for example, to that of Reason et al.
[1987], who solved a similar equation on a numerical grid
using sinusoidal representations of the observed wind fields.
It will be seen that the wavelet technique automatically
produces the amplitudes and phases of select frequencies as
functions of time. These are the required forcing terms for
the solution.

2. Vorticity Equation

[6] The analytical solution used below is due to Meyers
[1979]. The dynamics of a 1 1/2-layer ocean forced by wind
stress may be written [Gill, 1982]:

ht ¼ w� chx; ð1Þ

where w, the Ekman pumping velocity, is proportional to
WSC, i.e., w ¼ 1

rf r�~tð Þ, and c is the Rossby wave
speed, given by c ¼ bg0h0

f 2
. Here ho is mean sea level, f is

the coriolis parameter, g0 is reduced gravity and b is fy. The
subscripts t, x, and y denote differentiation. An assumption

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 107, NO. C11, 3201, doi:10.1029/2001JC001080, 2002

Copyright 2002 by the American Geophysical Union.
0148-0227/02/2001JC001080

22 - 1



has been made that the spatial variations in wind stress are
greater than those in f. Equation (1) can be stated as: the time
variability of sea level anomaly (ht) is the difference
between the local Ekman pumping velocity and the effect of

westward traveling, nondispersive, baroclinic Rossby
waves. (Remembering that while cyclonic wind stress curl
leads to upwelling and decreased sea level in both
hemispheres, in the southern hemisphere, ‘‘cyclonic’’
implies WSC < 0.)
[7] Meyers [1979] explored solutions to (1) where w

was of the form of a standing wave of amplitude A: w = A
sin(kx) cos(wt) where x is westward distance (contrary to
the usual convention). In the resonant case, i.e. where the
wave number (k) of the wind field is nearly equal to the
wave number of the free response w/c, these took the form
h ¼ A

2w kx sin kx� wtð Þ þ sin kxð Þ sin wtð Þ½ 
. At the longi-
tude of maximum forcing, kx = p/2 (assuming the forcing
occurs over half a wavelength). Substituting this into the

expression for h yields hx¼p=2k ¼ A
2w 1þ p

2

� �2� �1=2
cos wt � 32�ð Þ,

where f is the phase lag between h and w (wx=p/2k = A
cos(wt)).
[8] The paper begins by presenting multiresolution plots

of the reanalysis sea level and WSC near Tuvalu. These are
simultaneous time series of wavelets at periods ranging

Figure 1. Reanalysis sea level and wind stress curl in the
Tuvalu vicinity.

Figure 2. Time variability of the sea level wavelet spectrum. The amplitude scale for all abscissas is
given for a single representative axis. Numbers at right ends of every fourth axis are the period (weeks) of
the wavelets. The axes closest to the periods of Ssa and Sa are also shown.
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from weeks to years. The phase difference between the sea
level and WSC wavelets of identical frequency is compared
with the phase lag f from the solution to the vorticity
equation in order to address the question of whether the sea
level variations are caused by local WSC forcing. The
wavelet approach is also shown to be effective in high-
lighting areas of wave generation and phase propagation.

3. Wavelet Spectrum

[9] The wavelet transform was used to identify and
describe transient wavelike features in the sea level data.
This method is based on a convolution integral. Scaled and
translated wavelets are successively convolved with the
time history of sea level to produce the transform. The
wavelet transform is comparable to the more familiar Four-
ier Transform, but instead of a two-dimensional map of
variance as a function of frequency, it can be thought of as
producing a three-dimensional map of variance as a func-
tion of frequency and time. Wavelet transform maps of
forcing (WSC) and response (sea level) may be overlaid to
identify the scales of forcing which produce the sharpest
response (resonance scales).
[10] The wavelet approach is natural in this case because

we are dealing with transients which would barely register
in normal Fourier spectra. It involves the convolution of a
set of functions with the time series data. The functions are
derived from a ‘‘mother wavelet’’ Y0(t); in this case we
have chosen the Morlet wavelet Y0 tð Þ ¼ p�1=4eiate�t2=2,
where a is chosen to make Y0(t) approximately zero when
integrated over all time. Various values for the plane wave
vector, a, can be found in the literature: Meyers et al. [1993]
use a = 5, while Farge [1992] and Torrence and Compo
[1998] use a = 6. Here we use a = 2p. The choice of a
complex wavelet is important in that it contains phase as
well as amplitude information.
[11] Following Torrence and Compo [1998], the derived

functions take the form:

Y
t0 � tð Þdt

s

� �
¼ dt

s

� �1=2

Y0

t0 � tð Þdt
s

� �
: ð2Þ

These are the scaled and dilated wavelets which are
convolved with the data (t0 is the summation variable in
the convolution). The variable ‘‘s’’ is often called the scale
factor, and dt is the data time step. Because we use the
Morlet wavelet, and have chosen a = 2p, s corresponds
directly to wave period. The convolution is simply:

Wt sð Þ ¼
XT�1

t0¼0

xt0Y� t0 � tð Þdt
s

� �
ð3Þ

where x is the data time series and the asterisk indicates
complex conjugate. Most authors, including Torrance and
Compo, solve equation (3) in Fourier space for a spectrum
of values of s (an account of how the spectral periods are
chosen is given by Lau and Weng [1995]). This produces
substantial savings in computer time, but for time series of
500 points or less, solving in the time domain provides
certain advantages (particularly when solving a number of
different time series for a single value of s, and hence, one

does not require the full spectrum). Interpretation is nearly
identical in either case.
[12] The time-dependent wavelet spectrum is shown in

Figure 2. Each wavelet time series is the result of con-
volution with a Morlet wavelet with the reanalysis sea level
at 8�S, 177�450E (near Tuvalu). From the top of the page,
the Morlet wavelets have increasingly longer periods, from
two weeks to 431 weeks (8.3 years). For a discussion of the
significance levels of wavelet estimates, the reader is
directed to Torrence and Compo [1998]. Generally, the
estimates become unreliable near the endpoints of the long
period wavelet time series, i.e., the so-called cone of
influence. Since our discussion is based on values outside
the cone of influence, it will not be elaborated further.
[13] It should also be noted that individual wavelets

generally have lower amplitude than that of the sinusoidal
oscillation of the same frequency in the data. The reason is
that the variance of the sinusoid is shared among several
wavelets of neighboring frequency. To further appreciate the
properties of the wavelet spectrum, a reconstruction of the
original time series, formed by simply adding the individual
series, is shown at the bottom of Figure 2. The reconstructed

Figure 3. Progressively summed wavelets, beginning
from shortest period. The scale on the top five axes is
expanded by a factor of 3 for legibility. Otherwise, same as
Figure 2.
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sea level nearly overlies the original except during a period
in 1998 when the difference remains less than 5 cm. The
labels at the right-hand end of the axes are the approximate
periods of the wavelets. Those close to 26 and 52 weeks are
labeled Ssa and Sa (semiannual and annual) respectively.
[14] By adding successively, beginning with the shortest

period wavelets, certain other features appear (Figure 3).
Here each axis represents the sum of all periods from two
weeks up to and including the wavelet labeled. For exam-
ple, the axis labeled ‘‘64’’ is the sum of wavelets of period
2–64 weeks. The cumulative (or net) effect of variability of
period 64 weeks and less (including Ssa and Sa) is negligible
in early 1998. Notably, the phase of the annual cycle is such
that it would tend to increase sea level at the time of the
1998 minimum. Continuing down through the scales, the
summed contributions of the longer period (interannual)
variability adds up to nearly 30 cm. This is not to say that
certain shorter-period cycles (notably at 26 and 32 weeks)
did not contribute to the fall in sea level in early 1998: it is
simply that their contribution was in effect cancelled out by
others (primarily of 45–52 week periods).
[15] Wavelet analysis was also performed on WSC.

Because inspection of theWSC fields revealed a strong event

about 7� east of Tuvalu in early 1997, the data from that grid
point was chosen for further analysis.
[16] The WSC wavelet spectrum (Figure 4) contains a

great deal more variability at shorter periods (below Ssa)
with very little corresponding increase in sea level varia-
bility (Figure 2). The vorticity equation (1) acts as a low-
pass filter, allowing a frequency-dependent response to the
forcing. At the eight week period, the largest wavelet
activity occurred in the early parts of 1997 and 1998, and
the 1997 activity corresponds closely to the variability of
the eight week period sea levels shown in Figure 5. In the
atmosphere, the strongest variability in this frequency band
is known as the Madden Julian Oscillation, an index of
which is outgoing longwave radiation (OLR). The 1997
peak in the amplitude (absolute value of real and imaginary
parts) of the 8 week wavelet coincides with peaks in both
OLR and reanalysis sea level at this location.

4. Sea Level and WSC Phase

[17] A strong WSC event to the east of Tuvalu has been
alluded to. The event (or pair of events) in early 1997 is
signified in Figure 5 as a pair of ellipses superimposed over

Figure 4. Time variability of the wind stress curl wavelet spectrum. See caption for Figure 2. The units
are 104 kg m�2 s�2.
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a Hovmuller diagram of the period = 8 week sea level
wavelet at 8�S. The bands of light and dark in Figure 5 are
alternating bands of high and low sea level respectively
(between approximately ±9 cm). Of course, successive
‘‘highs’’ are separated by eight weeks. The westward
upslope of the bands implies westward propagation, and
the phase speed (2� longitude per week) is consistent with
Rossby wave propagation. Thus the WSC event (which was
anticyclonic) appears to have resulted initially in increased
sea level in its locale, and subsequently, in a series of
Rossby waves of period eight weeks.
[18] The solution to the vorticity equation found that the

maximum sea level displacement (h) should lag that of the
forcing by 32�. The phase difference between the 8 week
wavelets of WSC and sea level is plotted in Figure 6 for the
time interval mid-1996 to mid-1998. Over the entire data
interval (1993–2000), the phase difference changes rapidly
(as seen in late 1996 and early 1998), except during 1997,
indicating that only when there is strong and persistent
coupling at a particular frequency, does the phase lock
together and a resonant response develop. The phase lag in
this case is between 50� and 100� (between one and two
weeks for an 8 week signal) which is about twice the 32�
(five days) predicted by the resonant solution to equation (1).
[19] The discrepancy between the observed phase lag and

that predicted by the resonant solution suggests that the 8
week response was not quite in resonance. For resonance to
occur, the observed zonal wavelength (l) of the WSC
should be not far from cTwave/4, where Twave is the period
of the wave. In Figure 6, l is about 6� longitude (about 110

km), whereas for the 8 week wave, cTwave/4  4.4�. Given a
zonal wave number k for the WSC, and a calculated phase
speed, the Meyers [1979, equation (7)] nonresonant solution
can be used to estimate the phase of the sea level response.
Using the observed l = 6�, the nonresonant solution
predicts a phase lag of 69�, in better agreement with the
phase difference shown in Figure 6.
[20] The 8 week period disturbance propagates south-

westward out of the generation zone (Figure 7). The west-
ward phase speed, estimated by taking the zonal distance
between the dashed and solid 120� contours, which are
separated in time by one week, is about 40 cm/s, consistent
with estimates for Rossby waves.
[21] Maps of phase similar to Figure 7, but for the 19, 22,

26, and 52 week wavelets show that the different wavelets
originated from different generation zones, and at different
times, presumably when WSC events of sufficient strength
and persistency, with the dominant resonant frequency of
the wavelet, occurred over an area. In general, the longer
period wavelets appear following WSC events of wider
zonal scale in accordance with the above expression (l =
cTwave/4). An example is shown in Figure 8. The 19 week
wavelet originates from a source region (WSC event of
zonal scale about 10�) northwest of Samoa in mid-1997.
The f �2 dependence of Rossby wave phase speed is evident
in the spreading of the contours toward the top of the figure,
and the westward-only directional component is manifested
in the counterclockwise sweep of the 210� contour north of
Samoa. Each 10� interval represents 5.3 weeks, so that the
disturbance reaches Tuvalu approximately eleven weeks
after being generated.
[22] Numerous similar examples of temporary phase

locking can be found in the data sets. The only other
example discussed here is the annual case. The phase
difference for the annual cycles in reanalysis sea level and
WSC is plotted in Figure 9. Here the phase is closely
coupled from the beginning of the data set until the onset
of the 1997/1998 El Niño. The phase difference is very
close to the value of 32� (1 month) predicted by Meyers

Figure 5. Hovmuller diagram of 8 week period wavelet
amplitude. Light and dark bands correspond to high and low
sea levels over a maximum range of about ±9 cm. The two
dark ellipses mark episodes of large anticyclonic WSC.

Figure 6. Time series of phase difference between the 8
week wavelets of reanalysis sea level and WSC.

Figure 7. Map of phase of the 8 week wavelet of
reanalysis sea level at two times separated by 1 week.
The arrow shows how the 120� phase front moved from one
week to the next.
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[1979] for local resonant forcing. In 1996, the phase of the
WSC started increasing until eventually the WSC lagged
behind sea level. It is evident from this that the annual
cycle at this location was not driven by local WSC. This is
borne out by the fact that the annual sea level and WSC
wavelets respectively increased and decreased in amplitude
in 1999.
[23] A Hovmuller diagram of both the phase and power

of the 108 week sea level wavelet at 8�S (Figure 10) shows
that the minimum sea level in 1998 was centered to the west
of Tuvalu, but (since the phase lines are level) at this
latitude, it occurred simultaneously between at least 173�
and 193�E (the area studied). (A map of phase, not
presented, indicates that the strongest and earliest disturb-
ance was to the northwest of Tuvalu.) The zonal scale
suggests ENSO-related oscillations of the thermocline, of
large zonal scale [Jin, 2001].

5. Discussion

[24] The decline in sea level near Tuvalu took place in
two steps. From Figure 3 it was found that the interannual

variability alone could account for the unusually low levels
recorded in mid-1998, in the mature phase of the El Niño.
However, the earlier step, occuring in mid-1997, was
equally dramatic in terms of rapidity and depth of decline.
The figure shows that the sea level wavelets of all periods
from 12 weeks up to and including annual period contrib-
uted to the decline. Further analysis showed that the
variations of annual period and less were generated by
separate WSC events and propagated into the Tuvalu area
from the northeast or southeast.
[25] Over much of the record, the reanalysis sea level and

WSC wavelets from the same location varied rapidly in
phase with respect to each other. However, intervals exist
when the difference remains fairly constant. These are
generally times of strong WSC. The Meyers [1979] non-
resonant solution to the vorticity equation more closely
predicted the observed phase lag between WSC forcing
and sea level response when compared to the resonant
solution. However, this is not conclusive considering the
spatial and temporal phase gradients and the fact that the
reanalysis sea level and wind fields are not on the same grid.
Longer-period wavelets (particularly the 19 and 52 week
wavelets) appeared to be closer to resonance.
[26] Examination of the sea level records may give the

impression that the annual cycle of sea level virtually
disappeared during the 1997/1998 El Niño. This study

Figure 8. As Figure 7, but for the 19 week sea level
wavelet.

Figure 9. Time series of phase difference between the annual wavelets of reanalysis sea level and WSC.

Figure 10. Hovmuller diagram of phase (thin lines) and
power (thick lines) of the 108 week period sea level
wavelet. Only the 180� and 360� phase lines are shown.
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found that the annual sea level cycle was not significantly
reduced, but rather was masked by other effects, and its
phase remained nearly constant. On the other hand, the
phase of the WSC wavelet was only constant over the
interval 1993–1996. During that time the phase difference
(about 30�) was close to that predicted by the vorticity
equation solution. With the onset of El Niño in late 1996,
the two (WSC and sea level) no longer maintained a
constant phase difference.
[27] If only periods up to and including the annual were

taken into account, the sea level in Tuvalu would have
returned to near normal by mid-1998. The deep trough in
sea level which appeared at that time, extending from the
equator nearly to the Cook Islands, was caused by processes
with interannual and basin-wide scales, beyond the scope of
this study. The reader is referred to Jin [2001] for a
discussion of these processes.

Appendix A.

[28] The sea level data were obtained from the National
Centers for Environmental Prediction (NCEP) numerical
model reanalysis [Ji et al., 1995] (reanalysis). The model
performs a dynamics-based interpolation of assimilated
ocean temperature and other data, and computes sea level
(steric height) as a diagnostic variable. Weekly sea levels
and wind stress vectors from 1993 to 2000 were used. At
the latitudes discussed here, the grid points are spaced at
1� latitude and 1 1/2� longitude. A plot of the six
reanalysis sea level time series nearest Tuvalu showed
that during 1997/1998, sea level at the three southern (9�S)
grid points fell substantially further than those at 8�S. For
this reason, and in order to include influences over a
broader scale, an interpolated time series was created for
Tuvalu. The interpolation method used is based on that of
Chelton and Schlax [1993]. It uses a second-order regres-
sion model with weighted coefficients. The weighting is
based on the fact that meridional scales are much longer in
this region. A scaling of 4:1 was chosen in the determi-
nation of scaled distance, d. For a given d, the weighting
falls off as (1 � d3)3, where d varies between zero and
unity.
[29] The reanalysis data was checked by comparison

with both island tide gauge and satellite altimeter data. A 6
minute tide gauge data set from the National Tidal Facility
Australia-operated gauge at Tuvalu was prepared. These
instruments use an acoustic pulse to measure water level,
and rely primarily on electronics (sample interval and
averaging) to filter out unwanted signals (wind waves
etc). They undergo more rigorous geodetic control, instru-
ment maintenance, and data quality checks than normal
port tide gauges as their fundamental purpose is to monitor
long term variability. The Tuvalu data begins in mid-1993
and contains several gaps due to instrument failure. The
data was analyzed for tides (116 constituents), which were
then subtracted from the data. Seasonal and annual cycles
were left in the data to conform with the model and
altimeter data, but the 3 year (1993–1995) mean has been
removed. To reduce aliasing, a low-pass filter (2 hour
cutoff) was then applied, and the data subsampled at
hourly intervals, following which the data was averaged
into weekly bins.

[30] Time series of binned TOPEX/Poseidon satellite
altimeter (T/P) data was obtained from NOAA [Cheney et
al., 1998]. The along-track data are available at integral
latitudes, with a time interval of approximately ten days.
Data from the six points nearest Tuvalu were obtained,
following which each series was time-interpolated to the
same weekly time base as the ra6 model. The same spatial
interpolation method used for the reanalysis data was then
used to create a single time series at the coordinates of
Tuvalu.
[31] The three sea level representations are plotted in

Figure 11. There is close visual correspondence; their
Fourier spectra also agreed within acceptable limits (though
the altimeter data appears to contain more variance at high
frequencies, and the altimeter exhibits about twice as much
spatial variability as the reanalysis data). The purpose of the
comparison being simply to ensure that the model data was
representative, no further comparisons were conducted.
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