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Response of Equatorial Oceans to Periodic Forcing
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Oscillating wind with a period P induce variability with the following characteristics in the upper few
hundred meters of the equatorial zone (5°N to 5°S) of the ocean. (1) P < 10 days: these winds fluctuate
too rapidly to generate strong currents and excite primarily waves. (2) 10 days < P < 50 days: At these
periods the winds generate intense equatorial jets in the upper 50 m, but at greater depths the variability
has a small amplitude. Nonlinear eastward jets are more intense, are narrower, and are deeper than the
corresponding westward jets so that winds with a zero mean value give rise to a mean eastward surface
current. If the wind is always westward, then its fluctuating component intensifies the eastward equatorial
undercurrent maintained by the mean winds. The surface flow is eastward and convergent when winds
that are always westward go through a weak phase. (3) 50 days < P < 150 days: An castward pressure
force exists sufficiently long to generate an intense eastward equatorial undercurrent. Variability has a
large amplitude in the surface layers and in the thermocline. Eastward phase propagation associated with
Kelvin waves is prominent in the upper ocean because the nonlinear currents impede the Rossby waves.
(4) P > 150 days: The amplitude of variability is almost independent of frequency. An equilibrium re-
sponse which is in phase with the forcing and which corresponds to a succession of steady states is ap-
proached asymtotically. These time scales are for a basin 5000 km wide. If the width of the basin exceeds
5000 km, then the 150 daytime scale increases. In the deep ocean below the thermocline, motion corre-

sponds to propagating waves generated by the divergence of the nonlinear currents in the upper ocean.

1. INTRODUCTION

Variability in the equatorial oceans is primarily atmospher-
ically forced. (Instabilities of the mean currents seem to be im-
portant at a period of 1 month only and do not contribute sig-
nificantly to variability at other periods [Philander, 1980]). Up
to now, studies of motion induced by the atmosphere have fo-
cused on the oceanic response to sudden changes in the in-
tensity of the winds. Figure 1 for example shows the evolution
of equilibrium conditions along the equator after the sudden
onset of westward winds in a nonlinear numerical model.
From studies such as this one it emerges that the following
time scales are important in the adjustment of the upper
ocean (above a depth of a few hundred meters) in the equa-

.torial zone (5°N to 5°S).

One week. The sudden onset of zonal winds at first causes
the surface layers of the ocean to accelerate in the direction of
the wind. Motion is most intense near the equator where a jet
with a half width of 200 km forms after 1 week [Yoshida,
1959). This length scale is the radius of deformation A; the
time scale is the inertial period at a distance A from the equa-
tor.

One month. The next phase in the adjustment of the ocean
is associated with wave fronts, excited initially at the coasts,
that propagate across the basin. In the tropics the vertical
structure of the waves principally responsible for the adjust-
ment of the upper ocean corresponds to a mode trapped in
and above the strong shallow thermocline because of internal
reflection there [Philander and Pacanowski, 1980]. This mode
has an equivalent depth of approximately 25 cm. Near the
equator, the Kelvin wave front with this vertical structure
propagates most rapidly across the basin and establishes,
within 1 month, basin-wide zonal density gradients. The asso-
ciated pressure forces generate an undercurrent, with a direc-
tion opposite to that of the wind, in the equatorial thermo-
cline. (Figure 1 shows the generation of an eastward
equatorial undercurrent in the wake of a Kelvin wave front.)
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150 days. The adjustment of the equatorial zone is essen-
tially complete after the eastward propagation of the Kelvin
wave and the westward propagation of the gravest equa-
torially trapped Rossby wave front across the basin—after
about 150 days in the case of a 5000 km wide basin [Cane,
1979].

The results described above suggest the following response
to oscillatory winds with a period P. We shall associate a pe-
riod P with a time scale P/2 approximately. The dispersion
diagram from which we infer which waves can be excited at
different periods is the one that corresponds to an equivalent
depth h ~ 25 cm. This is the equivalent depth of the earlier
mentioned thermocline-trapped mode primarily responsible
for the adjustment of the upper ocean.

1. P < 10 days. The fluctuations are too rapid for equa-
torial jets to be generated. The divergence of the wind-driven
motion in the surface layers excites waves, including equa-
torially trapped inertia-gravity waves.

2. 10 days < P < 50 days. In this frequency range the
winds generate intense equatorial jets in the surface layers of
the ocean. Superimposed on the jets are propagating waves,
primarily Kelvin waves.

3. 50 days < P < 300 days. At these periods, basin-wide
pressure forces could persist for a sufficient length of time to
generate intense undercurrents. Hence, variability will have a
large amplitude, at least to the depth of the thermocline.
Westward phase propagation may be evident because Rossby
waves are excited (in addition to Kelvin waves).

4. P < 300 days. If the period of the forcing exceeds the
adjustment time of the (5000 km wide) ocean, then the re-
sponse is an equilibrium one. The wind changes so gradually
that the ocean is always in an adjusted state and at each mo-
ment is in equilibrium with the wind at that moment. There is
no explicit wave propagation, and the response is in phase
with the winds. An example of such an equilibrium response
is the seasonal change in the slope of the equatorial thermo-
cline in the western Atlantic Ocean, it varies in phase with the
seasonally changing wind stress. [Katz et al., 1977).

This discussion of motion induced by periodic forcing is
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Fig. 1. Evolution of the motion along the equator in response to

the sudden onset of westward winds of intensity 0.5 dynes/cm? in the
numerical model described in section 3. The dashed line corresponds
to the equatorially trapped Kelvin wave front, with an equivalent
depth of 25 cm, excited initially at the western coast. Motion is west-
ward in shaded areas.

based on results for a sudden intensification of the wind, but
we have disregarded an important difference between the re-
sponse to an abrupt intensification of the wind and the re-
sponse to oscillatory winds. Whereas periodic forcing will ex-
cite continuous wave trains, the sudden onset of winds will
generate discontinuous wave fronts with a longitude (x) and
time () dependence of the form f(x — cr) where f is a step
function. Winds that intensify suddenly excite primarily the
Kelvin and gravest equatorially trapped Rossby wave fronts.
These propagate so rapidly that they are hardly affected by
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the mean currents [Philander, 1979b; McPhadden and Knox,
1979]. In the case of periodic winds, on the other hand, the
importance of the gravest equatorially trapped Rossby wave
depends on the period of the forcing: At a period less than 30
days, no Rossby waves are excited; at periods between 1 and 2
months, the gravest equatorially trapped Rossby wave is the
only one that can be excited, and as the period increases, more
and more Rossby modes are possible. With increasing period,
the importance of the gravest equatorially trapped mode de-
creases while that of the higher latitudinal modes increases.
The latter waves travel so slowly that mean currents are likely
to affect them seriously. This possibility casts doubt on our
earlier description of the response to forcing at periods longer
than 50 days when Rossby waves are important.

In this paper we describe the response of a nonlinear, strati-
fied numerical model to periodic forcing. One of our principal
results is that mean currents do indeed impede Rossby wave
trains significantly. This result is best appreciated by contrast-
ing the solutions given by the nonlinear stratified model, with
the solutions given by. the shallow water equations which are
incapable of simulating mean currents. Section 2 of this paper
therefore concerns the shallow water equations. Section 3 is a
description of the nonlinear stratified model. Sections 4 and 5
describe the response to oscillatory winds with a zero mean
value and a mean value of —0.5 dynes/cm?, respectively. The
effect of spatially varying winds is explored in section 6.

Currents in the upper ocean are either directly wind driven
or are due to large-scale pressure gradients maintained by the
wind. The deep ocean, below the thermocline, is not directly
affected by the wind but is indirectly affected when the diver-
gence of the nonlinear currents in the upper ocean causes the
downward radiation of waves into the deep ocean. The deep
equatorial currents are discussed in section 7. Section 8 sum-
marizes the principal results of this paper.

2. SOLUTIONS FOR THE SHALLOW WATER EQUATIONS

Consider the response of a model described by the linear
shallow water equations when the oscillatory zonal wind stress
7 acts as a body force:

T = 71, sin 2nt/P) )
The (equivalent) depth of the model is taken to be 25 cm
which is appropriate for the modes primarily responsible for
the adjustment of the upper ocean. We obtained solutions nu-
merically, for a basin 5000 km wide for a number of different
values of P in (1). Figure 2 shows solutions for the cases P =
25, 100, 200, and 400 days. (Initially, there is no motion. In-
tegration then proceeds for 10 cycles. Figure 2 shows the tenth
cycle. The coefficient of lateral viscosity in this model is 2 X
107 cm?/s). Kindle [1979] describes similar solutions for winds
with spatial variations.

The response consists of two parts: directly wind-driven
currents (which is the forced part of the solution) plus free
waves excited at the coasts to satisfy boundary conditions
there. We confine our attention to periods sufficiently long for
inertia-gravity waves to be unimportant.

At periods less than 50 days, Kelvin waves excited at the
western coast are far more important than Rossby waves ex-
cited at the eastern coast. The zonal velocity component can
therefore be written

u = U,(y) sin 2t/P) + Uy(y) sin (kx — 27t/P) (2
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Fig.2. Zonal velocity component (24, 2c, 2e, 2g) and sea level (2b, 24, 2g, 2h) along the equator as given by the shallow
water equations for oscillatory forcing at periods of 25, 100, 200, and 400 days. Shaded regions denote westward flow or sea
level below the mean value of 25 cm. Contours are at intervals of 7/(h28C)!/2 for u and 7/8C?)"2 for { where ¢ = (gh)'/2,
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Fig. 3. Initial temperature distribution and associated Brunt-Vais-
ala frequency in the upper 500 m of the model. The positions of grid
points are shown along the ordinate. Below 500 m the temperature de-
creases linearly to 4°C at a depth of 3000 m.

where U, is the intensity of the wind-driven current and U, is
the amplitude of the Kelvin wave which propagates with
speed 2x/Pk = (gh)'/* = 160 cm/s. Near the equator (y = 0)

u ~ 2U, sin (kx/2) cos 2ut/P — kx/2) 3)

provided U, is equal to U,. According to this solution phase,
propagation is at twice the speed of Kelvin waves, and there is
a node at a distance equal to the Kelvin wavelength from the
western boundary. The results in Figures 24 and 2b are in ac-
cord with this solution: Eastward phase propagation is at
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about 75 cm/s, and the approximate nodes are at the pre-
dicted longitudes.

At periods much longer than 50 days, eastward phase prop-
agation is no longer evident even though Kelvin waves are ex-
cited. This happens because the time it takes a Kelvin wave to
propagate across the basin is less than 50 days. Hence, on time
scales long compared to 50 days, eastward phase propagation
is difficult to discern. Instead, westward phase propagation as-
sociated with Rossby waves from the eastern coast is evident
at periods of 100 and 200 days in Figures 2c-2f.

At periods greater than 300 days (see Figures 2g and 24, for
example) explicit wave propagation disappears because the
response is an equilibrium one. At these periods, which ex-
ceed the adjustment time of the equatorial oceans, the wind
stress and zonal pressure force are always in balance close to
the equator:

g =1/h @

(Here, { is the sea-level and g is the gravitational accelera-
tion.) Velocities are negligibly small and are a quarter period
out of phase with the wind.

The approach to an equilibrium response as the period P of
the forcing increases from 100 to 300 days is intriguing. We
find that at a period of 200 days, for example (Figures 2e and
2f), the eastern part of the basin has an equilibrium response,
but the western part does not. With increasing P, the adjusted
region expands westward according to the approximate equa-
tion

%= (8P—-0.12 L) km o)

where X measures the size of the region with an equilibrium
response: It is the distance between the eastern coast and the
point where westward phase propagation starts. In (5), P is
measured in days, and L is the width of the basin in kilome-
ters. Equation (5) is valid only on time scales longer than the
time 7 it takes the Kelvin wave to propagate across the basin:
P = 2T. This is consistent with the result that after a sudden
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Fig. 4. Motion along the equator during one cycle in response to the winds 7* = 0.5 sin (27¢/P) dynes/cm? where the
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areas indicate westward motion.
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intensification of the wind, the ocean is in an adjusted state in
the wake of a Rossby wave front which is excited when the
initially generated Kelvin wave reflects off the eastern coast
[Cane, 1979].

. This description of the response to periodic forcing is en-
tirely in accord with the qualitative one given in the in-
troduction (1). There we mentioned that mean currents may
invalidate these results. This possibility cannot be explored by
solving the nonlinear shallow water equations because at low
frequencies the expression in (4) is a solution of the nonlinear
equations too. In a realistic model, on the other hand, there
should be intense surface currents and an equatorial under-
current. We therefore proceed with a nonlinear stratified
model.

3. MODEL

The equations of motion (the primitive equations) are sim-
plified by making the Boussinesq and hydrostatic approxima-
tions and by assuming an equation of state of the form

N
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and depth along the central
indicate westward motion.

p = po(l — aT)

where p is the density, T is the temperature, a = 0.0002/°C is
the coefficient of thermal expansion, and p, = 1 gm/cm?. The
coefficients of horizontal (v,) and vertical (»,) eddy viscosity
and the thermal diffusivity (k) are assumed to have the con-
stant values », = 10 cm?/s; vy, = 2 X 10" cm?/s; k, = 1 cm?/s;
and Ky = 10’ cm?/s. Philander and Pacanowski [1980) discuss
the sensitivity of the model to the values of these parameters.
The equations are solved numerically by using the method de-
scribed by Byran [1969] who discusses the finite differencing
schemes in detail.

The model ocean is a rectangular box with a longitudinal
extent of 4800 km, a depth of 3000 m, and a latitudinal extent
of 1400 km with the equator along the southern boundary. In
a horizontal plane the 35 X 70 grid points are spaced at regu-
lar intervals (of 40 and 70 km in the latitudinal and longitudi-
nal directions, respectively). In the vertical, the first 10 grid
points are spaced irregularly as shown in Figure 3. The other
grid points are at the depths 825, 1250, 1750, 2250, and 2750
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Fig. 6. Zonal velocity component and the temperature as a function of depth and time on the equator in the center of the
basin for winds with a period of 200 days and a zero mean value. Shaded areas indicate westward flow.
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m. The ocean floor is at 3000 m. A symmetry condition is im-
posed at the equator.

Motion is forced at the ocean surface by imposing a wind
stress and a heat flux: »U, = 7%V, =0, w=0, T, = 10~* (T —
25°C). At the vertical walls, each of the velocity components
and the heat flux is zero. The ocean floor is stress free and has
a temperature of 4°C.

The initial temperature (and Brunt-Vaisala frequency) is
shown in Figure 3. Since ours is a diffusive model, the temper-
ature will immediately start to evolve to a linear profile even
in the absence of any forcing. This diffusive change, with
which no motion is associated, is a very slow one so that the
thermocline only disappears on a time scale long compared to
a decade. Here we concern ourselves with periodic phenom-

ena with much shorter time scales. We do not address ques-
tions concerning the maintenance of the thermocline, but we
confine our attention to the manner in which it is deformed by
different forcing functions. The imposed heat flux at the ocean
surface reduces the diffusive cooling there and causes only a
very slight warming of the deep ocean.

Numerical integrations start from a state of no motion and
are continued for seven cycles of the periodic wind stress. In
all of our calculations, the differences between the end of the
sixth and seventh cycles are extremely small when compared
to the differences that occur during the cycle. In our various
figures we therefore show results from the seventh cycle which
can be regarded as the steady state periodic solution.

The sharp shallow tropical thermocline which in effect has
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two discontinuities in N, as shown in Figure 3, will cause cer-
tain modes to be trapped in and above the thermocline be-
cause of internal reflection there [Philander and Pacanowski,
1980]. These modes, the gravest of which has an equivalent
depth of about 25 cm, are primarily responsible for the adjust-
ment of the upper ocean to fluctuating winds. In the initial
value problems studied by Philander and Pacanowski [1980],
these waves are clearly discernible because they propagate as
nondispersive wave fronts. (This happens even when the ini-
tially density field has considerable large-scale horizontal var-
iations.) In the case of oscillatory winds, these modes propa-
gate as wave trains and are superimposed on fluctuating
currents. Evidence of their presence is therefore much more
indirect than in the examples where they propagate as non-
dispersive wave fronts.

4. SPATIALLY UNIFORM WINDS WITH A ZERO MEAN
VALUE

This section describes the response of the nonlinear strati-
fied model to sinusoidally varying winds. We keep the ampli-
tude of the winds fixed at 0.5 dynes/cm? and study the re-
sponse as a function of period.

As the period of the forcing increases, the amplitude of the
response increases too. At first—at periods between 10 and 50

1909

days—large velocity fluctuations are confined to the surface
layers near the equator where the wind-driven jets are very in-
tense. At periods longer than 50 days, the amplitude of varia-
bility in the thermocline also starts to grow because under-
currents are generated. At periods longer than approximately
150 days, the amplitude of the variability of the upper ocean
does not increase significantly with increasing period. From a
statistical point of view these results say that forcing with a
white frequency spectrum will in the upper equatorial ocean
generate motion with a spectrum that is red up to periods of
about 150 days and is white at longer periods.

Figure 4 shows the difference between the response at a pe-
riod of 25 days (which is representative of periods between 10
and 50 days) and the response at a period of 200 days (which
is representative of periods longer than 50 days). Note than an
increase in period is accompanied by an increase in the ampli-
tude of fluctuations and in the depth to which large fluctuates
extend. Another intriguing change with increasing period is
the phase difference between the wind and surface jets. At pe-
riods between 10 and 50 days, the nonlinear eastward jet per-
sists for a considerable time after the onset of westward winds,
but at periods longer than 50 days the persistence of the east-
ward jet decreases. Compare Figures 4a with 4d for example.
The difference can be attributed to the role of the zonal pres-
sure gradients. At high frequencies the winds change direction
too rapidly for large pressure gradients to be established, but
at periods longer than about 50 days the eastward winds (for
example) generate a considerable westward pressure force
which hastens the demise of the eastward jet even before the
winds start to blow westward.

25 Days

According to the linear results of section 2 the surface layers
should, at a period of 25 days, show eastward phase propaga-
tion at twice the speed of the Kelvin wave (see (3)). In the
nonlinear response, no phase propagation is evident. The
dashed line in Figure 4a corresponds to the expected linear
phase speed so that the only features in common between the
linear and nonlinear cases are the locations of the zonal veloc-
ity maxima and their separation in time. Below the surface
jets, variability has a small amplitude and is associated with
linear Kelvin waves excited at the western coast. The eastward
phase propagation in Figures 4b and 4c¢ corresponds to that of
Kelvin waves with an equivalent depth of about 25 cm.

+~——— TIME (days)

V (y,t). cm/sec

<+« TIME (days)

250 " T
500 1000
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Fig. 9. Meridional velocity component and the vertical velocity component as a function of latitude and time at a
depth of 12.5 m along a central meridian in response to winds with a period of 25 days and a mean value of —0.5 dynes/
cm?, Shaded areas indicate equatorward or downward motion. Contour intervals for the vertical velocity component are
0.005 cm/s.
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the wind is 200 days; its mean value is —0.5 dynes/cm?.

The eastward jets in Figures 4a and 5 are clearly more in-
tense, narrower, and deeper than the westward jets. The rea-
son for this is the meridional circulation: Eastward winds im-
part their momentum to the surface layers which converge on
the equator where there is downwelling; westward winds in-
duce upwelling which transports water with little momentum
into the surface layers where there is divergent poleward mo-
tion [Philander, 1979a). Because of these nonlinear effects, a
mean eastward current is generated even though the winds
have a zero mean value.

200 Days

At a period of 200 days, density gradients in the thermo-
cline persist sufficiently long for the associated pressure forces
to generate intense undercurrents which reach their maximum
speed a few weeks after the winds do (Figure 6).

The linear response is characterized by westward phase
propagation at periods longer than 50 days (see Figure 2), but
the nonlinear response of the upper ocean shows either no
phase propagation or slight eastward propagation (see Figures
4d, 4e, and 4f for example). It appears that the effect of non-
linear currents on the Rossby waves is severe. As a con-
sequence, the approach to an equilibrium response is very dif-
ferent in linear and nonlinear models. In section 2 we found
that the eastern side of the basin reaches an equilibrium state

N
]
=]

+«—— DEPTH (m)
g

7501

U (zt) ecm/ sec
L

100 50
— TIME (days)

Fig. 11.

first and that this region expands westward as the period in-
creases. In the nonlinear ocean, such longitudinal differences
are much less pronounced. With increasing period, the flow
remains qualitatively similar to that shown in Figures 4d, 4e,
and 4f), but the phase lag between the forcing and the re-
sponse decreases gradually.

The main result in this section is that nonlinear currents al-
ter the linear response at periods longer than 10 days com-
pletely. At periods up to 50 days the surface jets are so intense
that the superimposed Kelvin waves are hardly discernible.
Below the surface jets in the thermocline, eastward phase
propagation is evident. At periods longer than 50 days there
are intense undercurrents in the thermocline, and phase prop-
agation continues to be eastward. Rossby waves are appar-
ently unimportant in the response of the upper equatorial
ocean to oscillatory winds. (Below the thermocline, where di-
rectly wind-driven currents are weak, Rossby waves are prom-
inent at periods longer than 50 days. (See section 7.)

5. SPATIALLY UNIFORM WINDS WITH A WESTWARD
MEAN VALUE

The prevailing winds over the equatorial Atlantic and Pa-
cific oceans have a westward component and are very seldom
eastward. The results of the previous section, which show that
eastward winds induce motion strikingly different from that
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Zonal velocity component as a function of time and depth at points on the equator (a) 1600 km from the west-

ern coast and (b) 1600 km from the eastern coast. The winds have a period of 100 days and a mean value of —0.5 dynes/

cm?. There is westward flow in shaded areas.
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caused by westward winds, may therefore not be of direct
relevance to these basins. In this section we study the response
to winds that are always westward and that fluctuate about a
mean value of —0.5 dynes/cm*:

= —0.5[1 + sin(27t/P)] ©

The winds are most intense after a § cycle and are zero after 3
cycle.

If the flow were linear, then it would have a mean com-
ponent (in response to the mean winds) and a fluctuating
component (in response to the fluctuating winds). This is in-
deed the case at periods up to 10 days. As the period of the
wind increases, nonlinear effects become more and more im-
portant. At periods between 10 and 50 days we expect non-
linearities to be important in the surface layers but not in the
thermocline or at greater depths. It is therefore surprising to
find that oscillatory winds with a short period (between 10
and 50 days) cause a nonlinear intensification of the equa-
torial undercurrent. Steady winds with an intensity of —0.5
dynes/cm” drive an undercurrent with a maximum speed of
55 cm/s in the model. Figure 8 shows that the maximum
speed of the undercurrent is on the average higher than 55

cm/s in response to the fluctuating winds which therefore in-
duce a rectification. This implies that to simulate the mean
equatorial currents, it is not sufficient to use as forcing func-
tion the mean winds. Even monthly mean values may be in-
adequate. Presumably, 10-day averages will suffice because
the response to wind fluctuations with a period less than 10
days is essentially linear. The intensity of the fluctuating com-
ponent of the wind is of course another important parameter.
It will be necessary to use observed winds as a forcing func-
tion to assess the importance of rectification associated with
high frequency fluctuations.

Some of the properties of the surface flow at periods be-
tween 10 and 50 days are unexpected. Even though the wind
is always westward, it does not drive divergent westward mo-
tion all the time. Convergent, eastward motion, with which is
associated downwelling, occurs when the winds are weak.
(This can be seen in Figures 7 and 9 for the case of winds with
a period of 25 days.) This surfacing of the equatorial under-
current occurs because the wind stress fluctuates on a time
scale too short for the pressure force to adjust. The large-scale
pressure force is maintained by the mean winds. Hence, when
the wind stress is weak, the eastward pressure force is tempo-
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rarily unbalanced so that it accelerates the surface flow east-
ward.

The mean winds should not be of particular importance
when the period of the forcing is long when compared to the
adjustment time of the ocean. In such a case the ocean at each
instant is in equilibrium with the winds at that instant and
therefore has no ‘memory’ of the mean winds. Thus when the
wind stress is zero, the thermocline is horizontal, and the cur-
rents are very weak. During the subsequent gradual in-
tensification of westward winds, linear theory is approxi-
mately valid. Both the westward surface flow and a linear
eastward undercurrent will then intensify. (In a steady state,
linear, stratified model there is westward flow above the east-
ward undercurrent, because the vertically integrated transport
vanishes [McCreary, 1980; Philander and Pacanowski, 1980].
‘When nonlinearities become important, the undercurrent con-
tinues to intensify, but the westward surface flow weakens be-
cause upwelling transfers eastward momentum to the surface
layers. The undercurrent attains its maximum speed, and
zonal density gradients are at a maximum, when the wind
stress is most intense.

The oceanic response at a period of 200 days is surprisingly
close to the equilibrium response just described (Figure 7).
The phase lag between the maximum of the undercurrent and
that of the wind stress is only } cycle approximately (Figure
10). The surface flow is now eastward when the westward
winds are most intense because of upwelling of eastward mo-
mentum. (Compare the shaded parts of Figures 7a and 7d).
Zonal density gradients are large when the wind is intense and
small when the wind is weak. Temperature fluctuations are
very small near the western coast and increase in an eastward
direction. In the equatorial plane the depth of a given iso-
therm is almost fixed at the western coast which is a pivotal
point for the vertical fluctuations of the isotherm. It follows
that heat is not redistributed zonally along the equator during
one cycle. Rather, heat is redistributed latitudinally. When the
wind is intense, isotherms trough markedly near 4° latitude
where heat is temporarily stored. When the winds relax, this
heat flows back to the equator.

Whereas the linear theory (section 2) shows pronounced
westward phase propagation at periods longer than 50 days,
the nonlinear response of the upper ocean is characterized by
eastward phase propagation. The mean currents have a severe
effect on the Rossby waves but not on the Kelvin wave. Since
the Kelvin wave emanates from the western coast, we expect
longitudinal differences in the oceanic response. This is in-

deed so at periods between 50 and 150 days. Figure 11 for ex-
ample shows the vertical structure of the flow for forcing with
a period of 100 days at points in the western and eastern parts
of the basin. In the western part (Figure 11a) the response re-
sembles the nearly equilibrium response in Figure 10: For ex-
ample, the undercurrent is most intense shortly after the
winds are most intense. In the eastern half of the basin, how-
ever, zonal pressure gradients are not as large and do not per-
sist as long as in the western side. Current fluctuations there-
fore have a different structure in the eastern side. Compare
Figure 1la to Figure 11b." At periods longer than 150 days
these longitudinal differences are small. The response at a pe-
riod of 200 days is typical of this low frequency range.

In summary, fluctuations with a large amplitude are con-
fined to the upper 50 m or so at periods less than 50 days. At
periods longer than 50 days, variability of the equatorial un-
dercurrent in the thermocline can be as large as that of surface
currents. Longitudinal differences exist at periods between 50
and 150 days with the western part of the basin closer to an
equilibrium state than the eastern part, but at periods longer
than 150 days, longitudinal differences are small and the ap-
proach to an equilibrium response is gradual.

6. EFFECTS OF SPATIALLY VARYING WINDS

Let us suppose that in a closed ocean basin there is forcing
over a band of longitudes in the center of the basin only. Cur-
rents similar to those described earlier are generated in the
forced region where zonal density gradients are large. From
this region, waves propagate into the unforced region. The
currents and waves owing to a sudden intensification of the
winds have been described elsewhere (see, e.g., Philander and
Pacanowski [1980]); here we consider zonal winds 7 that fluc-
tuate periodically over a 1600-km meridional band in the
middle of the basin:

™ = —0.5H(x)(1 + sin 2mt/P)) m
where
_ x — 1600 km _ x — 3200
H(X)_O'S[‘m 120 km ] ““'h( 120 km }

Figure 12 shows that at a period of 200 days, motion in the
forced region is very similar to motion owing to winds with no
spatial structure (see section 5 and Figure 7). West of the
forced region where westward phase propagation is evident,
motion is due to Rossby waves generated at the boundaries of
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the forced region plus Kelvin waves generated by reflection at
the western coast. Temperature fluctuations west of the forced
region are insignificant.

In the eastern part of the basin, motion is due to (non-
sinusoidal) Kelvin wave trains excited at the extremes of the
forced region plus Rossby waves due to reflections at the east-
ern coast. Eastward phase propagation is nonetheless evident
in the eastern unforced region even at periods of 200 and 300
days (Figure 13). With increasing period, the phase lag be-
tween changes in the east and the fluctuating winds over the
forced area graudally decreases.

As is in the case of spatially uniform winds (section 5), heat
is not redistributed zonally in the equatorial plane during a
cycle. When the winds are intense and the heat content every-
where along the equator is small, then heat is stored in the
neighborhood of 4° latitude where the isotherms trough. This
storage is only at the meridians where the wind blows. When
the winds relax, the heat returns to the equator, including the
meridians east of the forced region.

There is remarkably little difference between the response
at a period of 200 days and the response at a period of 300
days, except for a slight decrease in the phase lag between the
forcing and the response. The approach to an equilibrium re-
sponse is a very gradual one.

7. DEEP EQUATORIAL CURRENTS

The previous sections concerned currents in and above the
thermocline. The divergences of these currents cause vertical
fluctuations of the thermocline, which in turn cause waves to
propagate downward into the deep ocean. Given the wave-
length and the period of the fluctuations in the upper ocean,
the response of the deep ocean can be calculated readily.
Wunsch [1977] for example calculates the downward propa-
gating Rossby waves excited by a westward traveling distur-
bance with a period of 1 year and a wavelength of approxi-
mately 3000 km. Let us consider a disturbance with a different
spatial structure. Suppose the forcing is independent of longi-
tude (so that the zonal wave number is zero). In that case the
amplitude of the response will decay exponentially with depth

100 1
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Fig. 14. Zonal velocity component fluctuations in centimenters
per second at a depth of 2500 m along the equator in response to spa-
tially uniform surface winds that oscillate sinusoidally with a period
of 200 days. The winds have a mean value of —0.5 dynes/cm? and an
amplitude of 0.5 dynes/cm?. Motion is westward in shaded regions.
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Fig. 15. Schematic diagram of wave rays emanating from the east-
ern coast near the surface. Dashed lines indicate phase propagation.

below the thermocline because no downward propagating
waves are excited (except for inertia-gravity waves which at
low frequencies are so strongly trapped about the equator that
they are unimportant). However, this prediction is not borne
out in our model. We find that the response of the deep ocean
to longitudinally uniform winds with a period of 200 days
does not decay exponentially with depth but corresponds to
westward propagating fluctuations shown in Figure 14. How
is this motion generated?

To explain the currents shown in Figure 14, we have to take
into account that waves are excited when the wind-driven cur-
rents in the upper ocean impinge on the meridional coasts.
Most of the waves are trapped in and above the thermocline
and are responsible for the adjustment of the upper ocean as
was explained earlier. Some of the energy propagates into the
deep ocean. At the western coast of the basin the most impor-
tant waves to be excited are Kelvin waves. The dispersive
Rossby waves that can be generated there have such small
group velocities that they remain confined to the neighbor-
hood of that coast. From the eastern coast, on the other hand,
rapid nondispersive Rossby waves will propagate into the oce-
anic interior. Figure 15 suggests that the vertical phase speed
of these waves should be greater at meridian A than at meri-
dian B. This is indeed the case. Figure 16 shows that at a dis-
tance of 1600 km from the eastern coast, a typical vertical
phase speed is less than at a distance of 3200 km from that
coast. (Compare the dashed lines in Figures 164 with those in
Figure 16b).

The properties of the waves that are excited depend on their
periods. Between a period of 1 week and a period of 6. months
approximately, the waves are predominantly equatorially
trapped [Philander, 1979¢]. At periods longer than 6 months,
latitudinally propagating Rossby waves become more and
more important. It has been shown. by means of ray theory
[Schopf et al., 1980] and by means of analytical solutions (M.
Cane et al,, private communication, 1980) that these low-fre-
quency latitudinally propagating waves excited at coasts can
focus on the equator at certain meridians. It is evident from
Figure 17 that there is a similar phenomenon in our numerical
model: Equatorially trapped waves are prominent at one me-
ridian but not at another.

In summary, waves in the deep ocean can be generated ei-
ther by vertical fluctuations of the thermocline or by oscilla-
ting surface currents that impinge on coasts. Both these gener-
ation mechanisms are associated with the divergence of upper
ocean currents. In the example discussed here, the winds have
no spatial structure, and the waves are generated only at the
coasts. If the spatial variability of the wind is taken into ac-
count, then the two generation mechanisms are inseparable.
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Fig. 16. Vertical structure of the motion in Figure 14 at points on the equator (a) 3200 km and (b) 1600 km from the
eastern coast. The contour interval is 5 cm/s. Motion is westward in shaded areas.

Motion in the deep ocean will again correspond to propagat-
ing linear waves, but it will be difficult to relate the variability
of the deep currents to that of the surface winds because the
response of the intervening upper ocean is highly nonlinear. It
is unclear whether the longitudinal variations evident in Fig-
ures 16 and 17 will persist when the winds vary spatially in a
realistic manner.

8. SUMMARY AND DISCUSSION

The amplitude of variability in the upper equatorial ocean
increases as the period of the fluctuating surface winds in-
creases, up to a period of about 150 days. The following fre-
quency ranges characterize the response to zonal winds with a
period P. The limits of the different frequency bands are ap-
proximate.

P < I0days. These winds fluctuate too rapidly to generate
intense currents and excite primarily waves, including equa-
torially trapped inertia-gravity waves.

10 days < P < 50 days. At these periods, intense equa-
torial jets are generated in the surface layers (i.e., the upper 50
m) of the ocean; however, at greater depths, variability has a
small amplitude. The nonlinear eastward jets are more in-
tense, narrower, and deeper than westward jets so that winds
with a zero mean value give rise to a mean eastward current.
If the winds are always westward, then their fluctuating com-
ponent intensifies and eastward equatorial undercurrent
maintained in the thermocline by the mean winds. In the sur-
face layers above the undercurrent, there is convergent east-
ward flow when the winds are weak, even though the winds
are always westward.

50 days < P < 150 days. At periods greater than 50 days,
the fluctuating zonal pressure force is eastward for a sufficient
length of time to generate an intense equatorial undercurrent.
Variability therefore has a large amplitude in the surface lay-
ers and in the thermocline. The upper ocean currents affect
Rossby waves so severely that fluctuations in and above the
thermocline show only eastward phase propagation, typical of
Kelvin waves. The Kelvin waves, which are now principally
responsible for the adjustment of the equatorial zone, ema-
nate from the western coast so that the variability has promi-
nent longitudinal variations: The western side of the basin is
closer to an equilibrium response than is the eastern side. At
periods longer than 150 days, the longitudinal differences are
much less pronounced.

P > 150 days. The amplitude of variability is now almost

independent of frequency if the intensity of the wind stress re-
mains unchanged. With increasing period, the phase lag be-
tween forcing and response decreases gradually. Eastward
phase propagation of the fluctuations persist. In the equilib-
rium response, which is approached asymptotically as the pe-
riod increases, currents are weak, and zonal density gradients
are small when the wind is weak. A gradual intensification of
westward winds causes a linear intensification of the westward
surface flow and eastward undercurrent. When nonlinear ef-
fects become important, the westward surface flow decelerates
and can become eastward, because upwelling transfers east-
ward momentum of the undercurrent into the surface layers.
The undercurrent is most intense, and zonal density gradients
are at a maximum when the westward winds are most intense.

Because of the effect of currents on Rossby wave trains, so-
lutions to the shallow water equations (which describe the
usual one- or two-level models) bear little resemblance to the
motion in nonlinear stratified models.

This discussion is based on the response of a numerical
model in which the basin is 4800 km wide. Will the time scales
change if the dimensions of the basin change? In our descrip-
tion of the response in different frequency ranges, the time it
takes a Kelvin wave to propagate across the basin and to es-
tablish large-scale zonal density gradients is of central impor-
tance. This time is of the order of 1 month for our basin (we
associate it with a period of 50 days). Suppose that the basin
were 10,000 km wide and that the winds were spatially uni-
form. It would take a Kelvin wave 1 month to establish large
density gradients in the western part of the basin but 2 months
to establish basin-wide gradients. The intermediate frequency
range that extends from 50 to 150 days for a 5000 km basin
will extend from 50 days to a period longer than 150 days for
a larger basin. For a basin 10,000 km wide a reasonable esti-
mate for this frequency range is 50-300 days. At these periods,
fluctuations at the depth of the undercurrent are large and
have pronounced longitudinal variations. At periods longer
than 300 days, the approach to an equilibrium state is almost
longitudinally uniform in a 10,000 km basin.

If the winds were to vary spatially—if they were confined to
a band of meridians for example—then the forced region
would respond essentially as if it were a closed basin. Time
scales for example are determined by the zonal extent of the
forced region. There are significant current (but insignificant
temperature) fluctuations west of the forced region where
westward phase propagation is prominent. East of the forced
region, both temperature and current fluctuations are large
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Fig. 17. Latitudinal structure of the zonal flow in Figure 16 along meridians (a) 3200 km and (b) 1600 km from the east-
ern coast at a depth of 2500 m. The contour interval is 2 cm/s. Motion is westward in shaded areas.

and are associated with eastward phase propagation. See Fig-
ures 12 and 13.

Observations of the seasonal cycle in the Atlantic Ocean
provide a test for the results presented here. At a period of 1
year, we expect a response close to an equilibrium one. Zonal
density gradients, for example, should vary nearly in phase
with the seasonally varying zonal winds over the western
equatorial Atlantic Ocean. This is precisely what Katz et al.
[1977] find. When the winds are weak, the thermocline is al-
most horizontal; when the winds are intense, upwelling is
strong and zonal density gradients along the equator are large.
In the model the pivotal point about which isotherms oscillate
in the equatorial plane is the western extreme of the forced re-
gion (see Figure 12). Hence, heat storage along the equator is
at a minimum when the wind is intense. This result is at vari-
ance with observations which show that heat storage is at a
maximum when the wind is intense [Merle, 1980]. It appears
that in the cean (but not in the model) there is a mechanism
that counters the wind-induced upwelling and that suppresses
the thermocline in the western Atlantic when the wind is in-
tense. One mechanism that will act in this manner is a mixing
process which depends on the intensity of the wind. In the
model we assume tht the coefficients of eddy viscosity and dif-
. fusivity are constants. This could be the reason why the model
does not simulate the absolute depth of an istherm correctly,
although it does simulate the slope of an isotherm realistically.

Seasonal variability in the equatorial Pacific Ocean is un-
fortunately too poorly known to provide a further test for the
model. The reason for this is the considerable interannual var-
iability in that ocean: According to Wjyrtki [1975, Figure 4],
the surface winds over the equatorial zone had practically no
periodic seasonal cycle between 1954 and 1961, but between
1961 and 1968 the annual cycle was very strong at meridians
west of 180°W. Because the oceanic response in nonlinear, a
study of the seasonal cycle must focus on those periods during
which the annual cycle has a large amplitude (1961 to 1968,
for example). Meyers [1979] did not isolate such periods so
that the monthly mean conditions he calculates on the basis of
all the available historical data may not describe an observ-
able seasonal cycle. Tsuchiya [1979] recently analyzed seven
hydrographic sections, but that data set is insufficient for a de-
scription of the seasonal cycle.

Simultaneous time series of oceanographic variables and
surface winds are required to check our results concerning the
oceanic response in different frequency ranges. Of particular

value will be a study of the seasonal cycle, especially in the
Atlantic Ocean where it is regular and has a large amplitude.
A data set that describes this seasonal cycle will permit rigor-
ous tests for different parameterizations of mixing processes
which seem to affect the oceanic response critically.

Velocity fluctuations in the deep equatorial oceans are ob-
served to have two distinctive features: They have smaller ver-
tical scales and, at periods longer than a day approximately,
have higher energy levels than fluctuations poleward of a few
degrees latitude [see Luyten and Swallow, 1976] The results of
section 7 suggest that these deep currents correspond to linear
vertically propagating waves generated by the divergence of
the nonlinear wind-driven currents in the upper ocean. The
equatorial zone is distinct because equatorially trapped waves
are possible at all frequencies, but extraequatorial waves are
not possible in a frequency band immediately below the iner-
tial frequency. If this explanation is correct, then the deep
equatorial currents should be distinctive only in a finite fre-
quency band which probably extends from a period of about
1 week to a period of approximately 6 months [Philander,
1979¢]. At lower (or higher) frequencies, latitudinally propa-

~ gating Rossby (or inertia-gravity) waves, which are not con-

fined to the immediate vicinity of the equator, become promi-
nent so that the equator is no longer distinctive. In section 7
we show that at a period of 200 days the latitudinally propa-
gating waves are so important that the equatorial zone is dis-
tinctive only at certain meridians where focusing occurs. At
this stage there are no measurements to determine to what ex-
tent these results are correct (but see Eriksen [1980]). The pos-
sibility that the velocity fluctuations in the deep equatorial
oceans correspond not merely to waves, but to mean currents
generated by waves—see Holton [1975] for a discussion of this
topic—can therefore not be ruled out.
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