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ABSTRACT

We present results from three numerical model experiments designed to study the thermal and hydro-
dynamical changes associated with downwelling Kelvin wave passage and east coastal reflection along and
near the equator. The model employs primitive equation dynamics in two active layers and a full ther-
modynamics equation, so that sea surface temperature, thermocline displacement and sea level are each
independently predicted. Wind and thermal forcing are used. The surface layer is a slab mixed layer using
Kraus and Turner-style bulk physics. Kelvin waves are excited by introducing a westerly wind anomaly in
the western part of the basin, and the temperature and current changes caused by the waves are studied as
the wave fronts propagate through the circulation forced by three different mean wind fields: no mean winds,
southerly mean winds and easterly mean winds. The wave-induced changes depend strongly on the conditions
that prevail when the waves are forced. Anomalous advection of the existing SST field is the primary SST
change mechanism. The two internal Kelvin-wave modes allowed by the model sometimes induce com-
parable temperature changes near the east coast and sometimes the effect of one mode substantially dominates
that of the other. The shear mode wave does not always propagate to the east coast; it can be destroyed by
nonlinear effects associated with the meridional circulation along the equator. Temperature changes near
the east coast, similar in magnitude to those observed in the early stages of El Nifio events, are caused in
the mean southerly wind case, but no broad westward tongue appears later on. The \mphcauons of these
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results on existing models of El Nifio and for future model studies are examined.

1. Introduction

The equatorial wave guide supports the existence
of fast, zonally propagating linear waves whose dy-
namics have long been known, e.g., Matsuno (1966)
and Moore and Philander (1976). Simple forced sys-
tems have also been explored, e.g., Cane and Sarachik
(1976, 1977). Of the large-scale, low frequency free
waves, the fastest are the eastward-propagating equa-
torial Kelvin waves; the fastest westward-propagating
waves are the equatorially trapped Rossby waves trav-
elling at ¥ the Kelvin-wave speed. These waves are
easily forced by abrupt changes in wind stress along
the equator, and it has been suggested that they play
a fundamental role in the interannual variations of
the tropical Pacific known as El Nifio (e.g., Hurlburt
etal., 1976; McCreary, 1976; Busalacchi and O’Brien,
1981; Phﬂander 1981).

Rasmusson and Carpenter (1982) have described
the character of a composite El Nifio event developed
from surface ship reports. Based on sequential three-
month average fields of temperature, wind and wind
divergence, they suggest that there are atmospheric
anomalies in the western Pacific sometime in the late
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fall and early winter preceeding an El Niiio event and
that there is simultaneously some weak equatorial
warming near the Dateline. In the late winter, SST
along the coast of South America south of the equator
begins to rise more rapidly than during a normal an-
nual cycle until the temperature is a few degrees
warmer than climatology. Anomalously warm water
then begins to be evident further off the South Amer-
ican coast, as shown in their analysis of the “peak
phase” presented here in Fig. 1. Later evolution into
the transition and mature phases shows substantial
broad warming along the equator with 1°C anomalies
out to the Dateline. We are interested here in the
onset and early stages—the first appearance of warm
water at the eastern end of the equator, with an anom-
alous temperature of approximately 2°C.

Clearly it would be of great interest to understand
how this dramatic event takes place. Most previous
model studies have highly idealized the relationship
between hydrodynamic and thermodynamic quan-
tities (although cf. Philander, 1981 and references
therein). For example, single-layer reduced gravity
models assume that SST changes are directly related
to pycnocline depth changes, the dynamic quantity
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FiG. 1. SST anomaly from Rasmusson and Carpenter (1982) for the peak phase of El Nifio. Contour interval =

computed in these models. Sea'level changes are also
directly related to pycnocline depth changes, and are
not an independent physical quantity in these sys-
tems. These convenient simplifications deserve fur-
ther investigation since it is SST, not sea level or ther-
mocline depth, that is of primary climatic interest.
It is clear that the hydrodynamic conditions can
change importantly over very short timescales, but
the thermodynamic changes have not been thor-
oughly studied.

The mean flow in the tropical upper ocean is gen-
erally believed to be non-linear, with strongly coupled
thermo- and hydrodynamic processes (although cf.
McCreary 1981 for a linear model of equatorial cir-
culation that reproduces a number of observed fea-
tures). Whether the linear wave ideas and simple
model results continue to apply to perturbations of
non-linear and thermally coupled flows remains to
be seen.

Rather than attempt to simulate the El Nifio phe-
nomena, we will investigate the specific thermal and
hydrodynamic changes induced by a single candidate
mechanism for the onset of El Nifio: the remotely
forced Kelvin-wave front. We present experiments
with a non-linear model that includes hydro- and
thermodynamics. It is an extension of the model of
Schopf and Cane (1983), which has been shown to
simulate many fundamental features of the tropical
circulation. Three experiments are reported as our
first investigation into the interaction between equa-
torial waves and thermo- and hydrodynamic changes
in the equatorial ocean. The first experiment is run
with no mean wind forcing, and is included for com-
parison with previous linear studies. A second case
is run with mean southerly winds, to illuminate as-
pects of the wave-induced changes in the cold water
pool adjacent to the eastern coast that is forced by
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wind-driven upwelling. A case with mean easterly
winds introduces the effects of temperature gradients
along the equator as well as an equatorial undercur-
rent and sloping main thermocline. We shall show
that the effects of the waves in this model system are
strongly dependent upon the mean state that exists
before the wind anomaly initiates the wave front.

2. Model description

The model used is that of Schopf and Cane (1983),
modified to facilitate long term computations in a
more efficient manner. Two layers are used above a
quiescent abyssal ocean, with primitive equations
used to predict velocities in each layer. The top layer
is the wind-mixed layer, its depth predicted by bulk
energy balances as introduced by Kraus and Turner
(1967). Continuity for the two layers gives

M)/t + V-(h V) =w, (1
A(h)/dt + V- (h,Vy) = — 2
Conservation of heat for the two layers requires
amT)/ot+ V. (ﬁIVITl)
= Q0+ wlHW)T, + H-w)T\], (3)
(7, T>)/0t + V - (h,V,T)
= ~WIHW)T, + H(~w)T1]. (4)

The nonlinear primitive equation momentum bal-
ance is

MV )0t + V- (hV, V) + fk X bV,
=71~ h[V(bihy + boh) — h\Vb,/2]

+ wlH(W,)V2 + H(=w)V,], (5)
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a(h2V2)/al + V . (thsz) + fk X h2V2
= _hz[V(bzhz/Z) + sz(hl + hz/Z) - Fth2/6
— VIhy/12] — wlH(Wo)V2 + H(=w)V1], (6)

where Ay, V,, T, are the depth, mean velocity and
mean temperature of the kth layer. Here r and Q are
the surface fluxes of momentum and heat, and b; is
the buoyancy, given by

bo=ga(Ti—T), @)

where 7, is the reference temperature of the abyssal
ocean. In (6) T’ is the effective buoyancy gradient in
the second layer; it is defined differently in the present
model than in Schopf and Cane (1983) as will be
described below. In (1)-(6) w, is the entrainment rate
across the base of the mixed layer, and H is the Heav-
iside step function.

In Schopf and Cane, the temperature at the base
of the second layer (73;) is allowed to warm up if a
linearly extrapolated temperature profile gives rise to
static instability at the base of the mixed layer. Thus,
T, can be raised but cannot be lowered. For short
runs (a few months) this has posed little problem, but
we have been unable to reach satisfactory equilibrium
states in multi-year runs with the previous model. In
order to avoid this difficulty, we choose to fix T3,
returning to the view that the base of the second layer
is a material surface. Thus Schopf and Cane’s Eq.
(2.17) becomes

T, = 14.5°C. ®)

It remains to specify a thermal profile in the second
layer based on 7> and T}, which are our only degrees
of freedom, that will give a good approximation to
the temperature at the base of the mixed layer. This
choice will affect both the entrainment and the pres-
sure term for the second layer.

We begin by seeking a linear temperature profile,
and we extrapolate from T, and 7> to obtain a pro-
- visional temperature just below the mixed layer:

T* = 2T, — T,. 9)

If T¥* < T, the profile is stable and the linear profile
is our solution (7, = T%*). The initial conditions are
set up with T¥ < T, and this is generally maintained.
However, detrainment leaves behind a more com-
plex thermal profile, with water at the surface tem-
perature left in the top of the second layer. This in-
creases the mean temperature of the second layer and
can give an extrapolated TF warmer than 7. In this
“case we reject the linear profile in favor of a second
layer profile that has a certain thickness of water at
temperature T, overlying a linearly stratified region,
as shown in Fig. 2 (T, = T)). The new profile must
have a heat content equal to 7>A,. This sets the depth
of the auxillary layer (4,):
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F1G. 2. Vertical structure of the model temperature field. When
the extrapolated temperature at the base of the mixed layer is less
than the surface temperature, profile (a) is used; otherwise, there
is an isothermal region at the top of the second layer at T} as in
(b). The thickness of this layer is given by (10).

ha = h(TE = TOAT, — Tp), (10)

where T¥ is the provisional (unstable) extrapolated
temperature from (9). When this auxillary layer is
present, the pressure term must reflect the change in
density structure. The integrated pressure gradient
(P,) is obtained by integrating (Vp + bVz) through
the second layer:

P, = hy[V(b:h2/2) + bV (hy + hy/2)]
— Vh[(b¥ — by) — 2(b¥ — b)Y /(b — b)), (11)

where b* and b, are the buoyancies associated with
T* and T,. Eq. (2.14) of Schopf and Cane (1983)
remains valid if we re-interpret I';, as:

(bt - bl)2
(by — by) ~

The second part on the right hand side only enters
if h4 is positive; 44 = 0 gives I', the same as in Schopf
and Cane.

As in Schopf and Cane (1983), the entrainment is
evaluated by an analytic integration of Niiler and
Kraus’ (1977) entrainment equation:

weH(we){hl(bl - be)} .
= 2msu3* - 2€0h| + h'lgaQ. (13)

This is a specification of the bulk energy balance
mixed layer model, which retains wind stirring, sur-
face heating, dissipation and the potential energy
change associated with deepening. The turbulence
level changes, shear production at the base of the
mixed layer and the depth-dependent component of
penetrating radiation are dropped. When w, < 0 (13)

‘T, = b* — b, — H(h)2 (12)
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is used to solve for the new A, and (1) is used to elevate
w,. As in Schopf and Cane, a minimum layer thick-
ness i1s used to maintain numerical stability and to
model the otherwise unspecified effects of wave break-
ing, near-surface absorption of penetrating radiation,
and near-surface shear production.

The other model modification was the introduction
of grid stretching in the zonal direction, with a res-
olution of 25 km at the eastern wall and 200 km in
the interior of the basin.

For the cases reported here, we have specified the
surface heat flux as proposed by Haney (1971):

Q=K(T, - T, (14)

with T, = 29.0°C and K = 30 W m 2 K™!. The mixed
layer equations are solved with u, = 0.864 cm s,
m; =125, ¢ =7.5X 107° and ga = 2. X 107, The
initial temperature profile was taken with 7', = 28.°C,
T, =19.5°C, T, = 14.5°C, T, = 10.5°C, h; = 50 m,
A, = 150 m. The basin extends over 75° of longitude,
and 40° of latitude. The walls are treated as rigid,
with no-slip boundary conditions.

3. Results

In this section we examine the equatorial response
to waves forced by turning on a westerly anomaly in
the western part of the basin. The stress anomaly ex-
tends from 10° to 37.5° longitude and from the
southern to northern basin boundaries. It is turned
to full strength linearly in time over 5 days, has an
amplitude of 0.5 dyn cm~? within the patch, and ta-
pers to 0.0 over 5 degrees inside the boundaries of
the patch. Once turned on, the anomaly remains on.
Three different mean environments are examined: no
wind, uniform southerly wind, and uniform easterly
wind.

The model allows two internal modes of motion.
Based upon the initial stratification, their linear phase
speeds are 1.88 and 0.63 m s™!. It thus takes 25.6
days for the gravest mode Kelvin wave (K,) to prop-
agate from the eastern end of the forcing region to
the eastern end of the basin at 75° longitude. The
other, shear mode Kelvin wave (K}) takes 76.5 days.

a. No mean wind

This case is most similar to previous Kelvin wave
studies, as the background initial state has spatially
uniform thermodynamic quantities and no mean cir-
culation. Fig. 3 shows the response along the equator
east of the wind anomaly, with ¢ = O as the anomaly
is turned on and continuing for 180 days. Time-lon-
gitude plots of SST (7)), pycnocline depth (&, + hy),
surface height ([b,4, + byhy]g™"), and zonal velocity
vertical shear (u; — u,) are shown; they reveal the
relevant details of the response for this discussion.

From Fig. 3a it is clear that there is no perceptible
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SST a)

FiG. 3. Equatorial time-longitude sections of the model results
with no mean winds. A westerly wind perturbation is imposed from
10 to 37.5°E from day 0 and held constant. a) SST, contour interval
0.5°C, b) pycnocline depth anomaly, contour interval 10 m, pos-
itive downwards, c) surface dynamic height, contour interval 2 cm,
positive upwards, d) zonal velocity shear between mixed layer and
stratified layer, contour interval 0.25 m s™'.

change in SST as the two Kelvin waves (K; and X))
propagate in from the wind patch. Over the full 180-
day period, the maximum SST change is less than
1°C, so neither the Kelvin nor the Rossby waves
change SST in this situation. The eastward propa-
gation of K| is seen most clearly in the surface height
(Fig. 3c), and this wave front reaches the eastern
boundary in ~27 days which is very close to the
linear prediction of 26 days. This wave accelerates
the flow eastward in both dynamic layers and drives
both layers downward, so K, can also be followed in
pycnocline depth (Fig. 3b). In this case K is a shear
mode which accelerates the surface layer eastward
and layer 2 westward; it increases /; but decreases A,
more and thereby compresses and raises the ther-
mocline. Here K is best followed in u, — u, (Fig. 3d),
but can also be seen in pycnocline depth; it is not
evident in surface height. Kelvin wave K, reaches the
coast in about 80 days, which also agrees well with
linear prediction.

In Fig. 4, we present longitude—depth sections of
the equatorial temperature field east of the wind
anomaly, at 20 day intervals. At 1 = 20 days, the
leading edge of the K| front is near 65° longitude and
the leading edge of the K, front is near 47°; K| is
driving down the pycnocline, and depressing the iso-
therms throughout the second layer, and K, is pinch-
ing the isotherms in the second layer. By day 40, K|
has reflected off the coast, and the predicted location
of the leading edge of the first mode Rossby wave
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FI1G. 4. Equatorial temperature sections from the case with no mean winds. Panels are separated
by 20 day intervals, and only the eastern, unforced region is shown. Contour interval 1°C. Within
the second layer, the linear temperature profile from Fig. 2 is used to plot the thermal field.

(R)) is 68°; at the coast the 15°C isotherm has deep-
ened from 200 to 230 m and the temperature at 75
m has warmed from 23.0 to 24.5°C. The second
mode Kelvin wave front (K,) has now propagated to
about 57° longitude, and its pinching influence is
clear. Between 40 and 60 days, little changes at the
eastern end of the equator; the 15° isotherm remains
at 230 m, and the 75 m temperature stays ~24.5°C.

With the arrival of K, between 60 and 100 days,
a dramatic change occurs in the coastal conditions;
the 15°C isotherm is raised sharply, while all iso-
therms greater than 21°C are depressed. The 75 m
temperature rises another 3.5°C, to 28.0. Subsequent
reflection in R, spreads this near surface warming,
although this occurs very slowly. (At day 100, A, is

non-zero but there is a large isothermal portion within
layer 2 giving no computational difficulties).

In this experiment we see the two Kelvin waves
propagate in to the coast very clearly at speeds pre-
dicted by linear wave theory, but with no SST.change.
Upon reflection K, produces some coastal subsurface
warming but still no SST change. The K, reflection
gives substantial subsurface warming, yet no SST
change. The outgoing Rossby waves also produce no
significant SST change.

The reason for a lack of change in SST is the ab-
sence of any horizontal gradients in SST and the fact
that the Kelvin waves that were excited produced
downwelling. As discussed in Schopf and Cane (1983)
a downwelling is likely to lead to detrainment or ex-



JUNE 1983

pulsion of water from the mixed layer. This process
does not lead to warming of the surface water; it
warms the sub-surface water.

b. Mean southerly winds

The thermal state of the surface layer is maintained
through a balance of entrainment cooling, horizontal
advection and surface heating. The introduction of
a mean state with surface currents and upwelling per-
mits wave frontal passage to affect this balance and
so produce significant SST changes.

Uniform southerly winds of 0.5 dyn cm? provide
the initial conditions for this experiment. Coastal
upwelling, driven by surface Ekman current diver-
gence, produces a cool pool of surface water (mini-
mum SST = 23.9°C) along the eastern boundary
south of the equator. Along the equator there is al-
most no change in temperature or layer thicknesses
and these fields are nearly identical to those in the
previous case. At the end of a 360 day spin-up period
the cooling due to entrainment at the coast is bal-
anced by heating from the atmosphere and advection.
The initial conditions for the wind anomaly response
now include SST gradients and currents.

Along the equator the response in SST, pycnocline
height, surface elevation and current shear (Figs. S,
6) are similar to those in the case with no mean winds.
Again, K arrives at the coast after about 28 days and
causes little change. Also K, propagates with about
the same speed, but is slowed somewhat as it reaches
the coast, and so the coastal response is delayed by
about 20 days.

The first significant changes in SST are found south
of the equator along the coast and are brought about
by the Kelvin waves. Fig. 7 gives latitude-time sec-
tions of change in SST from the spun-up value ap-
proximately 200 km offshore. After 40 days K, has
reached the coast and continued down the coast to
20°S. The warming is seen to occur with the arrival
of K, and is strengthened with the arrival of K, ; closer
1o the coast warming subsequent to K; arrival is stron-
ger and ASST can be 4°C. The lack of any warming
near the equator is due to the fact that the temper-
ature of water there was greater than 28°C initially,
and the model includes no processes that can warm
it further. .

Fig. 8 shows latitude—depth sections of temperature
along the eastern wall for the Southern Hemisphere.
At the onset of the perturbing winds, the coastal up-
welling has produced a cold, shallow mixed layer at
10°S, but relatively warm temperatures along the
equator. After 40 days, K, has arrived and has de-
pressed the 15°C isotherm from 175 to 250 m. The
first mode character of this response is evident (iso-
therms throughout the second layer are depressed,
more at the bottom). At 5°S, the SST was 25°C, but
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FIG. 5. Equatorial time-longitude sections from the model re-
sults with southerly wind forcing. The conditions at the time of
onset have been subtracted. Quantities and contour intervals as in
Fig. 3.

after K, has arrived, it has increased to 26°. The 28°
isotherm has been moved from 2.5°S to 3.75°. The
arrival of K, lifts the 15° isotherm and pushes down
the 28° water. 100 days after onset of the perturbing
winds, the SST at 5°S has risen to 27.7° and the 28°
isotherm moved to 4.5°S.

Together, the two Kelvin waves have caused a 2-
3°C warming in coastal SST south of the equator,
and they have done so without any detectable SST
signal along the equator. The first response in SST
is this eastern coastal warming some 40 days after the
onset of the wind anomaly.

The Kelvin waves can be seen in heat budgets over
small regions of the eastern tropics. Because the
mixed layer is free to change its mass, we have eval-
uated the budgets for both total heat and for the tem-
perature term alone. Fig. 9a shows the budget for the
total heat in the mixed layer from 3° to 6°S and
within 2° of the coast. The heat balance is between
entrainment of cold water (w,.T,), horizontal advec-
tion of heat V. (uhT), surface heating (Q), and ver-
tical diffusion (D). At the end of the initial spin-up
the heat is being maintained largely through advective
processes, with cold water entering at the base of the
layer and leaving the region horizontally. Little in-
fluence is seen due to the surface heating. The arrivals
of the first and second Kelvin waves are evident in
the large change in both horizontal and vertical ad-
vection terms.

The temperature balance is somewhat different.
Fig. 9b shows the balances for the evolution of 4,87/
at: entrainment cooling [w.(T, — T,)], zonal advec-
tion (¥d7/dx), meridional advection (v37/3y), surface



942 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 13
0 A N T N T NN SH N NN A NN S S
25 -
50 4 4 L
75 qmg —ers ——=3
100 joa— P 25
125 =0 20 . — -
150 2 8.0 —
175‘? 16. p— —
200 T
225“ t=0 I~
250 T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
LONGITUDE
i I T II L1 1 | i [ R U S 0
| . } - - 50
=uy —3 2
- M£_ -
/’-\—”‘*
=3 L ——t §
—] e ————S T
— " 20, p—. i §
18.0. -

I T T
45 50 55 60 65 70 4

=

T T T

50 55 60 65 70

Q
. m
O
: —
S : T
S ~ ; 3
— : e
= — | 200
- 1 t=100 - =120 i
o l ————1———"250

T T T T
45 50 55 60 65 70

S S EN S S
45 50 55 60 65 70

45 50 55 60 65 70

FIG. 6. As in Fig. 4, but for equatorial temperature sections from the southerly mean wind case.
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FIG. 7. Latitude-time section behavior of SST near the eastern
wall, southerly mean wind forcing. The change in SST is shown
after the imposition of the westerly perturbation.

heating (Q), and vertical diffusion (D). The SST is
being increased by surface heating as it is being ad-
vected horizontally Entrainment sets its initial tem-
perature and so does not appear as a strong factor.

¢. Mean Easterly wind

The results with mean southerly wind approximate
the conditions found in the extreme eastern Atlantic
and Pacific Oceans, but the mean state has no equa-
torial upwelling, undercurrent, nor temperature gra-
dient along the equator. Including these characteris-
tics might be expected to alter the character of the
wave responses along the equator.

In this case uniform easterly winds of 0.5 dyn cm ™
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F1G. 8. Temperature sections along the eastern wall south of the equator, southerly
mean winds. The panels are separated by 60 days, from the onset of the perturbation.

are imposed over the domain and the model was
spun-up for 360 days, before the westerly perturba-
tion was introduced. The initial state shows equatorial
upwelling, with cold SST along the equator; Fig. 10
gives the fields of SST, mixed layer depth and veloc-
ities in the surface and second layer at the end of the
spin-up. A zonal temperature gradient of ~0.2°C per
degree of longitude is present, except in the west.
The uncllercurrent is steady and strong, averaging
1.3ms™.

To illustrate the effects of the westerly anomaly,
we present differences between this run and a control
run made by extending the mean forcing without
perturbation. Fig. 11 shows the behavior of these dif-
ferences in longitude-time plots along the equator.
The SST now shows a strong warming all along the
equator; the warming starts in the west and propa-
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gates east at the first mode speed (K| 1s seen best in
Fig. 11b, the pycnocline depth). At first it appears
that the warming stops with the arrival of the second
mode, but closer examination of the solutions indi-
cates that the cessation of warming occurs at a given
place when VT = 0, as the 28°C water arrives. Fig.
12 gives the longitude-time section of SST for the
perturbed run, not the differences, and confirms that
the cessation of warming and the arrival of water with
8T/dx = 0 coincide.

The K, propagates into the coast quite linearly,
(Fig. 11b) with a signature similar to those in the two
previous cases. However, the shear mode behaves
quite differently. From the plot of zonal shear (Fig.
11d), the K, wave can only be followed to 15-20°
east of the forcing region. A drop in speed seems to
begin at day 400 near 45-50°E, and propagates to
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the west at a speed appropriate for a Rossby wave.
This is not an artifact of the initial spin-up; we ran
a second perturbation study, beginning the pertur-
bation after 540 days of spin-up. As ringing waves
from the initial spin-up will have a different phase,
if they remain at all, we can see if they account for
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FIG. 12. Equatorial longitude-time section of SST with mean
easterly winds, westerly perturbation., The anomaly seen in Fig.
11a stops growing when the SST achieves 28°C. Time is given
from the start of the run—the wind perturbation is applied at day
360.
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the pattern seen in Fig. 11d. In this repetition, the
essential features of Fig. 11 were clearly repeated.

The behavior of the depth of the pycnocline also
shows an absence of the shear mode wave. Recall that
in the no-mean wind case (Fig. 3b) the shear-mode
Kelvin wave draws the pycnocline back up as it
passes. Here, there is almost no restoration of the
pycnocline once the first mode has deepened it.

The destruction of the K, wave can be effected by
the mean upwelling associated with the easterly wind
stress. The shear mode wave has an eastward flow in
the shallow mixed layer and westward flow below.
Vertical circulation lifts the westward momentum to
the surface and transports the eastward momentum
poleward. Thus the structure along the equator
changes from a shear mode toward a more depth-
uniform flow to the west. This results in a transfer
of energy from the second to first model mode. The
deposition of eastward momentum at higher latitudes
gives rise to a meridional profile in the shear mode
that more closely resembles a Rossby than Kelvin
wave structure, which apparently propagates off to
the west.

The vertical advective change in the mixed layer
velocity is the model’s means for treating the surfac-
ing of the mixed layer. The momentum placed in the
mixed layer has been swept up to the surface and
several degrees poleward. The time that this takes to
remove all the eastward momentum from the mixed
layer is A;/w, where h, is the initial depth, and w is
the mean vertical velocity through the mixed layer.
Approximating 4; as 30 m and w as 1 m day™!, the
residence time is 30 days. During this time, the shear-
mode Kelvin wave can only propagate some 15° to
the east. This is consistent with the findings presented
in Fig. 11. (Compare Fig. 11d with 3d and 5d).

As noted above, when the solution to (13) yields
a value for A, that is less than the minimum depth,
we impose h; = Amin. The difference in numerical
treatment could lead to a partial computation reflec-
tion of wave energy. In this case however, the incident
K, wave has a downwelling signal at the base of the
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mixed layer. The wave physics is not affected by the
fact A, = hpni, when the wave arrives. The fact that
hy stays at Ay, despite the downwelling Kelvin wave
simply reflects the fact that there is strong large-scale
upwelling from the mean meridional circulation.

Along the eastern wall, the appearance of K; and
the absence of K, are clear. Fig. 13 gives the latitude-
depth sections of temperature along the eastern wall
at 60 day intervals from the onset of the perturbation.
At 60 days, the first mode wave has arrived, but K,
is not yet expected. Deepening of the 15°C isotherm
has taken place, together with deepening of all the
isotherms in the second layer—a straightforward first
mode wave response. At 120 days, the shear mode
would have appeared in either of the two previous
cases. But here, the response is strikingly unchanged
from day 60. There is no second-mode Kelvin wave
incident on the eastern coast from a forcing only
37.5° to the west.

The entire SST response in this case is due to the
propagation of the first mode Kelvin wave. The ad-
vection of temperature along the equator by the east-
ward flow warms the SST by a sloshing of water as-
sociated with the K| front. In this case the mean state
has very much stronger mean zonal temperature gra-
dients than observed in the Pacific. This exaggerates
the effect of a given acceleration in u, on dt,/dt, rel-
ative to oceanic conditions. A simple re-scaling of
dT/dx to central equatorial Pacific conditions sug-
gests an advective warming of 0.5°C or less for a
comparable zonal velocity perturbation.

4. Discussion

We have seen from Section 3 that the equatorial
wave response in our model system to a patch of
anomalous westerly stress differs in a number of im-
portant ways from simple linear model predictions.
In particular, we have shown that the changes in SST
induced by the passage of the first and second Kelvin-
wave fronts (K; and K,) are very strongly a function
of the state of the ocean through which they propa-
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gate, which itself depends upon the winds and heating
that have been in effect before the anomaly begins.
Generally speaking, SST changes and pycnocline
depth changes are not well correlated, so that the as-
sumption of strong correlation that is made in re-
duced gravity models is not supported by these ex-
periments. Another model result of interest concerns
the difficulty of observing passage of the K, front in
sea surface height, even though K| is generally best
observed in this field. In these experiments, the effects
of K, passage are comparable to those of K| for SST
and subsurface temperature changes along the eastern
coast south of the equator; following its progress
across the basin is therefore an important step in con-
necting the wind anomaly to eastern coastal temper-
ature changes.

In every experiment K, propagates across the basin
at a speed very close to that predicted by linear the-
ory, based on the mean thermal state of the ocean
prior to the wind anomaly. In the cases with no mean
easterly wind stress along the equator, K, also prop-
agates in accord with linear predictions, although its
progress is best followed in the u#, — u, field. When
there is mean easterly stress, however, the K, front
only propagates 10 to 15° east of the wind patch
before it is destroyed by non-linear advections asso-
ciated with the mean meridional/vertical circulation
at and near the equator.

Sea surface temperature and subsurface tempera-
ture changes are caused predominantly by advective
effects associated with wave frontal passage rather
than interactions between mixed layer processes and
wave passage. In particular the large equatorial SST
warming caused by K, passage in the mean easterly
wind case results from the existence of a mean neg-
ative zonal SST gradient and the eastward u, change
associated with the wave front passage; this result is
quite similar to that of Philander (1981). This effect
is not observed with no mean winds or southerly
winds because they do not create zonal SST gradients.
Also the eastern SST warming observed in the mean
southerly wind case results from prior establishment
of a mean meridional SST gradient near the coast
and the meridional acceleration caused by the Kelvin
waves as they propagate down the coast. Temperature
changes stop when either the large scale temperature
gradient is eliminated or the wave-induced current
changes dissappear.

One of the objectives of this idealized study was
to gain insight into the role(s) that Kelvin waves,
forced by wind changes well west of the eastern
coastal boundary, might play in the initiation and
continuation of warming events like El Nifio. Our
results suggest several interesting things: 1) Kelvin
waves can cause temperature changes near the east
coast comparable to those found at the onset of El
Nifio events, but the warming can only occur if a cold
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tongue of water already exists. 2) The propagation of
the shear-mode Kelvin wave from its generation re-
gion to the east coast depends upon sufficiently weak
easterlies along the equator in the region of propa-
gation so that the wave front is not destroyed by the
mear circulation before it gets to the coast. 3) Passage
of the first-mode Kelvin wave front should be ob-
servable in SST changes when there is a mean zonal
SST gradient along the equator (scaling our result to
near central Pacific conditions from February through
May suggests ASST ~ 0.5°C for a wave forced by a
0.5 dyn cm™2 anomaly over 20° of longitude). 4) It
is possible for the strong SST response to occur first
in the eastern part of the basin. Even though the
Kelvin wave energy is propagating from the forcing
region in the west to the east, the change in SST along
the way can be unobservable given the accuracy and
resolution offered by present SST data.

These model experiments do not give the broad,
strong warming that appears to propagate westward
after the first SST signal at the coast during El Nifio
events. Rather than introduce the complications as-
sociated with variable air temperatures, the effect of
clouds, etc., this case was run to shed light on the
mechanics of the Kelvin wave and the initial SST
behavior. We have carried out other experiments on
the role of different models of air-sea exchange of
heat which greatly increase the areal extent of the
cold tongue and give more El Nifio-like warming;
they will be reported in a companion paper (Schopf,
1983). However, the onset behavior and mechanisms
reported here concerning the equatorial and coastal
behavior of SST, sea level, pycnocline depth and cur-
rents are largely unaffected in these later experiments.

The mixed-layer equations used in this model are
the same as those employed in Schopf and Cane
(1983), in which important, subtle interactions oc-
curred between the ocean dynamics and the mixed-
layer physics. In the spin-up to steady states, fronts
were produced and the evolution of the flow sub-
stantially altered by these interactions. In contrast,
the perturbation results here display no similar in-
teractions. The only feature of the mixed layer that
matters here is the difference between entrainment
(which cools the SST) and detrainment (which leaves
SST unchanged).

There is an important feature of these results which
pertains to the study of ocean sea level, SST and deep
isotherm displacement records. The most linear and
reliable measure of the model’s dynamic response is
the surface height field (or depth-integrated temper-
ature anomaly). This field responds primarily to the
gravest mode in the model (roughly the second baro-
clinic mode in the ocean), and this mode appears to
be quite linear in its perturbation response. The depth
of the 15 or 20°C isotherm is much more complex
and sensitive to non-linearities, sometimes showing
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response in both modes, sometimes not. The pinch-
ing action of the shear mode acts here in a fashion
that is distributed over the second layer. The suscep-
tibility of the higher mode to vertical non-linear ef-
fects, and the inherently shorter length scales asso-
ciated with its response makes it difficult to predict
or analyze response in such fields. The SST response
is even more unpredictable. Changes in SST are sen-
sitive to the pre-conditioning of the field before the
perturbations are introduced, and so predictions of
SST must depend on an adequate description of the
past and present thermodynamic balances. Also, the
effects of non-linearities on the K, shear mode have
significant impact on SST evolution in this model
study, which makes reliable inferences from exten-
sions of linear theory difficult.

Busalacchi and O’Brien (1981) have compared
their reduced gravity model results with sea-level rec-
ords from the Galapagos. They claim relatively good
agreement with strong anomalies (although their re-
sults appear to have significantly more high frequency
energy than the observations). Correlations between
SST and sea-level, however, are not as strong and
lagged by some months. The above results suggest
why this might be the case. The surface height re-
sponse due to one mode that is relatively linear in its
character should be relatively simple to reproduce.
On the other hand, SST changes are fundamentally
non-linear and can result from both modes. Thus the
correlation with SST records should be weaker. That
portion of the SST response which is due to the first
mode should be relatively in phase with the sea level
changes, but the second mode response will come
later. The lag will change as the forcing region for the
Kelvin waves varies, since the modes travel at differ-
ent speeds. Other differences can operate as well. The
SST does not change abruptly with the arrival of K,
or K, but merely begins its change at these points.
The evolution of the SST is gradual, and it is difficult
to sort out the arrival of either of the two modes in
the temperature records alone. The use of monthly
mean SST data makes it difficult to establish con-
nections between warming and the arrival of partic-
ular waves.

It should be pointed out that the two modes used
here are approximations of higher linear internal
gravity modes. The gravest mode here represents uni-
form flow down to about 200 m. With conditions as
observed in the equatorial Atlantic and Pacific oceans,
this mode best approximates the second baroclinic
mode, with its first reversal in flow at or below 200
m, and the similarity between the present easterly
wind study and Philander’s (1981) result reflects this
parallel. Philander and Pacanowski (1980) argue that
this mode is perhaps the most relevant for the equa-
torial Pacific. The second mode in the present model
is an approximation for a shear mode between the
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mixed layer and the waters beneath. It has no direct
equivalent in the baroclinic set, but represents a col-
lection of the higher modes with such a shear prop-
erty.

Questions can be raised about the treatment of the
surface heat flux in this model. We have chosen what
has become a traditional treatment of surface heat
flux (Haney, 1971) with the further simplification that
the air temperature is uniform at 29°C. We under-
stand that these assumptions are not optimal for
studying the flux induced changes in SST, but the
heating tendency observed from dynamic processes
in these model studies exist independently of partic-
ular choices of surface heat-flux parameterizations.
In a subsequent study (Schopf, 1983) we investigate
further the changes introduced by altering this pa-
rameterization. Although the changes in air-sea flux
parameterizations do alter aspects of the SST change,
the dynamical tendencies discussed here are indeed
not affected.

The present study has revealed some features of
the thermo- and hydro-dynamic response of the
ocean to variable winds, but many issues remain un-
resolved. In particular it seems important to inves-
tigate further whether mixed layer physical processes
are indeed relatively unimportant in these situations
and whether the reflected Rossby waves can be im-
portant under different model assumptions. Clearly
the factors which establish the mean state of the Pa-
cific prior to El Nifio events also must be better un-
derstood. The mean states used here are rather ideal-
ized, and the sensitivity of the perturbation results to
them indicates that further work is necessary before
a full understanding of the role of Kelvin waves in
El Nifio is possible. We have shown that Kelvin-wave
fronts can produce an El Nifio-like initial SST re-
sponse in the east, but understanding the link between
the initial Kelvin wave induced coastal warming and
the broad, strong anomalous SST seen in Rasmusson
and Carpenter (1982) requires more study.
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