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ABSTRACT

Three different mechanisms for the generation of ENSO SST anomalies within a simplified tropical Pacific
Ocean model are examined: thermocline depth changes, Ekman-induced upwelling anomalies, and zonal ad-
vection changes. The effect of varying the relative influence of these terms on the realism of tropical Pacific
coupled models is analyzed. The principal tool used to assess such realism is hindcast skill, with forced ocean
and oscillatory behavior also being examined. Of the mechanisms considered, thermocline perturbations are
shown to be crucially important for high coupled-model hindcast skill. Furthermore, it is concluded that the
realism of the model (as measured by hindcast skill ) deteriorates markedly when the influence on SST of Ekman
upwelling becomes greater than a small fraction of the thermocline influence. This provides strong evidence for
the hypothesis that Ekman upwelling anomalies (which are essentially a local response to wind stress anomalies)
have only a small influence on the creation of real world SST anomalies. The implications of this latter point
for coupled models involving ocean general circulation models is briefly discussed. It is also demonstrated that
western boundary reflections provide a vital role by means of a negative feedback in ensuring realistic performance.
The hindcast skill (as measured by NINO3 anomaly correlation ) demonstrated by a model involving only the
thermocline mechanism can be tuned to exceed that of the benchmark Cane and Zebiak model for hindcast
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lags up to 7 months (from 7 to 12 months the model skills are roughly equal).

1. Introduction

In the past 5 to 10 years extensive activity has taken
place in the area of the modeling and theoretical anal-
ysis of tropical ocean-atmosphere coupling. Such ac-
tivity is generally accepted as being crucial in the de-
velopment of our capability for forecasting the large
climate perturbations associated with ENSO (El Nifio—
Southern Oscillation ).

In general the focus of modeling studies has been
on demonstrating variability on interannual time scales
and a wide variety of such behavior has been observed
(sée, e.g., Anderson and McCreary 1985; Zebiak and
Cane 1987; Meehl 1990; Neelin 1990; and Philander
et al. 1992). At the same time, theoretical analyses
have indicated a variety of possible mechanisms for
the generation of such variability (see, e.g., Philander
etal. 1984; Hirst 1986; Battisti 1988; Suarez and Schopf
1988; Hirst 1990; and Neelin 1991). It remains unclear,
however, how much connection model oscillations and
proposed mechanisms have with the real world coupled
ocean-atmosphere system. It is, of course, often argued
that all mechanisms play some role in nature and no
doubt there is truth in such an assertion. Nevertheless
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it would be useful if an indication of which processes
are of primary importance could be obtained. It is fairly
clear that in order to achieve such an object, methods
for assessing the veracity of coupled models are re-
quired.

One way of tackling such a task, recently advocated
by Chao and Philander (1991), is to carefully assess
the spatial and temporal structure of the important
variables in the coupled oscillation [ for example, sea
surface temperature (SST), wind, and upper-level heat
content), then compare them to observations and
forced model runs. Important differences are then an
indication of the limitation of the coupled behavior.
Another, perhaps more objective, method of assess-
ment is that recently used by Goswami and Shukia
(1991) and also Latif and Fliigel (1991) in which the
hindcast skill of the model is evaluated by making a
statistically significant number of hindcasts. Such a
method should, in principle, give quite a clear indi-
cation of how well a given coupled model is simulating
the primary mechanism of coupled behavior in the
real world. A third method for assessing the veracity
of a coupled model is to subject the individual com-
ponents to observed forcing from the other component
(the ocean model with observed fluxes of momentum
and some parameterization of heat flux; the atmo-
spheric model with the observed SST) and then criti-
cally compare the resultant response in quantities im-
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portant for coupling. Such an approach has been
adopted (using hindcasts) for an ocean general circu-
lation model by Harrison et al. (1989). A comparison
of modeled and observed empirical orthogonal func-
tions (EOFs) is another method of implementing such
an approach. Such a philosophy has been adopted by
Latif and Villwock (1990) and Zebiak (1990) among
others.

Perhaps the most successful model when judged
against the above criteria is that of Zebiak and Cane
(1987, referred to henceforth as ZC), which exhibits
an interannual oscillation with a reasonable degree of
realism; gives indications of hindcast skill (see Cane
1991; Goswami and Shukla 1991 ); and has reasonable
forced behavior. Another model with some degree of
success is the coupled tropical GCM of Philander et
al. (1992), which displays interannual variability with
a measure of realism. It is difficult to apply the second
criterion of hindcast skill to this model because its cou-
pled climatology (particularly equatorial zonal stress)
is sufficiently different from the observed climatology
that problems of incompatibility would be encountered
at the initialization of hindcasts.

Given the wide diversity of coupled behavior cur-
rently observed in models (see Neelin et al. 1992), it
would be of value to modelers to identify which phys-
ical processes are important for realistic performance
so that improved representations of them could be im-
plemented.

The aim of this contribution is to provide such in-
formation for ocean models. To this end, a fixed at-
mospheric model whose performance has had extensive
testing with observed SSTs (see Kleeman 1991; Klee-
man et al. 1992) is coupled to an ocean model whose
thermodynamics are subjected to parametric variation.
The resulting coupled and forced oceanic behavior is
assessed using the three criteria mentioned above. Par-
ticular focus is placed on the varying hindcast skill, not
only because of its objective measure of model perfor-
mance, but also because of its practical application. In
order to apply the hindcast test, long runs involving
typically 100 years of integration per parameter setting
are required. In order to make such a project feasible,
simplifications are required in the ocean model. Such
simplifications also aid in the interpretation of results.

The influence of ocean thermodynamics on coupled
model behavior has received extensive attention in the
literature in the past decade. Hirst (1986 ) demonstrated
that varying the contributions of zonal advection and
thermocline displacements in the SST equation re-
sulted in the destabilization of coupled modes with
quite different characteristics. Battisti and Hirst (1989)
simplified the ZC model and explained its behavior in
terms of a delay differential equation with the following
essential character: A local instability in the eastern
Pacific caused by the influence of zonal advection, Ek-
man upwelling, and thermocline displacements on SST
is ““controlled” by a negative feedback caused by the
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western boundary reflection of a thermocline displace-
ment of the opposite sign. The “competition” between
these two processes results in an oscillation, hence the
so-called “delayed action oscillator.” Neelin ( 1990) and
(1991) analyzed an oscillation in a hybrid coupled
GCM (a simple atmosphere coupled to an ocean gen-
eral circulation model) and concluded that the insta-
bility driving the oscillation was in all probability due
to the equal influence of Ekman upwelling and ther-
mocline displacements on SST. In addition he dem-
onstrated that wave reflections from boundaries were
not crucial to the oscillation, implying that the coupled
mode extant in his model was fundamentally different
from the one seen in the ZC model.

The above considerations will guide us in the for-
mulation of our SST parameterizations and sensitivity
experiments. All three mechanisms for SST mentioned
above will be included in the model to be discussed in
the next section. In addition the effect of western
boundary reflections will be examined together with a
careful study of the influence on realism of the details
of the parameterizations used. This latter study is being
undertaken to provide assurance that the skill found
is robust (i.e., not dependent on the details of the pa-
rameterization used).

The paper is organized so that in section 2 the un-
coupled models are described and the various param-
eterizations of SST in the ocean model are derived and
justified. Section 3 describes the variation in coupled
model performance as the SST equation changes from
being dominated by upwelling effects to being domi-
nated by thermocline displacements. In section 4 a
similar analysis is carried out for variation from ther-
mocline-dominated to zonal advection-dominated
thermodynamics. Section 5 examines model sensitivity
to a number of factors involved in the ocean model
parameterization: zonal asymmetry, western boundary
reflections, nonlinearity, thermal relaxation time scale,
and shallow-water wave speed. Finally section 6 con-
tains a summary and discussion of results presented
and their applicability to studies with general circula-
tion models, along with suggestions for further work.

2. Uncoupled models and the coupling procedure

The atmospheric model used here has been described
in detail in Kleeman (1991). Its performance has been
subjected to extensive examination both there and also
in Kleeman et al. (1992). In general, the model gives
a good depiction of the zonal wind anomalies associated
with ENSO. The only error of possible significance is
in the far eastern Pacific where the model winds are
probably somewhat overestimated (errors around 1
m s~ ! are typical at the extreme phases of ENSO).

This anomaly model consists of a steady-state
Gill (1980)-style dynamical component forced by di-
rect thermal heating. The heating, which is assumed
proportional to the SST anomaly, induces by feedback
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a much larger latent heating derived from a vertically
integrated steady-state moisture equation. The precip-
itation (and hence most of the heating) has a strong
tendency to locate itself in regions where the total SST
is high.

The major limitations/areas of uncertainty in the
model are, apart from the far eastern Pacific winds,
the absence of internal variability (particularly the 30-
50-day Madden Julian oscillation ) and the relative roles
of latent and nonlatent heating. This latter factor
is related to the degree of moisture feedback, which
influences the model tendency to locate total heating
in high SST regions. Observational evidence presented
in Kleeman (1991) suggests that the precipitation re-
sponse of the model is quite good. This in turn suggests
little reason to question the current tuning,.

The philosophy followed in constructing the anom-
aly Pacific Ocean model was to retain only those fea-
tures thought essential for an eguatorial oceanic de-
piction of ENSO. Thus, the first baroclinic mode shal-
low-water equations, on a beta plane and confined by
a western boundary at 124°E and an eastern boundary
at 80°W, were used to depict thermocline movements
as well as part of the zonal currents. The long-wave
approximation was applied and a weak dissipation in
the form of Rayleigh friction and Newtonian “cooling”
inserted. The stress anomalies forcing the equations
were applied at a body force equivalent depth of 150
m. In addition only a small number of meridional
modes were retained: namely, the Kelvin and first six
Rossby modes. The shallow-water speed was chosen
to be 2.8 m s™! (except in section 5), which is close to
observational estimates from the central equatorial
Pacific. Mathematical details of the dynamics of the
model and boundary conditions are very similar to
those previously discussed in the literature (e.g., see
Battisti 1988).

The SST anomaly equation was simplified by as-
suming a fixed meridional structure for anomalies. In
particular, they are assumed to have a Gaussian shape
centered on the equator with an e-folding radius of
10°. Such a simplification has previously been made
by Neelin (1991 ) and reflects the assumption that me-
ridional effects such as advection and the differing
structure of horizontal modes are unimportant to the
primary ENSO mechanism. Symbolically we write the
equatorial SST equation as:

T, = TT(h') + EUT(W', W)
+ ATy, @, T', T) — €T, (2.1)

where T’ is the equatorial SST anomaly; 7T is the SST
anomaly tendency due to thermocline anomalies 4';
EUT is the tendency due to Ekman-induced equatorial
upwelling anomalies w’ and also depends on the mean
such upwelling w; AT is the tendency due to zonal
advection changes and depends on the mean and
anomalous mixed-layer currents #,, and u), together
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with the mean equatorial SST 7 and T". Finally, a
simple relaxation term 7" is also included to model
negative feedbacks such as heat flux changes and era-
sure of anomalies by entrainment of deep water (see
Neelin 1990).

In a complete physical model of the equatorial Pa-
cific the first two terms depend in a reasonably complex
manner on the entrainment / detrainment processes of
the upper-ocean mixed layer. Many different param-
eterizations for this process are available in the litera-
ture (see, e.g., Kraus 1977) and it is fair to say that a
degree of uncertainty attaches both to the formulation
of the physics of the mixed layer and to its embedding
into a dynamical model (see Pacanowski and Philander
1981; Schopf and Cane 1982; and Oberhuber 1993 for
a variety of approaches to the problem). The oceanic
component of the ZC coupled model introduces four
crucial simplifications to model the above physics: a
constant (50 m) depth mixed layer; a constant (150
m) depth layer for the shallow-water equation currents;
a linear formulation of the mixed-layer shear flow; and
finally a prescribed time-invariant specification of
thermocline structure. From these assumptions emerge
fairly complex expressions for the terms in (2.1). It is
unclear whether such complexity can be justified given
the simplifications mentioned above and it is obvious
that doubt remains about the relative contributions
(and form) of each term. In the present work we choose
the simplest formulation consistent with producing an
SST pattern close to the observations. As shall become
clear from the results described below, hindcast skill
depends sensitively on the relative roles of the first two
terms in (2.1), which in turn suggests that a focus on
the correct formulation of mixed-layer processes (par-
ticularly entrainment) should be a high priority for
ENSO studies.

We now discuss the details of the parameterizations
of the various terms in equation (2.1). The values for
the parameters introduced in what follows may be
found in Table 1 while a discussion of the choices made
may be found toward the end of this section.

We parameterize the influence of thermocline
movements on SST in the following manner:

TT(h) = AMx)M(K'), (2.2)
where we have defined
A(x)=7n for x= 140.3°W
=qp/eff for x<176.7°W (2.3)

TABLE 1. Parameter values for the ocean model.

Parameter Value
€ 272 X 1077571
» (maximum value) 3.40 X 10°%°Cm! 5!
eff 5.0
Pax 22.5m
¥ 5.78 X 1076571
T, (maximum value) .036°C m™'
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and a linear interpolation of values for intermediate
values of x; and also

M(h’) = hmax h, > hmax
= -hmax h < _hmax
=hn otherwise. 24

The parameter 7 is the SST efficiency of eastern Pacific
thermocline displacements while eff measures the ratio
of the eastern to western Pacific efficiency. The longi-
tudes chosen for defining eastern and western Pacific
efficiency regimes are the nearest model grid points to
the date line and 140°W. The variation in efficiency
is intended to reflect the observed fact that a given
upper-level heat anomaly (presumed to be a reasonable
proxy for a thermocline perturbation) is associated with
much bigger SST anomalies in the east than the west
[see, e.g., Inoue et al. (1987)]. A linearization by Hirst
(1990) of the ZC model shows this variation is al$o a
feature there with the physical justification being that
water at the base of the constant depth mixed layer is
less affected by thermocline displacements in the west
since the climatological thermocline is deeper. It will
also be a feature of any model that assumes a constant
entrainment into a mixed layer that shoals from west
to east as is observed (see below). In section 5 below,
we shall examine the sensitivity of hindcast skill to the
efficiency ratio parameter eff .

The purpose of (2.4} is to prevent runaway coupled
instability and to crudely mimic nonlinear behavior in
the system. A nonlinearity very similar to (2.4) was
recently used by Miinnich et al. (1991) in a study of
the effects of nonlinearity on idealized coupled oscil-
lators. A more complicated nonlinearity that essentially
has a similar effect in limiting the influence of %’ is
present in the ZC model and is essential in limiting
oscillations to finite amplitude [see Battisti and Hirst
(1989) for a good discussion]. The physical justifica-
tion is that for large enough negative perturbations, the
temperature of the subsurface water entrained into the
mixed layer becomes equal to the mixed layer tem-
perature and hence no larger negative SST anomalies
are possible. Similarly, if the thermocline becomes very
deep through a large positive thermocline displace-
ment, entrainment becomes negligible and so no fur-
ther reduction in entrainment cooling is possible.
Clearly, in practice these limits will depend on the mean
state of the mixed layer, which varies considerably
zonally (see below). We ignore such a complication
here and choose a zonally constant /... Again, how-
ever, we test model sensitivity to this parameter.

Turning now to Ekman-induced equatorial upweli-
ing anomalies and their possible influence on SST, we
note first the fact that there can be no influence on
SST of downwelling and therefore the only influence
is a cooling one during upwelling. We write, therefore,
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EUT(w,w)=—[AwW+ w')— AW)]T,
- (T—Ty
T, 7 (2.5)
where A is the Heaviside step function and w is the
vertical velocity at the base of the mixed layer, which
has depth H,,; T}, is the climatological value of the
subsurface temperature. The above formulation is
identical to the one chosen in ZC.
To obtain w we first model the mixed-layer shear
flow in an identical manner to ZC, Philips (1987), and
Neelin (1991):

Tx
Ve = By = Oy
v, + Byu, = (p;;, x (2.6)

where u, is the current shear between the mixed layer
and the subsurface layer; v is a strong damping coef-
ficient corresponding to strong vertical mixing. Note
that in regions away from the equator for which f = Gy
> 4, the flow is simply the classical Ekman one.

To obtain an expression for w, an expression for the
total current in the mixed layer is required. Again we
follow ZC and write

(2.7)

where the subscript g refers to the value derived from
the shallow-water equations and H is the depth of the
shallow-water layer. Both H and H,, exhibit in reality
quite strong zonal variation: the first because of the
strong change in stratification from east to west; the
second because of a similar zonal trend (see below).
Motivated by simplicity, we set the coefficient to a con-
stant value of 2/3, the value used in ZC. The vertical
velocity at the base of the mixed layer is then
W= HyV -ty = W+ 2w, (2.8)
where the subscript e refers to the Ekman-induced part
of the upwelling. In general, for the parameter choices
made in the current model for the shear damping
coefficient! v, the second Ekman part of the upwelling
is much greater than the first “shallow-water™ upwell-
ing. All experiments to be described below were con-
ducted with and without w, with virtually no change
in the results. Therefore, we henceforth ignore wy.
The evaluation of 7, in equation (2.5) is not
straightforward. In the ZC model, H,, = 50 m and thus

! Values required to obtain some measure of agreement with ob-
served and OGCM modeled values of near-surface upwelling veloc-
ities. :
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T, is simply the climatological temperature at 50 m,
which can be obtained from data. According to Levitus
(1982), however, H,, exhibits reasonably strong zonal
variation (being quite shallow in the east). The as-
sumption of constant H,, implies that 7, increases
markedly from west to east. If on the other hand, we
assume that H,, simply corresponds to the depth of
near-isothermal surface water, then T}, might be as-
sumed to be relatively constant zonally [this is the as-
sumption made by Anderson and McCreary (1985)]
and hence T, will depend on the compensating effects
of varying H,, and T. Such an identification of the
mixed-layer depth with isothermal depth is probably
incorrect in the far western Pacific due to the presence
of the so-called “barrier layer,” which involves vertical
salinity but not temperature fronts (see Lindstrom et
al. 1987). It is clear from this discussion that consid-
erable uncertainty attaches to the value for this im-
portant parameter. This uncertainty is crucial to
whether Ekman upwelling has a significant influence
on the SST equation or not.

This question has been open since the days of
Bjerknes, and according to an excellent recent review
by Cane (1992), considerable doubt on the issue still
remains. The issue is also an important one in ocean
general circulation modeling, as shall be discussed be-
low. In the present context, we adopt the simplest
strategy open: we set the value of T, to a constant and
then test the sensitivity of our results to justifiable vari-
ations in its value (these are discussed below).

It is of some interest to obtain an expression from
(2.6) for w, at the equator:

we(y=0)=L(V-?—é'rx). (2.9)
PoY Y

For the observed coherent scales for wind stress, the
second term on the right-hand side of (2.7) is generally.
an order of magnitude larger than the first. This implies
that to the extent that the nonlinearity associated with
the Heaviside functions in (2.5) can be ignored, that
the term EUT is essentially dependent on the local
zonal stress anomalies. Manifestations of this term in
the SST field may therefore be expected to exhibit a
similar locality. We shall return to this point later.

The final parameterization required is zonal advec-
tion. This may be written as

AT = —i, T — (T + T, (2.10)
where u,, is the equatorial mixed-layer zonal velocity
given by (2.7). Unlike the vertical velocity, both the
shear and shallow-water zonal horizontal currents are
important and we therefore retain both. It is worth
pointing out that Philander and Pacanowski (1980)
have provided model evidence that nonlinear effects
caused by the vertical advection of momentum are
probably significant in influencing the above currents.
These considerations are beyond the scope of the pres-
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ent publication but nevertheless should be borne in
mind when interpreting results. The variables required
for evaluating AT are calculated as follows: u; is cal-
culated using a fixed value for H,, of 50 m, u, is ob-
tained from the shallow-water equations discussed
previously, 7 from the monthly CAC SST climatology,
and the current climatology is calculated from a forced
model run with climatological winds (see below).

We now discuss observationally plausible values for
the crucial model parameters 5 and 7. We first assume
a fixed value 0f 2.72 X 1077 s™! for ¢ corresponding to
a temperature relaxation time scale of around 40 days
(see, however, the discussion below). Second, we con-
sider separately the steady-state SST response to a given
thermocline displacement (from the term 77) and
zonal wind stress change (from the term EUT).

If we assume that the value of | 4’| does not exceed
hmax, then we have in the eastern Pacific:

T’=zh’. (2.11)
Displacements #’' of order 15 m are typical during
ENSO extrema when the shallow-water equations are
forced with observed wind stress anomalies (see next
section), so if a value of 3.40 X 1078 °Cm™'s™! is
chosen for 5, we should expect a response of about 2°C
because the relaxation time scale for the dissipation
term is far smaller than the typical length of ENSO
events. This response can account for the entire ENSO
signal and we will regard it as maximal.

Turning to EUT and assuming that the response
region remains one of total upwelling then we have,
upon neglecting the first term in (2.7), a steady-state
response of

K
Ty=—r1%
€
with
K 287,
KL (2.12)
€ 3epsy

As noted above, v needs to be set to reproduce observed
values of equatorial upwelling. We choose the value of
5.78 X 107%s~!. A value for T, of 0.036°C m™" will
imply a response of 3°C for a stress anomaly of 0.05
N m™2, which is typical of ENSO extrema. We thus
regard this value for 7, as the maximal value that can
be justified observationally.

Notice that the above considerations are contingent
on the value for . We chose a value that gave a rea-
sonably rapid response time for anomalies compared
to the ENSO time scale. In section 5 below we conduct
a sensitivity experiment in the pure thermocline case
where e is varied but /e is kept fixed to preserve the
steady-state response.

The particular choices decided for model parameters
are displayed in Table 1.
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Finally we outline the wind forcing and coupling
procedure for the model: in order to force the ocean
model, the Florida State University (FSU) (Legler and
O’Brien 1984; Legler 1987, personal communication )
pseudostress product was converted to a stress using ¢p
= 1.5 X 1073 and a monthly climatology constructed
from the 1972-86 data. Departures from this clima-
tology were calculated and a 1-2-1 filter in time, lon-
gitude, and latitude were applied to the result to obtain
the product used to force the anomaly ocean model.?
Where mean quantities were required, they were cal-
culated by forcing the model with total stress for the
period 1961-1986 and the appropriate fields were cal-
culated for the same period from which the stress cli-
matology was constructed.

In coupled mode, the SST anomalies [ calculated us-
ing (2.1) and the fixed meridional structure] were
passed to the atmosphere every month where they were
superimposed on the monthly CAC SST climatology.
The resulting surface wind anomalies were used to
construct stress anomalies via the linearized stress law

(2.13)

with, in general, | W | = 6.5 m s™! being the assumed
background scalar wind. A linearized rather than fully
quadratic stress law was preferred on the grounds of
simplicity but also because the model first EOF of zonal
wind was judged to show better agreement spatially
with the observed first EOF of zonal stress than the
corresponding quantity for model stress.

In hindcast experiments, the ocean model was spun
up (commencing always in January 1969) to the hind-
cast date using the stress anomalies described above.
Thus, all oceanic variables at the start date for the
hindcast are determined by a long history of realistic
stress forcing of the ocean model. Following the start
date, stress anomalies are provided by the atmospheric
model, that is, the model is fully coupled as detailed
above. Each hindcast lasts for two years.

7' = pacp| Wi/,

3. Upwelling versus thermocline thermodynamics

In this section we vary the SST equation from a
regime dominated by Ekman-induced equatorial up-
welling to one dominated by thermocline displace-
ments. Zonal advection effects are considered in the
next section.

As mentioned in the Introduction, we shall examine
the behavior of the ocean model from the viewpoint
of forced response, coupled hindcast skill, and also the
nature of coupled oscillations.

2 Cardone et al. (1990) have shown that an artificial time trend
exists in the FSU data. For the period used here (1972-86) the evi-
dence from an EOF analysis of model SST taken from forced runs
(see next section ) indicates that this problem is not serious. We thus
leave the data untrended.
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The precise parametric variations for this section
consist of multiplying the maximum observationally
justifiable of T, by « and the maximum justifiable value
of n by 1 — « and varying « from 1 to 0. All other
parameters are as displayed in Table 1.

The forced behavior was examined by subjecting
equatorial SST anomalies to an EOF analysis. The data
consisted of the anomalies from the period 1972-86
produced after forcing the anomaly model from Jan-
uary 1969 to December 1986. The results for the zonal
pattern of the first EOFs may be found in Fig. 1a, while
the corresponding component time series are in Fig.
1b. The explained variance of the EOF varied smoothly
from 60% for « = 1 to almost 86% for &« = 0. The
striking feature of the spatial pattern is how the response
region changes from the central to eastern Pacific as o
decreases. This may be explained as follows: when «
= 1 the response of the ocean is essentially locally forced
by zonal stress anomalies. Above the diagram is a heavy
line indicating the longitude of greatest amplitude for
the first EOF of observed zonal stress (see Latif et al.
1990). The correspondence between the responses is
reasonably close, which supports the above assertion.
When « = 0 the response is dominated by thermocline
displacements, which, as is well known, are phase
shifted to the east of their forcing (see, for example,
Neelin 1991). The observed (from CAC analysis) first
EOF pattern of the 5°N-5°S averaged SST (which ex-
plains 69% of the variance) and its component time
series can be found in Fig. 1¢c. For comparison the cor-
responding quantities for o = 0 are also included. It is
clear that the spatial pattern shows better qualitative
agreement with lower values of « although the pattern
extends somewhat farther to the west than in the case
«a = (0. We return to this latter point in the next section
when the effects of zonal advection are considered.

The remarkable feature of the component time series
is the lack of variation with «. All show reasonable
agreement with the observed time series. Evidently,
assessing an ocean model from the component time
series of its first EOF is not necessarily a very revealing
test of performance; the spatial pattern is a better test.

The hindcast skill was assessed next. A sample of 59
two-year hindcasts were obtained with initial condi-
tions every three months commencing January 1972
and ending July 1986. The NINO3 SST index (SST
averaged over 5°N-5°S, 150°W-90°W) from the
model was compared with the observed values taken
from the CAC analysis. Anomaly correlation and rms
error skill were computed for the hindcasts and for
persistence as follows: Data was stratified with respect
to the number of months in the hindcast, that is, one
month, two months, etc., following the start date. Thus,
24 samples of 59 NINO3 values were considered. A
corresponding set of samples were taken from the ob-
servational record and for each of the 24 sample pairs
the correlation and rms difference were calculated. In
the case of persistence the model samples were replaced
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Fi1G. 1. EOF analysis of upwelling /thermocline experiments. (a) Spatial pattern along the equator for various
values of « (see text); contour interval is 0.2. The heavy solid line above the diagram is the region of greatest
amplitude of the first EOF of observed wind stress (see text). The heavy dashed line below the diagram corresponds
with the transition region for thermocline SST efficiency (see text). (b) The corresponding component time
series for the EOFs. (c) The observed first EOF of 5°N-5°S averaged SST together with the corresponding

“pure thermocline (« = 0)” model equatorial first EOF. The first diagram is the spatial pattern and the second
the component time series. The solid lines are the « = 0 model.
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FIG. 1. (Continued)

by 24 identical samples with the observational value
at the hindcast start date replacing the model value.
Persistence hindcasting thus corresponds to always us-
ing the observed start date value as a hindcast.

The above test of model performance is stricter than
verifying against the forced model values. Experience
with a range of coupled models has shown that high
skill in the second test can often be accompanied by
low skill in the more useful first test. This suggests that
results from the second test should be treated with cau-
tion. Further discussion on the two different tests may
be found in Graham et al. (1992).

The anomaly correlation skill curves can be seen in
Fig. 2a while the persistence skill is in Fig. 2b with the
o = 0 skill as reference. A very pronounced pattern is
evident with skill increasing unambiguously as « is re-
duced. For @ = 0 there are clear indications of skill
out to around one year. It is worth noting in this latter
case that the correlation at lag 0 is around 0.8, quite a
high value, which indicates the forced model is per-
forming well. Persistence is exceeded after around three
months which, by definition, must have a correlation
of 1.0 at lag 0.

The rms error skill displayed in Fig. 2¢ (with per-
sistence in 2d) shows a less clear pattern than the
anomaly correlation although it is evident for shorter
lags that better skill is obtained for values of « less than
0.5. In order to better understand these results and
their relation to Fig. 2a, we examine the mathematical
relation between rms error E and correlation r (see,
e.g., Snedecor and Cochran 1967):

E? =62+ 024 (to — #p)? — 2rc,0,,

(3.1)
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where the subscript o denotes an observed value, p re-
fers to the predicted value, o is the standard deviation,
and p is the mean. Neglecting the third term on the
right which is in general small, we note that the rms
error depends in a significant way on the variance of
the predicted time series. Thus, the explanation for the
small variation in E for 0 < « < 0.4 but large variation
in r for the same range is that the variance of the pre-
dicted time series declines (quite sharply for small lags)
as « increases, and this compensates for the decreasing
value of r (which would have increased F if the variance
had remained constant). This effect reflects the fact
that the coupled behavior becomes more stable as «
increases. It is also worth commenting on the rms error
at lag 0 which for « = 0 looks quite large at 0.72°C.
Since ¢, = o, at lag 0 we obtain

E=(2)"%,(1 —r)'/?, (3.2)

It is clear that to halve E would require increasing r
from 0.8 to 0.95! .

We turn our attention now to the nature of oscil-
lations in the coupled system and how they change as
o varies. We confine ourselves to two values for this
parameter, namely, 0 and 0.5. This enables some qual-
itative feel for coupled behavior.

For o = 0 the model was allowed to oscillate freely
for ten years, commencing July 1982 (the initial con-
ditions were exactly those used for the hindcast com-
mencing on this date), which was the beginning of the
large 1982-1983 ENSO. A Hovmoller diagram of
model equatorial SST can be found in Fig. 3a. As can
be seen, a strong warm event develops and then ter-
minates around a year later to be followed by a mod-
erate cold event. The oscillation induced by the initial
conditions decays fairly rapidly after a couple of years
showing that the model is basically stable.

A notable feature of the decaying oscillation is its
eastward propagation. This is somewhat unrealistic—
the observations for 1982-1983 show that a negative
anomaly did follow the warm event but was not as
active in the central Pacific as the model. In addition,
comparison of model predictions for the 1972 and 1987
warm events with observations showed that while the
character of the model predictions were much the same
as Fig. 3a, the observed anomalies showed virtually no
eastward propagation. We shall return to this point
when we discuss the effects of zonal advection below.

For the case a = (.5 it was found that the coupled
behavior was particularly stable with initial condition
anomalies being erased within months. This is consis-
tent with the drop-off in variance with a noted in hind-
cast experiments above. It was found, however, that as
the coupling strength was increased [the parameter
| W in (2.12) was increased ] a particular kind of os-
cillation developed after a few years of coupled inte-
gration. The form of this oscillation for {W| = 9.5
m s~' can be found in Fig. 3b, which has the same
format as 3a. The oscillation shows westward propa-
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F1G. 2. Hindcast skill at NINO3 for various values of «. (a) The anomaly correlation skill; contour interval
is 0.1. (b) The anomaly correlation of the pure thermocline model (solid line) and persistence (dashed line).
(c) rms error skill; contour interval is 0.1°C. (d) rms error of the pure thermocline model (solid line) and

persistence (dashed line).

gation and has a period of around 18 months. Also
notable is the asymmetry between warm and cold
phases. The warm events tend to be concentrated in
the central/western Pacific while cold events propagate
to the western boundary where there is some tendency
for them to intensify. In addition, the warm events are
around twice the duration of cold events. With respect
to the above qualitative features, this oscillation is sim-

ilar to that previously found both by Kleeman et al.
(1992) and Neelin (1991). In both of these latter mod-
els, simple atmospheres identical and similar, respec-
tively, to the one used here were coupled to OGCMs.
This suggests that both the terms EUT and TT are
important in both of the OGCMs used—a point made
by Neelin in the latter publication (and confirmed by
the author in the case of the first OGCM). It is also
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FIG. 2. (Continued)

worth noting that the correlation hindcast skill of the
first hybrid coupled model above is similar to the skill
seen for the case o ~ 0.5. The implication of the above
for OGCM modeling will be examined in the discussion
section below.

4. The effect of zonal advection

The major conclusion of the previous section was
that the term T'T is primarily responsible for hindcast

skill and the term EUT acts to strongly reduce this
skill. This implies that a “realistic” value of 7, is prob-
ably a quite small fraction of the maximal value in
Table 1. Because of this conclusion, we ignore the EUT
term for the rest of the paper and adopt except where
specifically mentioned, the maximal value for » dis-
played in Table 1. In this section we examine the in-
fluence on coupled behavior of including the term AT
with T7. :
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F1G. 3. Hovméller diagrams of model SST for six-year periods (see text). (a) Pure thermocline
model; contour interval 1.0°C. (b) The case a = 0.5; contour interval 0.3°C.
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Specifically the maximal value of » was multiplied
by the eight factors (1., 1., 1., 1., 0.75, 0.5, 0.25, 0.),
while the 47 term was multiplied by (0., 0.33, 0.67,
1., 1., 1., 1., L.). This method represents a gradual
ramping in of zonal advection followed by a removal
of the influence of thermocline displacements.

As in the previous section, the forced behavior was
first examined. The first EOF of SST was calculated
and accounted for a declining percentage of the vari-
ance as zonal advection became more important. Nev-
ertheless, in all cases, more than 50% of the variance
was explained. The spatial patterns can be found in
Fig. 4a, where three features stand out: first, as the
zonal advection becomes more important, the western
edge of the pattern shifts to the west (and hence initially
agrees better with the observations); second the mag-
nitude of the response diminishes sharply after 7 is
reduced from its maximal value; finally, the strongest
response remains in the east for all but the last two
settings where it shifts to the center of the basin.

The component time series displayed in Fig. 4b show
little variation except for the last two settings where
there is a sharp degradation in agreement with the ob-
servations.

Turning now to the anomaly correlation hindcast
skill located in Fig. 5a, we note that for the first four
settings there is a mild decline in skill at short time
lags with a given correlation level occurring around
two months earlier for the fourth as opposed to the
first setting. For longer lags there is some hint of in-
creased skill up to the third setting.

The rms error (Fig. 5b) shows a large increase for
the first four settings and then a sharp decline subse-
quently. This can be primarily understood through
equation (3.1) and the standard deviation pattern (Fig.
5c¢). This latter quantity shows a large increase as zonal
advection is ramped in and a strong decline as 7 de-
clines. The explanation is that the coupled model be-
comes more unstable with the zonal advection term
added but less stable as 77, the major contributing
term (see the forced response above ) to SST, is reduced.
Possible explanations for the increased instability when
zonal advection is increased include the increased zonal
extent of the SST anomaly [lower zonal wavenumbers
tend to be more unstable for thermocline thermody-
namics: see Hirst (1986)] and the possibility of larger
SST anomalies through the new term (anomalies due
to 7T are restricted by the nonlinearity).

We consider finally the oscillatory behavior. Illus-
trated in Fig. 6a is a six-year run of the fourth setting
initialized at July 1982. As can be seen, relative to the
first setting there is somewhat less evidence of eastward
propagation and also evidence of slightly greater zonal
extent. The agreement with observations of the 1982-
83 event is better as a result. Other events (for example,
1987 and 1972) show the same structure in the model
but a less propagating pattern in the observations. The
above effects can be more clearly seen by increasing
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somewhat the coupling strength parameter || in
(2.12) to 8.5 m s™!. In both the pure thermodynamics
case (Fig. 6¢) and the fourth setting (Fig. 6b) self-sus-
taining oscillations develop. The final six years of runs
commencing at July 1982 are displayed. As is evident
from a comparison with Figs. 3a and 6a, the nature
(aside from growth /decay) of the oscillations are little
changed by increasing the coupling strength. The re-
duced eastward propagation and greater zonal extent
in the zonal advection case is now evident. In these
respects the addition of zonal advection has increased
the realism of the oscillation.

5. Dependence of skill on the thermocline
parameterization

Given that hindcast skill seems to derive primarily
from the SST effects of thermocline perturbations, it
is of interest then to see how sensitive this skill is to
the details of the parameterization of 77. We consider
here five different tests of this sensitivity:

(a) zonal variation in the “efficiency” of thermo-
cline perturbations in causing SST anomalies,

(b) western boundary reflections,

(c) nonlinearity,

(d) the response time of SST to a given thermocline
perturbation,

(e) the shallow-water speed.

a. Zonal asymmetry

We vary the value of 1/¢ffin (2.3) from a value of
1 to 0. This corresponds to a variation from zonally
uniform thermocline efficiency to a situation where
western Pacific SST is insensitive to thermocline per-
turbations.

As in the previous section we begin by considering
the forced behavior of the model. The first EOF of
model SST was calculated and the spatial pattern is
shown in Fig. 7. The explained variance of this EOF
is again always high and varies monotonically from
88% for 1 /eff = 0. to 72% for 1/eff = 1.0. The spatial
pattern shows that as the thermocline efficiency be-
comes more zonally uniform, western Pacific SST
anomalies of the opposite sign to the eastern Pacific
anomalies become evident. When the efficiency is uni-
form this response is about the same magnitude as the
eastern Pacific response, which is not in agreement with
observations (see section 3). This confirms the use-
fulness of the A factor used in (2.1) in giving a better
SST response. The component time series (not shown)
show virtually no sensitivity to eff.

Looking now at the correlation hindcast skill vari-
ation (Fig. 8a), we observe that there is not a large
dependence of skill on eff. For lags of nine months or
less, it is evident that larger values of eff are in general
better to the extent that a given correlation level occurs
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around two months later than in the zonally uniform
case.

The pattern of rms error (Fig. 8b), as in previous
experiments, shows a different picture with a general
increase in error as eff is reduced. This tendency is
particularly pronounced at longer lags where the error
essentially doubles between eff = 3 and eff = 2. Ex-
amination of the variance of hindcasts (not shown)
shows that for longer lags (>1 year) there is also a
dramatic increase (from 0.2 to >2.0) over this param-
eter range and this serves to explain the increase in
error (see previous section). The explanation for this
behavior, as in the previous section, is that the coupled
model becomes more unstable over the above param-
eter range with the nonlinear parameterization (2.4)
preventing runaway and restricting the oscillation to
finite amplitude. To confirm the above analysis, a run
with eff = 2.0 was carried out with | W| reduced from
6.5 m s™! to 4.5 m s™'. The anomaly correlation was
not affected to any significant degree but there was a
large decrease in rms error, particularly for longer lags.

Turning to oscillatory behavior, we examine a six-
year run with eff = 2.0 to illustrate the typical behavior
at low values of eff. This can be seen in Fig. 9 where
a pronounced pattern is evident: a finite-amplitude os-
cillation propagating eastward with a period of just over
three years. The oscillation is very regular and is most
intense in the eastern half of the basin, presumably
because ¢ff > 1. There also seems to be some evidence
of asymmetry between warm and cold phases, which
increases to the west.

b. Western boundary reflections

This sensitivity experiment allows Rossby waves to
radiate away from the Pacific basin. The first EOF pat-
tern and component time series were computed as be-
fore but did not show a sensitivity to the western
boundary (not shown).

The only differences of note from the standard model
are a somewhat greater amplitude of the eastern basin
response relative to the western one and the fact that
the 1973 and 1975 cold events are not as well separated
without the boundary.

In contrast to the above weak sensitivity in the forced
case, the coupled behavior as manifested by hindcast
skill and the long-term coupled oscillatory behavior
response show a dramatic change. Figure 10 shows the
anomaly correlation and rms error. We note in the first
case a large decline in skill after around two months.
It is fascinating, however, to notice the closeness of the
skill to the standard model for these first two months.
It is worth observing that this time scale is approxi-
mately that for the gravest mode Rossby wave to prop-
agate from the central Pacific to the western boundary
and return as a Kelvin wave. The rms error shows a
strong growth after a month or so and saturates after
10 months at a quite high level. The explanation for
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this behavior can be found in the long-term oscillatory
behavior displayed in Fig. 11, which was initialized at
the beginning of the 1982-1983 warm event (July
1982): the model initially grows in a very similar man-
ner to the standard model but then locks in a perma-
nent warm event. The lack of oscillatory behavior
caused by the absence of a time-delayed negative feed-
back from the western boundary seems to be respon-
sible for the decline in skill and also the greater insta-
bility (which causes large rms errors). It is worth noting
that when this sensitivity experiment was performed
on a model with no zonal contrast in thermocline ther-
modynamical efficiency (i.e., with eff = 1.), a regular
eastward-propagating oscillation of period 3-4 years
was altered to a permanent warm event. This strongly
suggests that zonal asymmetry in ocean thermody-
namics (at least with respect to thermocline changes)
is not the reason for the appearance of the western
boundary sensitive mode here as has been suggested
by Hirst (1990). This point is examined further in the
discussion section below.

c¢. Nonlinearity

Nonlinearity was examined by altering /., from
22.5 m (which induces a steady-state SST anomaly of
around three degrees) to 15 and 30 m. Larger values
of hm.x than this latter value are not acceptable in the
current model because SST anomalies could occur in
the coupled model that the atmospheric model cannot
treat correctly [total temperature cannot approach
32°C—see Kleeman (1991)].

In summary, the impact of these changes was essen-
tially restricted to altering the amplitude: in the forced
case the amplitude of the first EOF was greater for larger
values of /... The correspondence of the normalized
component time series was almost exact except at the
peak of the 1982-1983 warm event where the larger
value of A, gave a larger event (relative to the 1972
event).

The model hindcast skill (see Fig. 12) shows little
sensitivity in the anomaly correlation but larger rms
errors for larger values of Ay,,,, which again is what
one would expect from larger-amplitude coupled be-
havior.

Confirming this point, the coupled oscillations
(commencing at July 1982) conformed to this pattern
with little change in the character of the oscillation as
hmax changes but the amplitude varying essentially lin-
early with /...

d. SST response time

In this sensitivity experiment, the response time of
SST anomalies to thermocline perturbations was varied
by changing ¢ but also adjusting 7 so that their ratio
remained constant. This ensured that the response
magnitude remained approximately constant [see Eq.
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(2.10)]. Denoting by ¢ the value of ¢ in the standard
model, the following parameter settings were chosen:
e =(3.0, 2.0, 1.67, 1.0, .83, .67, .47, .33)¢,. This cor-
responds to varying ¢! from ~2 weeks to ~4 months.

The first EOF was calculated for the forced case
and accounted for greater than 80% of the variance
for all the settings. The spatial pattern of the EOFs
(not shown) shows virtually no sensitivity to the
parametric variation. On the other hand, the com-
ponent time series shows some variation. As the re-
sponse time becomes longer, the time series becomes
smoother and also the phase shifts forward in time
by a few months.

With respect to anomaly correlation hindcast skill
(Fig. 13a) there is a small amount of sensitivity evident
with best performance, at lags of 4-12 months, being
for response times of 1-2 months. At longer lags there
is a hint that longer response times are better. The rms
error (Fig. 13b) shows an unambiguous decline as re-
sponse time increases. As before, examination of the
variance shows that this is the primary cause, again
apparently because the model is more unstable for
shorter response times.

The oscillatory behavior of the models was examined
by taking a six-year period initialized at July 1982. Two
parameter settings were examined corresponding to
long and short response times (e = 2¢, and .47¢,) with

the results displayed in Figs. 14a and 14b. As can be
seen, the decaying oscillations evident in both runs have
different periods with the longer period corresponding
to the longer response time. The qualitative character
of the oscillations remains unaffected.

e. Shallow-water speed

The sensitivity of behavior to the value chosen for
a shallow-water speed was seen as a worthy area of
study because Cane (1984) has demonstrated that in
order to account for the observed ENSO sea level
anomalies with a linear model, the first two vertical
modes are required. In his model these had shallow-
water speeds of 2.91 m s~ and 1.78 m s ™! so one might
expect a single-mode model with an intermediate value
to perform better. Of course a better test of this issue
would be to successively include the higher vertical
modes in the model. We defer such a study to a future
publication and simply vary the shallow-water speed
fromc=33ms !'tol.S5ms™".

As previously, the forced model first EOF was cal-
culated and accounted for greater than 80% of the vari-
ance in all cases. There was no sensitivity of the spatial
pattern to ¢. On the other hand there was some sen-
sitivity in the component time series. In general, the
smaller the value of ¢ the smoother the series; in ad-
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dition, a phase shift amounting to a few months occurs
between the highest and lowest speeds with features
occurring later in the latter case.

Examining anomaly correlation skill (Fig. 15a) we
see that our perhaps naive expectation above has been
met. The optimal “setting appears to be around 2.2 to
2.4 m s~! with the increase in skill being more apparent
at longer lags where there is a hint of skill in the second
year of the hindcasts. The falloff in skill about this set-
ting for lags less than a year is more pronounced for
smaller values of c.

The rms error (Fig. 15b) shows little variation above
1.7 m s~! but below this value there is a sharp increase,
particularly at intermediate lags. Examination of the
variance (not shown) shows a gradual increase to larger
values ( ~1.) for smaller values of ¢. This suggests that
the model is more unstable for lower values of c.
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FIG. 6. (a) Hovmoller diagram of SST for the (1, 1) mul-
tiplicative factor (zonal advection ) experiment over a six-year
period (see text); contour interval 1.0°C. (b) Same as (a) but
for increased coupling strength. (¢) Same as Fig. 3a but with
increased coupling strength.

The oscillatory behavior was examined for ¢ = 3.3
m s~!and 1.5 m s~! with the observation that, relative
to the standard model case, the period of the damped
oscillation increased as the shallow-water speed de-
creased. The general form of the behavior was, how-
ever, unaltered.

In most respects there was a symmetry between this
sensitivity experiment and the last with decreasing re-
sponse time giving a similar sensitivity to increasing
shallow-water speed.

6. Summary and discussion

A “family” of simple coupled models of the tropical
Pacific has been constructed with a fixed atmosphere
(which shows good agreement with observations) and
a series of ocean models whose thermodynamics vary.
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This has been done to isolate the essential features re-
quired in an ocean model for a coupled model to ex-
hibit realism. Realism has been assessed here mainly
by examining hindcast skill, but also by looking
at forced ocean and long-term oscillatory coupled
behavior.

The principal result is that high hindcast skill is de-
pendent on the SST equation being dominated by the
- influence of thermocline perturbations that are in gen-
eral a remote response to wind forcing. Additionally it
has been found that western boundary reflections are
critical to hindcast skill in the range of 2 to 12 months.
Such a result strongly suggests that negative feedbacks
generated by the western boundary are essential to re-
alistic coupled behavior and thus lends support to the
mechanism lying behind the “delayed action oscillator”
ENSO paradigm as proposed by Suarez and Schopf
(1988) and refined by Cane et al. (1990) and Schopf
and Suarez (1990).

An important negative result obtained is that the
realism of the coupled model declines sharply as Ek-
man-induced upwelling (which is, to a good approxi-
mation, a local response to wind forcing ) effects begin
to significantly influence the SST equation. Since this
term has been identified by Neelin (1991 ) and Philan-
der et al. (1992) (see also Kleeman et al. 1992) as an
important one in some ocean general circulation mod-
els, further investigation of this effect would seem war-
ranted. The present coupled model, with approximately
equal contributions to the SST equation from the up-
welling and thermocline terms, shows qualitative sim-
ilarity in its coupled and hindcast skill behavior to a
“hybrid” coupled model described in Kleeman et al.
(1992). This latter coupled model involves the at-
mosphere used here together with the Max-Planck-In-
stitut fiir Meteorologie tropical Pacific general circu-
lation model as described in Latif and Villwock (1990).
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This coupled oscillation is also quite similar to that
reported by Neelin (1990) except that the period is
around 1.5 years here against 3 years in the Neelin
hybrid coupled model. It would seem therefore that
overexcitation of this coupled mode, which is of quite
different character than the “delayed action oscillator”
coupled mode seen in the ZC model, can seriously
compromise realism. It is tempting therefore to spec-
ulate that such a mode is not an important part of the
current observed coupled system.

A somewhat similar sensitivity of coupled behavior
to ocean thermodynamics has also been found in cou-
pled general circulation models. When the same
AGCM was coupled to a coarse global and fine-reso-
lution tropical Pacific OGCM (Lau et al. 1992; Phi-
lander et al. 1992, respectively) ENSO oscillations of

(a)
Anomaly Correlation

T

— 1.0

10.9

0.8
#410.7
0.6
0.5
0.4
0.3

0.2
0.1

(eff)

) AL,
0 3 6 9 12 15 18 21 24

Hindcast Lag (months)

(b)
RMS Error

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

30.2
fm
L L A Lod 4 b4 0

0 3 6 9 12 15 18 21 24
Hindcast Lag (months)

L VA SR A B Ty

(eff) !

P 1

FIG. 8. Same as Fig. 5 but for the zonal asymmetry case.
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F1G. 9. Hovmoller diagram of SST for the case eff = 2 (see text);
contour interval 0.5°C.

quite different characteristics were seen. According to
Philander et al. the reason for the difference in behavior
is the prominence of the term w7, in the temperature
equation of the upper layers of the fine-resolution
model and its virtual absence in the coarse case. The

(a

-
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RMS Error

N®® oL veame N® OO

Hindcast Lag (months)

F1G. 10. Hindcast skill in the case of western boundary removal;
solid line is the no—western boundary case while the dashed line is
the standard model. (a) Anomaly correlation; (b) rms error.

JOURNAL OF CLIMATE

VOLUME 6

T TS xFo="1 6

,-/\'-‘z\_

i =~

\ L ~.
~~_-.558 )

“Na

et NN
1 .

\ L AN
L -~ __-.559 L]
> A PRRCR A
r\l~'v"v(
I A
] L T %
L "ol 559 iy
“\ry~s2 571

oo
1 -

_ o~
v
L‘ L Y
. “Nu557 -t
~ - v
_1,\r,\,\“"' .
[ 2

1 1 ' L 1

124E Longitude. 80W

FiG. 11. As in Fig. 3a but for the standard model
with western boundary removed; contour interval 0.8°C.

interpretation given to this term is the influence of
thermocline perturbations on SST (this follows because
such perturbations are manifest in the OGCM as sub-
surface temperature anomalies and are ““brought to the
surface” essentially by the model upwelling). In the
coarse-resolution model Lau et al. demonstrate that

(a)
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(b) 110 ¢
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FI1G. 12. Asin Fig. 10 but for nonlinearity. Solid line is the standard
model, short dash is the reduced /., case, while long dash is the
increased case (see text).
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F1G. 13. Same as Fig. 5 but for the varying
thermal response time experiments.

the terms that are essentially /ocally driven by winds
(u'T, and w'T,) are particularly important, and this
helps to explain the westward-propagating character of
the oscillations.

The current results provide strong evidence that
dominance of thermocline perturbations in the SST
equation (which is a remote response to wind forcing)
is required for realistic coupled behavior. Hindcast skill
is a particularly stringent and objective means of as-
sessing realism. The idea of thermocline perturbation
dominance has been raised repeatedly in the literature
[see, e.g., Seager 1989; Miinich et al. 1991; and ZC].
The evidence provided here is particularly strong be-
cause of the fact that a coupled model containing only
this effect and in a particularly simple form survives a
very rigorous test of its realism.

With regard to other sensitivities, it was found that
the forced and oscillatory behavior is somewhat im-
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proved by the inclusion of zonal advection. Surprisingly
perhaps, there was however a mild decline in anomaly
correlation hindcast skill. Given the crudeness of the
zonal current formulation [the results of McCreary
(1981) and Philander (1980) strongly suggest that more
complicated models are required] such a paradoxical
result is perhaps to be expected. Minor deficiencies in
the atmospheric model such as the overstrong far east-
ern Pacific winds may also be responsible.

The small sensitivity of anomaly correlation hindcast
skill to zonal asymmetry in the SST “efficiency” of
thermocline perturbations was rather interesting and
suggests that such asymmetries are not fundamental to
coupled behavior of the current model. As the results
of the previous section show, the zonally symmetric
model shows a very strong sensitivity to western

(a) T T T 3 T L) T T ¥ T <> 6
’/5 0.0
- o‘c": 15
H Qvo /,’—-~‘|
i .245 "_\ ‘:' . 4,‘,T
P - ==
- 1';2 < / LS [<}]
o s ! 1 3 3
A0 ‘Z, -t g
| 12F
11
; 0]
Longitude 80W
(b) T T '_; T DAO'-/-I L) T ¥ II 6
on \gf—a'o
0.0
| ; ~> ; . 15
N 0
., ‘< [y
B 0.0 ',\—-—' = 4

H /_j,
215 -2

w
i 3=
T < g
- 'H . ~ 2
- s .562 L 1
LI IQO\I 0
124E Longitude 80W

FiG. 14. As in Fig. 3a but for the standard mode! with increased
and reduced thermal response times (see text). (a) Increased response
time; contour interval 0.3°C. (b) decreased response time; contour
interval 1.0°C.
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boundary reflections suggesting that it is a “propagating
delayed action oscillator” and not a so-called SST mode
discussed by Neelin (1991).> This result seems to be
at variance with the results of Hirst (1988), who has
shown that the most unstable mode in a finite basin
has a similar structure to that observed here but is not
sensitive to western boundary reflections (A. Hirst
1992, personal communication). The temperature
equation used by Hirst differs in two respects from the
one deployed here in that the parameters n and ¢ have
different values (7 is an order of magnitude larger here)
and the present equation contains a nonlinearity.
These, together with the nonlinear atmosphere used

3 Such a mode arises solely from the SST equation and is not
dependent on wave effects.

JOURNAL OF CLIMATE

VOLUME 6

here [ Hirst used a linear Gill (1980) model with heating
proportional to SST anomaly], seem to be the only
possibilities for this fundamental difference in behav-
ior.* The fact that the oscillation seen here has regions
of peak SST with |2} = Ap. Suggests that thermocline
nonlinearity is likely to be important. If 4,,,, is varied
as in the previous section a similar behavior to the one
reported there occurs in the zonally symmetric oscil-
lation. The amplitude responds proportionately but the
period and character remains unaltered. Such behavior
has been reported previously by Battisti and Hirst
(1989) in their nonlinear delayed-action oscillator an-
alog of the ZC model.

The mild sensitivity of hindcast skill to the relaxation
time of SST to thermocline anomalies seems to be
connected with the variation in the period of the cou-
pled modes produced. A realistic period of 3-4 years
seems to give the best skill, as intuition would suggest.

Finally, the sensitivity of particularly the long lag
hindcast skill to variations in the shallow-water speed
was suggestive. As Cane (1984) has pointed out, the
first two vertical modes with shallow-water speeds of
291 ms~'and 1.78 m s™! are required on both theo-
retical and observational grounds to adequately model
ENSO sca level anomalies and hence probably ther-
mocline perturbations. This conclusion seems to be
indicated for coupled models also since an intermediate
shallow-water speed compared to the values mentioned
above performed best.

A number of conclusions and avenues of further
investigation flow naturally from the above results.
First, since thermocline perturbations are at the heart
of realistic coupled behavior it would seem that a good
depiction of OGCM upper-level equatorial thermal
structure should be an important consideration for
modelers. This conclusion has been drawn previously
for other reasons by modelers [see, ¢.g., Smith (1991)
on the relevance of these considerations to data assim-
ilation into OGCMs]. The fact that the mean thermal
structure in the regions of Ekman upwelling determines
the strength of the EUT term [see (2.5)] through its
determination of 7. also emphasizes the above point.

With regard to the hindcast skill seen here it is very
reassuring for future efforts to forecast ENSO that, apart
from Ekman upwelling, there was remarkably little
sensitivity (using NINO3 anomaly correlation as a
yardstick ) to the details of the parameterizations de-
ployed here. Compared to the ZC model (B. N. Gos-
wami 1992, personal communication) the optimal
model seen here (standard model with a reduced shal-
low-water speed) showed greater anomaly correlation
skill for the first seven months; equal skill in the range
of 7 to 12 months; and greater skill beyond this.

“1 am indebted to Tony Hirst for a discussion on this point and
also to comments by an anonymous reviewer.
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One obvious avenue for model improvement in-
volves the introduction of more vertical modes. Not
only will an “intermediate” value of the shallow-water
speed be produced naturally, but as McCreary (1981)
has shown, a better zonal current model will also result.
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