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ABSTRACT

151

The observed upper ocean zonal current, 20°C isotherm depth, and
zonal wind stress, calculated from the European Centre for Medium Range
Weather Forecasts (ECMWF) model output, were examined in the equato-
rial Pacific during the period of frequent Westerly Wind Bursts (WWBs)
in the period October-April from 1988 (La Niña year) to 1992 (El Niño
year). WWBs increased in strength and number, shifting eastwardly to-
wards El Niño, and causing the frequent reversal of surface current, and its
vertical gradient within the western basin. Similar features were also ob-
served in the west-central basin, but only during the El Niño event. The
reversal of surface zonal current in the central and eastern basins was gen-
erally accompanied by surfacing of the Equatorial Undercurrent (EUC),
though the vertical gradient of zonal current velocity in the upper ocean
never reversed. Fluctuations in upper ocean zonal currents in response to
the WWBs were largest in the western basin, while fluctuations in 20°C
isotherm depths were largest in the central and eastern basins. Discernible
peaks in ocean responses due to WWBs were modulated in their propaga-
tion away from the forced region.

Since WWBs occurred in succession at various locations, ocean re-
sponses to each individual WWB were interfered with by other WWB events.
A simple analytical model was therefore devised to describe the temporal
and spatial evolution of the interference patterns in relation to various lo-
cations and WWB events. Pattern evolutions for both upper ocean zonal
current and thermal structures were further modulated by easterly wind
fluctuations east of the dateline. Tracing individual wave modes using peak-
to-peak comparisons is therefore a subjective process.
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1. INTRODUCTION

Generally associated with tropical cyclone formation, Westerly Wind Bursts (WWBs)
can frequently be found in the western tropical Pacific Ocean, particularly between the months
of November and March (Keen 1982). Some WWBs last just a few days and contain speeds of
4-5 m s 1−  (Keen 1988), while others are more energetic and can last anywhere from 1-3 weeks
(Keen 1982; 1988). Giese and Harrison (1991) have cataloged WWB episodes into four types,
N, C, S, and FS, according to the position  of maximum westerly winds with respect to the
equator (north of, centered on, south of, or far south near the dateline). The C-type WWB
generates the largest equatorially trapped Kelvin wave, and therefore induces the largest equa-
torial ocean responses. During the onset of the El Niño phase of the El Niño-Southern Oscilla-
tion (ENSO), WWBs were found to increase in both magnitude and frequency (e.g., Luther et
al. (1983); McPhaden et al. (1988); Harrison and Giese (1991); McPhaden and Hayes (1991);
McPhaden et al. 1992), tending to shift eastward and in the direction of the equator (Kindle
and Phoebus 1995). Easterly winds over the central equatorial Pacific tend to simultaneously
weaken (e.g., Wyrtki 1975; Wyrtki and Meyers 1976), suggesting (Keen 1982) that the onset
of ENSO could be initiated by WWBs. Tang and Weisberg (1984) have adopted a simple
analytical model to describe the temporal and spatial evolution of ocean responses to the 1982-
1983 El Niño event through an eastward translation of a westerly wind anomaly initially formed
west of the dateline (Rasmusson et al. 1983). This westerly wind anomaly was found to be
closely related to the WWBs (Harrison and Giese 1991).

Ocean responses to WWBs have been well documented. A reversal of surface zonal cur-
rents along 170°E between 4°S and 4°N was observed by Hisard et al. (1970) following the
1967 intensification of westerly winds. Analyzing moored current meter data along with Ship-
board Acoustic Doppler Current Profiler (Sb-ADCP) data at 0°N and 165°E in the winter of
1989, McPhaden et al. (1992) discovered an eastward surface jet of 400-600 km width, 100-
150 m depth, and maximum speed exceeding 100 cm s 1−  centered on the equator between
135°E and the dateline.

During the onset of the 1982-1983 El Niño and under the influence of strong WWBs,
Firing et al. (1983) found an eastward surface zonal current and a reduced Equatorial Under-
current (EUC) at 0°N and 159°W. McPhaden et al. (1988) also described the response of the
equatorial Pacific Ocean to a WWB preceding the 1986-1987 El Niño. Variability of sea level,
dynamic height, and zonal transport east of the dateline was attributed to a Kelvin wave with
an apparent phase speed of 302 cm s 1− . Local ocean responses to WWBs west of the dateline
(0°N, 165°E) included a deepened thermocline, reductions in sea surface temperature (SST)
and near-surface stratification, reversals of surface zonal current and upper ocean vertical
shear, and deceleration of the EUC. McPhaden (1993) noted similar features of ocean re-
sponses to WWBs during the 1991-1992 El Niño event. Using a reduced-gravity, multi-layer,
numerical model forced by wind stress from the U.S. Navy’s Atmospheric Global Operational
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Analysis/Forecast System, Kindle and Phoebus (1995) also studied ocean response during the
1991-1992 sequence of events, discerning 10 distinct WWB episodes, each with their own
spatial and temporal distributions. The three most prominent episodes occurred between No-
vember 1991 and January 1992. The importance of both the first and second vertical mode
Kelvin waves was determined upon comparison of model results with sea level data in the
eastern basin. Kessler and McPhaden (1995a; 1995b) and Kessler et al. (1995) discovered a
correlation between this series of WWBs and several strong Madden-Julian Oscillations (MJOs),
or planetary-scale, eastward-propagating intraseasonal convection fluctuations in the tropical
atmosphere between the Indian and Pacific Oceans. These MJO events were generated by a
series of downwelling equatorial Kelvin waves propagating east from the dateline at about
240 cm s 1− . Wijesekera and Gregg (1996) studied surface layer response to WWBs in the
warm pool of the equatorial Pacific between November and December of 1992 (prior to the
1993 El Niño), concluding the dominance of the advective term in the heat budget. Symth et al.
(1996a, b) found that WWB variations on near-inertial timescales interfered with wave response,
exerting considerable influence on observed currents.

The present study further examines WWB variability between the 1988 La Niña and the
1992 El Niño as well as the corresponding zonal current and thermal response in the equatorial
Pacific. The evolution of zonal current and 20°C isotherm depth responses to a series of WWBs
occurring at the onset of the 1991-1992 El Niño event is described in relation to their interfer-
ence patterns. The paper is organized as follows: Section 2 examines basin-wide zonal wind
stress, 20°C isotherm depth, and zonal current velocity fluctuations in the upper ocean from
1988-1992 during the period between October and April when WWBs are most common.
Water temperature and current velocity were obtained from the Tropical Atmosphere Ocean
(TAO) array deployed in 1985 (Hayes et al. 1991). Wind data from the European Centre for
Medium Range Weather Forecasts (ECMWF) model was used to demonstrate the temporal
and spatial variability of WWBs. Attention was focused upon the initiation of the 1991-1992
El Niño, when WWBs were strongest. Section 3 focuses on the evolution of basin-wide ocean
responses via an analytical ocean model based on a series of WWBs occurring between Octo-
ber 1991 and April 1992. Interference to ocean responses by various WWBs was found to be
significant, with the resultant ocean response model compared to observations of the verti-
cally-averaged upper ocean zonal velocity component and 20°C isotherm depth. Section 4
offers a discussion and summary of results.

2. DATA

Figure 1 shows the Pacific Ocean basin-wide ECMWF surface zonal wind stress (τ x) on

the equator from October to April in 1988, 1989, 1990 and 1991. The τ x  was computed by

τ ρx
a xC Ww= 10 , W w wx y= +2 2 ,   (1)
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where the ρa  is air density, wx  and wy  are the zonal and meridional wind velocity components,

respectively, and C10  is the drag coefficient at 10-m height following Trenberth et al. 1989
such that
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The τ x  zonal resolution is 2.5°, the time interval is 12 hours, and the detailed analysis
appeared in Yang et al. 1997. The WWBs, highlighted occurred in November and December
1989, January, February, March, November and December 1990, March, November and De-
cember 1991, and January 1992, etc. It is defined such that the westerly wind has fetch larger
than 10°, duration longer than 3 days and stress larger than 0.35 dyne cm 2−

. Following the
1988 La Niña, the WWBs gradually increased in amplitude, fetch and frequency, reaching
their maximum strength and eastward movement during the 1991-1992 El Niño in the western
equatorial Pacific. Only at the peak of the El Niño warming were WWBs found east of the
dateline. With the progressive intensification of WWBs from year to year, easterly winds
gradually reduced and shifted east of the dateline. Three distinct WWB events were observed
from 1991-1992, preceding the collapse of easterly winds in early March (Kindle and Phoebus
1995). Located immediately west of the dateline, the first event occurred around November
1991 with a maximum westerly wind stress of over 1.5 dyne cm 2− , a duration of around 15
days, and a fetch of 4000 km. This wind patch follows a simple temporal and spatial distribu-
tion and appears to be stationary. Observed between late December of 1991 and early January
of 1992, the second WWB exhibited more complex temporal and spatial variations than the
first, and contained a series of tropical cyclones that were also confined west of the dateline.
Dissimilar from the previous two events, the third WWB occurring in late January of 1992 was
centered east of the dateline around 160°W, and exhibited a fetch and amplitude smaller than
the first two. With more complicated temporal and spatial variations than the first one, this
event contained at least two tropical cyclones.

In addition to these three main WWB events, several smaller events with short durations,
small fetches and amplitudes were also observed. Although easterly wind stress generally
remained stable during the WWB episodes, it still exhibited some significant fluctuations in
the central basin. It is important to note that relatively large WWB events were also observed
during the non-El Niño years, though their frequency was less and their location further west.

Variations in the ocean’s zonal current velocity in the upper 200 m from January 1988 to
July 1992 are indicated as five-day means on the equator at 165°E, 170°W, 140°W and 110°W
(see Fig. 2). Zonal current velocity at 165°E, 140°W and 110°W are taken from the TAO
Project Office at the Pacific Marine Environmental Laboratory/National Oceanic Atmospheric
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Fig. 1. Daily mean zonal wind stress distribution as a function of time and
longitude. The four panels indicate zonal wind stress variations from
October to April in 1988, 1989, 1990 and 1991, respectively. Longitude
ranges from 130°E to 80°W; contour interval is 0.35 dyne cm 2− . Clear
(shaded) regions indicate easterly (westerly) wind stress, dark shaded
regions indicate the WWBs, bold lines signify the absence of wind stress,
and the dashed line indicates the dateline.
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Fig. 2. Five-day mean zonal current velocity in upper 200 m at 165°E, 170°W,
140°W and 110°W on the equator from July 1988 to June 1992. The
positive and negative values represent the eastward and westward current,
respectively. Contour interval is 30 cm s 1−  and the bold line indicates a
zonal current velocity of zero. The current data is provided by the TAO
Project Office, Pacific Marine Environmental Laboratory, National Oce-
anic and Atmospheric Administration, USA, except 170°W.
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Administration (PMEL/NOAA) (McPhaden et al. 1992). Zonal current velocity at 170°W is
taken from the University of South Florida’s (USF) subsurface Acoustic Doppler Current
Profiler (ADCP) mooring (Weisberg and Hayes 1995). The sites at 165°E, 170°W, 140°W and
110°W are hereafter referred to as the western, west-central, central, and eastern equatorial
Pacific, respectively.

The westward South Equatorial Current (SEC) can generally be found in the surface layer,
whilst the eastward EUC generally occurs beneath the SEC. The depth of the SEC and the
EUC core generally reduces from west to east, while their largest amplitudes can be found in
the west-central and eastern basin, respectively. Western basin surface current frequently
reverses, with the frequency and velocity of its eastward surface flow increasing towards the
peak El Niño year. The surface current in the west-central basin has also been known to reverse,
but not as often nor for as long as the western basin. The western and west-central basins can
also be distinguished by the nature of SEC reversal: reversals of eastward surface flow in the
west generally have a surface maximum, while the vertical gradient of upper ocean zonal
velocity reverses; and though surfacing of the EUC is observed at stations farther east, the
vertical gradient of upper ocean zonal current shows no signs of reversal (Kessler and McPhaden
1995a; Weisberg and Hayes 1995; Qiao and Weisberg 1997).

In order to thoroughly examine the zonal current velocity fluctuations during the period
between October and April (1988-1992), equatorial daily mean zonal current velocities at
165°E, 170°W, 140°W and 110°W are shown in Figs. 3, 4, 5 and 6, respectively. In the west-
ern basin, each SEC reversal , which occurred in November and December 1989, January,
February, March, November and December 1990, March, November and December 1991,
and January 1992 (Fig. 3), can be related to a corresponding WWB (Fig. 1), though eastward
speed is not always proportional to the strength of westerly wind stress, and time lags between
WWB and surface current reversal are not always the same. In addition, surface current rever-
sal is not necessarily accompanied by the reversal of the surface zonal velocity vertical gradient.
In the year of El Niño, there were two distinct surface current reversal events that seem to
correspond to the first two WWB events described above. The second event in January 1992
has larger amplitude but shorter duration than the one in November 1991. No correspondence,
however, was found between surface current reversal and the third WWB event occurring east
of the dateline towards the end of January 1992. Theoretically, an upwelling Rossby wave
with eastward current should have been seen at this location.

Drawing similar comparisons between WWB events and zonal current fluctuations at
170°W (Fig. 4) is more difficult, particularly during non-El Niño years. The appearance of
eastward flow at the surface is generally, but not necessarily, due to EUC surfacing. Similar to
165°E, two distinct events were evident when the surface current and its vertical gradient both
reversed sign during the initial period of the 1991-1992 El Niño. The first (November 1991)
has a larger amplitude and longer duration than the second (January 1992), while the second
eastward jet contains a double peak, one of which could have been induced by a third WWB
event occurring in late January when 170°W was within range of its extended fetch. Yet since
time lags between 165°E and 170°W for the first and second surface eastward jets differ,
simply tracing the propagation of an equatorial wave mode via peak-to-peak comparisons
cannot yield an adequate description of zonal current fluctuations.
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Fig. 3. Daily mean of zonal current velocity as a function of time and depth at
0°N, 165°E. The time series from top to bottom runs from October to
April 1988, 1989, 1990 and 1991. The positive and negative values rep-
resent the eastward and westward current, respectively. Depth ranges
from 0 m to 200 m, contour interval is 30 cm s 1− , and the bold line is
zero velocity. The current data is provided by the TAO Project Office,
Pacific Marine Environmental Laboratory, National Oceanic and Atmo-
spheric Administration, USA.
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Fig. 4. Same as Fig. 3 except at 0°N, 170°W.
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It is increasingly more difficult to trace WWB-induced surface current reversals into the
central and eastern basins (Figs. 5, 6). Considering that upper ocean response is expected to
propagate as a Kelvin wave, the two eastward jets induced by the western basin WWBs can
barely be followed into the central and eastern basins, even during the 1991-1992 El Niño
year. Visually tracing ocean response to individual WWBs is therefore a subjective process.

In order to further assess the temporal and spatial pattern evolution of SEC reversal along
the equator, zonal current velocity was vertically averaged over the upper 100 m. Results for
156°E, 165°E, 170°W, 140°W and 110°W from October 1991 to April 1992 can be found in
Fig. 7 with periods of the three most distinct WWB events highlighted. The additional time
series at 156°E was measured using a downward-looking ADCP deployed by PMEL/NOAA
in the beginning of July 1991 (Sprintall and McPhaden 1994). Though modulations of easterly
propagating jets are observed at each location, individual time evolutions vary. The first east-
ward jet induced by the first WWB event, for instance, is clearly observable at 165°E and
170°W. Since the wind patch was confined to the west of the dateline, a free Kelvin wave
propagating eastward without significant change in shape should theoretically be seen east of
the dateline, but data indicates a gradual deterioration of the eastward jet to the point where it
becomes difficult to recognize at 110°W. Apparent phase speeds estimated from peak-to-peak
comparison between 170°W and 140°W are also different from those between 140°W and
110°W, suggesting modulation of the jets during their eastward propagation. This is even
more apparent for the second eastward jet, which contains double peaks at 170°W but only
one peak at 140°W and 110°W.

Figure 8 provides a similar representation of daily mean 20°C isotherm depths. The 20°C
isotherm depth was computed by linear interpolated from temperature measurements of Au-
tonomous Temperature Line Acquisition System (ATLAS) buoys of PMEL/NOAA (Hayes et
al. 1991; McPhaden 1993). The expendable bathythermograph (XBT) and ATLAS buoy mea-
surements indicated the 20°C isotherm depth is around the middle of thermoclinic (Kessler et
al., 1990, 1996). Even in the case of relatively strong WWBs, 20°C isotherm depth fluctua-
tions in the western basin were minor. Isotherm depth fluctuations east of 170°W, however,
were relatively large. Two large peaks in isotherm depth variation were found at 170°W, 140°W
and 110°W in the period between November and February. In contrast to zonal velocity data,
peak-to-peak comparisons between longitudes for 20°C isotherm depth show eastward propa-
gation at velocities of approximately 250 cm s 1− , indicative of a first vertical mode Kelvin
wave.

The foregoing descriptions indicate that WWBs induce ocean responses both spatially
and temporally modulated by the forcing function as well as interference between different
forcing events. In attempt to render a dynamic analysis of these features, a simple long equa-
torial wave model concentrating on the period between October 1991 and April 1992 is ap-
plied in the next section.
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Fig. 5. Same as Fig. 3 except at 0°N, 140°W.
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Fig. 6. Same as Fig. 3 except at 0°N, 110°W.
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Fig. 7. Vertically-averaged upper ocean (100 m) zonal current velocity from
October 1991 to April 1992 at 156°E, 165°E, 170°W, 140°W and 110°W
on the equator. The three shaded regions indicate the intervals of the
three major WWB events. Vertically-averaged zonal current velocity is
measured in cm s 1− .
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Fig. 8. 20°C isotherm depth from October 1991 to April 1992 at 156°E, 165°E,
170°W, 140°W and 110°W on the equator. The three shaded regions
indicate the intervals of the three major WWB events. 20°C isotherm
depth is measured in m. The data are provided by the TAO Project Office,
Pacific Marine Environmental Laboratory, National Oceanic and Atmo-
spheric Administration, USA.
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3. ANALYSIS

The analytical ocean model used here is that of Weisberg and Tang (1990) and Yang et al.
(1997) building upon the formalism of Cane and Sarachik (1976). It is a single active layer,
linear, reduced gravity, β − plane ocean model governed by the following equations:
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where u and v are current velocity components in x (zonal) and y (meridional), h is upper layer
thickness perturbation, t is time, τ x  is zonal wind stress, and ε  is a damping parameter. The
equations are non-dimensionalized along time and length scales T = (c )-1/2β  and L = (c/ )1/2β ,
where c g D= ( )1/2'  is reduced-gravity wave speed, g'  is reduced-gravity, D is undistributed
layer water depth, and β  is planetary vorticity gradient. The model is forced from a state of
rest by temporally and spatially varying zonal wind stress distributions. Oceanic response is
obtained by the Fourier transformation of the motion equations, the projection of the forcing
function onto appropriate equatorial wave modes of the homogeneous equations, and the tem-
poral integration and inversion of the Fourier transformation via long-wave approximation.
Scales for time and distance were selected at 1.54 days and 333.33 km, respectively, and
obtained by assuming that c = 250 cm s 1− . This figure closely approximates the results of
Jonhson and McPhaden (1993), Kessler and McCreary (1993), and Kessler et al. (1995), and
was applied in an analytical model for the Pacific Ocean by Tang and Weisberg (1984). The
damping coefficient is 0.01 (equivalent to an e-folding time of 154 days).

Forcing induced by zonal wind stress is represented by a series of linear functions in time
and space, formulated as:
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where H is the Heaviside step function, L1 and L2 specify zonal length of wind patch, T1 and
T2  specify time variations, and γ  is wind stress magnitude. The meridional distribution of
each zonal wind stress patch is assumed to be Gaussian and centered on the equator.

A schematic of the model forcing functions offering approximate representations of the
three major WWB events from October 1991 to April 1992 is shown in Fig. 9. Labeled WI,
WII, and WIII, each individual event is comprised of several stationary wind patches. Easterly
winds during WWB events remained relatively steady with some notable exceptions, as in the
central basin in late November. Since equatorial waves can also be generated by easterly wind
stress fluctuations, a central basin easterly wind patch (labeled E) was also considered.

For each wind patch, each variation could generate two forced waves, first meridional
Rossby and Kelvin waves, which generated directly by the external zonal wind, and a series
waves reflected from two meridional boundaries. All of these waves constructed the model
responses of u and h. More detail discussion can be found in Cane and Sarachik (1976, 1977),
Weisberg and Tang (1983, 1985, 1987, 1990), Tang and Weisberg (1984), and Yang et al.
(1997). Modeled u at 156°E, 165°E, 170°W, 140°W and 110°W to the three westerly wind
events, individually and collectively, are shown in Fig. 10. Generally speaking, the time evo-

Fig. 9. Modeling force distribution as a function of time and longitude from
October 1991 to April 1992 and 130°E to 80°W. The contour interval is
0.3 dyne cm 2− . The three major WWB events are indicated by the three
wind patches labeled WI, WII and WIII. E represents easterly winds
fluctuations.
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lution for u within the west-central, central, and eastern basins during the first two WWB
events are approximately the same. The time evolution of u at 156°E and 165°E in the western
basin is different, since these two locations are in the forced region where the local accelera-
tion that forms the Yoshida jet (Yoshida 1959; O’Brien and Hurlburt 1974) is dependent upon
local wind stress and limited by a local horizontal pressure gradient gradually established as
the tails of forced Kelvin or Rossby waves from the ends of the wind patch pass an observed
location (Weisberg and Tang 1987). Its location within the wind patch is therefore essential in
determining the time evolution of u. The eastward velocity perturbation, for example, contains
longer duration and smaller amplitude at 156°E than at 165°E during the first event. This
smaller amplitude is related to the relative weakness of local zonal wind stress, while the
longer duration can be attributed to the fact that the forced Rossby wave takes a longer time to
pass this point. The wind patch of the third event occurs primarily east of the dateline. The first
meridional mode Rossby and Kelvin waves propagate to the west and east, respectively
(Weisberg and Tang 1983), beginning from the west-central basin in the forced region. The
largest peak of u for this event is therefore located at 170°W. Though ocean response is in-
duced primarily by forced waves, it can also be affected by reflected waves, especially for
locations in close proximity to the boundaries (Weisberg and Tang 1985).

Though the propagation of peaks for u can be traced easily in individual events, it be-
comes less clear with the collective consideration of three separate events. Values for u gener-
ated by the second and third events, for example, cannot be clearly separated east of 170°W.
Its small size and the presence of a reflected Kelvin wave from the second event render the u
generated by the third event in the western basin almost undetectable. Moreover, the time of
maximum eastward velocity of the second event at 156°E and 165°E is slightly shifted by a
reflected Kelvin wave from the first event. Evolution of each peak can therefore be attributed
to the interference pattern of the various waves formed by various wind fluctuations. Though
model responses for u generally correspond well with empirical observations, important dif-
ferences still exist, particularly within the central and western basins. Observations at 170°W,
for example, indicate an eastward velocity with a significantly smaller amplitude in the second
peak as compared to the first, while model results show similar amplitudes. This discrepancy
will be resolved later.

Similar representations of model responses of h at 156°E, 165°E, 170°W, 140°W, and
110°W to the three WWB events, individually and collectively, can be found in Fig. 11. In-
creasing (decreasing) values for h indicate downwelling (upwelling). The evolution of h in the
forced region is rather complex. Downwelling and upwelling appear alternately, contingent
upon the passage of Kelvin and Rossby waves from the extremes of the wind patch (Weisberg
and Tang 1985, 1987). Since the Rossby and Kelvin waves are out-of-phase with respect to h,
h has a much smaller amplitude within than without the forced region, and its fluctuations are
opposite on either side of the forced region. It is important to note that these two features are
opposed to the behavior of u, which is largest in the forced region and of the same sign on both
sides of the forced region. The large amplitude of h east of the forced region makes it a more
useful tool than u for tracing wave propagation east of the forced region, but without clear
amplitude distinction, tracing wave propagation across the entire basin is still difficult. As
with u, the h induced by the second and third WWB events east of 170°W is non-separable.
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The correspondence for h between modeled ocean responses and empirical observations in the
central and eastern basins is therefore closer than for u, though the opposite proves true in the
western basin.

Ocean responses to WWB events are also affected by ocean responses to easterly wind
fluctuations east of the dateline. Figure 12 indicates ocean response to the easterly wind patch
shown in Fig. 9. The largest amplitude of u and the smallest amplitude of h for the easterly
wind patch occur in the forced region at 140°W, while an upwelling Kelvin and downwelling
first meridional mode Rossby wave are seen east and west of the wind patch, respectively
(Weisberg and Tang 1985, 1987). Depending on the timing of wave arrival, the impact of the
easterly wind patch on ocean response varies with location, modulating the third peak of u in
the western basin, the second peak of u in the west-central basin, and the first peak in the
central and eastern basins. Unlike u, the influence on h is generally negligible except in the
eastern basin. Therefore, peaks induced mainly by WWBs are further modulated by easterly
wind fluctuations east of the dateline. The complexity of such interference patterns contributes
to the spatial and temporal variation of peak formation in both u and h, making the tracing of
wave propagation via peak-to-peak comparison somewhat misleading. With the speed of a
Kelvin wave, an eastwardly propagation peak, generated by a WWB, could be modified by a
westward propagating Rossby wave, generated by another easterly wind patch east of the
WWB. Furthermore, Weisberg and Tang (1990) pointed out that the coherence of ocean re-
sponses to the wind forcing varies from location to location primarily due to differences in the
arrival time of various forced and reflected waves at different locations.

The comparisons between u and vertically averaged upper ocean zonal velocity and be-
tween h and 20°C isotherm depth can be found in Figs. 13, 14, respectively. Their correlation
coefficients are shown in Table 1. Both empirical data and model results have been de-averaged,
normalized, and plotted together. The correlation coefficients have little change with the ver-
tically averaged upper ocean current velocity obtained from the integration over various depths.
This result indicates that the SEC and EUC has nearly in-phase variation in the time scale of a
WWB. In general, u correlates well with vertically averaged upper ocean zonal velocity in the
west-central and western basins, while h correlates well with 20°C isotherm depth in the cen-
tral and eastern basins. Despite the small amplitude of h within the forced region, its corre-
spondence with 20°C isotherm depths west of the dateline is poor. Such results are owing to
that the u has more direct and larger response in the forced region than outside (Yoshida 1959;
O’Brien and Hurlburt 1974). Conversely, the h has smaller amplitude in a forced region than
outside (Weisberg and Tang 1985). Of course the correspondence of both u and h is generally
poor after March 1992, when easterly winds collapsed across the entire basin (the schematic
model of Fig. 9 ends in February).

4. DISCUSSIONS AND SUMMARY

The reversal of the SEC response to the WWB in the western basin differs from that
caused by the surfacing of the EUC often observed in the central and eastern basins. The
former is generally accompanied by the reversal of its vertical gradient in the upper ocean
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Fig. 13. Comparison between u and vertically-averaged upper ocean zonal cur-
rent velocity at 156°E, 165°E, 170°W, 140°W and 110°W on the equator
from October 1991 to April 1992. Both time series are de-averaged,
normalized, and overlapped. Thin and bold lines indicate vertically-av-
eraged upper ocean zonal current velocity and u, respectively.
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Fig. 14. Comparison between h and 20°C isotherm depth at 156°E, 165°E, 170°W,
140°W and 110°W on the equator from October 1991 to April 1992.
Both time series are de-averaged, normalized, and overlapped. Thin and
bold lines indicate 20°C isotherm depth and h, respectively.
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from negative to positive. Using an equatorial mixed layer model, McPhaden et al. 1988 in-
ferred a relation between the reversal of the vertical gradient of zonal velocity and large verti-
cal eddy viscosity, but this is not the case in the west-central basin. During the second event
(January 1992), surface zonal current and its vertical gradient were reversed at 170°W (Fig. 4)
and local wind was generally weak (Fig. 1), undermining the importance of the mixing effect.
With its eastward velocity and positive vertical gradient of zonal velocity, the baroclinic mode
of the Kelvin wave could be responsible for these reversals. The initially negative local gradi-
ent of zonal velocity also seems to be important for the determination of vertical gradient
reversal. If the local vertical gradient of zonal velocity were strong, it could not be reversed by
a large WWB, which only induces surfacing of the EUC or reduction of the SEC. The large
WWB observed in late November 1989 (Fig. 1), for example, only induced the surfacing of
the EUC in December (Fig. 4); the vertical gradient of zonal velocity remained negative.

Equatorial zonal wind stress, upper ocean zonal current velocity, and 20°C isotherm depth
in the Pacific Ocean were examined for the period of WWBs generally occurring between
October and April from 1988 (La Niña year) to 1991 (El Niño year). Zonal wind stress was
calculated from the ECMWF model output; zonal current velocity and 20°C isotherm depth
measurements were taken from moorings at 156°E, 165°E, 170°W, 140°W and 110°W along
the equator. The observed increase in WWB frequency and strength as well as the eastward
shift of their fetch in the period between La Niña and El Niño is consistent with previous
findings (Kindle and Phoebus 1995). Westward surface current and vertical gradient in the
western basin both reversed in response to WWB events. The difference between the central
and eastern basins and that in the west lies in the absence of vertical gradient reversal in the
latter, where eastward surface current was contiguous with EUC movement. In the transitional
region in the west-central basin between the warm pool to the west and cold tongue to the east,
reversals of surface current and vertical gradient were only observed during the El Niño period.

Table 1. The correlation coefficients between u and vertically-averaged upper
ocean zonal current velocity and between h and 20°C isotherm depth
at 156°E, 165°E, 170°W, 140°W and 110°W on the equator from
October 1991 to April 1992.
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Fluctuations in upper ocean zonal current were largest in the west-central basin, while fluctua-
tions in 20°C isotherm depths due to WWBs were largest in the central and eastern basins. On
a basin-wide scale, the modulation of ocean responses (including both thermal and zonal cur-
rent variations) to WWB events occurred during their propagation away from the forced region.

A simple analytical ocean model was used to describe the spatial and temporal evolution
of ocean responses to the major WWB events during the 1991-1992 El Niño. Attributable to
the temporal proximity of individual WWB events, the interference of these ocean responses
varies with location and time. The additional interference of easterly wind fluctuations east of
the dateline makes the pattern evolution for both upper ocean current and thermal structure an
extremely complex function of time and space. Observed peaks in ocean responses at different
locations or times may therefore be associated with complex interference patterns, rendering
individual wave mode tracing via peak-to-peak comparison an extremely subjective process.

The strengthening of the negative vertical gradient of zonal velocity in the upper ocean
seems to be an important determinant of its reversal in response to WWB events. Generally
weak in the western basin and strong in the eastern basin, the negative vertical gradient of
zonal velocity frequently reverses in the former and remains the same in the latter. Vertical
gradient reversal of zonal current in the west-central basin could only be found in the initial
stages of El Niño as a result of its gradual weakening in the period between La Niña and El
Niño.
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