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ABSTRACT

The behavior of a tropical coupled atmosphere /ocean model is analyzed for a range of different background
states and ocean geometries. The model is essentially that of Cane and Zebiak for the tropical Pacific, except
only temporally constant background states are considered here. For realistic background states and ocean
geometry, the model solutions feature oscillations of period of 3~5 yr. By comparing the full model solution
with a linearized version of the model, it is shown that the basic mechanism of the oscillation is contained
within linear theory.

A simple linear analog model is derived that describes the nature of the interannual variability in the coupled
tropical atmosphere-ocean system. The analog model highlights the properties that produce coupled atmosphere—
ocean instability in the eastern ocean basin, and the equatorial wave dynamics in the western ocean basin that
are responsible for a delayed, negative feedback into this instability growth. The growth rate of the local instability
¢, together with the magnitude b and lag 7 of the wave-induced processes determine the nature of the interannual
variability displayed in the coupled model. Specifically, these processes determine the growth rate of the coupled
system and, when the solutions are oscillatory, the period of the oscillation. The terms b, ¢, and 7 are set by
the background state of the atmosphere and ocean, and the geometry of the ocean basin.

The simple analog model is used to design and interpret a set of experiments using the full linear and nonlinear
numerical models of the coupled atmosphere—ocean system in the Pacific. In these experiments, we examine
the effects of the assumed basic state and ocean geometry on the interannual variability of the coupled system.
The simple model is shown to be a remarkably good proxy of the full linear and nonlinear numerical models.
The limiting nonlinearity in the full numerical model is shown to be the dependence of the temperature of the
upwelled water on the thermocline depth. However, we find the essential processes that describe the local
instability growth rate and period of the interannual oscillations in the coupled system are linear. Nonlinearities
primarily act as a bound on the amplitude of the final state oscillations, and decrease the period of the final
state oscillations by about 10 percent from that obtained in the small amplitude regime of the full coupled
model and the linear analog model. The nonlinear analog mode! for the full numerical model is derived, and
compared with that proposed by Suarez and Schopf. The numerical and analog models help to explain why

organized, large amplitude, interannual variability is prominent in the tropical Pacific basin, and not in Atlantic

and Indian basins.
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1. Introduction

In an earlier study, Battisti (1988a) identified the
dynamics and thermodynamics that were acting in a
coupled tropical atmosphere—-ocean model that exhib-
ited interannual variability similar to El Nifio-South-
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ern Oscillation (ENSO). In that paper, a series of nu-
merical experiments were done to ascertain the pro-
cesses that were central in producing the model
interannual variability. The model used was a simple
coupled ocean-atmosphere model, very similar to that
of Cane and Zebiak (1985) and Zebiak and Cane
(1987). In agreement with the results of Cane and Ze-
biak, warm events are initiated in the spring prior to
the event peak, and appear well described as an insta-
bility of the coupled system. During instability growth,
a positive sea surface temperature (SST) anomaly in
the equatorial eastern Pacific produces westerly wind
anomalies in the equatorial central Pacific which in
turn generates a downwelling Kelvin wave that sup-
presses the pycnocline to the east. SST is very sensitive
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to pycnocline depth in the eastern model Pacific; a
deeper pycnocline induces warmer surface water via
modulation of vertical temperature advection. Thus
the suppression of the pycnocline resulting from the
‘westerly wind anomalies leads to still larger SST
anomalies.

In this numerical model, oceanic wave dynamics
determines the fate of the growing coupled instability.
The aforementioned westerly wind anomalies also
produce equatorially trapped Rossby waves that prop-
agate freely to the western boundary. These waves re-
flect at the western boundary, sending upwelling equa-
torial Kelvin waves back to the central basin. These
cooling Kelvin waves act to terminate instability growth
and rapidly plunge the coupled system into a cold re-
gime. The western boundary reflection is necessary for
event termination. The system returns from a cold re-
gime via reduced heat flux to the atmosphere and, to
a lesser extent, by wave-induced processes like that
which lead to the warm event termination.

The aforementioned dynamical description of ENSO
evolution is not unique to the Cane and Zebiak model.
Schopf and Suarez (1988) used a more complicated
numerical model of the coupled tropical atmosphere—
ocean system than Battisti. They described a dynamical
scenario for ENSO events occurring in their model that
is very similar to that Battisti described occurring in
the Cane and Zebiak (1985) model. Additionally, there
is preliminary evidence that this dynamical scenario is
relevant to some ENSO events observed in coupled
general circulation models of the atmosphere and ocean
(S. G. H. Philander 1988, personal communication ).

With the studies of Zebiak and Cane (1987), Schopf
and Suarez (1988) and Battisti (1988a) in mind, we
will explore in this paper how the local instability op-
erating in the eastern basin interacts with the signal
reflected from the western boundary to set the period
and growth rate displayed by the coupled system. This
is done, in part, by deriving a set of simple analog
models for the coupled tropical atmosphere-ocean
system from the full numerical model of Battisti
(1988a, hereafter B88), due to Zebiak and Cane
(1987). We will find that the essential physics in the
coupled model is described by a linear delayed oscillator
equation, in contrast to the fundamentally nonlinear
delay oscillator equation proposed for ENSO by Schopf
(1987) and Suarez and Schopf (1988). We will use
both the linear analog model and the full numerical
coupled atmosphere-ocean model to examine the be-
havior of the coupled tropical atmosphere—ocean sys-
tem by considering various background states for the
atmosphere or ocean. We will examine the sensitivity
of the interannual variability in the coupled model to
the efficiency of the oceanic wave reflection at the
western oceanic boundary and examine how the nature
of the interannual variability depends on the size of
the oceanic basin. We will identify the important non-
linearity in the full numerical model, and derive the”
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leading order nonlinear analog model for ENSO ap-
propriate for the full coupled numerical model-a non-
linear delayed oscillator equation. The nonlinear an-
alog model, while similar in form to that heuristically
developed for ENSO by Schopf (1987) and Suarez and
Schopf (1988), will highlight a very different balance
in the fundamental processes than in the latter studies.
We will use the nonlinear analog model to examine
the secondary role of nonlinearity in the ENSO cycle
in the full numerical model.

The outline of the paper is as follows. In section 2,
we derive a simple linear analog model that describes
the behavior of the coupled atmosphere-ocean system
in various “basic states,” and use this model as a guide-
line to design and interpret a set of experiments in
which we will explore the effects of the basic state of
the atmosphere and ocean on the resultant interannual
variability. These experiments are presented in section
3. Several nonlinear oscillator models for ENSO events
in the full model is derived in section 4, and compared
to that postulated by Schopf (1987) and Schopf and
Suarez (1988). The conclusions and a discussion are
found in section 5.

2. A simple analog model of the coupled atmosphere-
ocean system

In this section we present a simple stability analysis
of the coupled system that enables a qualitative de-
scription of the behavior of the coupled system with
different basic states. We will include the essential
thermodynamics and dynamics of the system, identi-
fied in B88, to derive a single, first-order differential
equation for the behavior of the coupled system in
terms of the sea surface temperature anomaly (SST)
in the eastern equatorial Pacific.

a. The linear analog model

We begin by reviewing the geometry of the system.
To lowest order, the sea surface temperature (SST),
zonal wind stress 7*, and pycnocline perturbation 4
anomalies change uniformly throughout the eastern
basin in the equatorial band. SST and 7* display an
in-phase relationship with one another, whereas / tends
to lead SST and 7~ slightly. In addition, we note that

‘west of the dateline there is very little signal in the

model SST or in the wind stress anomaly. Analysis of
the ocean modes indicated free wave propagation west
of the dateline. Finally, we will make use of the fact
that the essential ocean physics and thermodynamics
is contained within the equatorial band (within 5° of
the equator) and that the atmospheri¢ winds outside
of the equatorial band do not affect the overall character
of the interannual variability in the coupled system
(see experiment 10, B88).

To further simplify the problem, we will consider a
basic state in the atmosphere and ocean that is constant
in time; the seasonal cycle is replaced with a simple
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annual average. Recall that the seasonal cycle primarily
acts to quantize the period of the interannual vari-
ability, but is not essential to producing the interannual
variability. With a time-mean basic state, the model
displays perfectly periodic behavior (experiment 3 of
B88). We also linearize the ocean thermodynamics and
coupling between the two media. A comparison of so-
lutions from linear and nonlinear versions of the full
model, presented in section 3, will demonstrate that
the basic mechanism of oscillation is contained within
linear theory.

The aforementioned characteristics of the coupled
system led us to consider the following simple system.
The ocean is approximated as two boxes centered on
the equator. One box represents the “western Pacific,”
spanning from 160°W to ~125°E, where waves are
assumed to propagate freely. In this box, there are no
SST or overlaying wind stress anomalies. In the eastern
box, spanning 160°W to ~80°W, SST and pycnocline
anomalies occur. The SST anomalies drive a zonal
wind stress anomaly, 7*, that acts throughout the east-
ern patch of the ocean. Finally, since the pertinent dy-
namics and thermodynamics happen in a thin equa-
torial band, and rather homogeneously throughout the
eastern box, we further reduce the problem by consid-
ering the area averaged quantities {(T)and (7*), where
(*) denotes an area averaging.

The linearized equation for the model SST is

%?——u VT -u- VT—&A(W)——-
—6H(W)wéz~asT, (2.1)
0z
where

1x, x>0 1, x>0
H(x)=
0, x<0, 0, x<0
and 7 is the SST anomaly, u the horizontal current, w

the upwelling velocity, o, a measure of the thermal
damping rate, and ¢ is time; V is the horizontal operator

6<T> I C);

= —m

Since, in general, all the field variables in (2.2) have a
rich horizontal structure, the spatial correlation be-
tween various quantities must be taken into account
when writing (2.3) in terms of the time dependent
variables and the time mean coefficients. This gives
rise to the =; coefficients that are defined, for example,
as
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i0/0x + jo/dy where x and y are positive east and
north respectively, z is the vertical coordinate, and 6 a
mixing efficiency coefficient (8 = 0.75). Overbars de-
note time-mean basic state quantities. ( Discussion of
the full nonlinear model SST equation are found in
B88 and Zebiak and Cane 1987.) The terms on the
right hand side of (2.1) are, from left to right, advection
of the anomalous horizontal temperature gradient by
the mean currents, advection of the mean horizontal
temperature gradient by the anomalous currents, mean
upwelling acting on the anomalous vertical tempera-
ture gradient, anomalous upwelling on the mean ver-
tical temperature gradient, and thermal damping. The
linearized anomalous vertical temperature gradient is
given by

BT T- T
62 Hl

—a(h)h
H, ’

where T, is an anomalous subsurface temperature that
results from movement of the subsurface pycnocline
and H, is the thickness of the ocean mixed layer [T}
is defined in (4.2), and linearized to a(4)# in appen-
dix C]. Constant upwelling, w, on a weaker (7 + T')/
dz will produce less cooling than in the mean, and
therefore produce anomalous warming. In this model,
the upper layer thickness anomaly # acts as a proxy
for the pycnocline perturbations, and can be written
in linearized form as T, = a(h) k1 [see Eq. (4.2)]. Hence
the linearized equation for the SST anomaly in the
eastern box is

9T _ 9T 9T 59T _, A0
o ax Ix dy H,
sa(w)a(h r
H, dz .

The very small term (97/3y)v has been dropped from
(2.2) (see B88, section 2c).

We now consider the evolution of the SST averaged
over the eastern equatorial Pacific box:

M (Ty + 2 <A( 5)a(h))h

- 7r66<H(M7) ‘;—ZT-><W> — al(T).. (2.3)

(AW T)

AW (T) "

These coefficients are somewhat sensitive to the size of
the box in which we spatially average. The sensitivity
of our results to the box size is addressed later on. The
term containing A(w)a(h)h/H, in (2.3) is relatively

g =
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well defined regardless of the latitudinal extent of the
box because A(w)a(h) is sharply peaked on the equa-
tor. Therefore, /# in (2.3) is evaluated on the equator
(y = 0), and averaged over the latitudinal extent of
the box. '

The upper-layer depth changes in the model result
directly from wind stress anomalies. In the eastern Pa-
cific, changes in 4 can be considered due to local pro-
cesses (these include wave reflection on the eastern
boundary) and Ke¢lvin waves propagating into the
eastern basin from the western Pacific. These Kelvin
waves result from Rossby waves that are generated in
the central/eastern basin by wind stress anomalies. The
Rossby waves propagate westward and are reflected at
the western ocean boundary. There is little generation
of waves in the western basin (see B88). Hence we can
write 4 on the equator in terms of the local contribu-
tion, A, and the remote contribution, A egected Kelvin:

h= hreﬂected Kelvin T hL !

= _aw<Tx(t““T)>, hL=aL<-r">.,
(24)

hreﬂected Kelvin

The coefficients ay and a; are well defined for low
frequency motion and depend primarily on the lon-
gitudinal extent of the box and the assumed values of
reduced gravity in the ocean. The value of q; is found
by assuming that, for low frequency motions, there is
a local balance between the zonal wind stress and pres-
sure gradient. ay, is specified using equatorial, longwave

dynamics and knowledge of the reflective properties of

low frequency Rossby waves on the western ocean
boundary (e.g., see appendix B of B88). Later, we will
come back and address the question of the effects of
western boundaries that are ineflicient reflectors on the
interannual variability of the coupled system.

An important aspect of (2.4) is that the zonal wind
stress anomaly (7*) in the eastern box gives rise to a
quick local change A; in the pycnocline depth, and
produces a delayed signal in 4 that has the opposite
sign of the local response (a; and a,y are positive), but
lags the local response by 7: the time it takes for the
gravest mode symmetric Rossby wave to travel from
the forcing region' in the central /western basin to the
western boundary and the reflected Kelvin wave to re-
turn from the boundary to the eastern basin. We will
refer to 7 as the wave transit time, or the transit time.

There are four unknowns in (2.3): (T, h, {(u ) and
{w). The latter three\ quantities are primarily functions
of the zonal wind stress anomaly. To a high degree of
accuracy h, (u) and (w) can be approximated as
functions of the zonal wind stress anomaly which, in
turn, is directly related to the SST. We make the fol-
lowing assumptions:

(7)) =&KT)

w=—y(1*)

(2.5)
(2.6)
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. r T 7
(uy = o () = S
poH \rs* +f poHrs
In (2.7), f is the Coriolis parameter, p, the density of
water and 75™! a linear damping time (see Zebiak and
Cane 1987). The relation (2.7) produces a qualitative
representation of the surface current field in the equa-
torial Pacific band on monthly time scales. The rela-

tions (2.5) and (2.6) are extremely accurate for the
fields {w), (7*) and {T) (Fig. 1). Inserting the ex-

(2.7)

SST vs STRESS
3
2t
1+
P [I— A
4 .3 -2 a1 i 2 3
.‘_l.!_
< !
2.
NON DIMENSIONAL STRESS *10
W vs STRESS
1,
& .3 2 -1 1 2 3
§ r
5
a1t

NON DIMENSIONAL STRESS *10

FiG. 1. (a) A plot of sea surface temperature { T') vs nondimen-
sional zonal wind stress { 7*, averaged over the equatorial box, 2°N
to 2°S, 80° to 180°W. The data is from the full nonlinear coupled
model solutions with a time-mean (seasonless) basic state. A non-
dimensional wind stress of 0.1 corresponds to a wind stress anomaly:
of 0.1 dynes cm ~2. (b) As in panel (a), but for anomalous upwelling
rate {(w') vs {7*). Units of upwelling are m s~'.
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presssions (2.4), (2.5), (2.6),(2.7) into (2.3), a single
ordinary differential equation for { T) is obtained (the
() notation is dropped):

oT

5 = — KT+ K(—awBT(t — 7) + a,BT)

+KE’YﬂT+ KAT asT, (2.8)

where

67"5

K———f fA(w)a(h)dA

6‘176

fH( )—dA

5> _ 57('4

K_ZI—ZL.[A(W)dA

K =_,3rs7l'2f 6_.7_' 1
4 ApoHl 40X rsz+f2

T O . T .
, ALyfAfvdA ALx.qudA

The values of the coefficients K, K, Kz, K, 05, 7, aw
and q; are set by the basic state of the model ocean
and atmosphere, and the size of the oceanic basin. The
coefficients 4 and B are calculated from the full model
runs, and are surprisingly insensitive to the area over
which we average. Values for these parameters are listed
in Table 1 for an eastern Pacific box that extends from
180°W to the eastern coastline, 2° about the equator.
The range of values cited in the table result from con-
sidering various ocean boxes for averaging.
Equation (2.8) is written more compactly as

dA

ﬂ_ =-bT(t—7)+cT

o1 , (2.9)

TABLE 1. Values for the model coefficients used in the evaluating
the terms b and c in Eq. (2.9). The basic state coeflicients are derived
from the time-mean equatorial Pacific ocean currents upwelling and

surface wind field. The regression coefficients are derived from the -

full numerical atmosphere/ocean model described in section 2.

Coeflicient Value Range
Basic state coefficients

K 27X 10%°Cm™'s™ 1.5t0 3.0 X 107®
K: 25X 102°Cm™! 2.2102.8 X 1072

1.8 X 1077s7! 141022 X 1077
K, 73X 107%s7! 40t08.0x 1078
aw 490 m® N™! 440-540
a : 750 m* N~ 700-800
as 9.1 X 1078s7!
T 180 days

Regression values

¥ 33X 10*m?*N""s™! 3.0t03.6 X 10™*
[+ 9.5X 10 Nm™—2°C™! 9.t0 10. X 1073
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where
b= awﬂK c = ﬁaLK"‘ BVKE + KA
[3.9] [2.2] [6.0]1 [2.5] [2.3]
- K - a
{5.71 [2.9].

The numbers below each term in the definition of b
and ¢ denote the value of each term for the basic state
of the Pacific atmosphere-ocean (units are yr™!). As-
suming a solution of the form T = Toe** we obtain the
following equation

g =—be™" + c. (2.10)

Equation (2.9) describes a delayed oscillator: the char-
acteristics of the solution depend critically on the values
of b and c¢. For our system, the term b describes the
effects of the Kelvin waves propagating into the eastern
box from the western box. The importance of the wave-
induced effects depends on the amplitude of the in-
coming waves and the lag between wave generation
and arrival in the eastern basin (via reflection off the
western boundary). The term c is the sum of all the
processes that induce local changes in the SST in the
eastern box (all variables are positive ), and represent
the following processes:

Ba K — K mean upwelling on an anomalous vertical
temperature gradient (local wave ef-

fects are included)

BYKg anomalous upwelling on the mean ver-
tical temperature gradient

K, horizontal advection

o thermal damping

In evaluating the coefficients b and c, it is worthwhile
to note that the relative size of each of the individual
terms that affect local instability growth is consistent
with the analysis of the full model ocean thermody-
namics in B88: the upwelling terms (K and Kj) are
large compared to the horizontal advection terms (K).

b. Properties of the delayed oscillator

Equation (2.10) describes, in general, an oscillatory
system experiencing exponential growth or decay. In
the absence of remote processes (b = 0), (2.10) de-
scribes a pure exponential growth or decay rate c. If ¢
> 0, the sum effects of upwelling and horizontal ad-
vection dominate the thermal damping and growth will
occur. If ¢ < 0, the thermal damping overwhelms the
growth terms, and exponential decay results.

To consider the behavior of the system when the
growth rates are small, we multiply (2.10) by its com-
plex conjugate and, writing ¢ = o, + io;, (o,, o; real),
obtain:

(0' —C)2+(0')2 b2 —210,
We see that for small growth rates, o, < | c|, in a basic
state dominated by local instability processes, b < | ¢|,
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no oscillatory solutions are possible. On the other hand,
for small growth rates (¢, < 1) in a basic state where
- local instability processes sum to be small compared
to the changes induced by the remote Kelvin waves (b
> |c|) oscillatory motion is possible, the period of
which is '

2r 2
o; (b2_c2)1/2'

Hence even if local instability processes do not favor
growth (¢ < 0), oscillatory, slow growth solutions can
be found for ¢ > —be ™" because of the “remote” wave
processes b. For the parameter range of interest, the
relevant oscillatory, growing solution to (2.10) is dis-
played in Fig. 2 for various values of  and ¢. A more
complete discussion of the properties of (2.9) is pre-
sented in appendix A.

LINEAR SOLUTIONS
%—T:—b T¢-%)+cT

GROWTH (I/YR)

PERIOD(YR)

% ") 5} 0 - 2 4 6

FIG. 2. The complex solutions to the delayed oscillator equation
(2.10) with a reference value of + = 180 days. The growth rate of
the system (in yr~') vs the strength of the local instability term ¢ (in
yr™1) is plotted in (a), and the period of the oscillation (in yr) as a
function of cis plotted in (b). Each curve represents a different value
for b (in yr™'). For b =~ 1.8 yr~', solutions are pure growth. The
shading indicates the range of values for the coefficients b and ¢ for
the atmosphere—ocean system in the equatorial Pacific.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 46, No. 12

¢. Behavior of the analog model near the basic state
parameter values

For the assumed basic state of the ocean and the
atmosphere, the best estimate for the variables b.and
cisbh =39 yr™, ¢=22yr . Assuming the oceanic
wave speed of 2.9 m s, 7 = 180 days. These estimates
for b, ¢, and 7 set the growth rate and period of oscil-
lation to be o, = 1.1 yr and 27 /0; = 3.0 yr, respec-
tively. Near these reference values for b and ¢, however,
o varies rapidly. The range of ¢ for realistic b and c is
indicated by the shading in Fig. 2. We see that growth
rates may range from weak growth, with period 3 to 5
yr, to growth rates of up to 1.3 yr™', and period of 2.2
to 3.2 yr, depending on the size of the box in which
the averaging is done. For a realistic range of values
for c, the period of oscillation may vary from 2.5 to
4.0 yr, and the growth rate from 0.6 to 1.0 yr~!. Note
that (2.4) states that, when there are oscillatory solu-
tions for the coupled system, there is a phase lag be-
tween 4 and ( T'). This lag is given by expression

_l[aL+aW (O’,‘T)jl ;T

tan7!| ———tan| — || — —.

ap — dw 2 2

For our reference state (b =39 yr™', c=22yr !, r
= 180 days) in the simple model, 4 leads { T') by 65
days, in qualitative agreement with the full model re-
sults (about 70 days).

We shall now examine the qualitative behavior of
the analog model near these reference values. For con-
stant lag 7 and magnitude of remote wave processes
b, processes that increase the local instability strength
¢ will increase the growth rate of the coupled system
and decrease the period of the resultant oscillations.
However, if the basic state is modified so c is greater
than about 3.2 yr~!, no oscillations would be possible:
the system would display enbanced exponential growth
from that of the reference state. For basic states with

«cless than —1.2 yr ™!, there are no solutions that display

growth. Note that for our basic state, ¢ is the small net
difference between some rather large terms. This is
consistent with the full model calculations of B88,
where the nature of the interannual variability in the
coupled system was sensitive to the horizontal advective
processes, even though these processes are small com-
pared to the vertical upwelling and thermal damping
processes.

Now we hold the local instability terms constant (¢
= 2.2 yr™1), and consider a coupled system in which
the amplitude of the incoming Kelvin waves is different
from that of our reference state. The simple model in-
dicates that by decreasing the amplitude of the Kelvin
waves incoming from the western boundary, the period
of the oscillations will be longer than for the reference
state, and the growth rate of the coupled instability will
decrease. Similarly, increasing the remote wave effects
acts to increase the growth rate of the system and de-
crease the period of oscillation.






