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ABSTRACT

A linear perturbation, coupled ocean-atmosphere model is revisited for further insights into the El Nifio-
Southern Oscillation phenomenon. The model oscillates as a slow, eastward propagating mode interpreted as
a divergence mode, whose energetics are controlled by the ocean. Growth requires that the work performed by
the wind stress minus the work required to effect the ocean divergence exceeds the loss terms. The intrinsic
scale of the atmosphere relative to the basin width is important. For sustainable oscillations, the ocean basin
must be large enough so that oppositely directed divergence can develop on opposite sides of the basin. The
global aspect of the atmospheric pressure field suggests that continental heating may provide either a direct
source affecting adjacent oceans, or a connection between oceans. The important model parameters are the
coupling and warming coefficients and the ocean Kelvin wave speed. The importance of the Kelvin wave speed
derives from its specification of the background buoyancy state for the ocean. Upon further simplification, an
analytical solution gives similar parameter dependence as found numerically and shows that growth requires
both large zonal wavelength and a zonal phase lag between the anomalies of wind stress and SST.

1. Introduction

Treating the El Nifio—Southern Oscillation (ENSO)
as a phenomenon of the tropical ocean—-atmosphere
system has greatly advanced the understanding of in-
terannual climate variability. A broad range of coupled
ocean-atmosphere models has been explored over the
past decade beginning with the conceptual model of
McCreary (1983); the development of the coupling
physics by Philander et al. (1984); and the subsequent
applications of linear perturbation models, models lin-
earized about different background states, and primi-
tive equation general circulation models (GCM).
Mechanistic interpretations of these models have var-
ied, leading to three hypotheses: 1) the delayed oscil-
lator (Suarez and Schopf 1988; Battisti and Hirst
1989), arguing for the importance of equatorial ocean
Rossby waves reflected at the western boundary; 2)
external heating (Budin and Davey 1990; Masumoto
and Yamagata 1991), arguing for the importance of
continental heat sources; and 3) the slow thermal or
SST mode (Hirst 1986, 1988; Neelin 1991), arguing
for the importance of a slowly propagating coupled
mode distinctly different from the conventional equa-
torially trapped waves.

The model ENSOs found in the linearized models
of Zebiak and Cane (1987), Battisti (1988), Suarez
and Schopf (1988), and Xie et al. (1989) have been
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attributed to the delayed oscillator mechanism. Wakata
and Sarachik (1991) emphasized the importance of
spatial variations in the mean thermocline depth and
upwelling for determining the evolution of the SST
anomalies. The meridional profile of the mean up-
welling determines whether the SST anomaly is sta-
tionary or eastward propagating, and the delayed os-
cillator mechanism works only if the mean upwelling
is narrowly confined to the equator. This suggests a
critical dependence of the delayed oscillator on the
ocean background state.

Masumoto and Yamagata (1991) argue that non-
linearities in the Anderson and McCreary (1985a,b)
model result in external heating being necessary to sus-
tain coupled oscillations. Without land heating, the
coupled system settles into a perpetual El Nifio state.

Depending upon the treatment of the ocean ther-
modynamics in models linearized about a background
state, coupled modes may propagate eastward, west-
ward, or remain stationary. Hirst (1986) defined four
models, each distinguished by the SST equation. With
SST proportional to the thermocline thickness anom-
aly, the oceanic Kelvin wave is destabilized. With the
rate of change of SST proportional to zonal advection
and thermal damping, the gravest oceanic Rossby wave
is destabilized. By considering thermocline thickness

‘and thermal damping, with or without advection, a

slowly propagating unstable mode occurs. Using a per-
turbation expansion, Neelin (1991) showed that this
slow (SST) mode is distinctly different from the con-
ventional equatorial ocean wave modes, leading to the
argument that the time delay by ocean wave propa-
gation is not essential to the slow mode.
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Primitive equation GCMs also produce ENSO-like
phenomena. Lau et al. (1992) and Philander et al.
(1992) discuss results for low- and high-resolution
ocean GCMs coupled with an atmospheric GCM, re-
spectively. These models simulate ENSO, but in dif-
ferent ways, and the authors attribute the differences
to model resolution.

Given the facts that linear perturbation models,
models linearized about differing background states,
and GCMs all produce ENSO-like phenomena with
different interpretations, the present state of ENSO
understanding remains somewhat puzzled. Among the
many issues not fully resolved are 1) the mechanism
of the slow mode and its relation to the delayed oscil-
lator, 2) the conditions for slow mode growth, 3) the
ocean basin size necessary to sustain a slow mode, 4)
the importance of continental heating, 5) the impor-
tance of the ocean background state, and 6) the im-
portance of the ocean Kelvin wave speed. In view of
the complexities in models and interpretations, the
present paper considers the simplest of models, namely,
a linear perturbation model of the form used by Hirst
(1988), to gain insights on these questions. Although
the model is overly simple due to homogeneous pa-
rameters and lack of background state influences in
the thermodynamic equation, it is useful to illustrate
possible physical interactions between the ocean and
the atmosphere. Section 2 formulates a numerical
model and section 3 examines its behavior relative to
the above questions. Upon simplification, an analytical
solution is obtained in section 4 showing the essential
aspects of the model parameters. A discussion and
summary then follow in section 5.

2. Formulation of the coupled model

The ocean component is a linear, equatorial 3 plane,
reduced-gravity model forced by surface wind stress.
The governing equations are

ou oh T~
—— =—g'— + — .
% Byv g 5 Ho Yu, (2.1)
v oh 7
— =—g — 4 — — .
3 + Byu g o T oHe Yv, (2.2)
oh ou ov
— — gt —|=- 2.

where u and v are the velocity components in the zonal
(x) and meridional (y) directions, 4 is the upper-layer
thickness perturbation about the mean depth Hy, ¢ is
time, g’ is the reduced gravity, 3 is the planetary vor-
ticity gradient, 7~ and 7” are the zonal and meridional
wind stress components, and v is the coefficient of
Rayleigh friction and Newtonian cooling.

Sea surface temperature (SST) is controlled by ocean
processes and surface heat fluxes. The simplest for-
mulation for the SST anomaly T is
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oT

Py oh — aT,
where o/ and a7 embody the ocean processes and the
surface fluxes, respectively, and ¢ and « are warming
and thermal damping coeflicients.

The atmosphere component is a steady state, linear,

equatorial 8 plane, reduced-gravity model forced by
heating (Gill 1980). The governing equations are

(2.4)

P
au, — Byv, = — 2, (2.5)
ax
ap
+ =—= :
av, + Byu, 3y’ (2.6)
du, v,
ap+ 2Py L) g, 2.7
ax dy

where the velocity components and coordinate axis are
as defined in the ocean model, p is the pressure anom-
aly, a is the coeflicient of Rayleigh friction and New-
tonian cooling, Q, is the atmospheric heating, and ¢,
is the reduced-gravity wave speed.

The model ocean is evaluated on a staggered Ar-
akawa C grid with a uniform spacing of 55 km and a
time step of 1 h. The ocean model domain is rectan-
gular, extending over 160° of longitude between 20°N
and 20°S. The western and eastern boundaries are ei-
ther rigid or open, and the northern and southern
boundaries are open (Camerlengo and O’Brien 1980).
Similar to Zebiak (1982), the atmosphere model
equations are combined into a second-order ordinary
differential equation in y after Fourier transform in x.
This is solved numerically and the wind and pressure
fields are then obtained by inverse Fourier transform.
The atmosphere model domain is rectangular, extend-
ing over 360° of longitude between 20°S and 20°N
with grid spacings of 440 km and 220 km in x and y,
respectively, and the atmosphere is updated daily. The
atmosphere model is cyclic in longitude with rigid
northern and southern boundaries.

Following Philander et al. (1984) and Hirst (1986),
the heat and momentum fluxes are parameterized as

Q. = KT, (2.8)
7/pHo = (7%, 7%)/ pHo = Ks(ua; V),  (2.9)

where K, and K are coupling coefficients. This coupled
model is thus very similar to the Hirst (1988) model
IV, hereafter referred to as H88. Focus will be upon
the slow mode mechanism of the model. As a model
limitation, it is noted that by omitting a mean zonal
thermocline tilt along the equator the model thermo-
dynamics may overestimate the ocean—-atmosphere
coupling in the west.

3. Numerical results

The model oscillates over a broad range of param-
eters. This section describes the behavior of the coupled
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TABLE 1. Parameters for the standard experiment.

Parameter Value
Hy 200 m
¢ 2ms!
Ca 60 ms™!
a (5 days)™!
v (100 days)™"
a (100 days)™’
s 50X 10 Km™'s!
Ky 50X 103 m?s3K™!
Ky 08X%X107s!
p 1.024 X 10° kg m™3
8 229X 107" m~s7!

oscillations, adds to the parameter studies of H88, and
offers further mechanistic insights. The experiments
begin by perturbing a resting ocean and atmosphere
with a positive, Gaussian-shaped SST anomaly located
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FI1G. 1. The evolutions on the equator, as a function of longitude
and time, of the coupled model (a) SST, (b) zonal wind, (c) ther-
mocline thickness, and (d) zonal current anomalies. Stippled (clear)
regions denote negative (positive) anomalies. The contour intervals
for SST, wind, height, and current are 0.6 K, 1.5 m s™', 20 m, and
0.15 m s7!, respectively.
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F1G. 2. The evolutions on the equator, as a function of longitude
and time, of the coupled model global (a) atmospheric pressure (geo-
potential height) and (b) zonal wind anomalies. Stippled (clear) regions
denote negative (positive) anomalies. The contour intervals for pres-
sure and wind are 10 m? s72 and 1.5 m s™’, respectively.

symmetric about the equator in the center of the basin.
The coupled model then evolves without modification,
using the standard parameters of Table 1.

a. Description of the coupled response

Consistent with Gill (1980), heating symmetric
about the equator induces a primarily zonal wind re-
sponse, with maximum convergence just east of the
maximum heating region. The specified model ther-
modynamics causes an eastward shift in the SST
anomaly and hence an eastward translation of the cou-
pled response. The resulting evolutions of the SST,
zonal wind, thermocline thickness, and zonal current
anomalies on the equator are shown in Figs. 1a, 1b,
lc, and 1d, respectively. For the standard parameters
the anomalies oscillate at a periodicity of 2.5 years and
grow exponentially as they propagate eastward at a
speed of 0.28 m s~! (which is much slower than the
ocean Kelvin wave speed of 2.0 ms™'). The SST
anomalies lag the thermocline height anomalies and
the zonal wind anomalies lag the SST anomalies. These
lags result in a zonal phase difference between the SST
and zonal wind anomalies at any given time which, as
shown in section 4, is important for coupled mode
growth. In contrast to the similar zonal phase gradient
for the SST, thermocline thickness and zonal wind
anomalies, the phase gradient for the zonal current
anomalies is smaller and these anomalies are largest in
the east central portion of the basin.

The atmosphere response is not limited to the ocean
basin domain, as shown in Figs. 2a,b for pressure and
zonal wind, respectively. The pressure response is
global, with maximum values over the east central Pa-
cific and the South American continent. The wind re-
sponse (proportional to the zonal pressure gradient) is
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F1G. 3. The horizontal structures of the (a) SST and (b) wind anomalies at day
270; and (c) SST and (d) wind anomalies at day 720. Units are K for SST and m

s~! for wind.

large only over the model ocean, since SST provides
the only atmosphere heat source. While the lack of
continental heating is unrealistic, several important
points are noted. First, there is a difference in scale
(both zonal and meridional) between the atmosphere
and ocean responses. Second, without a continental
heat source, the pressure anomaly is blocked by the
discontinuity between ocean and land heating. Large
zonal pressure gradient and wind anomalies therefore
develop near the eastern boundary except when the
SST anomaly there goes to zero, at which time the
pressure anomaly evolves across the land portion of
the cyclic domain and the coupled model oscillates.
SST in this model is forced by ocean divergence [ Egs.
(2.3) and (2.4)]. Following the warm anomaly in Fig.
1, it is observed that divergent (convergent) currents
occur in the western (eastern) Pacific, resulting in up-
welling (downwelling) and SST cooling (warming).
The propagating SST anomaly induces a pattern of
wind divergence and convergence that supports the
eastward propagation. The culmination of the warmest
and coldest SST anomalies in the eastern part of the
basin may thus be likened to the El Nifio and La Niifia
phases of ENSO. Prior to the first warm phase, the SST
and wind anomaly fields for day 270 are shown in Figs.
3a,b. Note the relative positions of the wind divergence

and SST anomaly patterns, with the wind divergence
pattern centered just to the east of the SST pattern.
Strong winds on either side of the wind divergence alters
the ocean divergence resulting in eastward propagation.
During the mature phase of the model El Nifio, the
west central Pacific is a region of wind divergence,
whereas the eastern Pacific is a region of wind conver-
gence. As the wind pattern continues to move eastward
it reverses sign around day 570, resulting in the warm-
ing of the western Pacific and the cooling of the eastern
Pacific peaking as the cold phase of ENSO around day
810. Prior to this, the SST and wind anomaly fields
for day 720 are shown in Figs. 3c,d. Thus, the model
ENSO may be summarized as a continuous propaga-
tion of ocean divergence and convergence patterns
caused by the ocean-atmosphere interaction.

b. Effects of parameters
1) THE PARAMETERS Ky, K, 0, o, AND ¥

The Hirst (1988) Model IV explored the sensitivity
of the coupled oscillations to Ky, K, ¢, and a, where
Ky and Kj set the interactions between the ocean and
the atmosphere and ¢ and « set the relative importance
of ocean processes and surface fluxes in determining
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FIG. 4. The global zonal wind anomaly on the equator as a function
of longitude and time for bounded ocean basin widths of (a) 160°,
(b) 120°, (c) 100°, and (d) 60°. In each case the oceans western
boundary is located at —-60° longitude. Stippled (clear) regions denote
negative (positive) anomalies.

SST. As a test of our model formulation, these studies
were repeated with very similar results: the model ex-
hibits evanescent, neutral, or growing modes over a
broad range of parameters.

The behavior of the coupled oscillations relative to
the parameters follows from the mechanism of the
model. For example, in contrast to the H88 finding of
increasing frequency with increasing K, and K, Wa-
kata and Sarachik (1991) found the opposite result.
They attributed their model oscillations to the delayed
oscillator mechanism, wherein reflected waves interact
with directly forced waves reversing the state of up-
welling or downwelling. Increasing K, and K increases
the directly forced part of the solution, making it more
difficult for the reflected waves to compete. By increas-
ing the time required to change the sign of the ocean
divergence, this decreases the frequency. The slow
mode mechanism is different. Increasing K, and K
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increases the speed at which this mode propagates
thereby increasing the frequency.

Varying + relative to Ky and K shows that growth
can occur even for large vy, which also suggests a mech-
anism different from the delayed oscillator. If the com-
bined effects of the coupling and the efficiency of the
ocean processes in effecting SST are large enough then
the coupled oscillations can grow despite dissipation.
For the other parameters of Table 1, y = (80 days) ™!
yields a neutral mode, so for small growth v = (100
days)~! was chosen for the standard parameter set.

2) THE OCEAN KELVIN WAVE SPEED ¢

To investigate the effects of varying the ocean Kelvin
wave speed, the standard experiment was repeated us-
ing ¢ = 24 ms™!, versus 2 ms~'. This resulted in
damping, versus growth, and an increase in period.
The explanation follows from the change in the back-
ground state buoyancy as specified by c¢. Increasing c,
by increasing buoyancy, decreases divergence, since the
ratio of thermocline thickness perturbation to current
perturbation is #/u = Hy/c. Decreasing the ocean di-
vergence decreases the rate of slow mode growth.

In their analysis of the delayed oscillator, Battisti
and Hirst (1988) found both the growth rate and period
to decrease with decreasing delay time (increasing c).
The decrease in period differs from our result due to
the different mechanisms of these models. For the de-
layed oscillator, varying ¢ varies the delay time, while
for the slow mode it varies the ocean divergence. Neelin
(1991) argued that the timescale for equatorial wave
propagation is not essential to the slow mode based
upon distorted physics experiments with a GCM. These
experiments, however, distorted the effects of wave
speed independent of buoyancy. In contrast, the im-
portance of ¢ in our experiment is its effect on buoy-
ancy. This accounts for the sensitivity here, versus the
insensitivity in Neelin (1991).

3) THE OCEAN BASIN LENGTH

Experiments were performed with varying ocean
widths. Figure 4 shows the zonal wind anomaly on the
equator over the global domain for basin widths of
160°, 120°, 100°, and 60°, using the parameters of
Table 1. In each case the western boundary is at —60°
longitude. Only the 160° case shows growth; modes
within the smaller basins decay. The distinguishing
feature of the growing mode is the reversal of sign for
the zonal wind, with strong, oppositely directed winds
on opposite sides of the basin. For the 100° wide basin
there is no appreciable oppositely directed anomaly on
the western side of the basin, and for the 60° case the
anomaly does not change sign at all. Given the scales
of the atmosphere relative to the ocean responses, these
findings suggest that for an ocean basin to oscillate it
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must be wide enough to contain the atmospheric re-
sponse, as will be supported by the stability analysis of
section 4.

The structure of the wind perturbation issuing from
an initial SST anomaly leads to the following hypoth-
esis, as illustrated by Fig. 5. The wind response to the
initial ocean heat source consists of a pattern of con-
vergent winds that can promote the growth and prop-
agation of the heat source (e.g., Philander et al. 1984).
If the ocean basin is large enough, an SST anomaly of
opposite sign can form on the western side due to a
developing pattern of divergent winds there while a
mature SST anomaly still exists on the eastern side of
the basin. Once this occurs, the pattern of convergent
and divergent winds, supported by warm and cold SST,
may then be self-sustaining. Smaller ocean width makes
it more difficult for patterns of opposite sign to evolve.
If westward-directed currents are not large enough to
promote enough ocean divergence for a given v, pat-
terns of opposite sign do not form, and the mode de-
cays.

What is large enough is sensitive to the model pa-
rameters. Experiments with smaller v led to oscillations
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at smaller basin widths, but by the same mechanism
(requiring a reversal in the ocean divergence owing to
oppositely directed winds). The period of oscillation
for smaller v, however, was several years longer. The
smaller basin locked into a nearly steady state until
sufficient divergence developed at the western bound-
ary. Once this happened the patterns evolved at a rate
similar to the standard case. The oscillations thus ap-
peared as warm and cold states with relatively rapid
transitions in between.

¢. Interpretation of the slow mode herein and in H88

1) FURTHER COMMENTS ON THE DELAYED
OSCILLATOR MECHANISM

For the delayed oscillator, westward propagating
Rossby waves generated in the central Pacific are re-
flected at the western boundary as eastward propagating
Kelvin waves that tend to change the phase of the warm
or cold events. By eliminating the reflected Kelvin
waves using an open western boundary, we can deter-
mine whether or not this mechanism is operating
within the model. The resulting SST anomaly on the
equator for the standard parameters is shown in Fig.
6. Compared with Fig. 1a, the evolution of SST is nearly
identical for the open or the closed western boundary;
the only difference being a small increase in growth
rate. Similar behavior between open and closed western
boundaries was also found for the smaller v and smaller
ocean basin experiments of the previous section.
Therefore, the delayed oscillator is not an important
mechanism in this model, regardless of v or basin size.

Does this finding present an incompatibility between
the delayed oscillator and the slow mode paradigms?
The same physics are operant in each. Equatorial waves
propagate, affecting the depth of the thermocline and
the ocean-atmosphere exchanges. For the slow mode
these exchanges occur continuously in space and time,
whereas the delayed oscillator has a regional depen-
dence, owing to nonhomogeneous parameters. Both
directly forced and reflected waves are present for both,
but the ocean—-atmosphere coupling in the slow mode
depends primarily on the directly forced waves. For
example, waves directly forced in the western Pacific
by strong easterly winds there were important in read-
justing the thermocline in the eastern Pacific during
the 1982-1983 El Nifio termination (e.g., Tang and
Weisberg 1984). Where active coupling occurs in na-
ture could therefore determine the relative importance
of these two mechanisms without excluding either.

2) INSIGHTS FROM THE ENERGETICS

Following Yamagata (1985) and H88, the equations
governing the atmosphere and ocean total perturbation
energies, EX and E!, are
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FIG. 6. As in Fig. 1a except with an open western
boundary condition.

XED _ <pQ2a> — (Ua-Ypy — (pV - u,)

ot
- % (p*y — aluz u,), (3c.1)

i%ﬁ - ;%I;@'O — g’ (u-Vh) — g’ (hV - u)

7 TP
7 (h*y — y(u-u), (3c.2)

where ET and EZ consist of perturbation kinetic and
potential energies [E] = EX + EF = (u2 + v2)/2
+ p?/2c¢2 and El = EX + EF = (u* + v)))2
+ g’h?/2H,] and the brackets indicate a model domain
average. The first terms on the right-hand sides of these
equations are energy sources; the second and third
terms represent redistributions between the potential
and kinetic energies, which combine to form the pres-
sure work divergence; and the last two terms are po-
tential and kinetic energy dissipation terms.
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F1G. 7. The ratios of the energy sink terms to the energy source
term for the ocean model as a function of time for the standard
experiment. The solid, dashed, and dotted lines represent the dissi-
pation of perturbation potential energy, the pressure work divergence,
and the dissipation of perturbation kinetic energy, respectively; the
bold line is the sum of these three ratios.

An analysis of these equations provides several im-
portant points. First, the kinetic energy for the atmo-
sphere is much larger than the potential energy, and
conversely for the ocean. It follows that dissipation in
the atmosphere (ocean) is mainly due to dissipation
of kinetic ( potential ) energy. Second, the energy source
terms ~(pQ,), {v*u + 7¥v) are always positive, re-
gardless of whether the coupled model oscillates. This
is a consequence of the simple coupling between the
reduced-gravity ocean model and the Gill (1980) at-
mosphere model used herein. It follows that the con-
ditions of positive —({pQ, ) and {7*u + 7’v) are not
useful a priori in determining coupled mode growth;
they are necessary, but not sufficient, conditions for
growth. Third, time series of EX and E! show that the
total energy for the atmosphere is smaller than and lags

c=24m/s

Sink/Source

0 12 24 36 48 60 72

Time (30 days)

FIG. 8. As in Fig. 7 but with the ocean Kelvin wave speed
increased to 2.4 m s~
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that for the ocean, and that if £ grows so does E,
and conversely. The key to understanding the ener-
getics of the coupled oscillations for this model there-
fore lies in the ocean energy equation. This is consistent
with a conclusion of Barnett et al. (1991), from anal-
yses of uncoupled ocean and atmosphere GCMSs, that
the propagation of ENSO-related anomalies is deter-
mined by the ocean.

The energy equation for the ocean model consists
of a source and three sink terms. If the source exceeds
the sum of the sinks, the perturbations will grow; if the
converse occurs, they will decay. The relative impor-
tance of the sink terms for the standard experiment is
shown in Fig. 7. Each line represents the ratio of one
of the sink terms to the source; the dashed, solid, and
dotted lines are the pressure work divergence, the po-
tential energy dissipation, and the kinetic energy dis-
sipation, respectively, and the bold line is their sum.
If the sum is greater (less) than —1, the source (sinks)
exceeds the sinks (source). The largest sink term is the
potential energy dissipation. This is followed by the
pressure work divergence (equivalent to an energy
transfer to midlatitudes through the open northern and
southern boundaries) and the kinetic energy dissipa-
tion. The sum of the sink/source ratios in Fig. 7 being
greater than — 1, on average, is consistent with growth.
Figure 8 is a similar presentation for ¢ = 2.4 ms™!.
Here the sum of the sink/source ratios is less than —1,
on average, and the coupled mode decays, as in section
3b.2. The transition from a growing mode to a decaying
mode is subtle. All of the terms on the right-hand side
of the ocean energy equation grow or decay together,
and this is reflected, with a small phase lag, in the
growth or decay of the atmosphere energy. The suffi-
cient condition for growth is that the source term for
the ocean exceeds the sum of the sinks, but the set of
conditions for which this occurs is very sensitive to the
parameters. One factor affecting the source term is the
difference in phase gradient between the evolution of
the winds and currents. Owing to the relative impor-
tance of Rossby waves in the ocean current field, the
phase gradients for these two quantities are different
(Figs. 1c,d), and the larger this difference, the smaller
the ocean energy source term.

4. Analytical solution for the slow mode

Noting that the numerically obtained velocity fields
for both the ocean and the atmosphere are primarily
zonal and analogous to an equatorial Kelvin wave, a
solution is sought for the slow mode with v and 7% both
equal to zero. For the model, ocean equations (2.1)-
(2.4) become

du _

_ o T
or % ox

4.1
A (4.1)

- YU,
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Byu = —g ’ (4.2)
oh u
E"l— OIX_ _'Yh’ (4-3)
T ohaT 4.4
Fyiaky « (4.4)

A closed form solution requires 7* to be expressed
in terms of ocean variables. Battisti and Hirst (1989)
found a linear relationship between modeled 7* and
SST anomalies when zonally (and meridionally) av-
eraged over the eastern equatorial Pacific. Our model
also shows a correlation between zonally averaged 7~
and SST that is at a maximum on the equator and
diminishes to zero poleward of 14°, and a zonal phase
difference between 7* and SST at any given time. We,
therefore, assume 7~ to be a linear function of SST
lagged by a phase angle # and seek solutions of the
form

u(x, y, t) u(y)

h(-x9 ya t) h(y) i(kx—wt
Town | =l 1o [T 49
Tx(x, Y, t) pHOﬂT(y)em

where u is a coupling coeflicient, & is the zonal wave-
number, the real and imaginary parts of w are the fre-
quency and the growth rate, respectively, and the other
parameters are as in section 2. In view of the decreasing
correlation with latitude, the assumption relating 7~
and SST is erroneous, but it does lead to a closed form
solution and the error is tempered by the fact that the
gravest mode ocean waves are primarily forced by
winds near the equator. Substituting Eqgs. (4.5) into
Egs. (4.1)-(4.4) yields

—iwu = —ikg'h+ uTe® — yu, (4.6)
Byu = —g’'h,, (4.7)

—iwh + ikHou = —~h, (4.8)
—iwT = oh — aT. (4.9)

The algebraic equations (4.6), (4.8), and (4.9) have
solutions only when

iH()[.l,O'k
— €

v?— 2yw — w? + k% + B=0, (4.10)

a— iw
This dispersion relationship, cubic in w, has three roots.
It is anticipated that one of these roots should corre-
spond to the Kelvin wave, and one to the slow mode.

First, consider oscillations at frequencies consider-
ably higher than the slow mode. The dispersion relation
simplifies to



NOVEMBER 1994

5.0

w, or w; (year™)

~
-~
~~
~—
~——
Se——

-2.0 4

0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0

k (107 m™)

FIG. 9. The real (solid line) and imaginary (dashed line) parts of
the analytically derived dispersion relationship for the slow coupled
mode. Positive imaginary part denotes growth.

v? = 2yw — w? + k%c* = 0. (4.11)
By writing @ = w, + iw;, we find w; = —v and o,
= +kc. The positive root is the same as a Kelvin
wave, damped by w;. The negative root is rejected be-
cause its associated amplitude increases exponentially
with y.

The third root is that of the slow mode. In the low-
frequency limit, upon neglecting second- and third-
order terms in w, Eq. (4.10) becomes

(v? — 2yw)a — iv?w + k2 c*(a — iw)

+ iHopoke™ = 0, (4.12)

which has the solution

Hyuok cosd
;= . 4.1
@ k2c? + 4%+ 2va (4.13)
and
Hopok sind 22 + 42

o = ook sin k2P +4?) . (414)

Tk + v2 + 2va ki + v2 + 2va

The real part resembles an equatorial Rossby wave dis-
persion relationship, but with eastward phase propa-
gation. The imaginary part shows that the phase lag
between 7* and SST is necessary for instability. Slow
mode growth requires that

Hopok sind > a(k2c? + v2), (4.15)
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which, in turn, requires that k, < k < k,, where

K = Hopo sind [1 B [1 3 ( 2yac )2]”2]
2ac? Hyuo sind ’
(4.162)
and
Hyuo sinf 2vac  \*}/2
ke = O.,’Zlc\cc2 {1 * [1 B (HO;Zf sin0) ] ]
(4.16b)

The resulting slow mode dispersion relationship is
shown in Fig. 9, using the parameters of Table 1, with
p=192X%X10"ms? K™ and 6§ = 0.37. Growth
occurs for0.1 X 107" m™' <k <3.25X 107" m™!, the
upper limit of which corresponds to a wavelength of
176°. Wavelengths longer than this value are required
for instability.

Given the dispersion relationship, the slow mode
eigenfunctions are

Time (10 days)

100

L L
—20 20 80

Longitude

FIG. 10. The thermocline height anomaly on the equator as a func-
tion of longitude and time for the analytical solution as given by Eqs.
(4.13), (4.14), and (4.17). The parameter values are as given in the
text. Note that we have arbitrarily drawn these contours within a
160° wide basin (for comparison with Fig. 1¢) without consideration
of boundaries.
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h(x,y,t) = Aexp I Chali D +2W) ekt (4.17)
2ke
_ A(w +iy)
u(x, y, t) ~ kHe
_ Blw+iy) , i(kx—wt)
X exp( Tk y-le , (4.18)

Blw + iv)

Ao
T(x,y, t)=mexp( e

2) ei(kx—-wl),

(4.19)

where A is a constant of integration. The meridional
scale is L, = (Bw,/kc?)™'/? = L(c/c,)"/?, where L
= (¢/B)"/? is the equatorial radius of deformation and
¢, = w,/k is the slow mode phase speed. Since ¢ is very
much smaller than c¢, it follows that the meridional
scale of the slow mode is larger than the equatorial
radius of deformation, consistent with the numerical
results of Fig. 3 and the findings of Wang and Weisberg
(1994). Using the parameters of Table 1, with n
=192 X 107" ms? K! = 0.37, and k£ = 3.0
X 107" m™!, A(x, 0, t) from Eq. (4.17) is shown in
Fig. 10. The appearance is very similar to the numerical
result of Fig. 1¢ despite the fact that we have arbitrarily
drawn these contours within a 160° wide basin without
consideration of boundaries.

The dependencies of w, and w; on the model param-
eters are similar to those found numerically. Both w,
and w; increase with increasing coupling and warming
coeflicients, decrease with increasing Rayleigh friction
and thermal damping, and decrease with increasing
oceanic Kelvin wave speed. The analytical solution
points out the importance of a zonal phase lag between
the 7™ and SST anomalies for instability and the narrow
range of wavenumbers for which growth occurs.

5. Discussion and summary

Motivated by the state of complexity in ENSO mod-
eling, a model similar to H88 was revisited for insights
on the questions raised in section 1. With spatially ho-
mogeneous parameters and no background state de-
pendence, other than the reduced-gravity wave speed,
the model oscillates as a slow, eastward propagating
mode with evanescent, neutral, or growing behavior
dependent upon the parameters.

The mechanism of this slow mode differs from that
of the delayed oscillator in that ocean waves reflected
at the western boundary are not important. With SST
governed by [Eqgs. (2.3) and (2.4)]

a’T

ou Odv
ot

oT
+(7+a)—+'yaT— aHo(a—+ay

(5.1)

which has an evanescent complementary solution, the
wind-forced ocean divergence determines the coupled
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mode growth. For a given 7, the ocean divergence is
controlled by the ocean buoyancy (¢*/H,). Thus, from
Eq. (3c.2), if the rate of work by r minus the rate of
work against buoyancy is sufficient to overcome the
energy sinks, then the slow mode will grow. With slow
propagation speed, the zonal pressure gradient nearly
balances 7* on the equator, so an extremum in ther-
mocline height anomaly coincides approximately with
a zero in 7*. Such an extremum requires that 7~ re-
verses sign across the ocean basin, consistent with the
hypothesis on ocean basin size presented with Fig. 5.
The slow mode in this model therefore evolves as a
directly forced mode, relatively unaffected by reflected
waves.

The results suggest the need for a more global view
in ENSO modeling. While the ocean in this model
controls the growth and propagation of the slow mode
through its divergence field, the atmospheric response
is global, due to the atmosphere’s large radius of de-
formation. As the coupled mode evolves, a disconti-
nuity in the atmospheric heat source ( proportional to
SST) develops at the eastern boundary when the SST
anomaly there is large. This effectively blocks the at-
mospheric pressure anomaly until the SST anomaly
goes to zero at the eastern boundary, allowing the at-
mospheric pressure anomaly to progress cyclically
around the global domain. Two important points fol-
low from these pressure variations. First, continental
heat sources may be important for transmitting (or
blocking ) atmospheric pressure perturbations between
ocean basins, so adjacent ocean basins may interact if
continental heat sources and orographic effects allow
for the communication of their pressure perturbations.
For example, the out-of-phase behavior observed be-
tween the Pacific and Atlantic Oceans during some
ENSO events may be a consequence of this. Second,
given the large scale of the atmospheric response to a
localized heat source, variations in continental heating
may initiate a coupled mode within an adjacent ocean
basin.

Just how important is the background state in de-
termining coupled oscillations and what is the role of
the ocean Kelvin wave speed ¢? Beginning with the
simplest analog model of McCreary (1983) through
the more complete GCMs of Lau et al. (1992) and
Philander et al. (1992), all models produce oscillations
despite the fact that the background states are either
neglected or specified to various levels of sophistication.
For the linear perturbation model considered herein,
slow mode oscillations are robust with respect to the
parameters, the most important ones being the cou-
pling and warming coefficients and ¢. Other than ¢
these coefficients are not well defined: particularly the
warming coeflicient, a lumped parameter covering all
of the ocean processes that give rise to SST variations.
To the extent that these ocean processes are modeled
incorrectly, thermal damping will provide a correction.
This is a major limitation of all coupled models. The
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importance of ¢ lies in its specification of the back-
ground state buoyancy. Excepting ¢, the implication
is that the background state is important to the extent
that the mean conditions control the processes em-
bodied within the warming and coupling coefficients,
as in Zebiak and Cane (1987). This remains an issue
for future research, including field experimentation to
determine the actual role of the various ocean pro-
cesses, relative to the surface fluxes, in controlling SST.

In summary, the slow mode of a linear perturbation,
coupled ocean-atmosphere model with homogeneous
coeflicients of the form H88 is an ocean divergence
mode distinctly different from the delayed oscillator
mode. This slow mode propagates eastward. Its ener-
getics are governed by the ocean; the atmosphere
merely follows. Growth occurs if the work performed
by the wind minus the work required to effect the ocean
divergence exceeds the sum of the ocean loss terms.
The ocean Kelvin wave speed is therefore an important
parameter, since it sets the background buoyancy state
of the ocean. For a given level of dissipation the in-
trinsic length scale of the atmosphere relative to the
width of the ocean basin is important. For sustainable
oscillations, the ocean basin must be large enough so
that oppositely directed divergences can develop on
opposite sides of the basin. Analytical results support
this with the requirement for sufficiently large wave-
length and a zonal phase difference between the 7* and
SST anomalies. The global aspect of the atmospheric
pressure component gives importance to both adjacent
landmasses and adjacent ocean basins. Continental
heat sources may block or facilitate the propagation of
the pressure perturbations, or they may provide a direct
source affecting an adjacent ocean.

Whether this model has relevance to nature depends
upon several factors intrinsic to both the oceans and
the adjacent continents. Homogeneous coeflicients
omit both the background state influences of the ocean
circulation and the nonlinear aspects of heat exchange.
This facilitates the direct forcing versus the reflected
wave behavior of the model which may be unrealistic.
Omitting continental heat sources may also be un-
realistic. These findings therefore suggest the need for
1) models, incorporating all three oceans and inter-
vening continents; and 2) field experiments, defining
the roles of the ocean processes (mean and perturba-
tion) and surface heat fluxes in determining the evo-
lution of SST.
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