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ABSTRACT

The equatorial deep jets are often modeled as equatorially trapped long waves, either Kelvin or Rossby.

Rossby waves perturb potential vorticity but Kelvin waves do not; therefore the potential vorticity structure of

a 16-month mean velocity section from 3°N to 3°S on 159°W is examined. To distinguish the equatorial deep

jets from flow components with larger vertical scales, the mean profiles were decomposed into a low-vertical-

mode component and a residual, dominated by the deep jets. The deep jets resemble a first-meridional-mode

. Rossby wave; their velocity at 2°N and 2°S is opposite in direction to their velocity on the equator, and
; consequently they show a potential vorticity perturbation. The zero crossings of the jets’ zonal velocity are at
1°30'N and S, farther from the equator than the 1°N and S predicted by linear wave theory. One possible

explanation for this broadening is meridional advection of the jets by higher-frequency motions such as Rossby-

gravity waves.

1. Introduction

- Qver the past two decades, observations have re-
vealed a series of deep zonal currents below the equa-
torial undercurrent in the Pacific, Indian, and Atlantic
oceans. Luyten and Swallow (1976) first observed the
deep jets on the equator in the Indian Ocean. During
one month of observations, they found strong steady
zonal velocities with small vertical scale extending be-
low 3000 m. The jets were confined within two degrees
of the equator. In the equatorial Pacific deep jets were
found at many longitudes (Hayes and Milburn 1980;
Leetmaa and Spain 1981; Eriksen 1981).

- The Pacific Equatorial Ocean Dynamics (PE-
QUOD) experiment of 1981-1983 was designed to
study these jets. The ficld study consisted of a moored
current meter array maintained for two years (Eriksen
1985; Eriksen and Richman 1988), absolute velocity
profiles taken during mooring deployment and recov-
ery (Ponte and Luyten 1989), and a 16-month time
series of velocity profiles, the Line Island Profiling Pro-
ject (LIPP) (Firing 1987, 1988, 1989). The data col-
lected during PEQUOD, combined with other studies,
has begun to yield a composite picture of the deep jets.
Their vertical and meridional structure is fairly well
defined but their zonal and temporal variability is less
clear.

- Corresponding author address: Joanna Muench, School of Ocean-
ography WB-10, University of Washington, Seattle, WA 98195,

Located on the equator, the jets are characterized
by alternating east-west currents with instantaneous
velocities up to 25 cm s, They have vertical wave-
lengths of about 300 m, are found from 500- to 3000-
m depth, and are confined within 2° of the equator
(Firing 1987). Ponte and Luyten (1989) found the
zonal velocities to be coherent over 10° of longitude.
Two years, the longest period of observations, was in-
sufficient to resolve the jets’ temporal behavior (Eriksen
1985).

GEOSECS data from the Atlantic suggests the pres-
ence of strong deep currents on the equator there as
well (Eriksen 1982). A single vertical profile at 0°,
32°W contains alternating jetlike structures (Ponte et
al. 1990). However, further observations are necessary
to determine whether these features have the same me-
ridional structure, zonal coherence, and longevity as
the jets observed in the Pacific.

Attempts have been made to interpret observations
of the deep jets as linear equatorial waves. Analysis of
data collected by Luyten and Swallow (1976) in the
Indian Ocean revealed that a simple model of the jets
as linear long Kelvin waves was inconsistent with the
observed deep jets whose meridional widths of up to
2° are broader than the 1° predicted by linear wave
theory (O’Neill and Luyten 1984). Eriksen (1982) hy-
pothesized from phase relations between zonal velocity
and displacement that the jets observed in the Pacific
Ocean had the characteristics of Kelvin waves. Analysis
of other velocity profiles from the central Pacific at
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Fi1G. 1. Station locations and topography for the Line Islands
Profiling Project (Firing 1987).

0°30'N and S, and 1°15’'N and S showed reasonable
agreement between the meridional scale of Kelvin
waves and the observed deep jets, although the limited
time span of the observations (15 months) prevented
Ponte and Luyten (1989) from reaching any firm con-
clusion relating the deep jets to linear wave dynamics.
Both their results and the results of Firing (1987) in-
dicate that insufficient data exists to describe the tem-
poral behavior of the jets.

Observations of the deep jets have been accompanied
by many modeling attempts. Wunsch (1977) tried to
model the deep jets observed in the Indian Ocean by
Luyten and Swallow (1976) as linear long waves driven
by monsoon winds, although subsequent analysis of
the data (O’Neill and Luyten 1984) demonstrated
contradictions between linear wave theory and the ob-
served meridional scale of the deep features. McCreary
(1984) found that time-dependent zonal wind forcing
creates a complicated response of Kelvin and Rossby
waves reflecting from the ocean surface, bottom, and
lateral boundaries. His model produced jetlike struc-
tures, but the period of forcing, and therefore of the
long waves, was at most one year, while observed deep
jet time scales in the Pacific are much longer than two
years. Subsequently, McCreary and Lukas (1986) hy-
pothesized that stationary Kelvin waves, forced by a
wind patch and Doppler shifted by a barotropic current,
could produce deep zonal flows resembling the deep
jets. The 15 cm s™! westward current required in the
model appears to be unrealistically large, however.
McPhaden et al. (1986) proved that the propagation
of high baroclinic mode Kelvin waves through strongly
sheared flows, such as the equatorial undercurrent, is
inefficient. Ponte (1989) modeled the deep jets as Kel-
vin and Rossby waves forced by a deep meridional
boundary energy source.
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If the deep jets are due to linear Kelvin or Rossby
waves, they should share the characteristics of those
waves. Specifically, the combined velocity and density
structure should resemble that of a theoretical linear
long equatorial wave. One of the distinguishing char-
acteristics of these waves is their potential vorticity
structure. Kelvin waves do not perturb potential vor-
ticity, while Rossby waves do. Therefore, examination
of the potential vorticity structure associated with the
deep jets may indicate whether they can be modeled
as either linear Kelvin or Rossby waves. This analysis
is possible due to both the large number of sections
available and the meridional resolution of the LIPP
data,

2. Data and methods

Pegasus acoustic dropsonde profilers were used to
obtain full water depth profiles of horizontal velocity
and temperature in a section running from 3°N to 3°S
at 159°W near the Line Islands (Fig. 1, Firing 1987).
A total of 21 cruises were made from March 1982 to
June 1983, resulting in 41 transects across the equator
(Fig. 2). The profiles were smoothed in the vertical
with a Gaussian filter ( 10-m standard deviation, 60-m
total width, 76-m half-power wavelength) and sub-
sampled every 20 m. [For a complete discussion of
data collection and processing, see Firing (1987).]

The following analysis considers only the mean ve-
locity structure from the 16-month time series. A time
series of profiles (Fig. 3) establishes the persistence of
the jets over the 16-month period of observation, with
little discernible vertical motion. The standard error
of the mean velocity components is 4 cm s™! in the
upper 500 m, and 1-3 cm s™! at greater depths. The
mean meridional velocity component is not statistically
different from zero even though instantaneously it is
as large as the zonal velocity; the meridional fluctua-
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F1G. 3. Zonal velocity on the equator averaged over successive 3-month periods: (a) April 1982-July 1982, (b) July
1982-October 1982, (¢) October 1982-January 1983, (d) January 1983-April 1983, (e) April 1983-July 1983. The
gray lines are at 860 m, 1100 m, 1380 m, and 1740 m. The persistence of the jets is apparent over this 16-month period.

tions have much shorter time scales than the large zonal
velocities.

In addition to the deep jets, Fig. 4 shows predomi-
nant extraequatorial currents with vertical scales of
500-1000 m, much larger than those of the deep jets.
Assuming linearity, this unambiguous vertical scale
separation suggests that the deep jets and the extra-
equatorial currents should be regarded as different
phenomena and analyzed separately. Therefore, the.
mean zonal velocity field has been decomposed into a
low-mode component and a high-mode residual, using
linear vertical normal modes (Firing 1988). The ver-
tical mean plus the first ten baroclinic modes are taken
to be the low-mode component; mode 10 provides a
natural separation point because its amplitude and
standard deviation are both small. This choice of mode
cutoff is also well separated from the mode range of
the deep jets, which is around 33-36. The decompo-
sition is used only as a method of scale separation.

The low-mode zonal velocity (Fig. 5a) includes the
Equatorial Undercurrent, the South Equatorial Cur-
rent, and several subthermocline currents discussed by
Firing (1987, 1989). The residual zonal velocity (Fig.
5b) contains the deep jets and little else. Their vertical
wavelength is 330 = 70 m, and mean jet velocity is 4
+ 1 cm s™!. Most of the jets are centered on the equator,
although a few velocity extrema lie slightly off the
equator at 30’'N or S.

Potential vorticity was calculated separately for the
low-mode and residual velocities. The Ertel potential
vorticity is defined as

[I=0@22+VXv)Vb, (1)

where Q is earth’s rotation vector, v is the fluid velocity,
and b(y, z) = (g/po)lp(z) — p(y, z)] is the buoyancy
(overbar indicates average over latitude and time). Due
to the observed geostrophic nature of the deep jets (Fig.
6), horizontal gradients in density may be expressed
as

by = —Byv,, (2a)
b, =~ Byu,. (2b)

Scaling allows simplification of the potential vortic-
ity. (1) The horizontal gradients of vertical velocity are
known to be small and may be neglected. (ii) The me-
ridional velocity component and scale are small, so v,
< u,. (iii) The horizontal component of earth’s rotation
vector is negligible in comparison to u,.

Using the above approximations and assumptions,
the potential vorticity used for this analysis is

q= ByNz “uyNz +Bybz _uybz » —ﬁy( uz)z,
planetary relative vortex- nonlinear twisting
vorticity vorticity  stretching”  vorticity/
stretching
(3)
where
N*=g[(1/p)p.— &/C?] (4)

is the buoyancy frequency (Millard et al. 1990).
The calculation of density from subthermocline
Pegasus measurements is problematic because Pegasus
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FIG. 4. Average zonal velocity from 41 Pegasus transects of the equator. Contour
intervals are 2 cm s™'. Major current features include the 50-cm s~' Equatorial Un-
dercurrent between 50-250 m, the 10 cm s™! South and North Intermediate Counter-
currents at 2°N and S between 400 and 1400 m, and the +5-cm s™' deep equatorial
jets between 500 and 2500 m. The deep equatorial jets have vertical wavelengths of

~330 m.

measures temperature poorly and salinity not at all.
We limit our reliance on the temperature measure-
ments by assuming the mean zonal currents to be in
geostrophic balance. Arthur (1960) first demonstrated
the applicability of geostrophy on the equator. Assum-
ing a geostrophic balance on the equator has become
fairly commonplace since Eriksen (1982) showed the
geostrophic nature of the jets and used density profiles
in the Atlantic to infer the presence of equatorial deep

jets there. Lukas and Firing (1984) and Moum et al.
(1987) have demonstrated the importance of tempo-
rally or spatially averaging the dynamic height field to
filter out internal waves before calculating near-equa-
torial geostrophic velocity.

Given that mean zonal velocity is in geostrophic
balance, buoyancy can be calculated by meridio-
nally integrating the thermal wind balance [Eq.
(2b)]:
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F1G. 6. Comparison of the meridional gradient of thermal-wind
terms [Eq. (6)] at 0° as a test of geostrophy.

Y

bs(») = br(yo) — |

yo=3

By'ou/dzdy'. (5)
°§

The subscripts g and T indicate buoyancy calculated
from temperature data or geostrophically, respectively.
The low-mode and residual components of the velocity
were integrated separately to yield corresponding com-
ponents of the buoyancy. The integration proceeded
from y, = 3°S; the 3°S buoyancy profile was calculated
from Pegasus temperature and 7-S information and
separated into low-mode and residual components us-
ing a modal decomposition. It is recognized that the
physical modes of buoyancy and velocity may not be
the same, so the decomposition was applied only to
separate the high- and low-wavenumber components
of the initial buoyancy as a basis for integration. The
sum of the calculated low-mode and residual buoy-
ancies shows reasonable agreement with the buoyancy
calculated from the density structure at 3°N calculated
from Pegasus temperature data and 7-S information
(Fig. 7).

As a check of geostrophy, and on the quality of the
time-mean horizontal temperature gradients, the terms
of the meridionally differentiated thermal wind relation
are compared,

Bou/dz = —8%br/3y* at y=0. (6)

Agreement between the terms is good (Fig. 6).

MUENCH ET AL.

423

With the modal decomposition, the zonal velocity
and buoyancy have two components (marked by sub-
scripts),

u=u+ u,
b,=b+b,

so the potential vorticity may be broken up into low-
mode and residual components,

6u1 6b1 6u/ Bb, au%
= 2 _ 2% o 001 GWOTT =
g1 = ByN Nay+ﬁyaz 3 9z B az’()
ou db, Ou,0b; dw db, du,db,
= N2t bl i St U ANl At 4
G= N Y T8y ez ey oz dy oz
duy; du, du?
2By 9 0z By P (8)

The mixed terms of low-mode and residual zonal ve-
locity and buoyancy have been included in the residual
potential vorticity because they contain the smaller
vertical scales of the residuals. Terms will be studied
individually in the analysis, allowing the mixed terms
to be identified separately.

For both low-mode and residual vorticity, the plan-
etary vorticity is the only significant contributor to the
potential vorticity in many locations. Relative vorticity,
uyN 2. and vortex stretching, 8yb,, also contribute sig-
nificantly in some regions in each decomposition,

Bouyancy at 3°N (x102 m/s?)
-2 -1 0 1 2
0

1000}

DEPTH (m)

2000

density

- Eeostrophy
3000 -

F1G. 7. Buoyancy at 3°N from meridional integration of thermal-
wind (dashed) and directly measured density structure (solid).
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FIG. 8. (a) Planetary vorticity (solid line) and potential vorticity
(dashed line) of modes 1-10 at 640 m. The light lines in both figures
represent the theoretical results for the meridional-mode-3 Rossby
wave discussed in section 4. (b) The wide plateau in potential vorticity
about the equator is caused by the sum of relative vorticity (#,N?,
solid line) and vortex stretching (8yb., dashed line).

reaching approximately 20% of SyN?, the planetary
vorticity. The nonlinear vorticity /stretching, u,b,, and
the twisting term, Byu?2, are never statistically signifi-
cant. The standard error of each term was calculated
using the bootstrap method with 50 samples (Efron
and Gong 1983).

3. Observations
a. Modes 1-10

In the absence of motion, the potential vorticity
would be proportional to the planetary vorticity, which
increases linearly with latitude. Instead the low-mode
potential vorticity at 640-m depth plateaus near the
equator, then increases steeply with latitude 1°-2° from
the equator (Fig. 8a). The reduced slope near the
equator is an effect of relative vorticity (Fig. 8b). Rel-
ative vorticity reaches extrema about 1° from the
equator; farther from the equator it tends to steepen
the slope of potential vorticity. Vortex stretching be-
comes significant at about 1.5°N and S, where it also
increases the slope of potential vorticity.

This pattern of relative vorticity and vortex stretch-
ing creates a plateau in the potential vorticity that ex-
tends downward for several hundred meters. Below
1300 m, both relative vorticity and vortex stretching
are noisy. Relative vorticity shows evidence of smaller
scale meridional perturbations, but the difference be-
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tween the planetary and potential vorticities is not sta-
tistically significant at these depths.

In summary, the potential vorticity calculated from
the low-mode components of zonal velocity shows a
coherent pattern from 400- to 1000-m depth. Relative
vorticity is strongly antisymmetric about the equator
throughout these depths, while vortex stretching fluc-
tuates irregularly.

b. Residuals

As shown in Eq. (8), the potential vorticity of the
residual consists of many components, including mixed
terms between low-mode terms and high-wavenumber
residuals. Of the purely residual terms, the only two
that are statistically significant are relative vorticity,
u,N?, and vortex stretching, 8yb,. A plot of these two
components through a westward jet at 620-m is shown
in Fig. 9a. At 0° the relative vorticity is nearly zero, it
has a local maximum (minimum) between 1.0° and
1.5°S (1.5° and 2.0°N), then returns toward zero at
3°N and S. The vortex stretching follows a similar pat-
tern but with maxima slightly larger in magnitude and
farther poleward, between 1.5° and 2.0°S (1.5° and
2.0°N). This pattern in relative vorticity and vortex
stretching is repeated in other westward jets. An east-
ward jet at 1120 m (Fig. 9b) most clearly illustrates
the similarity between relative vorticity and vortex
stretching; again vortex stretching is larger and has ex-

— Uy N2

-=-PBybz

----- mixed terms
3 1

-=-Pybz i
----- mixed terms
1 1

1 1 P | 1

3°S 2°S 1°S 0°N 1°N 2°N 3°N

LATITUDE

FIG. 9. Relative vorticity (1, N2, solid line) and vortex stretching
(uyb,, dashed line) for the residuals (a) at 620 m, the depth of a
westward jet and (b) at 1120 m, the depth of an eastward jet. Vortex
stretching is larger in magnitude and has extrema farther off the
equator than relative vorticity.
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trema farther off the equator compared to the relative
vorticity. The components of potential vorticity be-
come increasingly noisy with depth; below 2500 m they
are no longer statistically significant.

The only statistically significant nonlinear term in
the residual calculation is the nonlinear vorticity/
stretching, dw;/dydb,/dz. This term is significant only
in the upper 1000 m where the meridional gradient of
low-mode zonal velocity is large. In this region, the
mixed term is roughly one-third the magnitude and in
opposition to the residual relative vorticity (Fig. 9a).
It can be thought of as creating an effective beta felt
by motions of shorter vertical scale, Beg = 8 + (4)yy.
However, (u), is larger than 8y only between 30'N
and S, indicating that the low-mode zonal velocity
structure alters the effective beta only within 30’ of the
equator.

4. Models

Equatorial modelers have described the deep jets as
Kelvin and long Rossby waves (e.g., Wunsch 1977;
Ponte 1989). To further explore this hypothesis, we
model both types of waves using parameters con-
strained by the data, then compare the results with the
observed fields. The vertical wavelength in the models
is 330 m, with maximum zonal velocity of 4 cm s~".
In the very low-frequency regime (periods greater than
one year), neither the period nor the zonal wavelength
influence the meridional structure, which may be non-
dimensionalized as 7 = (8k,/N)'/?y. Likewise, com-
ponents of potential vorticity are independent of both
period and zonal wavelength for very low-frequency
long waves.

a. Kelvin waves

McCreary and Lukas (1986) modeled the deep jets
as Kelvin waves generated by a stationary wind patch
on a westward barotropic current. Ponte (1989) mod-
eled them as Kelvin waves forced at depth at the west-
ern boundary.

Kelvin waves do not perturb potential vorticity; vor-
tex stretching balances relative vorticity, and twisting
balances nonlinear vorticity/stretching exactly (Fig.
10a). This is not consistent with the observed potential
vorticity signal (Fig. 9). Furthermore, the dominant
terms in the observations, vortex stretching and relative
vorticity, are of the same sign within 2° of the equator.

b. Rossby waves

1) FIRST-MERIDIONAL MODE
(HIGH-WAVENUMBER JETS)

A first-meridional-mode Rossby wave has relative
vorticity and vortex stretching of the same sign near
the equator, with the vortex stretching relatively small
very near the equator and reaching extrema poleward
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F1G. 10. The potential vorticity of Kelvin wave is entirely planetary
vorticity, as the other components (a) sum to zero. (b) The zonal
velocity of a Kelvin wave (cm s™).

of the relative vorticity extrema (Fig. 11), similar to
the observed structure (Fig. 9). Meridional velocities
of very low-frequency long waves are too small to be
observed in the data. The resemblance of the modeled
and observed zonal velocity structures suggests that the
deep jets are Rossby waves, as does the similarity of
the model potential vorticity and the potential vorticity
of the residuals.

One contradiction between the model and the ob-
servations is the location of the zero crossings in zonal
velocity. The broad meridional scale is consistent with
previous observations of the deep jets (O’Neill and
Luyten 1984; Ponte and Luyten 1989). The zero
crossings of the jets are at roughly 1.5°N and S, while
a Rossby wave of appropriate vertical wavelength
(~330 m) has zero crossings at about 1°N and S. The
meridional scale depends on the beta effect, the vertical
wavelength, and the buoyancy frequency, all of which
are well constrained by the data. The low-mode back-
ground flow could produce an “effective beta” through
its potential vorticity. However, as discussed earlier,
the observed low-mode potential vorticity cannot ex-
plain the meridional scales observed. Other possible
explanations for the broad meridional scale will be dis-
cussed in section 5.

2) LOW-WAVENUMBER VELOCITY

As an aside to the analysis of the deep jets, the sym-
metric structure of the low-mode potential vorticity in
the upper 1000 m (Fig. 8) also resembles a Rossby
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FiG. 11. First-meridional-mode long Rossby wave (a) potential
vorticity signal, (b) components of potential vorticity, and (c) velocity
structure. The dashed line in (¢) represents the observed zonal velocity
of a mean deep jet. Like the observed jets, the Rossby wave has off-
equatorial current reversals, although in the model the reversals occur
30’ equatorward of the observations.

wave. The similarity between the potential vorticity
structure of the data (heavy lines) and that of a third-
meridional-mode Rossby wave (light lines) is striking.
In both modeled wave and data, vortex stretching be-
comes significant starting at the first nonequatorial zero
crossing of relative vorticity where both terms take the
same sign. The Rossby wave resemblance in the mean
is not observed throughout the time series, though, due
to differences in temporal evolution of the low-mode
equatorial current (the EIC) and the extra-equatorial
currents (the SICC, the NICC, and the SEIC). The
current on the equator from 500-1500 m shifted from
westward at the beginning of the time series to eastward
at the end (Fig. 3), with no corresponding reversal in
the extra-equatorial currents.

5. Discussion

The largest discrepancy between a model of the jets
as a first-meridional-mode long Rossby wave and the
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observations is that the observed zero crossings in zonal
velocity are 30’ poleward of those predicted by linear
theory. One explanation of the broader scale of the
observations is a description of the jets as the sum of
several meridional modes. A model jet with zero cross-
ings at 1.5°N and S may be created using odd Rossby
wave modes. The meridional scale of the potential vor-
ticity broadens as well.

A description of the jets as a sum of Rossby waves
is not entirely consistent with the observations. The
individual wave components will propagate at different
zonal group velocities, due to differing zonal wave-
lengths. Therefore, the strength of the jets should vary,
and some jets disappear as different components come
in and out of phase. There is some variation in strength
of the jets over time, but in general, the jets persist over
the 16 months of observations. It is conceivable that
all of the wave modes were in phase with each other
during the observational period, but this seems un-
likely.

Another explanation for the broad meridional trap-
ping scale is that the observed meridional scale may
not be well resolved in the presence of higher-frequency
meridional motions. Rossby gravity waves of 30- to
90-day period could advect the jets’ maxima and
therefore broaden the observed mean width of the jets
by up to 30’ (Fig. 12). This explanation has the ad-
vantage of simplicity.

The forcing mechanism by which either a first-me-
ridional-mode Rossby wave or sums of meridional
modes could be established is not clear. Surface gen-
eration seems unlikely due to the effects of the strong
shear of the equatorial undercurrent (Proehl 1990),
although generation by fluctuations in thermocline
depth is possible. Forcing on the western boundary is
not feasible because although Kelvin waves reflecting
off an eastern boundary do produce Rossby waves, the
magnitude of the incident Kelvin wave would over-
whelm any observations of reflected Rossby waves
(Clarke 1983). Another possible forcing area is the
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FIG. 13. The amplitude and phase of zonal velocity vertical wavenumber components spanning the deep jet range. For each
wavenumber, phases have been rotated such that the equatorial vector points 18° right of vertical. The first 10 modes have been
removed, then the residual WKB stretched, scaled, windowed, and Fourier transformed. The grey ellipses emphasize the wavenumbers
for which the phase at 1.5°N and S is reversed with respect to the equator.

eastern boundary, but there are too few observations
of the circulation in the eastern equatorial Pacific to
indicate any potential genesis mechanisms for the deep
jets (Harvey and Patzert 1976; Lonsdale 1977).

All of these forcing mechanisms assume linear wave
dynamics and require the sustenance of the jets over
several wave periods. If the jets are periodic in time,
their period must be at least several years to explain
the lack of vertical motion in the observations. There-
fore, it would take a decade to propagate a wave group
into the ocean interior from either the surface or the
eastern boundary. This is problematic in the presence
of even small dissipation rates [e ~ 10™® W kg~! in
the deep equatorial ocean (Peters et al. 1988)], which
would erode the deep jets on time scales of 1 to 6 years.
Generation of the jets within the interior would avoid
the long time scales involved in vertical propagation.
Possible internal energy sources for the deep jets include
internal instabilities and wave-wave interactions.

To illustrate how important the dissipative time scale
is to the vertical propagation of the deep jets, a simple

model is developed. A period of 10 years is chosen
from the phase propagation observed by Ponte and
Luyten (1989); assuming the deep jets are first-merid-
ional-mode long Rossby waves, the zonal wavelength
will be k,, ~ 107 m (almost the width of the equatorial
Pacific Ocean). If the deep jets were forced at the ther-
mocline, several reflections from both eastern and
western boundaries would be necessary to establish the
observed vertical extent of the jets. The travel time of
a long Rossby wave westward across the Pacific is ap-
proximately 12 years, while a Kelvin wave reflected
from the eastern boundary would take 3 to 4 years to
return across the basin. Ignoring energy loss in the re-
flection process, establishing the deep jets over the ob-
served 1500-m depth range would take approximately
75 years. Deep forcing on the eastern boundary would
require a similar time frame unless the forcing region
was vertically extensive. Clearly neither model is fea-
sible in the presence of any dissipative effects.

Very large values of € have been observed in the high
shear regions between the jets (Gregg et al. 1992). The
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observed dissipation rates are sufficient to completely
erode the jets in less than a month. Clearly this is not
the case; perhaps the dissipation of higher-frequency
motions is feeding momentum into the jets through
critical-layer processes, thereby sustaining them.

6. Conclusions

The equatorial deep jets perturb potential vorticity,
inconsistent with the hypothesis that the jets are Kelvin
waves. The meridional structure of both potential vor-
ticity and zonal velocity resembles that of a first-me-
ridional-mode long Rossby wave. The main discrep-
ancy between the observations and this model is the
meridional scale, but the broad scale of the observed
jets may be explained by meridional advection of the
jets by higher-frequency meridional motions.

In retrospect, one need not have used potential vor-
ticity to test the Rossby and Kelvin wave models. The
difference between Rossby waves and a Kelvin wave
lies solely in the meridional structure of zonal velocity;
first-meridional-mode Rossby waves have a phase re-
versal off the equator, whereas the velocity structure
of a Kelvin wave decays exponentially. The off-equa-
torial phase reversal in the deep jets can be seen both
in the zonal velocity structure of the jets and in the
phase relation of the wavelength bands associated with
the deep jets. There is a distinct tendency toward a
phase reversal at 1.5°N and S compared to 0° at the
vertical wavelengths containing the deep jets (Fig. 13).
This precludes the possibility of the jets being Kelvin
waves but allows that they might be Rossby waves.

With little information about the zonal and temporal
‘evolution of the deep jets it would be premature to
definitively cast them as linear long waves. The obser-
vations are not inconsistent with a model of the jets as
linear long Rossby waves, but they are insufficient to
fully test such a model.
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