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ABSTRACT

A simple linear model of the tropical Pacific Ocean is used to
simulate the oceanic response to time-dependent wind stress forcing.

A linear, one-layer, reduced-gravity transport model on an equatorial
beta-plane is incorporated. The non-rectangular model basin extends
from 18°N to 12°S. Bottom topography, thermohaline and thermodynamic
effects are neglected.

The equatorial response, particularly at the eastern boundary, is
studied along the same lines as Kindle. Annual and semiannual harmonics
of the zonal equatorial wind stress calculated by Meyers are used to
force the model. The east-west slope of the model pycnocline is com-
pared with depth observations of the 14°C isotherm. The linear model
generates a semiannual eastern boundary responée remote from any region
with strong second harmonics of Fhe zonal wind stress. This response
supports Meyers' hypothesis that at the eastern boundary the semi-
annual displacement of the thermocline is due to remote forcing.

The major application of the model is forced by mean monthly wind
stresses based on 10 years of observations over the tropical Pacific.
The resulting meridional profile of the pycnocline depth is a duplicate
of Wyrtki's profile of dynamic height. The equatorial system of troughs

and ridges is evident in the pycnocline profilé. The seasonal variation

of Wyrtki's profile of dynamic height. The equatorial system of troughs

and ridges is evident in the pycnocline profilé. The seasonal variation
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of the major equatorial surface currents is compared with the observa-

tions. An annual Rossby wave emanating from the eastern boundary is

found to modify the location and variability of the Countercurrent Trough.

The current structﬁre in the eastern equatorial Pacific agrees with
Tsuchiya's dynamic topography maps of this region.

The results of the two model applications indicate that the dynam-
ics inherent in linear theory are capable of reproducing the major fea-
tures of the equatorial response and those of the equatorial current

system.
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1. INTRODUCTICN

In order to understand the circulation in the atmosphere and ocean
it is necessary to understand how the ocean currents are affected by the
overlying wind field. Heat exchange between the atmosphere and ocean is
a primary driving force in the general circulation of the atmesphere.

In the oceans the tranzport of heat is governed by major ocean currents.
The surface ccean currents are coupled with the overlving wind field sc
that changes in wind stress result in fluctuations of the currents.
Since the massive equatorial Pacific receives and stores large quanti-
ties of heat, the effect of the surface wind stress is very important in
this region.

In the past 30 vears there have been several studies estimating the
wind stress fields in the Pacific, e.g., Scripps Institution cf COceanogrephy
(1948), Hidaka (1958), Hellerman (1967), and Wyrtki and Mevers (1975a,

et of

[¥7)
o]

b; 1976). The data of Wyrtki and Meyers are *the most complete

tribution
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Pacific wind stress estimates at the present time, yet their i
still has regions with few or no wind stress observa*tions. During 1278,
the Mesoscale Air-Sea Interaction Group (MASIG), under Dr. James J.
O'Brien, undertook the task of subjectively analyzing and eliminating
the "holes" in Wyrtki and Meyers' data set. The MASIG analysis provides

ten years of wind stress data on a 2° by 2° grid from 30°N to 30°S for

ten years of wind stress data on a 2° by 2° grid from 30°N to 20°S for

=
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the extent of the Pacific. This type of data base is very useful as
the input for several numerical models of ocean circulation.

The inclusion of wind stress forcing in a model of ocean dynamics
was first performed successfully by Sverdrup (1947). This work related
the curl of the wind gtress to the horizontal mass transport.

Sverdrup's work was fcllowed up and extended by Stommel (1948) and Munk
(1e50). These early studies created a demand for wind stress data over
the oceans.

Additional studies have investigated the effect of surface wind
stresses on vertical velocities. Yoshida (1955) accounted for varie-
tions in oceanic circulation with a médel in which wind stress curl
causes a vertical velocity that changes the meridional slope cof the
thermocline and likewise density surfaces. Meyers (1975) used this line
of reasoning to show how clianges in the depth of the thermoclire in the
central Pacific wers in phase with geostrophic transport. Variations iIn
the North Pacific Fguatorial Current observed during the Trade Wind Zone
Oceanography Study, February 1964 to June 1965, were reproduced by
Meyers using the model originally developed by Yoshida (1955) and
Federov (19¢1). Further work by Meyers (1978) demonstirated the effect
of Ekman pumping and geostrophic divergence on the depth of the thermo-
cline. An analytical model based on Ekman layer theory has been used by
DeWitt and Leetmaa (1978) to compare precdicted thermocline displacments
and observed depth variations of the thermocline in the tropical North

Pacific. White (1977, 1978) and Meyers (1978, 1979a) have addressed the

existence of an annual haroclinic Rogebv wave emanating from the eastern

Pacific. White (1977, 1978) and Meyers (1978, 1979a) have addressed the

existence of an annual baroclinic Rossby wave emanating from the eastern
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boundary, propagating westward and modulating the seasonzl resconse

p RPN
aciliric.

[

J

due to Ekman pumping in the tropical and midiatitude North

A significant porticn of our knowledge of the eguatorial current-
trade wind system is obtained from dynamic height and sea level analyses
within the tropics. Reid (1961) has computed the gecpotential anomaly
relative to 1000 decibars over the Pacific (Ocean based on a multitude of
hydrographic observations. The resultant dynamic topography yielded a
geostrophic expression of the major eqguatorial currents.

By using sea level observations taken at oceanic islands in the
central and western Pacific, Wyrtki (1974a, b) was able to describe the
seasonal characteristics of the equatorial currents in this region. The
major findings were that variations in the North Equatorial Current and
the North Equatorial Countercurrent are in phase and both tend to be
weakest in spring and strongest in fall. The South Equatorial Current
was found to be 180° out of phase with the Countercurrent and North
Equatorial Current. In conjunction with determining the phese and ampli-
tude relations of the equatorial currents, Wyrtki mapped out the dynamic
topography of the western tropical Pacific based on data from hydro-
_graphic and sea level stations. By a series of troughs and ridges this
dynamic topography marks the position of the major equatorial currents.

Another step forward in the study of the equatorial Pacific was the
suggestion by Wyrtki (1975) that the onset of the E1 Nifio phenomenon is
the result of a remote equatorial Pacific response to changes in the
overlying wind field. Wyrtki demonstrates that there is a buildup in

the southeast trades in the central Pacific two vears prior to an E1l Nifio

overlying wind field. Wyrtki demonstrates that there is a buildup in
the southeast trades in the central Pacific two years prior to an El Nifio

event. When the winds relax, an equatorially trapped Kelvin wave may be
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excited, thus providing a mechanism for the westward transport of warm

m

water. This hypothesis was subsequently reinforced by the efforts of
Hurlburt et al., (1976) and McCreary (1976). In the most recent model
simulation ©of £l Nifo, Kindle (1979) uses a wind intensification-relax-
ation~intensification forcing sequence to reproduce the double-peck sea
level signature found in observations along the eastern boundary during
certain El1 Nino events.

A further topic cof interest concerning the equatorial Pacific Ocean
is the seasonal variability in the eastern tropical Pacific. Befors we
are able to fully understand the El Nifio phenomenon, we must have a
basic understanding of the seasonal signal in the eastern tropical
Pacific; for it is certain intense perturbations of this seasonal signal
that are termed El Nifio, Two pertinent pieces of work regarding the
seasonal response in the equatorial Pacific are those of Meyers (1973h)
and Kindle (1979).

From observational data regarding the equatorial wind stress field
and depth variations of the 14°C isotherm, Meyers demongtrates that
there are large second harmonic variations in depth of the 14°C isotherm
in the eastern equatcrial Pacific. Meyers hypothesizes that this is a
remote response to large second harmonics of the zonal wind stress over
the central Pacific. As Meyers states, "It will be challienging and
interesting to see if the main features of the annual variability can be
reproduced by linear models (McCreary, 1976, 1977; Wunsch, 1977) which
permit forced and free equatorial Kelvin and Rcssby waves'.

The wind stress means and harmoniec coefficiante +hat Mewvarce Adarived

permit forced and free equatorial Kelvin and Ressby waves'.
The wind stress means and harmonic coefficients that Meyers derived

in his study may be conveniently used to force a numerical model of the
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equatorisl Facific. Kindle did exactly tha*t with & nonlinear model in
a rectangular basin. The results from the numerical model yield a pyc-
nocline height anomaly response {PHA) at the eastern boundary that is
very similer to observations. A linear numerical model and a linear
analytical mocdel were uced together to examine in detail the nonlinear
seascnal variation at the equatorial eastern boundary. Kindle's analy-
sis demonstrates that Kelvin waves emanating from the region of strong
wind stress second harmonics together with their reflections as Rossby
waves provide the major contributions to the PHA response at the eastern
boundary.

The purpcse of this study is to determine whether or not the phys-
ics inherent in linear theory are capable of reproducing the major fea-
tures of the equatorial eastern boundary response and those of the equa-
torisl current system, In order to analyze and investigate the seasonal
response in the tropical Pacific, this paper will inccrporate a one-layer,
reduced-gravity, linear transport model on a B-plane. The first baro-
clinic equivalent depth (Lighthill, 1969) of the model is chosen to be
0.41 m. The choice of this model parameter is based on typical values
for the density jump across the thermocline and depth of the thermocline
in the equatorial Pacific. The coastline gecmetry of the model basin is
an idealization of the Pacific Ocean from 18°N to 12°S. A non-rectangu-
lar model basin was chosen because the wind stress forcing used in one
of the case studies is based on wind observations over the non-rectangu-
lar Pacific Ocean basin. An open boundary condition is applied at the

northern and southern boundaries. enabling coastal Kelvin waves and

lar Pacific Ocean basin. An open boundary condition is applied at the
northern and southern boundaries, enabling coastal Kelvin waves and

Rossby waves to pass through without contaminating the interior solution.
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The first application of the numerical model is one where the
applied forcing is compcsed of the mean zonal wind stress and the annual

and semiannual harmonics of the zonal wind stress about the equator as
derived by Meyers (1979b). The salient features are 1) the east-west
slope of the model pycnocline compared with observations of the thermo-
cline slope, 2) the seasonal response in the eastern eguatorial Pacific,
3) comparisons between the results of this linear numerical model and
+the nonlinear numerical simulations of Kindle (1979), and 4) comparison
cf the results of this model application with a subsequent model run
forced by long-term mean monthly winds over the entire basin.

The second model application includes forcing by mean monthly wind
stresses calculated from ten years of wind stress observétions over the
Pacific Ocean. Ten years (1961-1970) of the Wyrtki and Meyers (1975a,
b) wind stress data on a 2° latitude by 10° longitude grid have been
subjectively analyzed onto a 2° by 2° mesh. This wind stress data was
subsequentlyv averaged over the ten year span to obtain a mean wind stress
representative of each month in a year, evaluated at every grid point.
The seasonal variability of the thermocline displacement and variability
in the tropical Pacific current system is investigated. The depth of
the model pycnocline is shown to be comparable with cbservations of the
dynamic topography across the equatorial current system. The model
results will show that local forcing together with remotely forced equa-
torial waves result in the seasonal variation of the equatorial currents

and the seasonal response at the equatorial eastern boundary.

and the seasonal response at the equatorial eastern boundary.



2, THE NUMERICAL MODLL

£ one-layer, reduced-gravity, linear transport model on an equa-
torial B-plane will be used to study the oceanic response to an applied
wind stress forcing. This reduced-gravity formulation assumes the
ocean to have a dynamically active, incompressible, hydrostatic, homo-
geneous upper layer. At the base of the upper layer a firite density
jump exists, this interface being the location of the model vycnocline.
In this model ocean it is assumed that at some depth beneath the upper
layer the horizental pressure gradient is zero. This assumption results
in the elimination of the barotropic mode and the upper layer horizontal
flow is then described by the gravest baroclinic mode. The reduced-
gravity approach has been used often in recent models of trorical oceans
(McCreary, 19775 Lin and Hurlburt, 1980: Adamec and O'Brien, 1978:
Cane, 197%a, b: Kindle, 1979 ). Meyers (1979b) has shown, using sea
level and interfacial depth profiles, that the central Pacific and, dur-
ing most of the year, the eastern Pacific, act in a manner compatible
with the dynamics implicit in the reduced-gravity approach. The pro-
files show that variations in sea level and 14°C isothermal depth are

180° out of phase. This phase relation allows a zero pressure gradient

to exist below the upper layer.

LU TALDdL DELUW  Lie uppel ldyel.



The linear model equations for an equatorial 6-plarne are as fol-
lows:
a ~ s 2 1 2 3
3V _ -Byk x V - c“Vh + o~ + 4V° V
e - p (13)
oT
;};—: = oV e ]—}'/ (lb)
oC
= A N
V=Ui+ V] (1e)
U = uH V = vH (14)

where U, V are the respective x, y-components of the horizontal trans-
port, ¢ is the baroclinic phase speed taken to be 2. m s—l, and the wind
stress, ?, is included as a body force (Charney, 1955). The upper layer
thickness is denoted by h. The initial thickness of the layer is H.
The diffusive terms are included to bring the horizontal flow to zero
along closed boundaries. Since this model is linear, if any mean o» back-
ground flow field were to exict prior to the beginning of the model inte-
gration, the results of the model would simply be superimposec upon the
mean state. The linear numerical model alsc has the advantage of being
able to be compared with analytical models of the same problem. A
right-handed Cartesian ccordinate system is employed with x-positive
eastwqrd. A list of symbols and model parameters may be found in the
Appendix. Bottom topography, thermohaline and thermodynamic effects
have been neglected in the present model.

The model basin extends from 18°N to 12°S and 126°FE to 77°W. The
latitudinal extent was chosen to include the major equatorial currents,

while attempting to keep computer storage low. The longitudinal extent

encompasses the entire Pacific basin. Philander (1979) has demonstrated

while attempting to keep computer storage low. The longitudinal extent
encompasses the entire Pacific basin. Philander (1979) has demonstrated

the necessity of having a large basin width. Since the wind stress
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e
forcing to be used is derived from wind observations over the Pacific,
it is important that the medel basin appreximate the coastline geometry
of the Pacific Ocean. Boundary effects present at a given location in
the wind field will then correlate with the model geometry. The coast-
line idealization chosen is shown in Fig. 1.

Meridional boundaries are taken to be solid walls. An open bound-
ary condition is applied at the northern and southern boundaries per-
mitting the passage of coastal Kelvin waves and Rossby waves, thus pre-
venting the contamination of the interior solution. The open bouncary
condition is that of Hurlburt (1974), simplified for a reduced-gravity
model (Kindle, 1879). This boundary condition provides an approximation
for the longshore pressure gradient at a zonal boundary. The major
assumptions used in the development of the boundary condition are that
the meridional flow field is in nearly geostrophic balance and all long-
shore derivatives are negligible except for the pressure term in the V
equation and the y-derivative in the continuity equation. For the

present model, the boundary condition becomes:

sh

!
3 Ix —‘Y(h'x - h| ) (2)

x=0

where f is the distance.from the open bouﬁdary to the eguator and x = 0
represents the western boundary. While some degree of smoothing is
required at the boundary to suppress the 'ncise'" level, this boundary
condition does in fact allow coastal Kelvin waves and Ressby waves to
pass through. A severe test of the boundary condition occurred during

a trial run of the model when a point in the interior region height

pass through. A severe test of the boundary condition occurred during
a trial run of the model when a point in the interior region height
field was changed by 10 orders of magnitude. The resulting large ampli-

tude gravity waves passed directly through the open boundaries.
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The model grid size is 40 km in both x and y. This grid size
gives the model a scale of resolution at or smaller than the equatorial
and coastal radii of deformation. A staggered grid is used to reduce
computer core storage (Fig. 2). A two hour time step is incorporated
by the model. This combination of grid size and time step Is well within
the constraints posed by the C-F-L conditior. The model equations are
integrated over a period of four vears. This provides sufficient time
for most of the initizl transients to die out and for a seasonal signel
to set up.

All time derivatives are handled explicitly by a leap-frog scheme.
The Coriolis terms are centered in time and averaged in space. All =zin-
gle derivatives in space are replaced bv standard second-order centered
differences, The diffusive terms are treated using the Dufort-Frankel
scheme., The model equations are forward differenced in time every five
days to prevent time splitting.

To gain an insight into the dynamics present in this model, Eg. (1)
will be briefly analyzed. This discussion wiil be restricted to the
model interior so that the diffusive terms may be neglected. The oceanic
response to a time varying wind_stress will consist of geostrophic cur-
rents and various wavelike signals. The homogenecus solution to Eq. (1)
represents three types of waves; dispersive and non-dispersive Rossby
waves, mixed Ressby-gravity waves and inertia-gravity waves (Moore and
Philander, 1977).

The physics away from the equator (>5°) allow the following solu-

tions. For low frequency forcing, the horizontal momentum equation is:

The physics away from the equator (>5°) allow the following solu-

tions. TFor low frequency forcing, the horizontal momentum equation is:
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Fig. 2. Staggered grid stencil used in the numerical model.
Along meridional boundaries the zcnal transports are evaluated. At
the open boundaries the U, V and h variables are calculated.
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-
Byk X _17 = —CQVh + _’pf_ . (3)

The momentum and continuity equations may be combined to form a single
equation for the mericiomal transport:
- > X
2 ? 2 2 T T
c’BV. - ByV_ =ck - (Vx-— + By (=) (4
« A 5 >x Bykp ) )
(c.f., McCreary, 1977). Non-dispersive Rossby waves are the only free
wave response to this equaticn. For latitudes much greater than the

X .
radius of deformation, ( )%, the phase speed and group speed of these

<
. B
waves is c, = TS%[ (Lighthill, 1969).
The vertical displacement of the pycnocline may be analyzed by
forming the vorticity equation (Mevers, 1878). Taking the curl of Eq.
(la) and substituting for the divergence term in Eq. (1b) yields:

-5
c? iy

- L
-th—k Vngy. (

ah:!_.k_..vX

?t y 8y )

&3]

oY

The first term is the vertex stretching term or the temporal change in
depth of the pycnocline. The second term repfesents the vertical velo-
city generated by the divergence of the meridional transport due to the
B-effect. This term can be expanded to demonstrate that a negative
zonal p;essure gradient (fourth term) wili result, via geostrophy, in

an upwelliing velocity. The third and fifth terms are similar expres-
sions describing the change in angular momentum of the fluid due to the
wind stress curl. The Rossby wave sclution to the model equations is
contained in the fourth term of Eq. (5). Therefore, the vorticity eaqua-

tion may be interpreted as consisting of a local response (wind stress

contained in the fourth term of Eg. (5). Therefore, the vorticity eaua-
tion may be interpreted as consisting of a local response (wind stress
curl) and a westward propagating Rossby wave response (Lighthill, 1969;

White, 1977; Meyers, 197%a).
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For lomg pericd forcing, the extraeguatorial region i

m
"
s}
[

1O
=
[
b=

]

ibrium when the time derivative in Fa. (5) becomes small. The steady

state that occurs is the baroclinic Sverdrup balance,

=

1

b ]
<3

b
Ol
~~
[e2]
p—a

This occurs after the long, non-dispersive Rossby waves generated at the
eastern boundary have passed through the interior (White and McCreary,
1974). For the model studied here, it would take 1% - 10 years for
the entire basin to achieve a Sverdrup balance.

The dynamical response at the equator (+ 5°) is unique because
of the breakdown of the Coriolis force. For time scales long enough
such that high frequency inertia-gravity waves may be neglected, the

governing equations yield a single expression in V:

VR - R z>+83’<'-T—}i>-1<ﬂ) (7)
yyt = < 't x o % T e TR et

The homogeneous solution to this equation admits dispersive and non-
dispersive baroclinic Rossby waves (McCreary, 1977).

A further equatorial wavelike solution is permitted when the meri-
dional tramsport is constrained to zero. The resulting solution is that
for the equatorially trapped Kelvin wave (Moore and Philander, 1877).
This is an eastward propagating, non-dispersive wave with phase speed,

c = (g'H)%. The trapping distance is the equatorial radius of deforma-
tion,

The numerical results of Cane (1979b) have shown that for steady

zonal winds the near equetorial regicn achieves equilibrium after the

The numerical results of Cane (1979b) have shown that for steady
zonal winds the near equetorial regicn achieves equilibrium after the

passage of the initial Kelvin wave and first reflected KRossby wave.
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sfter that point in time all wind stress energy goes into bzlancing

the pressure gradient:

X

-
c hX o (8)

Since equatorially trapped waves quicklyvpropagate across the basin
(15,000 km), this balance would be achieved on the order of one vear.
It must be remembered that the sudden application of a steady forcing
results in sclitary wave disturbances. On the other hand, periodic

forcing results in the continuous generation of waves.




3, TEE EQUATCRIAL RESPONSE TO SEASONAL HARMONICS OF TEE ZONAL
EQUATORIAL WIND STRISS

Two recent studies have investigated the seasonal variability in
the eastern equatorial Pacific Ocean. Meyers (197St) has analyzed equa-
torial bathythermographic data to arrive at his findings. Kindle (1879)
uses a nonlinear numerical model to corroborate the ideas set forth by
Meyers.

On the basis of all bathythermographic data on file at the National
Oceanographic Data Center fcr the Pacific Ocean from 2°N to 2°8, Meyers
has computed the mean depth and the first and second harmonic variations
in depth of %he 14°C isotherm. The data were analyzed in seven, 20°
wide, longitudinal bands ranging westward from 80°W to 140°E, The 1u°C
isotherm was chesen for analysis because it is representative of verti-
cal variations in depth of the bottom of the thermocline. Annual and
semiannual harmonics were also calculated for the zonal wind stress over
the same leongitudinal bands (Fig. 3). Meyers found evidence suggesting
remote forcing as a possible mechanism operating in the eastern Pacific.
His work demonstrates that the 14°C isotherm exhibits strong second har-
monic variations in depth in the eastern Pacific, while strong second
harmonics of zonal wind stress are only evident in the central Pacific
(18C° to 120°W).

One of Kindle's main objectives was to test the remote forcing

(18C° to 120°W).
One of Kindle's main objectives was to test the remote forcing

hypothesis proposed by Meyers. Kindle used the mean zonal wind stress

16
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The annual and semiannual harmonic deviations about the

mean for the zonal equatorizl wind stress (Nm-2 x 10) across the
Pacific as derived by Meyers (1979b).
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and the first and second harmecnics of the zcnal wind stress analyzed
by Meyers, to force a nonlinear numerical model of the Pacific Ocean
in a rectangular basin from 15°N to 15°S and 80°W to 144CE. Kindle's
nonlinear model succeeded in producing & pycnocline height anomaly
(PHA) response for the eastern boundary at the equator, similar in phase
and amplitude to Meyers' observed semiannual (second harmonic) signal
for the vertical displacement of the 14°C isotherm. An analytical
model which isolates the individual effects of different trapped equa-
torial internal waves was employed by Kindle. FHe determined that the
semiannual response in the eastern tropical Pacific was due to equator-
ially trapped Kelvin waves generated in the central equatorial Pacific,
thus strengthening Meyers' remote forcing hypothesis. Kindle also demon-
strated that the equatorial east-west slope of the model pycnocline is
in agreement with the observed slope of the thermocline.

In our first case study using the numerical model described in sec-
tion 2, the wind stress forcing is composed of the mean zonal wind
stress and the annual and semiannual harmonicslas calculated by Meyers.
The zonal wind stress is applied in seven 20° wide longitude bands which
encompass the range from 80°W to 140°E. In the small remaining areas
near thé boundaries, the wind stress is zero. Although these winds were
calculated from observations + 2° about the equator, the magnitude of
this wind stress, unique to each band, is extended uniformly to the
northern (18°N) and southern (12°S) boundaries. Zonally, within each
band, the wind stress is invariant. If we confine our attention to the

equatorial response, one may take the liberty of extending equatorial

band, the wind stress is invariant. If we confine our attention to the
equatorial response, one may take the liberty of extending equatorizl

winds to the boundaries, since changes in the wind stress outside the
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equatorial radivs of deformation (i_3°) havs Llittle or no eifect on the
equatorizl response (McCrezry, 1976). Divergences along the edge of
each wind stress band will be capable of generating Rossby waves and
equatorially trapped Kelvin waves. Since no wind stress curl can be
generated, a Sverdrup balance is impossible. This should iead to a
steady state balance in which the wind stress is balanced by the zonal
pressure gradient upon which the effects of equatorial waves have been
superimposed.

The main objectives of this model application are a) to compare the
east-west slope of the mcdel pycnocline to observations of the thermo-
cline slope, b) to duplicate the seasonal response in the eastern equa-
torial Pacific, and c) to compare the results of this linear numerical

model and the nonlinear numerical simulations of Kindle.

a. The east-west slope of the model pycnocline

From Fig. 4, it is evident that the slope of the model pycnocline
and the observed slope of the 1l4°C isotherm (thermocline) are similar.
The slopes of the pycnocline and thermocline are stespest from 180° to
100°W, this being the region of largest mean zonal wind stresé. From
180° to the western boundary, both the pycnocline and thermocline slopes
are nearly flat, since the mean zonal wind stress is small cr nocnexis-
tent cver this area. The response of the pycnocline slope to the local
winds is predictable, since the steady state balance present is given

by Eq. (8). Therefore, when the imposed wind stress is small. the

resulting pycnocline slope is small. From 100°W to the eastern boundary,

Dy bq. {(8). Thererore, when the imposed wind stress is small. the
resulting pycnocline slope is small. From 100°W to the eastern boundary,

the pycnocline slope is again small due to the small mean wind stress
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present. The high degree of scatter present near the eastern boundary
is indicative of El Nific and cther inter-annual events present in the
data set (Meyers, 1979b).

The important features of Fig. Y are that the model pycnocline is
depressed by 40 meters in the west and is welled upward by 70 meters in
the east. Tor the entire width of the basin, the position of the model
pycnocline always falls within a 60 meter thick envelope providad by
the obgervations. The two curves differ by less than 20 meters in the
central and western Pacific.

The greatest discrepancy between the model results and the observa-
tions occurs within the longitudinal band from 80°W to 100°W. Besides
the obvious depth difference, there is a difference in the character of
the slopes. The slope of the model pycnocline is flat, whereas, the
thermocline decreases in depth offshore and then increases in depth near
95°W. The expression of the wind stress forcing in this band may account
for these differences.

Averaging the zonal wind stress across the 80°W-100°W band yields

2, but inspection of Fig. 5 shows that the

a near zerc mean of -.002 N m
wind stress within this band may range from -.02 N m_2 at 100°W to

.02 N m-2 at 80°W. The mean stress across this band is still smell, but
the spatial variance is large. This may acccunt in part for the aiffer-
ence in slopes at the eastern boundary. If this band was resolved bet-
ter, then upwelling favorable winds (negative) near 100°W would decrease

the depth of the model pycnocline and downwelling favorable winds (posi-

tive) would depress the pycnocline near the boundary. This tvpe of wind

the depth of the model pycnocline and downwelling favorable winds (posi-
tive) would depress the pycnocline near the boundary. This type of wind

stress forcing would create a pycnocline depth minimum similar to that
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in the observations. However, it is doubtful that even the magnitude cf

the wind stresses in Fig. 5 could account for the total difference
between the olkservations and the model results. The wind stress used in
the model as a forcing function was darived from surface wind observa-
tions using a constant drag coefficient for the entire data base. If
this constant drag coefficient is an underestimate for the eastern boun-
dary region, as some think it may be, then the magnitude of the wind
stress would be underestimated (Meyers, personal communication). The

2

inclusion of a non-constant c“in the momentum equation, would also

change the pycnocline depth.

b. The seasonal response in the eastern equatorial Pacific

To interpret the model results, contour plots of the eguatorial U
field and H field over a period of one year prove to be very useful.
Changes in the PHA at the equatorial eastern boundary during a one year
period are also of interest. Fig. 6a clearly reveals a definite semi-
annual signal present in the eastern tropical Pacific zonal flow field.
As expected, a large part of the upper layer flow throughout the year
(January-March, June-September) is directed westward, since the over-
lying wind field is predbminéntly westward. During April-June and
October-December, the westward surface flow is weakened and actually
reverses. This semiannual response is of interest, since the zonal wind
stress exhibits strong second harmonics only in the region from 120°W to
180° (Fig. 3). During those times of the year when an eastward surface

flow is present at the eastern boundary, the superposition of Kelvin

R S e = eaie g e maieas e eme E M W LG Lo
flow is present at the eastern boundary, the superposition of Kelvin
waves and Ressby waves must be such that a strong eastward component is

generated.
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A semiannual signal is alsc represented in the eastern equatorial
H field response (Fig. 6b). The remainder of the basin reflects the
balance between the pressure gradient and the zonal wind stress. Now
parrcwing in on the semiannual response at the eastern boundary, Fig. 7
is a comparison between cbservations of the thermocline displacement
(Meyers, 1979b) and the predicted equatorial PHA at the eastern boundary.
Qualitatively, the same basic features are present in both curves. There
is a shoaling of the pycnocline during the late winter-early spring and
during the late summer-early fall and a deepening of the pycnocline dur-
ing the late spring-early summer and during the late fall-early winter.
In terms of phase the linear model results tend to lead the observations
by 1-2 months. The amplitude of the PHA at the eastern boundary is also
underestimated by the model. Though there is some difference in phase
and amplitude, the results are not disheartening, rather we see that
the simple linear model does in fact succeed in producing a second her-
monic response remote from any region with a semiannual wind stress sig-
nal. As was stated earlier, the zonal wind stress exhibits strong
second harmonics only in the region 180° to 120°W.

The generation of the eastern boundary response is reflected in
the height field changes over the eastern half of the basin during the
last nine months of year #. Since the wind stress forcing is periodic,
Kelvin waves are continually being generated in the interior. For the
sake of simplicity, one can think of each cycle of the wind stress as
generating a double Kelvin wave consisting of a downwelling leading edge

and an upwelling trailing edge.

generating a double Kelvin wave consisting of a downwelling leading edge

and an upwelling trailing edge.
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The large amplitude response at the eastern boundary (Fig. 7) from
March to September is a remote response to the large amplitude change. in
the interior wind stress from January tc August (Fig. 3). From April
to June an equatorially trapped downwelling disturbance propagatss west-
waré (Fig. €a-c) and results in a downwelling response at the eastern
boundary. This downwelling Kelvin wave front corresponds to a decrease
(downwelling favorable) in the interior zonal wind stress during January-
April., From April through July there is an increase (upwelling favor-
able) in the easterly wind st%ess between 120°W and 180°. The resulting
height field response is an upwelling signal from July through October.

From August to October the packing of the height contours (Fig.8e-g)
along the coastline is indicative of a poleward travelling coastally
trapped Kelvin wave. As the coastal radius of deformation decreases
northwérd, the coastal Kelvin wave 1is trapped cleocser to the coastline.
Moore (1968) has determined that an equatorially trapped Keivin wave
impinging on an eastern boundary results in an equatorially trapped res-
pornse and a coastally trapped Kelvin wave. Dufing November and December,
first latitudinal mode Rcssby waves are evident between B80°W and 100°W.
This is the equatorially trapped response to the Kelvin wave impinging
cen the ;astern boundary during the spring and summer.

The smaller cycle of the eastern boundary semiannual response begins
with a downwelling disturbance propagating westward during November and
December. This 1s a remote response to a decrease in the westward wind
stress from August through October, This downwelling response is fol-

lowed by a small upwelling signal (ULT not shown) corresponding to

stress from August through October. This downwelling response is fol-
lowed by a small upwelling signal (ULT not shown) corresponding to

changes in the wind stress from November to January.
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¢. Comparison with a previous study -

To see how the results of this model ccmpare with a prior investi-
cgation, the results of Kindle (1979) are used. The PHA response at the
eastern boundary (Fig. 7) is a duplicate of the one presented by Xindle
for his linear case (Fig. 9a). The major difference between the two
linear models is that the model presented here includes an idealized
coastline geometry. This., of ccurse, may lead one to believe that the
coastline geometry does mot play a major role in the equatorial dynamics
of the eastern Pacific. Referring back to Fig. 1, we see that the ideal-
ization of the coastline configuration at the eastern boundary about the
equator (+ radius of deformation) is merely a vertical wall. Kindle's
calculations together with Fig. 8 show that the major contribution of
equatorial waves to the eastern boundary response is from the incoming
Kelvin waves and the associated first latitudinal mode Rossby waves
reflected off the eastern boundary. The comparison of Figs. 7 and 9a
tends to reinforce the findings of Kindle; i.e., if the inceming Kelvin
waves and westward travelling Rosshy waves are of primary importance in
the eastern Pacific, then the equatorial response for the eastern boun-
dary cogstline configuration chosen here (vertical wall) should be
nearly the same as the response for a linear model in a rectangular
basin. Future work may require a finer resolution for the coastline
approximation and a meridional boundary at the equator may not be justi-
fied at that time.

The addition of nonlinear terms to Kindle's model yields a modified

eastern beoundary response (Fig. 9b). Comparison of Figs. 7 and 9b shows

The addition of nonlinear terms to Kindle's model yields a modified
eastern boundary respcnse (Fig. 9b). Comparison of Figs. 7 and 9b shows

that there i1s a slightly better phase agreement in the nonlinear
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results, hut the major contribution of nonlinear wind stress and advec-
tion terms is to increase the amplitude response.

Figures 6b and 10 show the eqguatorial H field during the final -
year of integration for the linear model presented here and the nonlin-
ear model of Kindle. The linear model produces basically the same dis-
tribution and amplitude response as 1s present in the nonlinear model
of Kindle. Due tc the similarities present between the two model
results, it is apparent that linear dynamics play a dominant role in
the equatorial response.

This first model application has been used to study the oceanic
response along the equator. In order to model the equatorial current
system, a more descriptive set of time varying winds must be used. This
type of wind stress forcing should be based on observations over the

entire tropical Pacific.
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4, THE SEASONAL VARIABILITY IN THE EQUATORIAL CURRENT SYSTEM

The dynamic topography of the world's oceans has been used for some
time now as a method to analyze the geostrophic circulation of the
oceanic upper layer. The observations from numerous oceanographic expe-
ditions were compiled by Reid (1961) in order tec chart the dynamic
topography over the Pacific Ocean. This dynamic tcpography was based on
the anomaly of the geopctential distance between the sea surface and the
1000 decibar level. Reid has used the difference between the two geo-
potential surfaces as a means to assess the geostrophic flow fieid over
the Pacific. The estimated geostrophic current could then be compared
with existing maps and atlases of the Pacific Ocean surface flow.

With regard to the tropical Pacific, the major equatorial currents
were clearly evident in Reid's map. Distinguishable geostrophic flows
coincided with the westward flowing North and South Equatorial Currents
separated by the eastward directed North Equatorial Countercurrent. An
interesting feature indicated by the contours of geopotential anomaly
was the existence of a South Equatorial Countercurrent present in the
western Pacific.

Most of the observations that went into Reid's study of the dynamic
topography were taken during the summer months of each hemisphere. As

a result, Reid's map of geopotential anomaly represents the mean state

Rl e T T A T N e L i il T ] o

a result, Reid's map of geopotential anomaly represents the mean state

34
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of a specific season. To gain an understanding of the time and space
scales of the seasonal variability in the western Pacific Ocean, Wyrtki
(1974a) has analyzed the seasonal cycle of the dynamic topography rela-
tive to 500 decibars together with the seasonal perturbations of sea
level. Since the equatorizl currents are stronger in the western
Pacific, this was the region within which sea level and dynamic height
cbservations were compared. The dynamic topography relative to 500
decibars was calculated using data from thousands of hydrographic sta-
tions from 30°N to 20°S and 140°E to 140°W. Sea level observations
espanning the period 13851-1971 were obtained from ten islands within this
game region. The snalysis Wyrtkil performed shows that sea level obser-
vations at island stations are an efficient and accurate method to mon-
iter the equatorial current system.

In a subsequent paper, Wyrtki (1974b) zonally averaged the dynanmic
height data between 170°E and 14C°W to obtain a mean meridional profilie
of dynamic height (Fig. 11). Observed sea level fluctuaticns from
eight islands were then used to modulate the éean profile. This pro-
vided a time series of sea level height.

These two papers by Wyrtki provide an intriguing insight into the
seasonal variability and interaction of the equatorial current system.
The now familiar eguatorial system of troughs and ridges is represented
in Fig. 11. The difference in sea level across the major currents was
used to study the seasonal response. Both the North Equatorial Current

and the Countercurrent are strongest in the fall and weakest in the

and the Countercurrent are strongest in the fall and weakest in the
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spring (Fig. 12).

The Scuth Equatorial Current is generated by con-

tributions from the sea level differencs between the South Eguatorial

Ridge and the Equatorial

Equatorial Ridge and the

Equatorial Trough.

Trough and the height difference between the

South Equatorial Current is out of phase with the two Northern Hemi-

spheric currents, i.e., stronger in the spring and weaker in the fall.

Wyrtki denotes that the observations of the Eguatcrizal Undercurrent by

Taft and Jones (1973) indicate that the South Equatorial Current and

the Undercurrent

The seasonal variability of sea level difference across the equa-

are in phase.

torial currents is, of course, the combined response of the fluctua-

tions in sea level heights of the troughs and ridges. For example,

Wyrtki's sea level data indicate that the North Equatorial Ridge

decreases in height from March to June and increases in height from

August to November.

in sea level from March to June and decreases in sea level from Novem-

The Countercurrent Trough experiences an increase

ber to January. This results in the North Equatorial Current being

weak in the spring and strong in the fall.

In this section a numerical simulation is performed in which the

model is driven by mean monthly wind stresses based on actual observa-

tions over the t

the compilation of wind stress observations of Wyrtki and Meyers (1975a,

b). Their work
a total of five

latitude by 10°

a total of five

latitude by 10°

ropical Pacific. The wind stress data was derived from

consisted of averaging each subset of observations from

million Pacific Ocean

longitude quadrangles

million Pacific Ocean

longitude quadrangles

surface observations within 2°

covering the Pacific from 30°N

surface observations within 2°

covering the Pacific from 30°N

The seasonal cycle of the
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Mean annual variation of sea level difference across the

North Equatorial Current (A) and the Countercurrent (B) (from Wyrtki,
1974b).

North Eéuatorial Current (A) and the Countercurrent (B) (from Wyrtki,
13874b),
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to 30°S fer zach month from 1947-1872. Each wind observation was con-

| >

0 . + - -$- . -
verted to wind stress using the formula 1 = pa CD ,Wl W, where T is the

. . . . - o s P AN
wind stress, p, 1is the air density, C_. is the drag coefficient and W is

D
the wind velocity. The air density was assumed to be constant at 1.2
kg/m3 and a constant drag coefficient of 1.5 x 10—3 was chosen. Though
the work of Wyrtki and Meyers was an exhaustive study, there still
remained regions of the Pacific with a paucity of observations. If this
data base is to be used to drive a numerical model, the "holes'" in the
data set would have to be eliminated.

During 1978, the Mesoscale Air-Sea Interaction Group at Florida
State University developed a ten year (120 month) wind stress data set
in which the wind stress was evaluated monthly at each point on a 2° by
2° grid for the Pacific Ocean from 30°N to 30°S. This was accomplished
by analyzing.subjectively Wyrtki and Meyers' wind stress data for the
years 1861-1970; these being the years with a consistently large number
of observations and also encompassing an El Nific event. For the present
study at hand, the MASIG data set was averaged over the full ten years
to obtain a long term mean monthly wind stress value at every point on
the 2° by 2° mesh for each of the 12 months. Hopefully, what resulted
is a déta set representative of the mean monthly features in the Pacific
wind stress field based on ten years of observations. It is the porticn
from this mean monthly wind stress data for 18°N to 12°S that is used to
drive the model over a period of four years. This model application weas
designed to determine whether or not the resulting response is indica-

tive of the Pacific Ocean equatorial current system. All the model

designed to determine whether or not the resulting response is indica-
tive of the Pacific Ocean equatorial current system. All the model

results that follow are from year four of the integration.
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Since the model results will be compared with Wyrtki's dynamic
topography and sea level studies between 170°E and 140°W, the first
discussion of the model results will be restricted mainly to this
region. The major topographic features of the equatorial current sys-
tem are clearly reflected in the meridional profile of the model pyc-
nocline (Fig. 13). All terminology describing the topegraphic fea-
tures of the model pycnocline will be consistent with those used to
describe the sea surface topography. The features present are the
pycnocline representation of the North Equatorial Ridge at 17°N, the
Countercurrent Trough at 8°N, the Equatorial Ridge at the eguator, the
Equatorial Trough at 2°S and the South Equatorial Ridge at 10°S. When
this pycnocline profile is compared with Wyrtki's sea level profile
(Fig. 11), it is strikingly apparent that this simple linear model
forced by real wind stresses is capable of producing a response very
similar to that of the equatorial current system. The meridional slope
of the model pycnocline north of the equator is alsc in agreement with
observations of the meridional slope of the tﬂermocline beneath the
Countercurrent and the North Equatorial Current (Xnauss, 1962). It
should be pointed out that the variations in depth of the pycnocline
are rodéhly 180° out of phase with the observed deviations in sea level.
This is further justification that the reduced-gravity approach taken
in this problem is valid.

Having presented the similarity between the meridicnal slope of

the pycnocline and observations, the differences between the profiles

the pycnocline and observations, the differences between the profiles
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‘Fig. 13. DMeridional profile of model pycno'"llne depth zonally
averaged between 140°W and 170°E. _
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must now be addressed. One of these differences is that the location
of the troughs and ridges in the pycnocline profile appears to be
shifted 2° southward from the trough-ridge system in the sea level
profile. Another difference betwwen the two profiles becomes evident

when the pycnocline depth variations are transformed into dynamic

centimeters. The pycnocline depth difference between adiacent troughs
and ridges is one~third to cne-half the difference exhibited in the
sea level profile.

There may be several reasons for the discrepancies in location
and depth across the troughs and ridges. First of all, this is only
a linear model so the addition of nonlinearities, expecially from a
non-constant c2 term could result in a more drastic topography of
troughs and ridges. Secondly, the mean monthly wind stress forcing
used in this model was based on 10 years of observations, whereas the
meridional profile of sea level was based on 21 years of observations.
There is a possibility that this pycnocline profile is indicative of
a small deviation in time from the long term average sea level pro-
file. A firm explanation cannot be provided until the spatial distri-
bution of the curl of the MASIGC wind stress data is determined.
Finally, due to the simplicity of the model, only the gravest baro-
clinic mode can be accounted for, thus higher order modes are neglected.
These higher order modes would definitely médify the present solution.
It would be interesting to know how nonlinearities and a greater

degree of vertical resolution would affect the pycnocline profile.

i R e L e S R L I L il Tl = Tl et Ry

degree of vertical resolution would affect the pycnocline profile.




The seasonal cycles of the pycnocline slope and zonal velocities
of the equatorial currents are depicted in Figs. 14-19. The latitudinal
location of the various currents was taken to be marked by the mean
monthly position of the appropriate trough and ridge. The seascnal
signal for the North Eguatorial Current (Figs. 1k, 15) is not periodic
due to the presence of a subtropiczl mode Rossby wave at the northern
boundary. This Rossby wave is one remaining transient in the solution.
It was generated during spin-up and is slowly propagating out of this
region of interest. Smoothing along the open boundary has a small dis-
sipative effect on the depth of the North Equatorial Ridge. The major
feature discernible in these plots is that the velocity and slope across
the North Equatorial Current are maximum in the summer months. A defin-
ite annual response is present in the Countercurrent signals (Figs.

16, 17). Minima in pycnocline slope and zonal velocity occur during

the winter-spring period and maxima occur during summer and fall. The
pycnocline slope and zonal velocity associlated with the South Equatorial
Current also display an annual signal (Figs. 18, 19). The slope and
velocity are maximum during the winter and spring and have minimum val-
ues in the summer and fall.

The variation in pycnocline depth (Fig. 16) across the Countercur-
rent may be compared with the mean annual variation of sea level differ-
ence across this current (Fig. 12). The model results show that the
pycnocline slope across the Countercurrent begins to increase in April

and decreases sharply in November. The observed slope in sea level

Aacrrnaee t+the CAnmtermimrant hacine +a ImAvmanna 1n Mo -~

and decreases sharply in November. The observed slope in sea level
across the Countercurrent begins to increase in May, remains constant

from July to October, increases from October to December and then
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Fig. 1l4. Pycnocline depth difference across the North Equatorial
Current.
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- Fig. 15. North Equatorial Current zonal velocity averaged
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Fig. 16. Pycnocline depth difference across the Worth Equatorial
Countercurrent.
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Fig. 18. .Pycnocline depth difference across the South Equatorial
Current.
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decreases. The pycnocline slope across the Countercurrent is the com-
bined result due to the depth of the Countercurrent Trough and the depth

of

the Equatorial Ridge (Fig. 20). The pycnocline depth beneath the Coun-
tercurrent Trough is deepest from January to June and is shallow from
June to December. This corresponds to Wyrtki's (1974a) assessment that
the Countercurrent Trough is highest from March to June and lewest from
November to January. According tOFWyrtki, high sea level occurs near

the equator from November to January. The model results indicate that

the maximum depth of the pycnocline beneath the Equatorial Ridge occurs
from September to January. From these various comparisons it may be
concluded that the linear model results for the Countercurrent tend to
lead the observations by approximately two to three months.

The best agreement with observations is produced by the model
representation of the South Equatorial Current. Wyrtki (1974a) has
shown that the sea level difference from Pago Pago (1lu4°S) to Canton
(3°S) is a maximum in June and a& minimum in December (Fig. 21). The
model pycnocline slope displays a maximum in Abril and a minimum in
November. Using observations of surface current speeds, Wyrtki has
shown that between Canton and Samoz (14°S) the strongest flow occurs
in Marc£ and the weakest flow occurs in November. This iz precisely
what is depicted in Fig. 19. Since the variation in depth between the
South Equatorial Ridge and the Equatorial Trough (Fig. 18) is in phase
with the seasonal variation of the South Equatorial Current (Fig. 19),
it is obvious that this current is geostrophically forced. Based on

observational evidence, Wyrtki has shown that the seasonal variation of

it is obvious that this current is geostrophically forced. Based on
observational evidence, Wyrtki has shown that the seasonal variation of

the South Equatorizl Current and the Countercurrent are opposite in
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Fig. 20. Pycnocline depth beneath (a) the Countercurrent Trough
and (b) Equatorial Ridge.
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(from Wyrtki, 1974a).
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(from Wyrtki, 1974%a).
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phase. A comparison of Figs. 17 and 19 shows that this also holds
true for the model results.

As demonstrated in several models (Yoshida, 1955; Federov, 13961;
Meyers, 1975), the vertical displacement of the pycnocline is governed
by the curl of the wind stress. A positive curl implies upwelling and‘
a negative curl results in downwelling. Wyrtki and Meyers (1975a) have
computed and mapped the curl of the bimonthly and annual mean wind
‘stress for their 25 years of data. For the purpose of comparison, it
will be assumed that the spatial distribution of the wind stress curl
from Wyrtki's and Meyers' data is representative of that for the 10 year
MASIG data set.

For the area 170°E-140°W and 18°N-12°3, Wyrtki and Meyers' map of
the curl of the annual mean wind stress displays three distinct regiomns.
From 18°N-14°N there is a region of negative wind stress curl. The
downwelling produced by this curl results in the pycnocline depth maxi-
mum beneath the North Equatorial Ridge (Fig. 18). Centered at 8°N is
2 region of positive wind stress curl., The upwelling generated within
this area of wind stress curl is manifested by the pycnocline depth
minimum beneath the Countercurrent Trough. Another region of negative
wind stfess curl is centéred.at.l208. Thé Ekman.pumping associated
with this region of negative curl produces a pycnocline depth maximum
beneath the South Equatorial Ridge.

Bimonthly maps of the wind stress curl for November-February
depict a region of positive wind stress curl at 3°S-5°S, This seasonal

variability deepens the equatorial trough and thus increases the west-

uepicT & region or pOS1TlvVe Wlnd STress curli at 3¥sS-5¥sS., This seasonal
variability deepens the equatorial trough and thus increases the west-
ward geostrophic flow. This response is the seasonal strengthening of

the Scuth Equatorial Current (Figs. 18, 19).
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The simple dynamics present in this model permit a rezponse in
which the wind stress curl sets up a system of troughs and ridges. The
difference in depth across these troughs and ridges produces a meri-
dional pressure gradient. The pressure gradient in turn, gsostrophic-
ally forces zonal currents.

Outside the region from 170°E to 140°W there are other aspecis of
the model results deserving of attention. In the eastern half of the
basin (Fig. 22) the Countercurrent Trough has a noticeable northward
shift from 155°W to 115°W. Wyrtki (1974a) has reported that the mean
annual dynamic topography between 170°E and 140°W displays a meridional
displacement from 8°N to 10°N. Across this same latitudinal band the
upper layer thickness (Fig. 23) shows a northward shift in the Counter-
current Trough from 7°N to 11°N. The location of the Countercurrent
Trough across the basin is reminiscent of the path taken by & third

latitudinal mode Rossby wave observed during a preliminary trial of this

model designed to generate free equatorial waves (0'Brien, et al., 1980).

Further inspection of Fig. 22 reveals the existence of a southwestward
‘propagating upwelling disturbance near 8°N. The velocity and location
of this annual feature resemble that of a third ;atitudinal mode Rossby
wave. fhe westward movement of this upwelling perturbation has a defin-
ite effect on the seasonal signal of the Countercurrent Trough. The
presence of this disturbance contributes to the formation of a pycno-
cline depth minimum beneath the Countercurrent Trough during July and
August (Fig. 20a).

A similar phenomenon has been studied in two separate works con-

August (Fig. 20a).
A similar phenomenon has been studied in two separate works con-

cerning an annual Rossby wave in the tropical North Pacific. Both White
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Fig. 22. Upper layer thickness over the eastern half of the model
basin during vear 4. The v-scale has been expanded to facilitate
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Fig. 22. Upper layer thickness over the eastern half of the model
basin during year 4. The y-scale has been expanded to facilitate
inspection of the plots. The contcuring interval is 10 m.
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(1977) and Meyers (1S7%a) use Eg. (5) to study the combined response of
local Ekman pumping and nondispersive Rossby weaves. White confines his
attention to the region 10°N-20°N. He has ascertained that the inter-
ior response to local forcing is modulated by baroclinic Rossby waves.
Meyers' analysis of observational data established that the largest
annual variations in depth of the 14°C isotherm occur near 6°N and 12°N.
The depth variations at 6°N are found to propagate westward at the speed
of a nondispersive baroclinic Rossby wave. The results of Meyers' model
correlate well with the observations at 6°N.

In the present model the response of the pycnocline beneath the
Countercurrent Trough is a combination of Ekman pumping and a westward
propagating Rossby wave. Locally, the depth of the pycnocline is gov-
erned by the curl of the wind stress. Wyrtki and Meyers' (1975a) work
has shown that the area about 8°N has a mean positive wind stress curl.
The upwelling associated with this wind stress curl causes a depth mini-
mum in the meridional profile (Fig. 13).

The annual Rossby wave is generated in reéponse to fluctuations of
the wind stress along the eastern boundary. This westward propagating
wave has two noticeable effeqts»on the Cogntercurrent Trough. First,
the April to August upwelling signal of the Countercurrent Trough (Fig.
20a) coincides with the period in which the Rossby wave enters the
region 1UO°W-170°E. Wyrtki and Meyers' maps of wind stress curl also
indicate that at 8°N the wind stress curl increases during the March to
June period. The presence of the Rossby wave contributes to the wind

stress induced upwelling. The Rossby wave also extends the duration of

June period. The presence of the Rossby wave contributes to the wind
stress induced upwelling. The Rossby wave also extends the duration of

the upwelling signal on into August.



The second effect produced by the Rossby wave pertains to the meri-
dional shift of the Countercurrent Trough. The latitudinal locatizn of
the Countercurrent Trough (Fig. 23) appears to have a y—2 dependency.
This is understandable since the phase speed of a nondispersive Rossby
wave is a function of y-2. The effect of 8 on the Rossby wave produces
an equatorward shift in the pycnocline depth minimum. This southward
displacement of the Countercurrent Trough is in qualitative agreement
with Wyrtki's findings.

In this model the total effect of the annual Rossby wave 1s to
alter the location and seasonal variability of the Countercurrent Trough.
Since it 1s the Countercurrent Trough that is being modulated by the
Rossby wave, both the North Equatorial Current and the Ccuntercurrent
are affected.

Another feature of interest in the eastern half of the basin is
distinguished in the zonal velocity field (Fig. 24). At 4°N and 125°W
a westward flcw is present. The corresponding height field (Fig. 23)
demonstrates that this westward flow is generated by the height differ-
ence between the Egquatorial Ridge and the equator. This driving force
is the smaller of the two components that comprise the South Equatorial
Current. The majority of the South Equatorial Current flow is due to
the height difference between the South Equatorial Ridge and the Equa-
torial Trough.

The northern component of the South Equatorial Current is separated
from the remainder of the current by an eastward flow near the equator.

This eastward flow is gensrated by the meridional pressure gradient

from the remainder of the current by an eastward flow near the equator.
This eastward flow is gensrated by the meridional pressure gradient

between the equator and the Equatorial Trough. A continuous South
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Equatorial Current would result if the Egquatorial Trough was located
at the equator. In this study the Equatorial Trough is always south
of the equator.

There is some observational evidence that confirms the existence of
this type of structure in the eastern eguatorial Pacific. Tsuchiya
(1974) has computed the dynamic topography of the eastern tropical
Pacific from February 1967 to April 1968. Data from the EASTROPAC
expediticn was used to construct seven bimonthly maps of the geopoten-
tial anomaly. Several of the maps indicate & westward geostrophic cur-
rent between the equator and 5°N. Just south of the equator an east-
ward flow is often present at various longitudes. Tsuchiya states that
this current structure corresponds to a displacement of a thermocline
ridge (Equatorial Trough) soutlward from the equator to 1°S-3°S. Fur-
ther sources of observafional evidence were cited by Tsuchiya.

The

I_J

ast remaining point of interest is the seasonal response of
the pycnocline at the equatorial eastern boundary. This pycnocline
response to the mean monthly forcing is presenfed in Fig. 25. There is
virtually no comparison between this PHA respomnse and the PHA signal
produced by the =zeasonal harmonics of the equatorial wind stress (Fig.
7). ‘

Since the seasonal harmonics and the MASIG data set were both
derived from the Wyrtki and Meyers' wind stress data, one should expect
both profiles to be similar. It is evident this is not the case.

One possible explanation for the response at the eastern boundary

is that this response may be a combination of both remote and local

One possible explanation for the response at the eastern boundary
is that this response may be a combination of both remote and local

forcing effects. A brief analysis of the equatorial zonal wind stress
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Fig. 25. Pycnocline height anomaly at the equatorial eastern
boundary due to forcing of mean monthly wind stresses. Depth varia-
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will lend some insight into the problem. The time history of the zonal
equatorial wind stress at the =astern boundary (Fig. 206a) bas an ampli-
tude more than twice as large as that for the seasonal harmonics between
80°W and 100°W (Fig. 3). The mean annual zonal stress at the eastern
boundary is .02 N m_2 compared with -.002 N m—2 for the 80°W-100°W band
from Meyers' work. As a result, one main difference between these two
eastern boundary PHA responses was the forcing applied near the eastern
boundary. When the seasonal harmonics were used as forcing, the eastern
boundary region was relatively unforced. When the mean monthly wind
stresses were used, there was a definite onshore stress at the boundary.

Even if the effects of lccal forcing were superimposed upon the
remotely forced eastern boundary response in Fig. 7, the large amplitude
PHA response between OctoSer and March (Fig. 25) cannot be accounted
for. Besides the increased stress at the eastern houndary, the ampli-
tude of the interior response differs From that of the seasonal harmon-
ics. The mean monthly zonal wind stress between 160°W and 120°W has
been zonally averaged (Fig. 26b) to provide a éomparison with the res-
pective signal of the first and second harmonics derived by Meyers. The
phase and mean of these two time series are very similar, but the ampli-
tude of the mean monthly stress signal from April to October is larger
than that produced by the seasonal harmonics. As discussed in section
3, the PHA response at the unforced eastern boundary is due to remotely
forced equatorial waves originating in the interior. Since the phase
of the interior mean monthly wind stress is similar to that of the sea-

sonal harmonics, the resulting contribution to the eastern boundary

of the interior mean monthly wind stress is similar to that of the sea-
sonal harmonics, the resulting contribution to the eastern boundary

response due to remote forcing should have the same phase as the eastern
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Fig. 26. Zonal equatorial wind stress (a) at the equatorial
eastern boundary and (b) averaged between 160°W and 120°W.
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bocundary response in Fig. 7. The major difference between the remcte
forcing responses would be a change in amplitude due to the different
amplitude of the interior wind stresses. As cutlined in Table 1, a
combination of local forcing and a revised amplitude remote forcing
signal could result in the PHA response at the eastern boundary dis-
played in Fig. 25. The third column in Table 1 is the predicted con-
tribution to the eastern boundary response due to remote forcing of the
mean monthly winds. The amplitude differences between the interior
mean monthly winds and the seasonal harmonics were used to predict an
increase or decrease in the remotely forced eastern boundary response
in Fig. 7.

Since there exists a viable explanation for the eastern boundary
response, the final question remaining is: Why doesn't the eastern
boundary PHA response agree with observations? When the eastern boun-
dary region was unforced, the agreement between model results and
observations was much better., The problem is most likely due to the
data set from which the mean monthly wind streéses were derived. Two
possible sources of error come to mind. First, the MASIG data set
covers a time span of 10 years (1961—1970), or roughly one-half the
length of the Wyrtki and Meyers' data set. This subset of wind stress
data may have been too short to be fully representative of the period
over which the seasonal harmonics of the wind stress and 14°C isotherm
depth variations were computed. There is some evidence to support this
speculation. Wyrtki (1975) has presented a time series, from 1948 to

1972, of the zonal wind stress over the central equatorial Pacific.

speculation. Wyrtki (1975) has presented a time series, from 1948 to
1972, of the zonal wind stress over the central equatorial Pacific.

Within the band 100°%W-140°W a strong annual signal was present from
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1961-19€¢. The wind stress during the cther 16 years had a relatively
small or nonexistent annual signal. Consequently, the 10 year MASIG
data set is not a representative subset of the 25 vear Wyrtki and
Meyers data set.

Ancther source of error could be the subjective analysis of the
Wyrtki and Meyers' data. The subjective analysis may have resulted in
an overestimation of the wind stress values in the eastern boundary
region. Thig is pure conjecture, but the possibility exists. At the
present time the first and second harmonics of the mean monthly zonal
equatorial wind stress are being computed so that they may be compared
with those computed by Meyers. Furthermore, it would be interesting to
know what the eastern boundary response would be if the mean monthly
forcing was again applied over the whole basin except for the eastern
boundary region. This would eliminate the local forcing contribution,
but it would also be cost prohibitive to investigate this singular

result.




5. SUMMARY AND CONCLUSIONS

The major goal of this work was to determine if a simple linear
model of the tropical Pacific Ocean could reproduce the major features
of both the equatorial eastern boundary response and the equatorial
current system. This arnalysis was performed using a linear, one-layer,
reduced-gravity transport model on an eguatorial B-plane. The coast-
line geometry of the model basin was an approximation of the tropical
Pacific basin from 18°N-12°S. A non-rectangular model basin was needed
because the wind stress used to force the model was based on observa-
tions over the non-rectangular Pacific basin. Thermodynamic and thermo-
haline effects were neglected in the model.

The dynamics present in the model permitted equatorial solutions
containing equatorially trapped Kelvin and Rossby waves. The equatorial
response included these equatorial waves superimposed upon a zonal
balanceﬁbetween the pressure gradient and the wind stress. The extra-
equatorial physics allowed for Ekman pumping and the westward propaga-
ticn of nondispersive Rossby waves. The generation of any meridional
pressure gradients resulted in the forcing of zonal gecstrophic currents.

The equatcrial response, particularly at the eastern boundary was
studied along the same lines as Kindle (1879). Annual and semiannual

harmonics of the zonal equatorial wind stress calculated by Meyers

studied along the same lines as Kindle (1879). Annual and semiannual

harmonics of the zonal equatorial wind stress calculated by Meyers
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(1979b) were used to force the model. The wind stress was applied in
seven longitudina! bands. Each band was 20° wide and the wind stress
within each band was constant in x and y. The pycnocline respocnse was
then compared with depth observations of the 14°C isotherm.

The east-west slope of the model pycnocline closely approximated
the slope of the 14°C isotherm. The pycnocline was displaced downward
from its mean depth by 40 meters in the west and was elevated by 70
meters in the east. Along the whole extent of the eguator the depth of

the pycnocline always fell within a 60 meter thick envelope provided by

depth observations of the 14°C isotherm. The major discrepancy between
observations and model results occurred near the eastern boundary. It
was pointed out that the results could be improved slightly with a
better resolution of the wind stress within the 80°W-100°W band. A more
significant change in the mean depth of the pycnocline would result if
the wind stress drag coefficient was found to be invealid in this regiom.
The inclusion of a non-constant 02 in the momentum equation, would also
change the mean depth of the pycnocline.

At the eastern boundary a semiannual response was produced remote
from any region with a semiannual wind stress signal. The pycnocline !
response at the eastern boundary was in qualitative agreement with the
semiannual displacement of the thermocline. It was also shown that the
lineczr médel results were very similar to the linear and nonlinear numer-
ical model results of Kindle. Kindle's models used a rectangular basin
but the coastline geometry of the model used in this study approximated

the equatorial eastern boundary as a meridional wall. Hence, the lin-

but the coastline geometry of the model used in this study approximated
the equatorial eastern boundary as a meridional wall. Hence, the lin-

ear results were similar. Since the linear model results of this study
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were comparable to nonlinear results, it was concluded that the equa-
torial response to wind stress Forcing is essentially linear.

An analytical model was used by Kindle to show that the major con-
tributions to the eastern boundary response were from incoming Kelvin
waves and first latitudinal mode Rossby waves. The existence of these
waves was confirmed in figures of the eastern half of the basin for
the model results of this study. These figures displayed the intensi-
fication and propagation of these waves as they responded to the wind
stress and subsequently generated the eastern boundary response.

The major application of this model was to determine the response
of the tropical Pacific to mean monthly winds. The long term mean
monthly wind stress was obtained by time averaging the 10 year Mesoscale
Air-Sea Interaction Group wind stress data. The MASIG data was the
result of subjectively analyzing a 10 year subset of the Wyrtki and
Meyers (1975a, b) wind stress data. An advantage of using the MASIG
data set was that the Wyrtki and Meyers wind stress data on a 2° lati-
tude by 10° longitude grid was analyzed onto a 2° by 2° mesh.

The response of the model pycnocline to these mean monthly winds
produced a meridional profile which resembled the meridional profile of
dynamic height presented by Wyrtki (1874a). This pycnocline profile
created by the curl of the wind stress, displayed a series of troughs
and ridges. The location of these topographic features defined the
longitudinal span of the major equatorial surface currents. The height
difference across these troughs and ridges geostrophically forced these

currents.

difference across these troughs and ridges geostrophically forced these

currents,



71

Of the three major equatorial surface currents, the szasonal vari-
ability of the South Equatorial Current was in closest agreement with
observations. The strongest flow cccurred in March and the weakest in
November. The strongest North Equatorial Countercurrent flow occurred
in July and November and the weakest flow in March. The seasonal vari-
ability of these two currents was out of phase. This phase relation is
in agreement with observations of these currents.

The pycnocline response beneath the Countercurrent Trough was
found tc be a combination of Ekman pumping and an annual, westward prop-
agating Rossby wave, Thé Rossby wave had the effect of contributing to
the upwelling of the pycnocline initiated by the wind stress curl. The
y—2 dependency of the Rossby wave phase speed resulted in a2 meridional
displacement of the Countercurrent Trough. Wyrtki (1974a) has pre-
viously reported that the Countercurrent Trough displays a northward
shift of 8°N to 10°N between 170°E and 1HO0°W.

The current structure represented in the model results for the
eastern esquatorial Pacific was supported by Tsﬁchiya‘s (1974) maps of
dynamic topography. The model results and dynamic topography maps
demonstrated the existence of a westward gurrentrjust‘north of the equa-
tor separated from the main part of the South Equatorial Current by an
eastward current south of the equator. The flow north of the equator
was the northern component of the South Equatorial Current. The east-
ward flow south of the equator was due to the location of the Equatorial
Trough scuth of the equator.

The equatorial eastern boundary responses from the two model appli-

Trough scuth of the equator.
The equatorial eastern boundary responses from the two model appli-

cations were found to be very different. Further analysis showed that
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the eastern boundary response to mean monthly wind stress forcing was &
combination cof remote and local forcing. A time series cf the zonal
egquatorial wind stress (1l00°W-1L40°W) for the 25 year Wyrtki and Meyers
wind stress data (Wyrtki, 1975) showed that the 10 year period of the
MASIG wind stress data contained an annual signal much stronger than the
remaining 15 years. This discrepancy means that the eastern boundary
response to the mean monthly winds based on 10 years of wind stress
data cannot be compared with the eastern boundary response to the sea-
sonal harmonics based on 25 years of data.

It is recognized that this was a very simple model. Forsseable
improvements would be the inclusion of nonlinearities and an increased
-vertical resolution. Increasing the vertical resolution of the model
would allow an analysis of the Equatorial Undercurrent.

The first model application has proved that the equatorial response
can be successfully described by a linear model. The results of the
second case study have demonstrated that linear dynamics are capable of
reproducing the location and variability of the eguatorial current sys-
tem. This study has shown that, to a first order approximation, the
upper t?opical Pacific Ocean may be modelled by simple linear theory

without regard to thermodynamic and thermohaline effects.




AFPPENDIX

List of Symbols

horizontal eddy viscosity coefficient, lO2 m2 s'_l
% -1 |
baroclinic phase speed, (g'H)®, 2. m s

. . -2
acceleration due to gravity, 9.8 m s

2 .

reduced gravity, g(p ol)/p2, .02m s

5 -
upper layer thickness
initizl upper layer thickness, 200 m

X, v, z-directed unit vectors

time

zocnal and meridional components of velocity
zonal and meridional components of transport

total transport vector

tangent plane Cartesian ccordinates: X positive eastward,
y positive morthward and z positive upward

distance from equator to open boundary

‘o . . . qs . -11 -1 -1
meridional derivative of Coriolis parameter, 2.25 % 10 ""m “s
horizontal gradient operator
horizontal Laplacian operator

densities of seawater

zonal and meridional components of wind stress, respectively

e e
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