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ABSTRACT

Using a dynamically motivated analysis of observations, and an intermediate-level coupled model, the in-
terannual variability within the equatorial Atlantic is studied. It is found that a significant part of the observed
variability can be described by an equatorial coupled mode akin to ENSO (El Nifio-Southern Oscillation ).
The Atlantic mode signature is even more tightly focused on the equator and is situated proportionally farther
to the west within the basin than its Pacific counterpart.

Model simulations capture the equatorial coupled mode in relatively pure form and, for what are thought to
be the most realistic parameter choices, show interannual oscillations favoring a 4-year period, which are not
self-sustaining. The simulated spatial patterns agree well with those extracted from observations, including those
features that distinguish the Atlantic from the Pacific.

Sensitivity experiments show that the Atlantic coupled-mode signal is less robust than the corresponding
Pacific ENSO signal but is still well-defined qualitatively, within reasonable parameter ranges. The results dem-
onstrate that the primary mechanisms of oscillation for the Atlantic and Pacific are the same but that differences
in the zonal structure and strength of air-sea coupling and mean ocean stratification offset the large differences
in basin size, allowing similar oscillation periods for the two basin modes. An explanation for the distinct spatial
patterns of simulated Atlantic and Pacific anomalies is found in the differences in climatological mean fields
and ocean basin configurations.

Together, the observational and model results present a picture of equatorial Atlantic variability in which
coupled equatorial dynamics play an important but not exclusive role. It appears that the coupling is sufficiently

strong to leave its imprint on the total variability but too weak to dictate it entirely, even at the equator.

1. Introduction

For at least two decades, large-scale air-sea inter-
action has been the subject of intense study in the con-
text of the El Nifio-Southern Oscillation (ENSO). As
aresult, much has been learned about the mechanisms
of climate variability in the tropical Pacific, including
the active contribution of upper-ocean dynamics. There
have been many theories of how air-sea coupling in
the unique setting of the tropical Pacific gives rise to
ENSO-like interannual variability (e.g., Philander et
al. 1984; Cane and Zebiak 1985; McCreary 1983;
Suarez and Schopf 1988; Battisti and Hirst 1989; Cane
et al. 1990; Jin and Neelin 1993). There are different
emphases among these studies but they are more alike
than different. For what is thought to be the most re-
alistic parameter range, they all assign an important
role to upper-ocean dynamics. The ocean accounts for
much of the “inertia” of the coupled system and in-
troduces temporal phase lags that help sustain inter-
annual oscillations.
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While ENSO accounts for the largest single contri-
bution to interannual climate variability globally, it is
not the only source, particularly for the extratropics
and the Indian and Atlantic ocean sectors of the tropics.
A number of studies have documented climatic anom-
alies in regions surrounding the tropical Atlantic. Spe-
cific areas that have been studied include the Carribean
(Hastenrath 1976), northwest Africa (Lamb and Pep-
pler 1991), the Sahel (Lamb 1978a, 1978b; Lough
1986; Palmer 1986; Lamb et al. 1986; Folland et al.
1986; Wolter 1989; Lamb and Peppler 1991), the Gulf
of Guinea coastal region ( Wagner and da Silva 1993),
the region in and around Angola (Hirst and Hastenrath
1983a, 1983b; Kousky et al. 1984 ), and northeast Bra-
zil (Hastenrath and Heller 1977; Hastenrath 1978;
Markham and McLain 1977; Moura and Shukla 1981;
Hastenrath et al. 1984). Many of the above studies
show clear relationships between regional climate
anomalies and tropical basin-scale patterns of Atlantic
SST, sea level pressure, and wind. In comparison, the
associations with ENSO appear weaker (Hastenrath
and Kaczmarczyk 1981; Lamb and Peppler 1991;
Wright 1986), with the possible exception of Northeast
Brazil (Covey and Hastenrath 1978; Kousky et al.
1984).

Many of the observed anomalies accompanying ex-
treme precipitation events in the tropical Atlantic ap-
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pear as amplifications or temporal phase perturbations
of the annual cycle (Hastenrath 1984). The same can
be said of ENSO anomalies for the eastern Pacific re-
gion (Ramage 1977), though in the western Pacific the
interannual variability is as large as the annual vari-
ability and exhibits some different features. The simi-
larity between the two basins does not stop here, how-
ever. In some instances, such as during 1983 /84, con-
ditions in the tropical east Atlantic exhibit variations
notably similar to the classical El Nifio (Philander
1986).

One cannot help wondering whether the same phys-
ical mechanisms of air-sea interaction responsible for
ENSO in the Pacific could give rise to the distinct cli-
mate variability in the Atlantic. Apart from the obvious
differences in dimension and geometry of the two ba-
sins, there is nothing about the physics of tropical air—
sea interaction that a priori singles out the Pacific basin.
Of course, the differences in dimension and geometry
are not minor and no doubt contribute to the distinct
climatologies of the two regions. Considering only the
east Pacific, however, even the climatologies bear close
resemblance.

Hirst and Hastenrath (1983a,b) investigated some
aspects of equatorial air-sea interaction in the Atlantic
in accounting for rainfall anomalies in Angola. They
found evidence for remote forcing of east Atlantic SST
anomalies by zonal wind anomalies in the western ba-
sin. The importance of west Atlantic zonal winds was
also highlighted by Servain et al. (1982) and McCreary
et al. (1984). Such characteristics of remote forcing
are of course well known for the Pacific in conjunction
with ENSO (Wyrtki 1975), reinforcing the notion of
dynamic similarity between the two basins. No pre-
vious study, however, has addressed Atlantic variability
in the context of fully coupled dynamics.

The purpose of this paper is to explore precisely this
issue for the equatorial Atlantic using marine obser-
vations and a simple model whose physics, in the setting
of the tropical Pacific, describes the salient features of
ENSO (Zebiak and Cane 1987; hereafter ZC). One of
the questions to be pursued is, Can the same processes,
operating in different settings, explain the similarities
and the differences in observed variability? To this end,
some relevant observational results will first be pre-
sented, followed by a description of the model, simu-
lation results, discussion, and conclusions.

It must be stated that the present study is limited in
that the dynamics of atmosphere~land surface inter-
action are excluded. While this may not seem a major
shortcoming to studying the central Pacific, more than
5000 km from the nearest continent, the situation is
clearly different for the Atlantic. Here, the potential
exists for land processes to actively contribute to cli-
mate variability over the entire domain. The intention
of this study is not to argue for or against such effects
but rather to investigate the specific consequences of
air-sea coupling in the region.
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2. Data

In the following, reference will be made to observed
SST and pseudostress anomalies for the tropical Pacific
and Atlantic basins. Pacific SST data are derived from
the Climate Analysis Center analysis (Reynolds 1988),
obtained monthly on a 2° by 2° grid, spanning the
period 1970-1991. Monthly anomalies are calculated
using the climatological monthly means from the same
source and are then subjected to a 1-2-1 filter in lat-
itude, longitude, and time.

Pacific pseudostress data derive from The Florida
State University analysis (Goldenberg and O’Brien
1981), also for a 2° by 2° grid, spanning the period
1961-1991. Monthly anomialies are subjected to
smoothing and detrending as described in Cane et al.
(1986).

Atlantic SST and pseudostress data derive from the
analysis by Servain et al. (1987), available on a 2° by
2° grid for the period 1964-1988. Monthly SST and
pseudostress anomalies are subjected to the same pro-
cessing as the corresponding Pacific fields.

3. Observational results

Several authors have analyzed the variability of
tropical Atlantic sea surface temperature (e.g., Weare
1977; Hastenrath 1978; Lough 1986; Servain and Leg-
ler 1986; Houghton and Tourre 1992) in terms of
principal components. Time series from any of these
studies reveal a moderate amplitude interannual signal.
Though much smaller than observed in the tropical
Pacific, this SST variability appears significant, with
Systematic links to regional climate anomalies (Moura
and Shukla 1981; Lamb et al. 1986; Lough 1986; Pal-
mer 1986; Wolter 1989). However, different analyses
have produced different interpretations of Atlantic
variability. Some, for example, have characterized a
dominant mode of SST variability as a north-south
dipole, while others suggest two distinct, uncorrelated
modes (see Houghton and Tourre 1992; Servain 1991).
Most principal components studies highlight regions
of the higher-latitude tropics and show considerable
variability on time scales of decades. Neither is true
for the Pacific; the dominant ENSO signature is clearly
focused on the equator, and its temporal variability is
strongly focused at 3-5-year time scales. It is perhaps
for this reason that little attention has been paid to
identifying common modes of variability between the
two basins.

Our understanding of the dynamics of ENSO, re-
sulting from numerous observational and modeling
studies, offers an alternative means of identifying cou-
pled-mode signals in the Atlantic (or elsewhere). The
active role played by equatorial upwelling dictates that
the SST signature is largest at the equator (apart from
dynamically distinct coastal regions). The thermally
direct and local nature of atmospheric response near
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the equator determines a well-defined circulation pat-
tern accompanying positive and negative SST anom-
alies. The question of whether there exists Atlantic
variability akin to ENSO can be reduced to whether
these particular signatures are present.

The dynamics suggest near-equatorial SST as a good
index of coupled-mode variability. We examine this
first in the Pacific setting, by computing temporal cor-
relations between the index NINO?3 (area-averaged SST
anomaly, 5°N-5°S, 150°W-90°W) and SST and
pseudostress anomalies at all tropical Pacific locations.
The particular index NINO3 is chosen because it in-
cludes the interior basin area with largest interannual
variance. Figure 1 displays the spatial structure of the
correlations for SST, and zonal and meridional pseu-
dostress fields, computed over the period 1970-1991.
In all instances, the familiar mature ENSO signatures
are captured unambiguously. Notable features include
warming of the entire eastern and central tropical Pa-
cific, weak cooling of the west Pacific, strong central
Pacific westerly anomalies, equatorward anomalies as-
sociated with displacements of both the South Pacific
convergence zone (SPZC) and intertropical conver-
gence zone (ITCZ), and cyclonic circulation flanking
the southeast Pacific pole of the Southern Oscillation.
Even the vector field made up of the pseudostress com-
ponent correlations is meaningful in terms of actual
circulation composites or vector wind EOFs. This ver-
ifies that the analysis method is capable of achieving
its goal—isolating equatorial coupled-mode signatures.

Turning next to the Atlantic, we apply the same
analysis, based in this case on the period 1967-1988
(a segment of equal length to that for the Pacific anal-
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ysis but slightly nonoverlapping due to the different
periods of the datasets—see section 2). We define an
index, ATL3, as the area-averaged SST anomaly over
3°N-3°S, 20°W-0°, again chosen on the basis of vari-
ance amplitudes. Correlations of SST and pseudostress
anomalies against ATL3 are shown in Fig. 2. The sim-
ilarities to ENSO patterns are striking and unmistak-
able. Not only is there a well-defined equatorial sig-
nature in SST and winds, but one that conforms to the
same dynamical constraints as its Pacific counterpart
in terms of SST structure and the relative circulation
features. We interpret this as strong evidence of an At-
lantic equatorial coupled mode, dynamically akin to
ENSO. There are, however, some distinctions. First,
notice that the correlation amplitudes are lower in the
Atlantic analysis, on average by about 30%. Whereas
the ENSO mode expldins a large percentage of the total
variability, its Atlantic counterpart explains a more
modest amount. This implies relatively larger contri-
butions of remotely forced variability or dynamically
distinct modes in the Atlantic.

The Atlantic SST structure differs from the Pacific
in extending across the entire basin at the equator, with
no sign reversal, and in extending less far poleward,
especially in the Northern Hemisphere. Note also that
the coherence between equatorial and eastern coastal
SST is much less in the Atlantic. Consistent with the
SST differences, the Atlantic circulation features are
displaced proportionally farther to the west in the basin
than in the Pacific and are slightly more focused on
the equator. An intriguing similarity is the cyclonic
circulation in the southern latitudes of each basin, sug-
gesting an Atlantic pressure oscillation analogous to
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FIG. 1. Correlations between Pacific SST and pseudostress anomalies and the index NINO3.
Lower-right panel presents the zonal and meridional component correlations as vectors.
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the Southern Oscillation that is linked to the equatorial
coupled mode. ’

The time series of NINO3 and ATL3 are shown in
Fig. 3. The standard deviation of ATL3 is half that of
NINO3-—a considerably smaller, but hardly insignifi-
cant interannual signal. ATL3 shows very little decadal
variability; in fact, its variability characteristics are not
decidedly distinct from NINO3, apart from slightly
larger contributions from annual and seasonal time
scales. Note, however, that NINO3 and ATL3 are un-
related; their correlation is —.07. The Atlantic coupled
variability associated with ATL3 is not simply an ex-
tension of ENSO. This could be anticipated from the
spatial structures, which by analogy with ENSO pat-
terns are indicative of local interaction; and not merely
remote forcing. The Atlantic variability described by
Fig. 2 and the ATL3 index appear quite different from
the more antisymmetric patterns that have been high-

NINO3 and ATL3 indices
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FIG. 3. Time series of observed NINO?3 (solid line ) (averaged Pacific
SST anomaly, 90°W-150°W, 5°N-5°S) and ATL3 (dashed line)
(averaged Atlantic SST anomaly, 20°W-0°W, 3°N-3°S).
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lighted in many previous studies (e.g., Hastenrath 1978;
Lamb 1978a; Servain 1991). The two are not entirely
distinct, however, since the node of the so-called dipole
as found in all studies is well north of the equator, in
the climatological ITCZ region. Indeed, the SST pattern
of Fig. 2 coincides well with the southern component
of the dipole mode defined by Servain (1991). Not
surprisingly, then, many of the year-to-year fluctuations
of Servain’s dipole index coincide with those of ATL3.
In marked contrast, however, is the substantial decadal
variability of the dipole index, as compared with ATL3.
The lower-frequency contributions arise largely from
the Northern Hemisphere sector (north of 5°N; Servain
1991), with possibly some contribution from the off-
equatorial Southern Hemisphere region.

Looking at individual maps of SST and wind anom-
alies (e.g., in Picaut et al. 1985), it is easy to find in-
stances in which an off-equatorial monopole or a dipole
pattern is dominant, and other instances in which an
equatorial pattern like Fig. 2 is dominant (especially
during the northern summer months). The years 1967
and 1968, associated with extremes in Sahel precipi-
tation, primarily feature the equatorial pattern during
northern summer (Lamb 1978b). A recent study by
Wagner and da Silva (1993) shows that interannual
variations in precipitation over the Gulf of Guinea
coastal region are correlated with an SST and wind
pattern almost identical to Fig. 2. Thus, the equatorial
coupled mode, though not a complete descriptor, is an
identifiable and potentially important component of
Atlantic variability. For the present purposes of inves-
tigating equatorial air-sea interaction, it is this mode
that will be the focus henceforth.
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How well do the Atlantic and Pacific coupled-mode
structures account for the full variability specifically at
the equator? Figure 4 shows equatorial SST anomalies
for the western, central, and eastern longitudes of each
basin. In the Pacific, the eastern and central regions
tend to vary out of phase with the western region,
whereas in the Atlantic, all longitudes tend to vary to-
gether. Pacific anomalies are small in the west, and
amplified toward the east, whereas Atlantic anomalies
are more nearly equal at all longitudes. These features
are completely consistent with the coupled-mode sig-
natures of Figs. 1 and 2. As noted above for ATL3, the
Atlantic has more high-frequency variability. This takes
the form of seasonal time scale “events” (as in 1984 )
superimposed on interannual oscillations. Also, ex-
treme values tend to occur at different times in the two
basins: during midyear for the Atlantic, and near the
end of the year for the Pacific.

An issue not yet addressed is the evolution of
“events.” By construction, our correlation analysis
tends to depict the structure of mature anomalies. It
cannot describe any evolution in structure—in partic-
ular, propagation characteristics. A representative pic-
ture of this aspect of coupled-mode variability is pro-
vided by equatorial longitude-time sections, shown in
Figs. 5 and 6. It can be seen that east Pacific SST
warmings are generally preceded by weak positive
anomalies in the western region, and sometimes show
slow eastward migration, as in 1982. During other
events, such as 1972 and 1976, positive anomalies ap-
pear to migrate westward from the eastern boundary,
so that the central Pacific warming lags that in the east;
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FIG. 4. Upper panel: equatorial Pacific SSTA at 145°E (solid line),
165°W (dotted line), and 115°W (dashed line). Lower panel: equa-
torial Atlantic SSTA at 40°W (solid line), 20°W (dotted line), and
0°W (dashed line).
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F1G. 5. Observed equatorial SSTA as a function of longitude and
time for the Pacific and Atlantic basins. Units are degrees Celsius.

this is also apparent for the cold episode of 1988. Thus,
there is no single evolution pattern with respect to lon-
gitudinal phase relations. Looking to the Atlantic, in-
dividual events also differ in structure. Several of the
larger events affecting the central region (as in 1967,
1968, 1979, 1981) have little amplitude in the east, in
accord with the generic coupled-mode signature of Fig.
2. There are exceptions, however—notably in 1984,
when an event more like the classical Pacific El Nifio
occurred [though much shorter lived; see Philander
(1986) and references therein]. Overall, one sees little
evidence of systematic anomaly migration in the At-
lantic. Rather, the variability appears more as quasi-
stationary patterns, preferentially but not exclusively
focused in midbasin.

Looking next to zonal wind stress (Fig. 6), eastward
migration is conspicuous in the Pacific, though strong
amplification near the date line introduces a large sta-
tionary component to the variability. There is com-
paratively very little signal in the east. This last point
is equally true for the Atlantic, but otherwise there are
striking differences. First, there is no migratory com-
ponent to Atlantic zonal wind stress variability; the
structure is stationary. Moreover, the strongest vari-
ability is situated in the western portion of the basin,
as opposed to the interior basin in the Pacific case.
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FIG. 6. As in Fig. 5 except for zonal wind stress.
Units are 0.01 N m~2.

Notice that despite the longitudinal differences in
SST and zonal wind structure between the two basins
there is a common overall SST~zonal wind relation-
ship. For either ocean, the appearance of coherent
warm (cold) SST anomalies coincides with westerly
(easterly) changes in zonal wind immediately to the
west. For the Pacific, however, the SST and wind pat-
terns are strongest in the eastern and central regions,
respectively, whereas in the Atlantic the SST and wind
patterns are strongest in the central and western regions,
" respectively. The similarity in the SST-zonal wind re-
lationship is suggestive of common dynamics, and not
surprisingly, is well captured by the coupled-mode pat-
terns derived above.

Collectively, the observational results reinforce the
notion of dynamically similar-coupled modes operating
in the two oceans but also present interesting questions
concerning the differences in positioning, time scale,
and strength of interannual variability. A logical next
step in addressing these issues is the application of a
model embodying the hypothesized common physics.
It is to this model that we turn next.

4. Model description

The model formulation parallels that of the ZC
ENSO model exactly; only a brief summary and listing
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of specific modifications for the Atlantic will be given
here. The governing equations are identical to ZC: they
describe oceanic and atmospheric anomalies relative
to prescribed monthly varying climatological condi-
tions. Oceanic dynamics are represented by the time-
dependent, linear shallow-water equations and are
augmented by a diagnostic, fixed-depth surface layer
in which the entire Ekman transport is realized. Within
this surface layer, a relatively complete temperature
anomaly equation is carried, including horizontal and
vertical advection terms for both the mean and anom-
alous circulation, and a simple Newtonian damping
parameterization for anomalous surface heat flux. The
monthly climatological surface temperature is specified,
as is the climatological vertical temperature gradient
and thermocline depth. The temperature anomaly of
water entrained into the surface layer is parameterized

‘in terms of thermocline displacements (identified with

upper-layer thickness anomalies). Only when there is
net upwelling does the entrainment temperature impact
the surface-layer thermodynamics. Climatological
mean surface currents (including upwelling) are de-
rived from the same dynamical model driven by cli-
matological surface wind stress.

The atmosphere model dynamics are described by
steady, linear, shallow-water equations as in Gill
(1980). The forcing is parameterized as the sum of
two contributions, one relating directly to SST anom-
alies and another depending on the low-level conver-
gence. The latter effect is intended to represent the
feedback of moisture convergence and enhanced con-
vective heating on the circulation (Zebiak 1986); it is
nonlinear, since only when the total wind field becomes
convergent does this process become active. The cli-
matological surface wind convergence is specified from
observations.

Coupling is achieved in the following manner. The
ocean affects the atmosphere only through the SST
anomaly field, which comprises part of the atmospheric
heating as described above. The atmosphere affects the
ocean only through surface wind anomalies, which are
converted to stress anomalies using a quadratic bulk
formula, and utilizing the specified climatological mean
wind.

For the present study, the atmosphere model pa-
rameters are chosen identical to the standard case in
ZC, as there is no physical basis for doing otherwise.
The specified climatological mean winds are obtained
from the Atlantic Hellerman and Rosenstein (1983)
climatological stress by inverting the relation 7
= pCpllu|lu and taking pCp = .0035 kg m~>. The un-
usually large effective drag is meant to compensate for
representing mean stresses in terms of long-term mean
winds (i.e., to compensate for the loss of the variance
contribution ).

Several modifications are made to the ZC ocean
model for adaptation to the Atlantic. First, the basin
geometry is changed; whereas the Pacific model basin
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FiG. 7. Climatological annual mean temperature at the equator
as a function of longitude and depth (in meters).

is rectangular (with limits 29°S, 29°N, 124°E, 90°W),
for the Atlantic an idealization of the South American
and African coastlines is incorporated (see the basin
outlines in Fig. 11). This is thought to be the simplest
meaningful representation of Atlantic basin configu-
ration over the latitude range 29°S to 29°N and com-
parable in realism to the rectangular approximation of
the Pacific model.

The Atlantic standard physics specification uses an
equivalent depth of 40 cm, as opposed to 86 cm for
the Pacific. The chosen value lies between that of the
first and second internal modes (57 and 19 cm, re-
spectively), as both are known to contribute signifi-
cantly to the variability (Blumenthal and Cane 1989).
Results with alternative equivalent depth specifications
have also been obtained and are presented in section 6.

The remaining adjustments for the Atlantic are mo-
tivated by Fig. 7, which shows the climatological ther-
mal structure along the equator in each ocean basin
[from Levitus (1982) climatology ]. Both oceans feature
a shallow thermocline in the east, tilting downward
toward the west, but the Atlantic has no counterpart
to the central and western Pacific warm pool. Accord-
ingly, the mean thermocline depth, the mean mixed-
layer depth, the mean surface temperature, and the
mean depth of individual isotherms are all less in the
Atlantic.

The Pacific model surface-layer depth and mean
thermocline depth are 50 and 150 m, respectively; the
Atlantic counterparts are chosen to be 30 and 80 m.
The mean vertical temperature gradient (just below
the surface layer) is specified in the same range as for
the Pacific between about 140°W and 80°W, as sug-
gested by Fig. 7. The final difference lies in the speci-
fication of the vertical temperature gradient anomaly.
As described in ZC, this has the form

ZEBIAK
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(1)

where 7" is the surface temperature anomaly, 7 is a
subsurface temperature anomaly, and Hr is the mean
depth at which T is evaluated. For the Pacific, Hy was
taken to be 100 m, corresponding to a depth slightly
greater than that of the basin-mean isothermal layer.
A much smaller H; is appropriate for the Atlantic; for
the standard case we choose Hy = 40 m. As a param-
eterization for T, the model uses the form

A,| tanh m — tanh —h—) if Ah=0
T = h h

d = - -
h—nh h .
Az(tanh< i ) — tanh(h—z)) if h<O,
(2)

where £ is the calculated upper-layer thickness (ther-
mocline depth) anomaly; 4,, &, are vertical scales for
thermocline temperature changes; 4, 4, are temper-
ature scales; and / a specified mean thermocline depth
(as a function of longitude). The values of /# range
between 120 and 40 m for the Atlantic, as suggested
in Fig. 7. This is in the same range as for the eastern
half of the Pacific but considerably smaller than the
175-m maximum in the warm pool region. Table 1
lists the values of 7, and % for both the Pacific and
Atlantic models.

The Pacific specifications for A, and A, are 80 and
33 m, the latter giving a stronger dependence of 7'} on
7. For the Atlantic, we take #; = 80 m and 4, = 40 m
as standard specifications but also examine other
choices in sensitivity experiments. The values for A4,
and A, are set to give the same 7' for a given £ at the
location where A = Hy in each basin. The Atlantic
(Pacific) values are +18 (+28) and —20 (—40). This
specification amounts to assuming similar thermocline
structures, despite differences in the mean position. The
choice is somewhat arbitrary but reasonable; again, al-
ternatives are examined in section 6.

Among the differences between the two models, the
most significant are the equivalent depth and the sur-
face-layer depth (and related H7). Whereas the equiv-
alent depth strongly affects the upper-ocean dynamic
adjustment time, the surface-layer depth strongly affects
the surface-layer thermodynamic response time. In
comparison to their Pacific counterparts, the Atlantic

T.=(T"—-Ta)/Hr,

TABLE 1. Specifications of mean thermocline depth (%; units in meters) and mean vertical temperature gradient (7; units in °C m™") for
the standard Pacific and Atlantic models, given at ten equally spaced longitudes spanning the respective basins.

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
Pacific i _ 165 165 165 168 175 125 90 71 53 50
Atlantic & 120 100 85 75 65 55 50 45 45 45
Pacific T,_ .020 .020 .020 018 013 .029 .043 055 .055 055
Atlantic 7, 020 025 .030 .035 .040 045 .050 .053 .055

048
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specifications result in a slower dynamic adjustment Model TAUX - PAC Mode! TAUX - ATL
time but a faster thermodynamic response time. These & "1 " :i'/? T &F g

issues will be pursued further below.

5. Results from the standard model

A coupled model run was initiated with an imposed
easterly stress anomaly in the western equatorial At-
lantic, held for four months and then removed. The
resulting simulated ATL3 shows that rather weak in-
terannual oscillations occur for a period of about 20
years and subsequently decay (Fig. 8). A parallel ex-
periment with the Pacific model reveals the difference
in interannual variability. As described in ZC, the Pa-
cific model produces self-sustaining aperiodic oscilla-
tions of rather large amplitude (on average somewhat
larger than observed ), with a favored period of 4 years.
In comparison, the Atlantic model variability, even
initially (while under the influence of initial condi-
tions), is two to three times smaller; however, the -
characteristic oscillation time is very similar. Experi-
ments with numerous other initial conditions confirm
these findings.

Time in Years
12

8

Also noticeable in Fig. 8 is that the simulated Atlantic ol EE VT ) ° -
anomalies are relatively more modulated by the annual S0E 180W  110W
cycle than their Pacific counterparts. This has the effect Longitude
.Of focusing “./hat can be. ldentlﬁ.ed as lndlwd}lal warm- F1G. 9. Equatorial zonal wind stress from the
ing and cooling events into periods of duration one to standard case simulations (0.01 N m~2).

two seasons, centered on northern summer / fall. In ad-
dition to being longer-lived, the Pacific “events” tend
to reach maxima around the end of the year. Similar

. .. R . Model SSTA - PAC Model SSTA - ATL
contrasting characteristics were found in observations - [T T - [T
(Fig. 4). S LI N —— & N o]

Additional detail of the model simulations is pro- ) — ] | 1
vided by longitude-time sections of zonal wind stress .

and SST at the equator (Figs. 9 and 10). The most
striking contrast between the two simulations is the
relative longitudinal displacement of anomalies.
Whereas the model Pacific wind stress and SST anom-

16

12

Model ATL3 g
L L g
£
) )
E
'—
1 @®
R R R |
50 75 100
Model NINO3 -
—_— 77T
- -
< -
I ]
Do
!
Yoo oooO oo VoY s o M TS B SRR E
0 25 50 75 100 150°E 160'W 110'W wow 0
Time in Years Longitude Longitude
F1G. 8. ATL3 and NINO3 from the standard case experiments F1G. 10. Equatorial SSTA from the
with the Atlantic and Pacific coupled models, respectively. standard case experiments (°C).
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F1G. 11. SSTA and wind anomalies during a cold event (upper panels) and a warm event
(lower panels) of the standard case Atlantic simulation.

alies are centered in the central and eastern portion of
the basin, respectively, the model Atlantic anomalies
are in each instance displaced westward; that is, the
wind stress and SST anomalies are largest in the western
and central portions of the basin, respectively. This
systematic difference is in excellent agreement with
observations (Figs. 5 and 6). The correspondence be-
tween wind and SST anomalies is very close in both
models, more so overall than in observations. This is

Model SSTA 1 - PAC

to be expected, as the models contain only the physics
responsible for large-scale air-sea coupling; they have
few sources of “noise” and no nonlocal forcing.
Examples of simulated SST and wind anomaly maps
for warm and cold events are shown in Figs. 11 and
12. Most of the similarities and differences between
Pacific and Atlantic events correspond well to the ob-
served structures (Figs. 1 and 2). The principal com-
mon feature is the obvious equatorial focusing. Among

Model Wind Anom 1 - PAC
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F1G. 12. As in Fig. 11 except for the standard case Pacific simulation.
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the differences are the zonal positioning and the degree
of hemispheric asymmetry. For both warm and cold
episodes, simulated Atlantic SST anomalies extend
only slightly north of the equator, with no correspond-
ing reversal to the south. In contrast, Pacific anomalies
are more symmetric, extending to the higher-latitude
tropics of either hemisphere. The simulated Atlantic
patterns are somewhat more asymmetric than the ob-
served (Fig. 2), making the distinction between Atlan-
tic and Pacific patterns even more pronounced than
in nature. Note that the Atlantic simulations do not
show strong (and unrealistic ) wind reversals in the east
that are characteristic of Pacific simulations. From the
study of Zebiak (1990) one can deduce that the absence
of appreciable eastern-Atlantic easterlies (westerlies)
during warm (cool) events is due to the SST anomalies
being more equatorially confined. This results in a
smaller excitation of atmospheric Kelvin waves relative
to Rossby waves and a lesser zonal wind response to
the east of the strongest forcing region.

Another important component of the coupled vari-
ability is upper-ocean heat content. As shown in many
studies (e.g., ZC; Harrison 1989; Battisti 1988; Zebiak
1989; Graham and White 1988; Chao and Philander
1993; Jin and Neelin 1993; Neelin et al. 1992), fluc-
tuations in upper-ocean heat content are both system-
atic and significant in the evolution of ENSO. In Figs.
13 and 14 we show time-longitude sections of upper-
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FiG. 13. Upper-layer thickness anomalies (in meters) as a function
of longitude and time for years 1-20 of the standard Pacific simulation.
From left to right are cross sections centered at 8°S, the equator, and
8°N, respectively. The data have been latitudinally averaged over a
4° interval and have been smoothed with a 1-2-1 filter.
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FI1G. 14. Asin Fig. 13 except for the standard Atlantic simulation.

layer thickness (i.e., heat content) anomalies at three
different latitudes (8°S, the equator, 8°N) for the Pacific
and Atlantic simulations. The Pacific results are con-
sistent with previous studies; there is evidence of west-
ward propagation associated with Rossby waves at 8°S
and 8°N, and a tendency for slow eastward propagation
in the central Pacific at the equator. At all three lati-
tudes, the signal has a strongly forced character, indi-
cated by the phase reversals in the basin interior. This
is the result of strong wind forcing in the central Pacific
associated with the extremes of ENSO. There is no
direct evidence of free-wave signals at the equator, the
free-wave Kelvin speed being more than ten times faster
than the eastward migration speed of coupled anom-
alies.

The Atlantic simulation shows general characteristics
very similar to the Pacific; namely, the westward prop-
agation at 8°S and 8°N, and eastward migration ten-
dency at the equator. At 8°S and the equator, there is
a distinctive stationary component to the variability,
as is true for the Pacific, but the phase reversals tend
to be situated proportionally farther west in the basin.
This is of course consistent with the differences in po-
sitioning of zonal wind stress, as described above. Per-
haps the most striking difference between the two sim-
ulations is seen at 8°N. Whereas for the Pacific the
variability at 8°N closely parallels that at 8°S (a nearly
symmetric pattern); in the Atlantic case the variability
at 8°N is quite distinctive. In fact, the Atlantic 8°N
signal has nearly a free Rossby wave character across
most of the basin. This marked asymmetry between
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