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ABSTRACT

Annual variation in the depth of the 14°C isotherm (i.e., the main thermocline) throughout the
tropical Pacific Ocean between 30°N and 30°S is studied on the basis of 156 000 bathythermographs.
Large-amplitude variations are confined in the region between 4 and 15°N. Near 6°N the variations
in depth propagate westward. Near 12°N they have almost the same phase across the ocean from the
American coast to 145°E. These variations are approximately consistent with a simple model that
permits an oceanic response to local Ekman pumping, modified by nondispersive, baroclinic Rossby
waves forced by the wind. Near 12°N, the rate of change in thermocline depth is nearly in phase with the
Ekman pumping velocity, with only a minor but significant contribution coming from Rossby wave propa-
gation. This type of response depends critically on variations in the eastern boundary region. Near
6°N, the westward propagating variations are generated by relatively large variability in Ekman pump-
ing in the eastern Pacific, and apparently travel into the western Pacific as free nondispersive Rossby

waves. Deficiencies of the model are also discussed.

1. Introduction

The variation in strength and thermal striacture
of the Pacific Equatorial Currents in response to
annual forcing by the trade winds is an example
of air-sea interaction on the largest possible scale.
Large-scale interactions are currently being studied
intensively in attempts to increase our understand-
ing of climatic change. The purpose of this study is
to describe the annual variation in thermal struc-
ture in the tropical Pacific Ocean and to test whether
or not it is consistent with a simple, two-layered
B-plane model. The model is driven by wind stress
and the only permitted wavelike response is the non-
dispersive, baroclinic Rossby wave.

Two processes in the model cause vertical dis-
placements of the thermocline. The first is the diver-
gence in the Ekman layer, called Ekman pumping
(Ekman, 1905; Greenspan and Howard, 1963).
The second is the planetary, geostrophic divergence
inherent on a rotating sphere, which has been clearly
and heuristically explained by Stommel (1957).

Several studies carried out during the last decade
have established the need for this investigation.
Annual variation of the North Equatorial Current
was first observed during the Trade Wind Zone
Oceanography expedition in 1964 and 1965 (Szckel,
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1968). Maximum strength of the current was found
in the fall of 1964. A later study by Wyrtki (1974) of
the dynamic topography of the sea surface based
on all the available oceanographic station ‘data and
on sea level observed at islands revealed that the
North Equatorial Current and the Countercurrent
in the central Pacific are strongest from September to
December and weakest from March to May. The
South Equatorial Current in contrast is strongest
from March to May. Annual variation in the North
Equatorial Current was related to the trade winds
by Meyers (1975), who found that vertical displace-
ments of the thermocline in the central Pacific are
nearly in phase with the Ekman pumping velocity
calculated from the wind stress. White (1977) sug-
gested that the agreement in phase occurs only
near 150°W, but not at other longitudes, because in
addition to local Ekman pumping, a forced Rossby
wave propagates across the ocean from its source
region at the eastern boundary. Data presented in
this paper will show that the wave suggested by
White (1977) is not the dominant annual signal in
the North Equatorial Current, possibly due to the
boundary condition used. More recently, DeWitt
and Leetma (1978) analyzed data from the EASTRO-
PAC expedition in 1967 and 1968 and found that
cruise-to-cruise differences in thermocline depth are
in phase with Ekman pumping at 119°W between
4 and 15°N.

While it has been established that annual varia-
tions in the equatorial currents occur, their general
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description throughout the tropical Pacific is still
lacking. In this paper, the areas of largest variations
are identified and described. Tests are made to
determine whether or not these variations are con-
sistent with the Ekman pumping/Rossby wave
model.

2. Data sources and data processing

In order to study climatological aspects of the
thermal structure with the largest possible data set,
the mechanical bathythermograph (MBT) and
expendable bathythermograph (XBT) data in the
archives of the National Oceanographic Data Center
were merged into a data set which contained ap-
proximately 156 000 observations. The method used
to reduce these data to monthly isothermal depths
on a 2° latitude by 10° longitude grid has been
discussed in detail by Meyers (1978). The analysis
- was guided by several features of the variability in
thermal structure noted by Wyrtki et al. (1977).
Variation of temperature within the depth range of
the thermocline is largely due to vertical displace-
ments of the thermocline and not to changes in the
intensity of the vertical temperature gradient.
Consequently, variations in the depth of the thermo-
cline are adequately represented by the depth of a
single isotherm. The depth of the 14°C isotherm was
chosen because it indicates strength of the North
and South Equatorial Currents better than shallower
isotherms. It is below the level of the maximum
vertical density gradient, whose stability shields it
from temperature fluctuations associated with heat
exchange through the sea surface. Also, it is above
the subsurface layer where the vertical temperature
gradient is weak, making isotherm depth a poor
indicator of vertical displacements.

Annual variation in the trade wind field over the
Pacific Ocean was studied on the basis of 5 million
wind observations made by ships. The data sources
and data processing have been discussed in a techni-
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cal report (Wyrtki and Meyers, 1975a,b). Wind
stress was calculated from the ships’ observations
and reduced to monthly values on a 2° latitude by
10° longitude grid. The annual variation of the wind
field has been discussed in detail in a separate
article (Wyrtki and Meyers, 1976).

3. Theory of large-scale, low-frequency variations in
tropical currents

a. The vorticity equation

The physical processes that govern the variability
of large-scale, low-frequency tropical currents (ex-
cluding currents at the equator) are believed to be
the divergence set up at the surface by the wind
stress, called Ekman pumping, and the planetary

- geostrophic divergence inherent on a rotating

sphere, called the B-effect (Yoshida, 1955; Veronis
and Stommel, 1956; Stommel, 1957; Yoshida and
Mao, 1957; Fedorov, 1961; Gill and Niiler, 1973;
Meyers, 1975; McCreary, 1976, 1977; White, 1977,
1978; DeWitt and Leetma, 1978). The essential
physics is contained in the vorticity equation for
motion with very large space and time scales
(McCreary, 1977, p. 22):

) ()

The model is a two-layered ocean which has a
warm upper layer of thickness # and density p and
an infinitely deep bottom layer of density p + Ap
(Fig. 1). The reduced gravity is g’. The coordinates
x, ¥y, t are distance eastward, distance northward and
time, and the subscripts are partial derivatives. The
Coriolis parameter is f and 8 is f,. Annual variations
in the zonal and meridional wind stress divided by
density are 7* and 7Y. The mean thickness of the
upper layer is hy. The only permitted wavelike re-
sponse of this model is the nondispersive, baro-
clinic Rossby wave. Internal gravity waves, coastal
and equatorial Kelvin waves, and dispersive Rossby
waves are not permitted. The equation is valid in
regions more than 5° from the equator when the
space scale of the motion exceeds 500 km and the
time scale exceeds three months (McCreary, 1977,
Meyers, 1978).

The following transformations yield an equation
which is convenient for discussion. Let

h,

h" =hy—h, x' = ~x
W = (@), — @),
. Bi;ho
Then the equation becomes
h{ + chy =W, ¢))
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The rate of change in depth of the thermocline
is k', the Ekman pumping velocity is W, and the
planetary geostrophic divergence inherent on a ro-
tating sphere is ch}.. Note that derivatives with re-
spect to y (latitude) do not appear in (1) which
means that the latitudinal variability in W and ¢ can
be incorporated into analytic solutions (White, 1977).
Also the x' coordinate can be replaced by the dis-
tance from the eastern boundary. These features of
the model allow for a wide range of flexibility in
testing the oceanic responses to meridionally and
zonally varying wind fields.

A solution to the homogeneous form of (1) which
is proportional to expli(kx — wt)], where « and w
are wavenumber and frequency yields the disper-
sion relationship for very long, nondispersive, baro-
clinic Rossby waves which travel westward with
phase speed ¢ (Veronis and Stommel, 1956, Fig.
1; Lighthill, 1969, Fig. 2).

b. Simple solutions

Two simple solutions to (1) have been discussed
by White (1977, 1978). The simplest involves only
the dynamics of the f~plane (i.e., B8 is set equal to
zero). The thermocline in this case is moved verti-
cally by local Ekman pumping. White (1977) also
discussed the case of zonally uniform pumping
across an ocean with an eastern boundary. The
solution is a modulated, westward traveling wave
with phase speed 2c. Physically it is the super-
position of the response to local Ekman pumping
and a Rossby wave radiating from the eastern
boundary. The Rossby wave is generated by an
interaction between the local forcing and the condi-
tion that the eastern boundary be a streamline.
The mathematical expression of this boundary con-
dition, h,(1), 1s

hy(2) = 0. )

The modulated wave suggested by White (1977)
is not the dominant signal in the tropical North
Pacific, as shown in Section 3, possibly because
the boundary condition (2) is not correct. The condi-
tion implicitly assumes that there is no longshore
component to the wind. Nor does it allew for
changes in thermocline depth at the equator, which
are rapidly propagated poleward as Kelvin waves.
It is known from observations that large, annual
vertical displacements of the thermocline occur
near the eastern boundary. These ageostrophic
displacements can be taken into account without re-
sorting to an ageostrophic model by solving (1)
with the eastern ‘‘boundary’ moved to a point
seaward of the eastern boundary layer. The ob-
served variation in & can be used as a boundary
condition at this point.

Observations presented in the next section sug-
gest that
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is the correct offshore boundary condition in some
areas. Physically it represents local Ekman pumping.

Two more simple solutions are now discussed. In
the case of zonally uniform forcing having the form

W = A cos(wt), @)

while the solution with offshore boundary condition
(3) is

A .
— sin(w?).
w

h = %)
Physically this represents local Ekman pumping at
all x.

In the case of zonal variation in forcing having
the form of a standing wave, i.e.,

W = A sin(kx) cos(wt), (6)
the solution is
A .
h = sin{k"x) sin(k'x — wt)
2ck”
+ - sin{x’'x) sin(«"x — wt), (7)
CcK
where
k' =Wk + wlc), «' =Wk — wlc).

Note that boundary conditions (2) and (3) are
identical in this case. The solution for a wave-
number (k) of the wind field nearly equal to the
wavenumber of the free response w/c is particularly
interesting. The resonant solution in the limit as x
approaches w/c is

®)

h = —211- [«x sin(kx — wt) + sin(kx) sin(wt)].
()]

This wave grows with distance from the eastern
boundary but does not become exceedingly large
unless xx > 1. Its traveling component propagates
westward at phase speed c.

The main points of the two simple solutions is
that the Ekman pumping/nondispersive Rossby
wave model permits a local oceanic response to
the Ekman pumping as in (5) and a response that
propagates westward at ¢ and grows, as in (8).

c. General solution for arbitrary forcing

A general solution for arbitrary forcing is given
below. Solutions for the observed wind field will
be shown later and compared to observations. The
time harmonic nature of annual forcing is not
immediately exploited in order to show that the
model can also be used in studies of the oceanic
response to interannual variability in the wind field.
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For an arbitrary forcing function W(x,t), an arbi-
trary offshore boundary condition A,(f) and the
initial condition 4;(x,0) = 0, the Laplace transform
of the solution is

w(k,s)
(kc + 5)

cH(0,s)
(ke +s)

Hk,s) =

where k is the transform parameter for x, s the trans-
form parameter for ¢, w(k,s) the forcing function
transformed in space and time, and H(0,s) the
boundary condition transformed in time. Inverse
transformation in £ and application of the convolu-
tion theorem yield

1 X

HGx,) = = [ e o)t + HO.s)e .
C Jo

Inverse transformation in s and another application

of the convolution theorem yield

h(x.t) = ;r f a[: — - (—x—C_—C)]W(C,T)d'rdC
. 0 0

+ Jt S[I -7 - i]h,,(r)dv',
c

[

where & is the Dirac-delta function. The solution
is independent of the initial condition after a time
interval L/c, where L is the length of the zonal
segment of ocean being studied. Using the in-
equalities t — (x — {)lc >0, { =0 and 7 < ¢, and
properties of the Dirac-delta function, the integral
over 7 yields the solution

W{g, { — (i____gl]dg

c

T

h(x,t) = l J

C Jo

+ h,,(t - i) )
c
Solutions for the observed annual variation in Ek-
man pumping velocity are easily calculated by letting
W be a function of the form

W = A(x) cos(wt) + B(x) sin(wt), (10)

where A(x) and B(x) are the annual harmonic
Fourier coefficients of the observed Ekman pump-
ing velocity. They are piecewise-continuous, linear
functions between grid points.

4. Observed variations

Annual variations in the Ekman pumping velocity
and in the depth of the 14°C isotherm are described
in this section. The observations are used to test if
they are consistent with the model developed in
Section 3. The test suggests regions where the
model and observations should be compared in
greater detail.
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The trade winds vary during the year with the
strongest winds in the winter and spring hemisphere.
The wind stress curl and Ekman pumping velocity,
however, are relatively insensitive to the changes in
wind strength, and depend mainly on the location
of the Intertropical Convergence Zone (ITCZ)
which changes latitude throughout the year (Wyrtki
and Meyers, 1976). The extreme southward and
northward positions are reached during the spring
and the fall. Variation of wind stress curl in the
eastern Pacific also depends on the formation of a
monsoon wind blowing into Central America
(Sadler, 1976) during the summer. Variation of wind
stress curl in the southwestern Pacific occurs along
the southern flank of a trough whose axis runs
from the northern Coral Sea to and beyond Fiji
during the southern summer.

The Ekman pumping velocity was computed on a
2° latitude by 10° longitude grid. The method used
to evaluate the curl operator has been discussed
in Wyrtki and Meyers (1975a). Values at the equator
were calculated from a simple, frictional model
developed by McKee and Gill (Gill, 1975). The
equatorial calculation is discussed in detail in
Meyers (1978). The annual (first harmonic) ampli-
tude of the variation in Ekman pumping velocity
is shown in Fig. 2. The month during which it is
at a maximum value (upward) is also shown at a few
key locations. The outstanding feature of this map is
that pumping is largely confined to the equator and
the eastern North Pacific. The largest extra equa-
torial values (15 m per month) are located at 6°N.
The amplitude in the South Pacific exceeds 5 m per
month only in a small area. The zonal variation
in phase is shown in Fig. 3. In general, the phase
is shown at latitudes which have a large ampli-
tude. Maximum pumping in the region between 12
and 18°N occurs during August (240°) and Septem-
ber (270°) across the entire Pacific. The intense
pumping near 6°N in the eastern Pacific is at a
maximum in March (90°); however, the phase
changes by more than six months in crossing the
ocean at this latitude. The spatial structure of the
Ekman pumping velocity in the tropical Pacific is
by no means simple. Averaging it over longitude or
latitude as other investigators have done can be
misleading.

The observed variations in the depth of the 14°C
isotherm will be discussed next. The tropical Pacific
thermocline on average is characterized by a sys-
tem of nearly zonally oriented ridges and troughs
(Fig. 4) which separate the North Equatorial Cur-
rent, the North Equatorial Countercurrent and the
South Equatorial Current (Knauss, 1963). The
Countercurrent ridge is located near 10°N between
the North Equatorial Current and Countercurrent.
The Countercurrent trough is located near 5°N be-
tween the Countercurrent and the South Equatorial
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FiG. 2. Annual amplitude W of the Ekman pumping velocity (m per month). The
region where W exceeds 5 m per month is shaded. The month of maximum upward

values is indicated at a few locations.

Current. The near equatorial ridges at 2°N and 2°S
divide the South Equatorial Current into branches
which flow on either side of the equator.

The ridges and troughs change in depth through-
out the year. The displacement of the depth of the
14°C isotherm (i.e., the main thermocline} from
its mean position during November is shown in
Fig. 5. This is a month of extreme development.
Arrows on the contours indicate the directior of in-
ferred changes in geostrophic flow. During Novem-
ber the Countercurrent ridge is high while the
Countercurrent trough is low. Consequently, the
North Equatorial Current and the Countercurrent
are stronger than normal, especially in the central
Pacific. The map also shows strengthening of the
South Equatorial Current between about 4°N and
4°S and weakening between 4°S and 10°S.

The variations in the southeastern Pacific are
based almost entirely on observations taken during
the EASTROPAC expedition and did not appear in
the earlier analysis of thermal structure by Wyrtki
(1964). It is not yet clear whether the variations
shown in this area are truly annual variations or
cruise-to-cruise differences. Unfortunately, the
study of annual variations in the South Pacific
is limited by data sparseness. The westward in-
crease in phase of the Ekman pumping velocity
(Fig. 3) in the region from the equator to 16°S sug-
gests the possibility for resonance. A more com-
plete study of the South Pacific will be in order
only when more observations have been accumu-
lated.
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F1G. 3. Phase of the annual variations in Ekman
pumping velocity.
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FI1G. 4. Mean depth (m) of the 14°C isotherm.

The first harmonic amplitude of variation in the
depth of the 14°C isotherm is shown in Fig. 6.
The month of maximum displacement (upward) is
shown at key locations. The outstanding feature
of this map is that the large amplitudes are again
largely confined to the Northern Hemisphere and
the maximum amplitudes are aligned with maximum
Ekman pumping at 6 and 12°N. The large variations

in the thermocline extend westward to 140°E, in
contrast to the intense Ekman pumping which is
confined to the eastern Pacific. Apparently the
B-effect allows propagation of energy into the
western Pacific. The zonal variation in phase is
shown in Fig. 7. The variations at 6°N increase in
phase toward the west from the American coast to
145°E which is indicative of westward propagation.
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Fi1G. 5. Displacement (m) of the 14°C isotherm in November. The region where
displacements exceed 10 m is shaded.
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FiG. 6. Annual amplitude (m) of variations in the depth of the 14°C isotherm. The region
where the amplitude exceeds 10 m is shaded. The month of maximum upward values is

indicated at a few locations.

In contrast, the dominant variations at 12°N change
only two months in phase between 105°W and
145°E. The spatial structure of phase at 12°N shows
that the wave proposed by White (1977, Fig. 7) is
not the dominant annual signal in the North Equa-
torial Current. Detection of this wave will require a
more powerful statistical analysis than used in
this study.

A test to find the regions where the observed
variations are approximately consistent with the
Ekman pumping/nondispersive Rossby wave model
was made as follows. The test is designed to look
for agreement in large-scale features of the spatial
distribution of each term in (1), rather than numeri-
cal agreement at each grid point. Monthly displace-
ments (/z) were calculated from the Ekman pump-
ing velocity (W) at each grid point by evaluating
the integral

t
0

The angle braces indicate the annual mean value.

Monthly displacements (hi;) caused by the geo-

strophic divergence were also calculated from the

observed depth of 14°C by evaluating

t

he(t) = J chodt’ — (he).
0

The nondispersive phase speed ¢ was calculated

assuming g’'h, = 5 X 10* cm? s~2 (White, 1977). The

calculated displacements hg(f) and hg(t) + hg(r)
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FIG. 7. Phase of annual variations in the depth of

the 14°C isotherm.
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were compared to the observed variations h at
each grid point by calculating the correlation co-
efficient for the 12 monthly values.

Areas where the correlation coefficient between
hg and h exceeded 0.87 are shaded in Fig. 8. The
correlation coefficient of two sinusoidal curves,
coswt and cos(wt + ¢), is cos¢, and equals 0.87 if
the lag is one month. The figure indicates that the
Ekman pumping velocity is in phase with the rate
of change in depth of 14°C in the region between 10
and 15°N across the Pacific from the eastern bound-
ary to 155°E. The amplitudes of these variations
also agree quite well, as shown in Section 5. Two
other large areas of phase agreement are found
centered at 24°N, 155°E in the western Pacific and
10°S, 105°W in the eastern Pacific. Notably absent
from the regions of phase agreement is the area
between 4 and 8°N which has both large observed
variations and Ekman pumping velocities. Addition
of the geostrophic divergence yields calculated dis-
placements hz + h which improve the map in this
region (Fig. 9). The implication is that the phase of
annual variations in strength of the North Equatorial
Current and Countercurrent are consistent with a
model that incorporates only Ekman pumping and
geostrophic divergence. Note that the regions of
agreement are the regions where the amplitude of
the depth of the 14°C isotherm is large (Fig. 6).
Failure to find agreement in the regions where the
amplitude is small may indicate that the signal
was not extracted from the noise by the statisti-
cal procedures used.
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5. Variations at 6°N and 12°N

The variations at 6 and 12°N are now compared
in detail to the Ekman pumping/nondispersive
Rossby wave model. The solution (9) discussed in
Section 3 is used to calculate the oceanic response
to the observed Ekman pumping. The observed
variation in the depth of the 14°C isotherm ~500 km
from the Central American coast was used for the
offshore boundary condition. The results suggest
that the main features of the observed variability
across the ocean can be calculated from the wind
stress. However, perhaps more important, the com-
parison reveals deficiencies of the model that will
have to be improved in future attempts to develop a
viable model of the tropical Pacific Ocean.

Solutions to (9) for the observed wind field were
calculated as follows. The Ekman pumping velocity
calculated from the wind stress was represented by
an equation of the form (10). The first harmonic
coefficients A and B were calculated at grid points
by standard harmonic analysis. The amplitude and
phase of the Ekman pumping have already been
discussed (Figs. 2 and 3). The functions A(x)
and B(x) were assumed to be piecewise-continuous,
linear functions between grid points.

The phase speed ¢ of the nondispersive Rossby
wave must be known before the solution (9) can
be evaluated. Two approaches were used to deter-
mine c. The first approach (method I} was to find
the value of ¢ that gives the best agreement in phase.
This was accomplished by calculating the correla-
tion coefficient between observed variations and

20°
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Fi1G. 8. Region (shaded) where the raté of change in the depth of the 14°C isotherm is in
phase with the Ekman pumping velocity, determined by a method explained in the text.
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FiG. 10. Correlation coefficient between observed variations
and variations calculated from the wind stress using Eq. (9) as a
function of the nondispersive Rossby wave phase speed ¢
(cm s™1),

the solution for values of ¢ varying from 1 to
100 cm s™!. The correlation coefficients are shown
for latitudes between 6 and 18°N in Fig. 10.
Maximum correlation coefficients emerge distinctly
at 6, 8, 16 and 18°N. Relative maximum correla-
tion coefficients within the range of reasonable
values (5-60 cm s™!') occur for 12 and 14°N. The
best values of ¢ as a function of latitude are
shown in Fig. 11. Clearly, ¢ does not follow a 1/
dependence (shown by the dashed line), which will
be discussed later. The best value of ¢ at 10°N does
not appear distinctly in Fig. 10. The plotted value
in Fig. 11 was selected because it is at the end of a
rapid rise in correlation.

The second approach for evaluating ¢ (method II)
was to determine it by measuring g’ from the ob-

18°N

60(cm/s) 40 20

FiG. 11. The nondispersive Rossby wave phase speed ¢
(cm s7') as a function of latitude. Plotted values give maximum
correlation between observed variations and variations calcu-
lated from the wind stress using Eq. (9). The dashed line

indicates 1/f> dependence.
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TaBLE 1. First baroclinic equivalent depth HV.

Latitude Longitude H®
°N) °W) (cm) Data source Expedition
6 160 83 Reid (1965) EQUAPAC

10 160 53

18 160 90
7 129 53  Reid et al. (1965) Downwind:

i1 128 51

19 125 57

served density structure. This was done by evaluat-
ing the first baroclinic equivalent depth (H‘V), then

g'ho = gH®.

A method for evaluating H in a multilayered ocean
is given by Lighthill (1969, p. 86). This method was
used for several oceanographic stations taken from
standard sources (Reid, 1965; Reid et al., 1965).
Each standard depth was assumed to be the center
of a layer of uniform density. Values of HV, given
in Table 1, were interpolated to 6 and 12°N and
averaged between 160 and 128°W in order to evalu-
ate ¢ at each latitude. The result shows ¢ equal to 65
cm s! at 6°N and 16 cm s™! at 12°N. Note that the
values of ¢ determined by method II at 6°N is
nearly the same as the value determined by Method
I. The value at 12°N is smaller.

Observed and calculated variations at 6 and 12°N
are shown in Figs. 12 and 13. Panel A shows ob-

6°N
180° 140° 100° 80°W 140°E
1 1
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C.METHOD I

D.METHOD IL

Fi1G. 12. (A) Observed variations (m) in the depth of 14°C at
6°N. (B) Displacements (hz) caused by only Ekman pumping.
(C) Displacements calculated from the wind stress with (9) by
method I (explained in text). (D) Displacements calculated from
the wind stress with (9) by method II (explained in text).
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F16. 13. As in Fig. 12 except for variations at 12°N.

served variations. Panel B shows displacements cal-
culated from only the Ekman pumping velocity ne-
glecting the B-effect (called sg in Section 4). Panel
C shows the solution by method I, which has the
highest possible correlation between the model and
the observations. Panel D shows the solution by
method II, with ¢ determined by strict application
of theory (Lighthill, 1969).

The variations at 6°N (Fig. 12) are discussed first.
The Ekman pumping displacements (panel B) are
large only in the eastern Pacific. Clearly, Ekman
pumping alone cannot account for the observed
variations whose amplitude exceeds 10 m across the
entire ocean. The Rossby wave phase speed c deter-
mined by method I (58 cm s™!) and method II
(65 cm s') is essentially the same, giving the same
solutions in panels C and D. Both show a wave
generated in the eastern Pacific by the strong forc-
ing. It grows rapidly from the coast to 140°W and
propagates at the nondispersive speed ¢ into the
western Pacific, where the forcing is weak. The
response calculated from the wind stress is similar
in phase to the observed variations (panel A). The
amplitude is too large in the central and western
Pacific, possibly because the model does not allow
dissipation or dispersive transport of energy.

It is instructive to compare the variations at 6°N to
the simple models discussed in Section 3. The ob-
served pumping at 6°N can be schematically repre-
sented by (6) if we let k be 2w/L, where L/2 is the
distance from 80 to 160°W (Fig. 2), and W be zero
outside the region 0 < x = L/2. Thus, the forcing
occurs over haif a wavelength. The solution is (7)
in the forced region 0 < x < L/2, and it radiates
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from x = L/2 nondispersively into the free region
x > L/2. Note that o/« in this case equals 56 cm s™?,
which nearly equals the value of ¢ determined by
both method I and method II. Therefore, the
nearly resonant solution (8)is appropriate. This solu-
tion correctly gives a wave which grows toward the
west in the forced region and propagates westward
at phase speed ¢. The phase lag ¢ between 4 and
W at the position of maximum forcing xx = w/2 is

2
¢ = tan™! — = 32°
T

(1)

Thus the forced wave lags the maximum Ekman
pumping velocity by approximately one month. The
maximum observed Ekman pumping is located at
130°W (Fig. 2) and the observed phase lag there is
nearly one month (Figs. 3 and 7) in agrzement
with the model.

The Ekman pumping/Rossby wave model pro-
duces the main features of the observed variations
at 6°N, aside from the incorrect amplitude calcu-
lated for the central and western Pacific. In particu-
lar, the intense pumping in the eastern Pacific can
account for the large variations in the main thermo-
cline observed in both the eastern and western
Pacific at this latitude.

The variations at 12°N are discussed next (Fig.
13). The observed variations are largely consistent
with displacements due only to local Ekman pump-
ing (panels A and B), except in the western Pacific
where observed variations are larger. The 8-plane
model gives better agreement in amplitude in the
western Pacific (panel C), by allowing energy to
propagate westward. However, only the solution by
method 1 has the observed structure of variations
in longitude and time. The solution by method II
produces westward propagating features that are
not observed in the ocean. The phase speed ¢ in
method I (27 cm s™!) was chosen to optimize agree-
ment with observations. It is larger than ¢ deter-
mined by strict application of Lighthill’'s (1969)
theory. No explanation of this discrepancy is known
by the author. Unfortunately, this test of the Ekman
pumping/Rossby wave model does not permit an
unequivocal conclusion at 12°N. Either tie g-
effect is negligible and the observed variations are
nearly due to Ekman pumping alone (panel B) or
the nondispersive phase speed ¢ is truly large: than
expected (panel C).

It should be noted that the solution by method I
(panel C) is critically dependent on the offshore
eastern boundary condition. If it is changed to (2),
the model again produces westward propagating fea-
tures which are not observed in the ocean. The
variations at 12°N apparently are similar to the
simple solution (5) discussed in Section 2. An in-
vestigation into why boundary condition (3) seems to
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be the correct one at 12°N should be made in the
future.

6. Summary and conclusions

Annual variation in the depth of the 14°C iso-
therm throughout the tropical Pacific Ocean has
been described. The largest variations are found
near 6 and 12°N. Near 6°N the variations propa-
gate westward at nearly the phase speed of free
non-dispersive Rossby waves. Near 12°N the zonal
change in phase is only two months. A simple
model which permits an oceanic response to Ekman
pumping in the form of nondispersive Rossby
waves is qualitatively consistent with the observed
variations, but deficiencies of the model have been
noted. The model produces variations which are too
large at 6°N. Also it requires a larger than expected
value of the nondispersive Rossby wave phase speed
in order to correctly produce the observed varia-
tions at 12°N. One might be tempted to conclude
that the model fails to simulate the annual cycle
in thermocline depth in the tropical Pacific, as White
(1978) concluded for the North Pacific. However,
the model is not performing equally poorly at the
lower latitudes. Some important features of the ob-
served variations are produced by the model,
as seen in Figs. 12 and 13, suggesting that at
least part of the dominant physics of the annual
waves is included in the model. Before the negative
conclusion can be made, one might rather investi-
gate whether or not the larger than expected phase
speed is consistent with a more complete dynamical
model, possibly allowing for an interaction between
the annual waves and mean shear flow.
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