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ABSTRACT

Changes in propagation of free linear waves on the equatorial 8-plane associated with air-sea heat exchange
are investigated here. By using a mixed-layer model, with the waves considered as perturbations on a specified
basic state, the usual separability problems are avoided and the sea surface temperature is carried as a
prognostic variable. The heat exchange is limited to that associated with turbulent fluxes, and a simplified
air-sea transfer function allows analytic solutions of the various equatorial modes.

The problem is reduced to the classical solutions for a single vertical mode with the air-sea heat flux and

" mixed layer entrainment feedback effects cast in terms of three adjustment scales: an atmospheric adjustment

length scale and two oceanic adjustment time scales, one for the response to surface fluxes and one for the
response to entrainment. In order for the feedback to have any effect, both surface fluxes and entrainment
must be included.

Propagation speeds of the equatorial waves are affected significantly by the presense of feedback. For an
assumed easterly wind, the Kelvin wave speed is decreased by as much as (5% and the Rossby wave speeds
are increased by as much as 50%, depending on the magnitude of the feedback parameters. In addition, the
feedback increases (decreases) the wave-related SST amplitude for downwind (upwind) propagating waves
over that for the no-feedback case. This is not a positive feedback, however, because the dissipative nature
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of the feedback causes the solutions to decay.

1. Introduction

The theory of linear waves on the equatorial §-

plane has undergone substantial development in re-
cent years as interest in these motions as a mechanism
to explain the El Nifio phenomenon has arisen and
as the large oceanographic data sets generated by the
GARP Atlantic Tropical Experiment and the Indian
Ocean Experiment have stimulated theoreticians.
The formal theory (e.g., Moore and Philander, 1977)
has been restricted to studies of adiabatic motion,
with no change in the upper ocean density structure
forced by surface heat fluxes.! Despite this rather un-
physical restriction, the theory has proved quite suc-
cessful at describing the basic current structures in
the equatorial oceans. For example, the El Nifio phe-
nomenon is described as the ocean’s response to a
relaxation of the Pacific trades after a period of rel-
atively strong trade wind flow during which the east-
west sea level gradient builds up. After the trades re-
lax, an eastward propagating Kelvin wave suppresses
the thermocline, which, by inference, is associated
with surface warming. Upon reaching the South
American coast the wave energy is reflected westward
in Rossby waves and it also generates coastally-

! Recently, Rothstein (1983) has relaxed this restriction and ex-
amined SST variations in response to wind-stress forcing in
McCreary’s (1981) model.
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trapped Kelvin waves which propagate north and
south (McCreary, 1976). That the linear theory is suc-
cessful in describing this sequence of events has been
demonstrated by Busalacchi and O’Brien (1980,
1981), whose numerical calculations of the linear the-
ory with a reduced gravity model corresponding to
the first baroclinic mode forced by actual wind rec-
ords correlate quite well with observed sea level
changes. Another example of the theory’s usefulness
is McCreary’s (1981) model of the Equatorial Un-
dercurrent. Although this model neglects (nonlinear)
advective processes, which are undoubtedly impor-
tant, it provides a sound basis for understanding the
various regimes of equatorial dynamics. More re-
cently Gill (1983) has shown that the advection of
the mean temperature field by equatorial wave mo-
tions can account for much of the sea-surface tem-
pegature (SST) variability observed in the central Pa-
cific.

This variability is thought to be an important as-
pect of climate variability through teleconnections
with other parts of the earth. Webster’s (1981) mod-
eling shows that tropical SST anomalies can produce
a larger response than midlatitude SST anomalies
because the longer advective time scales in the trop-
ical atmosphere (Webster’s diabatic limit) allow ini-
tial heating anomalies to amplify through a positive
diabatic-dynamic feedback. Hoskins and Karoly
(1981) used a linear model to show the propagation
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of low-latitude heating-induced planetary waves to
midlatitudes through global wave guides, and recently
Blackmon e al. (1983) have simulated this phenom-
enon using a low resolution general circulation
model. Similar patterns have been discussed in the
context of atmospheric data sets by Horel and Wal-
lace (1981) and Wallace and Gutzler (1981). These
teleconnection processes involve the diabatic re-
sponse of the atmosphere to SST anomalies through
latent-heat induced vertical motion, and it seems
probable that the ocean is affected by the same dia-
batic interactions. The linear equatorial wave theory
does not address this phenomenon directly because
the SST is generally carried only as a passive scaling
constant. The quantity predicted is the heat content
(or pressure or upper layer thickness, all of which are
proportional), and “warming events” are deduced in
the theory on the basis of heat content changes. In-
teractive atmosphere—ocean models (e.g., Lau, 1981)
have used the ocean’s heat content as if it were the
SST, to induce latent heat fluxes into the atmosphere.
In the real ocean, of course, both the upper layer
thickness and the SST vary; their relative phase may
or may not produce the heat content variability seen
in the linear models (e.g., Gill, 1982). That the cal-
culations of Busalacchi and O’Brien (1980, 1981) re-
produce sea level records suggests that the linear the-
ory is indeed successful, but the mechanisms of the
heat content variability in the ocean are not clear.
This research addresses the role of sea—air heat ex-
change in the traditional equatorial dynamics by
examination of 3-plane free wave solutions with the
SST carried as a predictive (i.e., time dependent) vari-
able. This is accomplished by using a linearized
mixed-layer model, the basic state of which turns out
to correspond approximately to the third baroclinic
model. This paper is a follow-up study to a recent
investigation by Kraus and Hanson (1983), who ex-
amined the propagation of SST anomalies in the pres-
ence of air-sea interaction processes with a non-ro-
tational equatorial channel model. They found that
air-sea heat exchange increased propagation rates in
the linear model over the mean advective current
speed by as much as a factor of 2. The mean current
is ignored here in favor of the equatorial waves; not-
withstanding, it is found that the heat exchange can
enhance wave propagation rates by as much as 50%.

2. Model development

Motions on the equatorial 3-plane are considered
as wave perturbations on a steady basic state; basic
state advection is ignored for simplicity but could be
included (without shear) by using a Lagrangian trans-
formation (e.g., Philander, 1979). The equations used
here follow, with some notational changes, Eqs. (14)
of Kraus and Hanson (1983) with the addition of
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meridional variability and with no basic state vari-
ability:

u;— Byv' + 195 =0, (1a)
v, + Byu' + 7, =0, (1b)
hi + ho(us + v)) — Wi =0, (Ic)
T, + hg'[F' + (WgT)] =0, (1d)
(Wen)' — agho F' = 0. (le)

Here, subscript zero and the prime denote basic and
perturbation quantities; « and g are the coeflicient of
thermal expansion and gravity; 8 is the gradient of
the Coriolis parameter at the equator; 4 the mixed-
layer depth and W the entrainment rate; u, v, X, ),
t have their usual meanings and n = aghT is a buoy-
ancy variable proportional to the layer heat content
where T is the mixed-layer temperature excess over
the (constant) layer below. Here F is the (upward)
heat flux at the surface and will be coupled to T below.
Equations (1c) and (1d) are the vertically-integrated
forms of mass continuity and heat conservation; Eq.
(1e) is a simplified form of Niiler and Kraus’ (1977)
entrainment rate based on turbulent kinetic energy
considerations. If wind stress perturbations were in-
cluded, they would appear in (1¢) as well as (1a) and
(1b). Using the standard linearization that products

of primed quantities be neglected, n’ = ag(Toh’
+ hoT"), etc.
By defining
F, = agF', (2a)
TI
T=— 2
T’ (2b)
h/
h=—, 2
o (2¢)
nl
n=—, (2d)
No

and dropping the primes from u and v, (1a)-(le) re-
duce to

U — Byv + (T + h) = 0, (3a)
v, + Byu + 9T, + ) = 0, (3b)
h,+§‘Eh+ux+vy—£’5=0, (3¢)
No
T,—{Eh+2—:i=0, (3d)
0

where the entrainment time scale for the basic state
layer is {& = Wg,/ho. Egs. (3c) and (3d) further com-
bine to give
F,
77:+ux+17y+n—=0. (3e)
0
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The standard equatorial g-plane theory derives from
(3a), (3b) and (3e) with F,, = O [note that, with Eqs.
(2), n' = no(T + h)). These equations then correspond
to a baroclinic mode of equivalent depth A, = ny/g.
The dispersion relation for the meridional Hermite
structure is recovered as

wI-C %(k(k + 2
w
where Cx = Vpo and m = =1, 0, 1 - - - vyield, re-
spectively, the Keivin, Yanai (mixed), and gravity
(Rossby- and inertia-) modes, Cx being the Kelvin
wave speed. Fig. 1 shows the k-w dispersion diagram
for frequencies which will be significantly affected by
the feedback; for the basic state used here, the lowest-
frequency (m = 1) inertia—gravity wave occurs on Fig.
1 at (w, k) ~ (8-107% 57! 0.14-10° m™). Fig. 1
assumes an 8.4 cm equivalent depth; this is based on
an 80 m mixed layer which is 3.5°C warmer than
the layer below, values typical of the east-central
equatorial Pacific (Halpern, 1980; Wyrtki and
Edlin, 1982). This approximates the third baroclinic
mode. For convenient reference, a semi-annual wave
(27/w = 6 months) occurs at w = 0.4 1076 57!,

In this paper, emphasis is placed on the behavior
of waves in the equatorial ocean with and without
air-sea heat exchange. A number of processes which
are potentially important for SST anomaly evolution
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RG. 1. Low-frequency part of equatorial 8-plane dispersion dia-
gram, showing Kelvin (m = —1), Yanai (m = 0) and Rossby
(m = 1, 2, 3) modes (lower panel) and the Im{k(w)] transitions for
(m = 1, 2, 3) when Re[k(w)] = —f/2w (upper panel).
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and propagation are therefore neglected in order to
isolate the diabatic role of air-sea interaction; these
include temperature changes in and below the ther-
mocline, coupling across the mixed layer interface
associated with shear stresses, advection by mean cur-
rents and waves and feedback to the wind stress. Fur-
thermore, the ocean-atmosphere coupling is main-
tained in as simple a form as possible. This coupling
is assumed to take the form of transfer function, such
that the SST and the air-sea temperature difference
are related according to

Tr—-9=fT, (5a)

where 7" is the (dimensional) SST perturbation, ¢ is
the associated atmospheric temperature perturbation
and f is the sea—air transfer function, an explicit form
of which will be derived below. It is also convenient
to define a time scale {s for the mixed layer’s response
to surface heat flux changes such that

% = {fT. (5b)
Substituting for F,/ne, Egs. (3) become:

U, — Byv + no(Tx + hy) = 0, (6a)

v, + Byu + (T, + hy) =0, (6b)

B+ rgh + e+ v, — &fT =0, (6¢)
T,—1eh+ 28T =0, (6d)

and, combining (6c) and (6d),

nt U+ v, + fT=0. (6e)

The two time scales of {x and { will be seen below
to play significant roles in the feedback. Physically,
they represent the adjustment times of the basic state
mixed layer to basic state entrainment and to heat
flux perturbations, respectively.. The layer’s response
to entrainment perturbations is built into Egs. (6).

3. Heat flux feedbaék results
a. The general solution

Since air-sea turbulent heat exchange depends on
the SST, the four-equation set (6a—d) must be solved.
It is useful, however, to examine the hypothetical case
of a “heat content feedback,” for which the substi-
tution of » for T is made in Eq. (6e). Scaling y ac-
cording to

B8

1/2
ye=(1+ 9)"“(6() ¥ (7a)

where, in this case, Q = i{,f/w, leads to the canonical
differential equation

{8y} +[2m + 1) — yH}() =0,  (7b)



JuLy 1983

with waves dispersing according to (4) with Cx re-

placed by

Cr= {1 + Q"V2Cx. (7c)

That the eigenvalues used in (7b) remain the same
as in the no-feedback case is required by convergence
of the power series solution to the boundary condi-
tions v — 0 as y — *oo. (That is, the usual Hermite
functions are the only solutions which satisfy this
boundary condition.) Another perspective on this can
be gained from examination of the (Gaussian) weight-
ing of the Hermite polynomials in the solutions,
exp(—y%/2). It can be shown that, for this to vanish
as y — *oo, the inequality Im(Q) = 0 must hold. For
the inherently dissipative air-sea transfer function f
used here, this is always the case, both for the “heat
content” feedback and the SST feedback below.

Solving the SST feedback case is somewhat less
straightforward. The simplest approach to Eqgs. (6a—
6d) appears to be to eliminate / using (6d) and to
proceed to eliminate in favor of v in the usual man-
ner. The necessary algebra results in the canonical
structure (7) for

- —fstf/w
w+ (e + 28sf)

This differs from the simpler, artificial case above with
stronger frequency dependence and an additional
phase shift (this is consistent with the increased com-
plexity of four equations over three). Note that both
surface heating and entrainment are necessary to have
any effect on the dynamics, since if either {s, (%
= 0, @ = 0. The inclusion of feedback in this manner
produces a very compact result that depends entirely
on the modified Kelvin wave speed Cr. In particular,
the feedback in this formulation can be examined for
any air-sea transfer function f.

The velocity, temperature and mixed-layer depth
fields follow from the usual forms, e.g., Moore and
Philander (1977). Assume a complex amplitude A4,,
(m s™') for the mth horizontal mode of the meridional
velocity such that

(8

UnlX, ¥, £) = Re{A,, explilkx — wt)¥m(yr)}, (92)
where the (normalized) Hermite function v, is
I ) (-_Y.%)
Ul ve) = e P JHn(e, (9D)

with H,, the mth Hermite polynomial. Then the zonal
velocity, heat content, mixed-layer depth and tem-
perature are given by (the real parts being assumed):

Um = Ay explitkx — ONBCF)'”

m\l’m——( \l’m+l i
x{w+CFk+2(w—Cpk)

}, (10a)
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2 1/2
n = — i expliCicx — wt)](—g’)(ﬁ)
10 /\CEF.

mlpm_1 _ ‘l’m+1 }

hm = nm(l + Q)

w(w + 2;$sf)
10
X {w[w e+ 28s)] — s“zzi’sf)}’ (100)

Tn= nm(l + Q)

iwle

% {w[w + i($e + 28] — $elsf

Note 5,, = h,, + T,,. Egs. (9), (10a) and (10b) also
hold for the “heat content feedback.”

The system of equations (6) has not been scaled,
but rather solved in dimensional, unscaled form in
order to elucidate the roles of the feedback adjust-
ments. The factor (8Cr)"/? appearing in (10a) is an
inverse time scale; the factor (8/Cr)'/? in (10b) is an
inverse length scale. (In the undisturbed state, these
are ~(2.6 day)™"and ~(200 km)™', respectively, for
the basic state used here.) These are the natural scales
for the system under consideration [see, €.g., Eq. (7a)].
The velocity scale with feedback is thus Cr (Moore
and Philander, 1977); in particular, Cr scales the
Rossby wave speeds. This wave speed, then, serves
as a useful tool to examine the effects of feedback on
the system as a whole.

} . (10d)

b. The sea-air transfer function

Equatorial wave theory in a reduced-gravity-type
model has been extended above to include SST vari-
ability and heat exchange with the atmosphere. In
order to see how these processes affect the propaga-
tion of the waves, it is necessary to introduce an ex-
plicit form for the sea-air transfer function f. In this
paper, the approach of Kraus and Hanson (1983) is
adopted for reasons of simplicity and in order to iso-
late the ocean as a dynamic system. This approach
neglects changes in the atmospheric circulation and
radiation and focuses attention on the effects of
changes in atmospheric temperatures. Interactive at-
mosphere-ocean models, such as that of Lau (1981)
include changes in the atmospheric circulation; such
models therefore are associated not only with (a more
complicated form of) the thermodynamic transfer
function f used here, biit would also imply a dynamic
transfer function, associated with circulation changes,
between SST changes and changes in the large-scale
wind stress patterns. The latter is ignored in this pa-
per. Atmospheric radiation at the sea surface is
strongly affected by the cloud field, which is coupled
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to the lower-atmosphere stability and circulation. A
cloud model is far beyond the scope of this paper,
and changes in the radiative fluxes at the sea surface
are neglected here in favor of the turbulent fluxes.

Since the thermal inertia of the ocean is so much
larger than that of the atmosphere, changes in time
of atmospheric heat storage are neglected. Rather, the
atmosphere is presumed to adjust to changes in ocean
temperature over some distance A~! along the trades.
This can be written as

9 = MT" — V), an

where ¥ is the atmospheric temperature response and
T" is the (dimensional) SST perturbation. By identi-
fying the left side with zonal advection and the right
with atmospheric heating in a layer of depth H, due
to the surface fluxes, A can be estimated as

CDIUAI( 1)
~=2 740+ =
A H, U, ByJ’

where the drag coefficient (Cp ~ 1.5 X 107%) and
wind speed (|U,|) are associated with the bulk for-
mula, and the Bowen ratio (By) is to be interpreted
here as the latent heat flux which contributes locally
to condensation heating within the depth H,. Limits
on A can be inferred by considering two (rather non-
physical) cases: if H, is the sub-cloud layer depth
(~500 m) and all the latent heat is released in this
layer (ignoring the contradiction) then N ~ (25
km)™!; if the entire tropical troposphere is heated by
the sensible heat flux alone (so that all the moisture
is presumed to be advected away), then A ~ (10*
km)~!'. Kraus and Hanson varied A between (10% and
10 km)™'; here attention is focused on two values,
A = (200 km)™'; (500 km)~!. For an atmospheric
advective rate U, = 5 m s™!, this implies atmospheric
adjustment time scales of ~0.5 and 1.2 days, re-
spectively. These represent thermodynamic adjust-
ment times and are reasonable values for the lower
tropical atmosphere (e.g., Houze and Betts, 1981).
Wave solutions to (11) then yield the form of the
transfer function used in the following section:

feot
— A

Note that (12) implies that A is not necessarily pos-
itive, due to the wind speed in the numerator and the
wind velocity in the denominator. Since the wave-
number k can be of either sign (the convention that
w > 0 and real is used here), the sign of A'is an im-
portant part of the feedback, as is seen in the results
below.

(12)

(13)

¢. Numerical examples

Without feedback effects, the (m = —1) Kelvin
wave is non-dispersive; in the present case Ck
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~ 0.908 m s™'. The feedback causes the Kelvin wave
to become dispersive [cf., Eq. (7¢)]. Fig. 2 shows the
behavior of the Re(Cj) for the Kelvin wave subject
to a variety of atmospheric and oceanic adjustment
scales. (The values A > 0 imply westerly winds.) Also
shown are the Rossby wave cutoffs (i.e., where Re(k)
= —B/2w for m = 1, 2 on Fig. 1). The effects of the °
air-sea feedback are confined to low frequencies and
indicate the enhancement of the wave speed when it
propagates downwind. The greatest enhancement
occurs at the lowest frequencies and, for the A = (500
km)™!; {¢ =~ (23 days) ' (i.e., curves 2 and 7) cases
represents an ~ 15% increase in wave speed. This is
rather a fast response time for the ocean; at longer
oceanic adjustment scales (smaller {s) the effect is
smaller. For the implied cases of easterly winds, (A
< 0), the Kelvin wave speed is decreased.

The coupled atmosphere-ocean models which set
atmospheric heating proportional to the ocean heat
content have, thus far, not investigated the immediate
heat flux feedback to the ocean, as above. One might
therefore ask, how would they behave if that were
done? This can be examined by looking at the vari-
ations in Cr if the “heat content feedback™ is used
(i.e., @ = i{sf/w). Such a calculation is shown in Fig.
3 for some of the cases in Fig. 2. ({z does not enter
the problem here). Although the qualitative behavior
in Fig. 2 is reproduced-largest response at lowest fre-
quencies and downwind propagation enhancement—
this artificial case exhibits a significant response at
much higher frequencies than the SST feedback. The
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FI1G. 2. Kelvin wave speeds for various combinations
of SST feedback parameters, no feedback (short dashes).
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FIG. 3. As in Fig. 2 for the “heat-content feedback.”

physical mechanism for this will be made clear in the
discussion below.

The Rossby waves respond to the feedback in the
same physical sense as the Kelvin wave. Fig. 4 shows
the m = 1 Rossby wave phase speeds; the short dashes
in the quasi-parabola represent w/k from Fig. 1 (no
feedback), the long dashes the heat content feedback
and the solid curves the SST feedback. Since the
Rossby waves propagate westward, their speed is en-
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hanced by easterly winds (A < 0) and retarded by
westerlies. Note that the response is greater here; as
much as 50% enhancement is observed for the case
analogous to that which yielded a 15% enhancement
of the Kelvin wave. The phase speed of the six-month
wave, when added to a mean current of about —0.3
m s~!, gives a westward propagation rate of approx-
imately —0.7 m s~!. This is within the range of 0.5-
1.0 m s7! inferred by Rasmusson and Carpenter
(1982) from a composite of Pacific warming events.
The mechanism responsible for this enhanced
westward propagation can be illuminated further by
examination_of the heat flux associated with the
waves, un = uT + uh. This is facilitated by the forms
chosen for v(x, y, ) in Egs. (9) and for u and 7 in
Eqs. (10). Fig. 5a shows the magnitude of T, A, n for
the SST feedback (solid) and 5 for the heat content
feedback (long dashes) all normalized by the mag-
nitude of » for no feedback. The difference between
the two types of feedback is similar to that discussed
for the Kelvin and Rossby wave speeds, i.e., the SST
feedback produces a lower response at the higher fre-
quencies than does the artificial heat content feed-
back. The flair of both  curves near w = 1.3 X 1076
s~! is due to the no-feedback response becoming very
small. This is more apparent in Fig. 5b, where the
fluxes are proportional to the group velocity, which
vanishes at the cutoff frequency around «w = 1.33
X 1076571,
_ This increased magnitude of the heat content (or
SST) associated with the waves can be interpreted
physically as a pumping mechanism of the waves by
the air-sea heat exchange as follows. Considering the
simplest case—the heat content feedback and the
Kelvin wave—Ileads to

14
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011111114;1L| I U P
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FiG. 4. Rossby wave speed for m = 1; no feedback (short dashes),
heat-content feedback (long dashes), SST feedback (solid lines).
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by the no-feedback case. Heat content feedback is shown by the long dashed line. (b) As in

(a), but for zonal fluxes.

(14a)
(14b)

u+n;=0,
.+ an + nouy = 0, -

where the coefficient a is now complex (it takes the
place of {f in (6e) for this discussion). In terms of
the wave amplitude U, the heat content is w/k
X {U expli(kx — wf)]} and the dispersion relation
gives w/k = no%(1 + ia/w)™"2. If a is real and positive,
the middle term in (14b) is simply a Newtonian cool-
ing term and the solution decays. If a is pure imag-
inary and positive, this term plays a role analogous
to a (negative) imaginary index of refraction in ra-
diative transfer theory—i.e., an emission coefi-
cient—and the amplitude of the solution is increased.
In all cases here, Re(a) o Re(f) > 0 and the waves
decay in space, while for downwind (upwind) prop-
agating waves Im(a) oc Im(f) > (<)0 and amplitudes
are enhanced (retarded). The form of the amplifica-
tion factor (1 + ia/w)”'/? shows that the lowest fre-
quencies are most strongly affected.

This discussion also applies to the more general
SST feedback case. Note, however, that Fig. S shows
the response of this more complex case to occur in
two distinct regimes. At lower frequencies, a thermal
response, with large SST variability, dominates, while
at higher frequencies, a mechanical response begins
to assume control, with the mixed layer depth vari-
ability becoming larger. The thermal regime is asso-
ciated with the enhanced propagation speeds shown
in Fig. 4. It should be noted that models that carry
the SST as a scaling factor implicitly operate only in
the mechanical regime.

4. Discussion

The mixed layer formulation used here is, of
course, a highly idealized simplification of the equa-
torial Pacific. In the three-dimensional problem, a
mixed layer can be included but it projects on to
several baroclinic modes (McCreary, 1981). In a re-
duced-gravity approach, such as Busalacchi and
O’Brien’s (1980) numerical model, it is not necessary
to assume the upper layer to be well mixed, as only
the integrated heat content is predicted. The connec-
tion between the present approach and these models
is two-fold. First, the mixed-layer model reduces to
the usual shallow water equations when feedback
is excluded [cf., Egs. (6)] and the consequent identical
physics provide a useful basis for discussing the cases
with variable SST. Second, the mixed-layer model
includes a vertical coupling (due to the basic state
entrainment term {z and the built-in entrainment
perturbations) which varies inversely with the basic
state layer depth; this is closely analogous to the form
used by McCreary (1981) in which higher-order baro-
clinic modes are more strongly vertically coupled. In
the present model, ¢z acts as a Rayleigh damping
term. Its neglect in the momentum equations there-
fore overestimates the decay scale of the solutions;
it does not, however, affect the enhanced feedback
response discussed above because it has no imaginary
counterpart of the surface term {f.

The disparity between the SST feedback and the-
artificial “heat content” feedback noted in the pre-
vious section concerns the over-response of the latter
in the 4-month, or so, frequency range. It can be
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inferred from Fig. 2 that this difference is controlled
by the vertical coupling term {g. For example, curves
2 and 7 differ only in that {z is halved in curve 7;
this confines the model response to lower frequencies.
In fact, comparing the forms of © for the two types
of feedback shows that the “heat-content” feedback
is the limit of the SST feedback as {r — oo. The heat
content feedback is therefore simply a very-strongly-
coupled limit of the true physical situation; this, of
course, merely restates the mathematical derivations
in physical terms.

It must be noted that the projection of the wind
stress forcing is stronger for low-order modes (Moore
and Philander, 1977) and that the initial Kelvin wave
following a decrease in the strength of the trades is
likely to be a first-mode response, at least in the cen-
tral Equatorial Pacific. The present model results, in-
dicating a retarded third-mode (approximately) Kel-
vin wave due to air-sea heat exchange are likely not
observable. Moreover, the air-sea interaction consid-
ered here is implicitly much less efficient at modifying
the lower order modes since both {» and {s are in-
versely proportional to the basic state layer depth. As
seen in Fig. 2, low values of these (inverse) adjustment
times imply little modification of the wave speed.

5. Conclusion

Using a mixed-layer model with a simplified en-
trainment formulation on the equatorial beta plane,
the role of air-sea heat exchange in the propagation
of free equatorial waves is examined. The basic state
layer, on which the waves are considered perturba-
tions, is chosen to be relevant to the east-central
Equatorial Pacific with a Kelvin wave speed of 0.908
ms~'. A simple form of air-sea interaction, for which
the SST and the sea-air temperature difference are
assumed to be related by a complex transfer function
is studied. The equatorial wave solutions are cast in
the canonical forms by definition of a feedback pa-
rameter (2z); this modifies both the equatorial trap-
ping scale and the velocity scale, making both fre-
quency-dependent.

The sea-air transfer function is formulated in a
very simple fashion, by neglecting radiation and con-
sidering that the atmosphere adjusts to SST changes
over some (prescribed) distance. Results show that
wave propagation speeds in the downwind (upwind)
direction are enhanced (retarded). If the speed of the
feedback enhanced m = 1 Rossby wave is added to
that of the mean surface current, the resulting west-
ward propagation rate is strikingly similar to that
observed for warming events in the Equatorial Pacific
and to that for the first baroclinic mode. In associa-
tion with the changes in wave speeds, the feedback
increases (decreases) the magnitude of the wave-re-
lated SST. This “pumping” mechanism can be in-
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terpreted as a negative imaginary refractive index for
the waves and is most effective at very-low frequen-
cies. Notwithstanding the increased amplitudes, the
inherently dissipative nature of the feedback, which
takes the form of a Rayleigh damping in this linear
problem, causes the waves to decay.

It is important to stress that this model is not meant
to simulate the complete dynamics of the Equatorial
Pacific, since only free wave solutions have been ex-
amined, and since the wind stress projects strongly
onto lower order baroclinic modes. This study has
shown the potential importance, previously ne-
glected, of diabatic air-sea interaction processes in
the dynamics of the equatorial oceans.
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