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ABSTRACT

A hybrid coupled model for the tropical Pacific ocean-atmosphere system is used to simulate Ei Nifio-
Southern Oscillation (ENSO) interannual variability and to investigate the role of coupling in the seasonal
cycle. An ocean GCM (OGCM) is coupled to an empirical atmospheric model that specifies a wind stress field
from a given sea surface temperature (SST) field. The stress is estimated by singular value decomposition of
the covariance between observed surface wind stress and SST fluctuations. Two versions of the atmospheric
model are employed: one includes only spatial patterns of the atmospheric feedbacks associated with interannual
variability, whereas the other also includes spatial patterns associated with the annual cycle. In the latter version,
wind stress coupling in the seasonal cycle is modeled on the same basis as in the interannual variability. The
seasonal cycle enters through prescribed heat flux and is modified by momentum-flux feedbacks. In the OGCM,
two vertical mixing schemes—Philander-Pacanowski (PP) and a modified scheme—are used.

Simulated ENSO anomalies have a reasonable spatial structure compared to observations, and the form is
not strongly sensitive to the atmospheric model or mixing scheme. SST anomalies evolve largely as a standing
oscillation, though with some westward propagation; heat content evolution is characteristic of subsurface
memory, consistent with a mixed SST-ocean dynamics mode regime. In the absence of the seasonal cycle, the
ENSO period is affected by vertical mixing: about 2.3 years for the modified scheme and slightly less than 2
years for the PP scheme. Indications of irregular or multifrequency behavior are also found. Interaction with
the seasonal cycle frequency locks the interannual signal to a quasi-biennial period. The seasonal cycle in the
eastern Pacific is well simulated by the coupled model. Wind stress feedbacks are an important part of the cycle
near the equator but are not the sole factor in producing westward propagation along the equator. The seasonal
cycle in the western Pacific shows great sensitivity to the mixing scheme. With the PP scheme, small errors in
the uncoupled simulation are amplified by coupling; with the modified scheme, great improvements are obtained.
These differences also provide an example of nonlinear interaction between ENSO and the coupled seasonal
cycle. With the PP scheme, the amplitude of the ENSO signal increases with coupling, but at strong coupling
competition with ENSO can decrease the amplitude of the seasonal cycle in the cold tongue region. However,
with the modified scheme, although the irregularity of interannual variability is increased, stronger coupling
does not affect the amplitude of the coupled seasonal cycle in equatorial SST. Simulating the seasonal cycle on
the same basis as interannual variability thus provides much stronger constraints on subgrid-scale parameter-
izations than simulating ENSO alone.
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Coupled ocean-atmosphere models of several levels
of complexity have been developed to study tropical
ocean-atmosphere interactions, especially the El Nifio—
Southern Oscillation (ENSO) phenomenon. These in-
clude simple models (e.g., Philander et al. 1984; Gill
1985; Hirst 1986; Neelin 1991), intermediate coupled
models (e.g., Cane and Zebiak 1985; Anderson and
McCreary 1985; Battisti 1988; Schopf and Suarez
1988), hybrid coupled general circulation models
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(Neelin 1990; Latif and Villwock 1990), and coupled
general circulation models (e.g., Mechoso et al. 1995;
Latif et al. 1993a,b; Philander et al. 1992). The class
of *“hybrid coupled models” (HCMs) consists of an
ocean GCM (OGCM) coupled to a simplified atmo-
spheric model, which represents the steady-state at-
mospheric response to oceanic boundary conditions.
This design makes use of the fact that the ocean is the
important source of memory for the coupled system,
and the atmosphere can be effectively treated as the
“fast,” adjusted component. For the tropical domain,
temporal variability in the system is therefore due pri-
marily to the coupling. This aids an understanding of
the inherent properties of the coupled system in the
absence of stochastic forcing by noncoupled variability.
The hybrid model presented here is of a type first in-
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troduced by Latif and Villwock (1990), which makes
use of an empirical atmospheric component. Several
other such models are currently being developed (Bar-
nett et al. 1993; M. Fliigel 1993, personal communi-
cation), all of which are based on the assumption that
for monthly or longer timescales, contemporaneous
correlation between wind stress and SST is associated
with the atmosphere’s rapidly adjusted response to the
SST pattern nonlocally throughout the basin.

In addition to the role of ocean—atmosphere coupling
in producing interannual variability, there are indi-
cations that aspects of the seasonal cycle in the tropical
Pacific are strongly influenced by such feedbacks. For
example, the seasonal maximum and minimum of SST
and zonal wind stress have a tendency to propagate
westward along the equator (Horel 1982). Several
studies have postulated interactions between the annual
and interannual timescales (e.g., Rasmusson and Car-
penter 1982; Wallace et al. 1989; Meehl 1990). The
onset of the El Nifo events, for instance, tends to co-
incide with the warm phase of the seasonal cycle. We
present here an approach to modeling coupled feed-
backs in the seasonal cycle on the same basis as in the
interannual variability. In particular, the “momentum
feedbacks,” that is, those due to the wind stress response
to SST anomalies, are estimated for the departure of
the seasonal cycle from annual average in addition to
interannual anomalies.

This approach provides an additional challenge to
the coupled model compared to simulation of the in-
terannual variability about a fixed seasonal cycle. Our
purpose is to understand the role of coupling within
the seasonal cycle and the relationship between seasonal
and interannual timescales. More detailed description
of this coupling approach is provided in section 2. The
empirical atmospheric model and OGCM are described
in sections 3 and 4, respectively. Section 5 analyzes
the results of “coupled seasonal cycle” experiments, in
which both seasonal cycle and interannual variability
are concurrently simulated. The inherent interannual
variability in the absence of the seasonal cycle is ad-
dressed in section 6 to compare with that in the coupled
seasonal cycle experiments. Sensitivity studies are pre-
sented in section 7. In each section, effects of two ver-
tical mixing schemes upon coupled feedbacks in ENSO
and seasonal simulations are examined.

2. Coupling approach
a. Heat flux parameterization

The atmospheric component includes both param-
eterization of heat flux-and momentum feedbacks. The
surface heat flux parameterization as formulated by
Oberhuber (1988) includes observed heat flux [as es-
timated from the Comprehensive Ocean-Atmosphere
Data Set (COADS) data] and a linearized negative
feedback term Qnoder = Qobs — A Tmodel — Tobs), Where
« is the negative feedback coefficient, O represents the
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net heat flux into the ocean, and T denotes SST. The
magnitude of this negative feedback coefficient, re-
sulting from the tendency of fluxes out of the ocean
surface to increase with increasing SST, is important
to the behavior of the system. In Oberhuber’s calcu-
lation, this coefficient is estimated using bulk formulae
for evaporation, sensible heat, etc. and taking the partial
derivative with respect to SST assuming that atmo-
spheric quantities do not vary with SST. Most impor-
tantly, the change of the atmospheric boundary layer
moisture with SST is neglected, resulting in a consid-
erable overestimate of the negative feedback. To resolve
this problem, we use the same linearized form as Ob-
erhuber and his values for the observed heat flux but
with the negative feedback coefficient recalculated ac-
cording to Seager et al. (1988). This parameterizes the
atmospheric boundary layer moisture as following SST
at a given fraction é of the saturation value g, (SST).

The dependence of solar radiation on SST through
cloudiness is neglected in the negative feedback term,
but partial derivatives of latent heat flux, sensible heat,
and longwave radiation are included. The latent heat
flux is computed from the standard formula using a
fixed subsaturation factor 6 = 0.73, chosen to match
the average over the tropical Pacific domain. A drag
coefficient Cp = 1.2 X 1073 is used and a minimum
wind speed of 4.5 m s~! is imposed, acting as a param-
eterization for the contribution of high-frequency wind
excluded in the monthly COADS wind speed data. The
sensible and longwave radiative heat losses are com-
bined and approximated as contributing a constant
value of 1.5 W m~2 K ! to the negative feedback coef-
ficient. Outside the Tropics (beyond 20°N and 20°S),
Seager’s negative feedback coefficient is gradually
blended with Oberhuber’s estimate. A map of our neg-
ative feedback coefficient and relevant equations are
presented in appendix A. Within the tropical Pacific
basin, the horizontal distribution is consistent with both
Oberhuber’s and Seager’s parameterizations, with lower
magnitudes appearing mainly in the warm pool region
along the western boundary and the cold tongue area
along the eastern boundary. In both areas, the values
estimated using Seager’s formula, approximately —20
W m~2 K™, are about one-half of Oberhuber’s cal-
culation.

The modification of the negative feedback term with
Seager’s scheme reduces the damping effect of the
fluxes, which tends to restore model SST toward an
equilibrium temperature To = Tops — @ 'Qops. The
reduction of the negative feedback can be significant
to the instability and equilibrated amplitude of inter-
annual oscillations. However, due to the reduction of
the negative feedback in the warm pool region, where
the ocean model is unable to transport the heat flux as
estimated by Oberhuber, the smaller negative feedback
coefficient tends to result in higher SST. Relative to
schemes that fix the atmospheric boundary layer tem-
perature and moisture, and thus essentially fix SST,
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this heat flux scheme allows much more freedom for
SST. In seasonal cycle simulations, seasonal informa-
tion enters the heat flux through Quus and T, With «
being fixed at its annual-average value.

b. Momentum feedbacks: Seasonal versus
interannual

The empirical atmospheric model describes a linear
nonlocal relationship between wind (pseudo-) stress
anomalies and SST anomalies, estimated from obser-
vations using a singular value décomposition (SVD)
technique as described in section 3. The fundamental
assumption is that the causal relation producing these
correlations is due to the atmospheric response to SST
boundary conditions; this is based on results of both
simple atmospheric models and atmospheric GCMs,
and relies on the separation of adjustment timescales
between ocean and atmosphere. In coupling, an SST
anomaly pattern from the ocean model is projected
onto the SST component of the stress—-SST modes. The
corresponding wind stress anomaly pattern is then re-
constructed, multiplying the pseudostress by an at-
mospheric density p, = 1.27 kg m~ and using a drag
coefficient Cp = 1.2 X 1073, The stress anomalies are
further multiplied by a scalar parameter—the relative
coupling coefficient—Dbefore being added to the cli-
matological wind stress field to force the ocean again.
This procedure is carried out at a coupling interval (1
day for all runs described here) over which SST is av-
eraged before the reference state (discussed below) is
subtracted to produce the next SST anomaly. Coupling
is active only in a domain from 20°S to 20°N.

Two versions of the atmospheric model were esti-
mated. In the principal version, anomalies are defined
with respect to the long-term annual average. The at-
mospheric model thus attempts to include the annual
cycle response of the winds to SST in addition to in-
terannual anomalies; we refer to this version as SVDAI
hereafter. The wind stress patterns associated with the
seasonal cycle are assumed to be forced by the seasonal
cycle of SST anomalies (i.e., departures from annual
average). This is reasonable over most of a basin the
size of the Pacific, although there is some risk of at-
tributing to SST winds forced by continental effects
near the coasts. The second version, referred to as
SVDI, uses anomalies defined with respect to the mean
seasonal cycle and thus models only the wind response
to SST typical of interannual anomalies. The coupled
response to both these versions is compared in some
cases without seasonal cycle to estimate the effects of
the two approaches on the simulation of interannual
variability.

In the runs described here, coupling is carried out
in two ways. For experiments without the seasonal cy-
cle, standard one-way flux correction is used: a cli-
matological stationary point is created by defining SST
anomalies with respect to a ‘‘seasonless” ocean cli-
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matology, that is, the response to prescribed annual-
average stress and heat flux (i.e., Qus ). For experiments
with the seasonal cycle, the heat flux is specified as a
function of season, but the specified climatological
winds are seasonally invariant and the seasonless ocean
climatology still serves as the reference state in defining
SST anomalies. The seasonal cycle of winds is produced
through the SVDAI model response to changes in SST;
in other words, the momentum feedbacks are fully
coupled processes. This approximates the realistic sit-
uation where the seasonal cycle enters through the solar
component of the heat flux, and the winds and ocean
respond in a coupled manner. Here, the net observed
heat flux is specified, so we can isolate the role of the
momentum feedbacks in the coupled seasonal cycle.
Both seasonal and interannual timescales are included
and can interact in this type of experiment.

3. Estimation of empirical atmospheric models

The empirical atmospheric models used in this study
are estimated using SVD of the covariance matrix cal-
culated from the time series of pairs of observed
monthly mean fields. The objective of each model is
to determine statistically optimized coupled modes of
variability that can be used to define a field of wind
stress, using as input a field of SST anomalies. Two
versions are estimated as referred to in section 2. For
the SVDAI model, both annual and interannual re-
sponses of winds to SST are retained. The SVDI model
is derived from the same data but with the annual cycle
removed before calculating covariances between grid-
point time series.

a. Data

Observed monthly mean SST and surface pseudo-
stress data 7, for the 19-yr period from January 1970
through December 1988, are used to derive the em-
pirical atmospheric model. The SST data were analyzed
at the U.S. National Meteorological Center using both
in situ and satellite observations (Reynolds 1988). The
7 vector fields were subjectively analyzed at The Florida
State University (Legler and O’Brien 1984). For this
study, both SST and 7 fields have been averaged onto
a 187-point grid with 4° lat X 8° long resolution cov-
ering the tropical Pacific basin between latitudes 20°N
and 20°S.

We denote SST fields as 7;(¢) and zonal and merid-
ional components of the vector pseudostress as u;(?)
and v;(t), where i denotes a particular grid point and
t is a particular month. The two stress components at
each grid point are treated as independent scalar vari-
ables for this analysis by combining the u and v fields
for each month into a single field w;(¢). This treatment
is less efficient in terms of variance capture than a more
general complex analysis of stress vectors (Legler
1983), but comparison of EQFs derived from separate
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scalar components (not shown) with Legler’s vector
EOFs suggests that the differences are probably not sig-
nificant.

b. Singular value decomposition

Singular value decomposition operates on the matrix
Cy;, whose elements are the covariances between T;
and w; (ie., Cy(T, w) = (T,~w,->, where the brackets
denote a time average over all 228 months). In the
SVDAI model, the 19-yr climatological annual mean
values of T and w are subtracted from each gridpoint
value before taking the cross product; in the SVDI
model, 19-yr climatological means for each calendar
month are first removed. Neither model attempts to
capture the spatial structure of the long-term (annual)
mean, which is prescribed from the data.

As discussed in detail by Bretherton et al. (1992),
the eigenvectors Ty, of the matrix CC” (where the su-
perscript T denotes the transpose operator and the
subscript k£ is a mode number) and the eigenvectors
w,. of the matrix C7C are called the singular vectors of
the 7 and w fields, respectively. The first k eigenvalues
of CCT and C”C are equal and nonzero (k = min(i,
J), in this case 187) and are called the singular values;
we denote them o2, ranked in thé usual order from
largest to smallest. The singular values represent the
squared covariance accounted for by each pair of sin-
gular vectors.

The projection of T on T, has the maximum co-
variance with the projection of w on w, relative to any
possible pair of patterns T and w. The projections of
succeeding pairs of singular vectors T, and w; have the
maximum covariance relative to any possible pair of
patterns that are orthogonal to the preceding singular
vectors. In this sense, the SVD model defines an em-
pirically optimized set of coupled modes. For com-
parison, canonical correlation analysis (CCA) [used
by Graham et al. (1987) and Barnett et al. (1993) in
other statistical studies of coupled ocean—-atmosphere
variability across the tropical Pacific] optimizes the
correlation between patterns of variability. For the’
tropical SST and stress fields considered here, either
optimization criterion effectively describes patterns of
large-scale variability similar to those derived from EOF
analysis applied to either field separately, and the results
are not sensitive to the choice of CCA or SVD. Nigam
and Shen (1993) have applied rotated principal com-
ponent analysis of combined fields in a similar context.

The time series of expansion coefficients (denoted §
or w) associated with each singular vector is the pro-
jection of the vector (T or w) onto the time series of
fields (T or w) associated with it, analogous to the ex-
pansion coefficients associated with EOFs. We then
divide 8, and w, by their respective standard deviations
and multiply the singular vectors by the same quan-
tities. Thus, the time series of expansion coefficients
becomes unit normal variates and the gridpoint values
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of the singular vectors are dimensionalized with units
of SST (K) and pseudostress (m? s~2).

The first 20 singular values for the SVDAI and SVDI
models are plotted in Fig. 1. The first singular value of
the SVDAI model is associated with the 12-month har-
monic and is far off scale; subsequent singular values
are more comparable to the SVDI model. The sequence
of singular values is used to determine the number of
modes to retain in the model; typically one cuts off
retention at an empirically determined mode number
beyond which the variance (or in this case covariance)
drops off sharply, as in the “scree test” of Cattell (1966)
or the “shelf test” of O’Lenic and Livezey (1988). Such
dropoff points can be seen after modes 1, 2, 3, and 7
of the SVDALI series; modes 8-20 seem to belong to a
“continuum” of explained covariance, which may be
plausibly interpreted as noise. In the SVDI series, no
obvious dropoff point is seen beyond mode 1. From
consideration of the sequence of SVDAI singular values
and examination of the eigenvectors, we chose to in-
clude the first seven coupled modes for each model.

The coupled model results from projecting a
monthly mean T field (an observed field or one pro-
duced by an ocean model) onto the first seven SST
singular vectors to derive an empirical estimate of w.
Because the expansion coefficients have been normal-
ized, 0, and w; have the same amplitude and the re-
lationship between the two is optimally given by w(?)
= f,(¢). Estimating a stress field from an SST field
involves the following steps:

1) Project T onto the first SVD mode of SST (T,)
to obtain a dimensional value of 4.

2) Normalize 6, through division by the variance
of T associated with mode k.

3) Relate 8, to w; by w; = 8.

4) Multiply the first SVD mode of stress w; by w;
to obtain w;.

Singular values
(1996) O .
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&-4 SVD| - 40
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123468567 10 15 20
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FIG. 1. Singular values of modes 1-20 of the SVDAI analysis
(squares) and the SVDI analysis (triangles), units K m? s7%. The first
singular value of SVDAI has a value of 1996 K m? 572, which is far
off scale. The inset plot reproduces the singular values for modes 4-
20 on an expanded ordinate scale, shown along the right-hand side.
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a) first singular vector SVDAI vyields less subannual variance. Thus, both SVD models
v — 20 ms2 effectively act as low-pass filters for the stress anomalies
2N A o AN by passing only the stress variance coupled to the rel-
10NF atively slow-changing SST field.
Eq Maps of the first three SVDAI dimensionalized sin-
osh gular vectors of SST and stress and their associate:d
208 X nondimensional expansion coefficients are shown in
Figs. 2, 3, and 4. The first pattern pair (Fig. 2) describes
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FIG. 2. Spatial patterns and time series associated with the first
mode of the SVDAI model. (a) Dimensional patterns of SST and
stress derived from the first pair of singular vectors. Contour interval
for SST is 0.2°C, with negative contours dashed and the zero contour
plotted extra thick. Scale for stress vectors is shown at the top of the
plot. (b) Nondimensional expansion coefficients for the patterns
shown in (a); SST time series plotted as a solid line, stress time series
plotted as crosses.

5) Repeat steps 1-4 for subsequent modes.
6) The orthogonality of the modes implies that the
total field w is the sum w; + wy + « - « + w5,

c. SVDAI and SVDI model results

Averaged over the entire domain of active coupling
(equatorward of 20°), slightly less than 40% of the
zonal stress variance, and about half of the meridional
stress variance, is accounted for by fluctuations of SST
in the SVDAI model. Considering only variability with
periods greater than 1 year, however, the stress variance
yielded by the SVDAI model is almost 80% of that
observed, and averaged over just the grid points within
10° of the equator the SVDALI stress fields exhibit over
90% of the variance of the observations. Thus, the re-
duction from the observed stress variance in the
SVDAI(6) stress fields is mostly due to the removal of
subannual, off-equatorial fluctuations. At least some
of this uncoupled stress variability may be a result of
errors in the subjectively analyzed stress fields across
regions of poor sampling (Zebiak 1990), but it seems
likely that much of the variance not captured by the
SVD technique is real and represents the considerable
fraction of stress variability that is not coupled (lin-
early) to SST fluctuations.

The SVDI model captures almost the same amount
of low-frequency variance as the SVDAI model but

an annual cycle (12-month harmonic) in SST and
stress, as shown by the expansion coefficients. In the
western half of the basin (west of about 150°W), T,
and u, (the zonal component of the first stress mode)
both exhibit annual cycles approximately symmetric
about the equator with warm 7 and eastward « in local
summer in both hemispheres; the amplitude of T, in
the west increasing monotonically poleward, and wu,
exhibiting maximum amplitude at about 10°N and
10°S. In the eastern half of the basin, the annual cycle
of the cold tongue along and just south of the equator
is captured by T, and the seasonal movement of the
intertropical convergence zone (ITCZ) is described by
v;, the meridional component of the first stress mode.
Almost half the total SST variance is accounted for by
the stress component of mode 1; a smaller fraction
(roughly one-third, slightly more for v and slightly less
for u) of the variability of the stress fields is accounted
for by fluctuations of SST. Almost none of the variance
of SST or zonal stress near the equator is associated
with this mode.

The second pattern pair (Fig. 3) has combined
characteristics, describing the component of the annual
cycle in quadrature with mode 1 and also describing

a) second singular vector

20NF
10N

Eq
108

208

b) expansion coefficients
—— §85T

++ + stress

G RN a4 0 =+ N
Al k2

FIG. 3. As in Fig. 2 but for the second mode of the SVDAI model.
Contour interval for the SST pattern is 0.2°C (as in Fig. 2a), but the
scale for the stress vectors is halved compared with Fig. 2a.
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FiG. 4. As in Fig. 3 but for the third mode of the SVDAI model.

interannual fluctuations associated with El Nifio. The
pattern of T, shows an equatorially centered, zonally
elongated anomaly extending eastward from the date
line with maximum amplitude offshore at 110°W.
Warm events (El Nifio) are characterized by the ab-
sence of the seasonal oscillation of the expansion coef-
ficients from positive to negative values in midyear in
1972, 1976, 1982, and 1986-87. The positive phase of
T, (warm water on the equator) is coupled to eastward
stresses in u, over the western half of the warm water
patch and weak westward stresses east of the T, SST
maximum; that is, zonal stress anomalies converge
onto the SST maximum (the model is linear so all
signs are reversible). Meridional (southward) stress
anomalies similar in amplitude to the eastward anom-
alies are directed across the SST anomaly gradient
north and west of the SST anomaly center. The me-
ridional anomalies south of the equator are weaker but
still convergent.

The third pattern pair (Fig. 4) describes a broad
SST fluctuation centered on the equator at the date
line, with a smaller center (in terms of both spatial
extent and amplitude ) near the American coast. Mode
3 tends to lag mode 2 by a few months, indicating the
known propensity for the phase of the seasonal cycle
(and El Nifio anomalies) to propagate westward. The
spatial phase relationship between 7" and u along the
equator in this mode is different than that found in
mode 2: here the (eastward) zonal stress anomalies lie
right on top of the (warm) SST anomalies. The merid-
ional stress anomalies converging onto the equator in
either hemisphere are only half as large as the zonal
anomalies. Almost half of the SST variance at the
equator and date line is accounted for by w3, and almost
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half of the zonal stress variance along the equator be-
tween about 160°W and 160°E is accounted for by 6.
Each of the first three modes of the SVDAI model

. contains a prominent annual cycle, indicating that the

annual cycles of SST and stress cannot be captured by
a single standing oscillation (or even two): a result
consistent with previous diagnostic studies showing that
the amplitude and phase of the seasonal cycles of SST
and stress vary considerably across the tropical Pacific
(Horel 1982). The blending of annual cycle and El
Nifio anomalies is consistent with many studies that
have demonstrated that the latter tend to be phase-
locked with respect to the former (Rasmusson and
Carpenter 1982).

Modes 4-7 (not shown) are typically smaller in scale
and have higher-frequency temporal variability. Mode
4 contains a prominent semiannual fluctuation, and
modes 6 and 7 describe other near-equatorial anomaly
patterns (capturing variance in regions where the local
amplitudes are small in the higher-order modes).

Figures 5 and 6 show maps of the first two singular
vectors of the SVDI model. Mode 1 of the SVDI model
is very similar to mode 2 of the SVDAI model within
10° of the equator (compare Fig. 5a with Fig. 3a). The
expansion coefficients associated with this mode, with
the seasonal cycle now removed, track the temporal
fluctuations of the Southern Oscillation index. Mode
2 (Fig. 6) reaches its largest amplitude during the 1982~

a) first singular vector

20N
10N

108

208

b) expansion coefficients

— 88T + + + stress

70 72 74 76 78 80 82 84 86 88

FIG. 5. Spatial patterns and time series associated with the first
mode of the SVDI model. (a) Dimensional patterns of SST and stress
anomalies derived from the first pair of singular vectors. Contour
interval for SST is 0.2°C, with negative contours dashed and the zero
contour plotted extra thick. Scale for stress vectors is shown at the
top of the plot. (b) Nondimensional expansion coefficients for the
patterns shown in (a); SST time series plotted as a solid line, stress
time series plotted as crosses.
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a) second singular vector
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FIG. 6. As in Fig. 5 but for the second mode of the SVDI model.

83 warm event and describes a dipole of SST and zonal
stress anomalies, with anomalies of SST and « of one
sign to the east of 160°W and the opposite sign to the
west of 160°W. The expansion coefficients of the stress
component exhibit a weak but identifiable biennial
spectral peak (Gutzler 1993); the biennial tendency is
most pronounced in the 1970s when no comparable
signal exists in the SST expansion coefficients.

We emphasize that in the coupled model, only the
spatial patterns associated with the singular vectors are
important: the atmospheric component produces the
stress patterns shown in response to the SST patterns
shown. No time domain information comes from the
atmospheric model.

4. Ocean model simulation

The ocean component used in this study is a version
of the Geophysical Fluid Dynamics Laboratory Mod-
ular Ocean Model (R. Pacanowski, K. Dixon, and A.
Rosati 1991, personal communication), a 3D primi-
tive-equation GCM based on Cox (1984). The ocean
domain covers the Pacific basin from 30°S to 50°N,
130°E to 80°W with continents. To resolve equatorial
waves, the ocean model has 0.5° latitude spacing in
the equatorial region between 10°S and 10°N. The
spacing is increased smoothly to 4° at the southern
boundary and 5.6° at the northern boundary. Longi-
tudinally, the mesh spacing varies from approximately
1° near the western boundary (chosen to resolve west-
ern boundary currents) to 3° in the central and eastern
Pacific. A sponge layer is applied at the northern and
southern boundaries of the domain to prevent climate
drift from occurring during integration. Vertical res-
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olution of 27 levels is used, with 10 levels in the upper
100 m. For the vertical mixing scheme, two versions
are applied in the OGCM: the Richardson-number-
dependent vertical mixing scheme of Philander and
Pacanowski (1980, PP scheme hereafter) and a mod-
ified version of the PP scheme, developed by B. Blanke
(1993, personal communication; modified scheme

" hereafter). In this paper, the modified scheme is used

as our default.

In the PP scheme, vertical diffusivity and eddy vis-
cosity were tuned to reproduce many characteristics of
the equatorial Atlantic and Pacific, such as the mixed
layer depth, the zonal slope of the thermocline, and
the structure of the equatorial undercurrents, in the
context of boundary conditions that strongly constrain
SST. However, the use of this physics leads to some
deficiencies in the reproduced uncoupled or coupled
seasonal cycle. In an attempt to attenuate these prob-
lems, a new formulation for the dependence of diffu-
sivity and viscosity on the local Richardson number
has been tested by B. Blanke. These relationships mimic
the results obtained by Peters et al. (1988) in their
direct measurements of equatorial oceanic turbulence
and the results obtained by Blanke and Delecluse
(1993) with a more sophisticated turbulence closure
scheme. The new formulation allows larger mixing in
high turbulent regions and smaller mixing in low tur-
bulent areas than the PP scheme. The modified scheme
also implements an algorithm for the penetration of
solar radiation over the first tens of meters in the ocean.
An application of the modified vertical mixing scheme
with the solar penetration is adopted in Waliser et al.
(1995).

The OGCM is spun up from rest, with the initial
temperature and salinity profiles of the Levitus (1982)
climatology for January. After 3 years of integration,
the upper ocean has approximately reached an equi-
librium state in the case with the PP scheme. A longer
run is necessary in the case with the modified scheme
to fully equilibrate the ocean to avoid climate drift in
the further coupled integrations. Three integrations for
9 years are made under different prescribed upper-
boundary forcings: 1) annual-average stress and heat
flux, 2) seasonal-varying stress and heat flux, and 3)
annual-average stress and seasonal-varying heat flux.

The ocean climatology is defined as the average over
the last year of the OGCM integration in which the
model ocean is driven by seasonless forcing (the an-
nual-average stress and heat flux ). This serves as a ref-
erence state for defining anomalies in the coupled runs.
Since the modified mixing scheme generates more
mixing in the mixed layer, the ocean climatology has
a deeper mixed layer in the west and weaker upwelling
compared with the PP scheme. Overall, the spatial pat-
tern of each field is reasonable compared with obser-
vations. Detailed description and figures of the ocean
climatology in the case with the modified scheme are
presented in appendix B.
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For comparison with the coupled simulation of the
seasonal cycle, a second OGCM integration is made
with seasonally varying wind-stress and heat-flux
boundary conditions. The seasonal cycle is calculated
as the month-by-month mean for the last 4 years of a
9-yr run. We use the term “mean seasonal cycle,” or
MSC, in both coupled and uncoupled experiments, and
will most often discuss this in terms of anomalies with
respect to the annual average.

Figure 7a presents the SST anomalies of the MSC,
repeated twice, as a function of time and longitude
along the equator. Both amplitudes and positions of
the maximum SST anomalies except for the weaker
negative anomaly in the eastern Pacific are surprisingly
close to observations, with a peak-to-peak difference
of 3.5°C around 100°W, slightly away from the coast.
An annual cycle is clearly seen with positive anomalies
appearing from January to July in the eastern Pacific,
but with a one-month shift compared with observa-
tions. Negative anomalies occur during the rest of the
year and last longer than positive anomalies near the
eastern coast. Extrema in the eastern Pacific occur dur-
ing spring and fall. The westward propagation of SST
anomalies in the central and eastern Pacific is also well
simulated, but is less pronounced than in observations.
In addition, both of the surface zonal current and up-
welling anomalies ( figures not shown ) have a clear sea-
sonal cycle, reflecting the seasonal variations of surface
wind forcing. Off the equator, seasonal features in SST
(figures not shown) are in good agreement with ob-
servations.

The same analysis for the above-mentioned integra-
tion with the second boundary condition but with the
PP scheme is shown in Fig. 7b. Although both runs
share many similar features, a striking difference be-
tween Figs. 7a and 7b is the appearance of excessive
SST anomalies in the western Pacific in the run with
the PP scheme. The modified scheme gives a better
westward propagation but less successful simulation in
amplitude for the cold anomalies in the eastern Pacific.

A measure of the impact of the seasonal variation
of momentum flux to the ocean is provided by the
difference between two OGCM simulations with the
second and third boundary conditions: seasonal-vary-
ing stress and heat flux, and annual-average stress with
seasonal-varying heat flux, respectively. The difference
between both runs may be roughly interpreted as the
component of the seasonal cycle that is forced by the
seasonal variation of stress; however, the negative
feedback term in the heat flux parameterization tends
to reduce this difference by damping toward the sea-
sonal cycle of SST. Thus, this difference should be taken
as a conservative estimate of the impact of seasonal
stress variations. The horizontal distribution of the SST
difference between these two runs is shown in Figs. 8a—
d after taking seasonal means. The impact of the sea-
sonal variation of surface wind stress is mostly over
the equatorial central and eastern Pacific in the equa-
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FIG. 7. Mean seasonal cycle of the uncoupled OGCM SST fields
as a function of time and longitude along the equator (repeated twice).
The ocean model is forced by observed seasonally varying wind stress
and heat flux. SST averaged by calendar month is shown as anomalies
with respect to the time mean over the last 4 yrof 9-yr and 6-yr runs,
respectively. (a) For the case with the modified vertical mixing scheme;
(b) as in (a) but for the case with the PP vertical mixing scheme.
Contour interval is 0.5°C. Dashed lines represent negative anomalies.

torial cold tongue and coastal regions, mainly in the
areas where dynamical mechanisms strongly affect SST.
The patterns of -wind stress departures from annual
average that create the response in Fig. 8 closely resem-
ble those given in Halpert and Ropelewski (1989). The
largest signal is in the region just north of the equator,
associated with movements of the ITCZ. The impor-
tance of the annual cycle of meridional wind stress is
reflected in the substantial antisymmetric component
of the SST pattern it forces on either side of the equator.
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FiG. 8. Difference between the SST MSC for the uncoupled OGCM, with boundary conditions
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boundary conditions of seasonally invariant wind stress and seasonally varying heat flux. The
modified mixing scheme is employed in the OGCM. Seasonal averages are displayed, as a function
of latitude and longitude, for (a) spring (MAM), (b) summer (JJA), (c) fall (SON), and (d) winter
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(DJF). Contour interval is 0.5°C and dashed lines represent negative values.

SST anomalies south of the equator are substantially
a remote response to meridional wind stress variations
north of the equator. The SST patterns are considerably
more complex than those forced by a spatially constant
meridional wind as in Philander and Pacanowski

(1981).

5. Coupled seasonal cycle experiments

As outlined in section 2, coupling is carried out in
two ways: experiments without the seasonal cycle and
ones with “coupled seasonal cycle,” in which the sea-
sonal cycle includes momentum feedbacks with the
wind stress simulated by the atmospheric model. Cou-
pling begins from the end of the ocean-climatology
run, a near-stationary state with no seasonal cycle. Fig-
ure 9 shows the time-longitude distribution of the SST
field along the equator over 21 years of the coupled
seasonal cycle experiment (using the SVDAI atmo-
spheric model). Because the annual-average climatol-
ogy is no longer a stationary solution in the presence
of seasonally changing heat flux, the system receives a
gentle initial shock from the switch to January heat
flux.in year O, after which it goes into a large spring
warming. Over the next few years it establishes an
equilibrium climatology, exhibiting both an annual
cycle and interannual variability.

The longitudinal distribution of the warm pool and~
cold tongue along the equator is similar to the OGCM
climatology. Strong variability with multiple frequen-
cies, dominated by annual and quasi-biennial (QB)
cycles, arises from coupled interactions. The irregular-
ity in amplitude and structure is associated with lower-
frequency variation. Additional hints of irregular vari-
ability are found in the sensitivity studies in section 7,

although overall the oscillation is more regular than
the observed ENSO.

a. The coupled seasonal cycle

Since the model results include both seasonal and
interannual variations, these two phenomena are sep-
arated by taking the MSC and anomalies with respect
to it. The simulated MSC of SST for the last 17 years
(19 years for the case with the PP scheme) of the run
is shown in Fig. 10a as a function of time and longitude
along the equator, repeated twice with the time mean
removed. In the eastern Pacific, the model seasonal
cycle is comparable in amplitude to observations.
Warm anomalies appear from December to June with
maximum warming between February and April and
are located a little off the eastern coast; these patterns
actually provide an even better approximation to ob-
servations than the OGCM simulation (Fig. 7a), al-
though this must be serendipitous. The model repro-
duces the prominent feature of westward propagation
as seen in observations. :

The associated MSC of zonal wind stress anomaly
is shown in Fig. 10b. The seasonal cycle is of reasonable
amplitude. The maximum wind stress anomalies, lo-
cated in the central and eastern Pacific in agreement
with observations, have a nonlocal relationship with
the maximum SST anomalies, although the maximum
easterly anomalies are shifted slightly eastward com-
pared to observed. Off the equator, the SST and wind
stress anomaly fields (figures not shown) also present
reasonable distribution, amplitudes, and seasonal vari-
ations.

To further quantify the impact of these coupled mo-
mentum feedbacks in the seasonal cycle, we repeat the
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FIG. 9. Time-longitude distribution of the total SST field along
the equator for the 21-yr coupled model simulation, with the modified
vertical mixing scheme in the OGCM and the SVDAI atmosphere
for the coupled seasonal cycle case, with coupling coefficient 1.0.
Contour interval is 1°C. The light, medium, and heavy gray shadings
represent SST higher than 26°, 28°, and 30°C, respectively.

estimation used in the uncoupled experiment in section
4. The departure of the coupled MSC is computed with
respect to the uncoupled MSC, run with the boundary
condition of seasonally varying heat flux but seasonally
invariant wind stress. Figures 11a-d show the horizon-
tal distribution of the SST departures as seasonal av-
erages.

The impact of the momentum flux feedbacks in the
coupled experiment successfully reproduces the effects
of the specified momentum flux in the uncoupled ex-
periment (Fig. 8). For example, the distribution of the
cold and warm anomalies in the equatorial eastern Pa-
cific shares similar patterns, although the momentum
feedbacks give slightly stronger impact in the equatorial
eastern Pacific south of the equator and slightly weaker
impact in the equatorial western Pacific. The possibility
that feedbacks among SST, wind stress, equatorial cur-
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rents, and upwelling produce the observed westward
propagation along the equator in the annual cycle has
been raised by various investigators, particularly since
westward-propagating “SST modes” in simple coupled
models have suggestively similar properties (G. Phi-
lander 1990, personal communication; Neelin 1991;
Chao and Philander 1993; Hao et al. 1993). While the
wind stress feedbacks here do affect the form of the
westward propagation of SST, a substantial contribu-
tion to the westward propagation actually comes from
the heat flux. Thus, feedbacks among wind stress, SST,
and ocean dynamics appear not to be sufficient to ac-
count for the westward propagation of the equatorial

Time (year)

180 210 240

Longitude

150

Time (year)

1 ‘l 1

180 240 270
Longitude

FIG. 10. Time-longitude distribution of the MSC of (a) SST and
(b) zonal wind stress, repeated twice after the annual mean is removed,
for the coupled model case in Fig. 9. Contour interval is 0.5°C for
(a) and 0.05 dyne cm™ for (b). Dashed lines represent negative
anomalies.
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F1G. 11. Horizontal SST distribution as the difference between the MSC for the coupled model
case in Fig. 9 and the MSC of the uncoupled OGCM integration that is forced by seasonally
invariant wind stress and seasonally varying heat flux. The modified vertical mixing scheme is
used. Seasonal averages are shown in (a) spring (MAM), (b) summer (JJA), (c) fall (SON), and
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(d) winter (DJF), with contour interval 0.5°C. Dashed lines represent negative values.

annual cycle. The meridional wind stress feedbacks do
appear to be quite active in the annual cycle, as pos-
tulated for instance by Mitchell and Wallace (1992).

Figures 12a,b show zonal-vertical sections of the
temperature field along the equator corresponding to
Fig. 11, but for only fall and winter, with time mean
removed. For comparison, Figs. 12¢,d present the same
analysis as in a,b but for the uncoupled ocean case.
Spring and summer anomalies are very similar, but
with the opposite sign, to fall and winter, respectively.
Much of the seasonal variation is characterized by
changes in the thermocline slope associated with west-
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erly wind stress anomalies in winter and spring ( easterly
anomalies in summer and fall) that cause the ther-
mocline to shoal (deepen) to the west. Coupled feed-
back and uncoupled cases are similar along the ther-
mocline: for example, the phase, slope, and location
of the maximum thermocline variation in the central
and western Pacific. However, differences are found in
the eastern Pacific around 240°E in the upper 100 m.
This impact is also seen in the same analysis for SST
in Fig. 11 south of the equator around 240°E and is
probably associated with meridional wind stress feed-
backs.
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FIG. 12. (a) As in Fig. 11 but for the longitude-depth temperature field along the equator for

fall. (b) As in (a) but for winter. (c) Same analysis as in (a) but for the uncoupled case in Fig. 8
for fall. (d) As in (c) but for winter. The time average has been removed. Contour interval is
0.25°C. Dashed lines represent negative values.
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The coupled seasonal cycle of the run with the PP
vertical mixing scheme (Fig. 13) gives quite different
results. Although some success is obtained by the PP
scheme (e.g., the westward propagation and compa-
rable amplitudes in the eastern Pacific), several un-
realistic features are also produced. The excessive SST
anomaly variation in the western Pacific is notable and
appears to be associated with the deficiencies found in
the uncoupled OGCM simulation (see Fig. 7b), further
exaggerated by the coupling. In a more detailed anal-
ysis, these excessive SST anomalies can be explained
by the combination of maximum zonal current anom-
alies, strong activity of upwelling, and the large vari-
ation of vertical stratification in the western Pacific
(figures not shown), which are caused by insufficient
vertical mixing given by the PP scheme in the upper
ocean. The resulting SST anomalies lead to wind stress
feedbacks that reinforce these effects. With the modified
vertical mixing scheme applied, which provides more
mixing in the upper ocean, this feedback loop is inter-
rupted, with attendant improvement (Fig. 10a).

b. Interannual variability

This subsection addresses the interannual variability
in the coupled seasonal cycle experiment. Here,
“anomaly” refers to “anomaly with respect to the
MSC” unless otherwise specified. A quasi-biennial os-
cillation dominates the anomaly fields: although am-
plitudes and some details differ between warmings, the
average period is very close to 2 years. A composite
cycle is constructed by taking month-by-month means
of each 2-yr period in the last 16 years of the run. Fig-
ures 14a-e present the composite time-longitude dis-
tributions of SST, zonal wind stress, heat content of
the upper ocean (above 300-m depth), zonal current,
and upwelling anomalies, respectively.

The SST anomaly field, which is positively correlated
with heat content, westerly zonal wind, and eastward
zonal current anomalies, and negatively correlated with
upwelling anomalies, exhibits reasonable zonal distri-
bution but weaker amplitudes compared to observa-
tions. The largest SST fluctuations occur in the eastern
Pacific with 2°-3°C difference from the cold phase to
the warm phase. SST variability in the western Pacific
is slightly larger than observed interannual variability
(about 1°C). The maximum warming tends to occur
in winter, consistent with observations. During warm
episodes, the heat content anomaly is positive in the
east, showing the deepening of the thermocline, and
less positive (or negative) in the west. The oscillation
tends to have a locally standing character in both east
and west. Deep thermocline (positive heat content
anomaly) in the western Pacific leads deep thermocline
and warm SST in the eastern Pacific by less than 180°
of the phase of the oscillation, characterizing ocean
dynamics that is not adjusted to earlier wind stress and
thus contributes to the memory of the oscillation. The
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FI1G. 13. As in Fig. 10a but for the coupled model
case with the PP vertical mixing scheme.

tendency of the western positive anomalies to connect
to the subsequent eastern positive anomalies via a very
slow eastward “propagation” is similar to the dynamics
noted, for instance, by Cane and Sarachik (1981), Ze-
biak and Cane (1987), and Chao and Philander
(1993). However, an obvious westward propagation is
found in both SST and zonal wind stress anomaly
fields. According to the intermediate model results dis-
cussed in Jin and Neelin ( 1993a,b) and Neelin and Jin
(1993), all of these features are consistent with a regime
of mixed SST-ocean-dynamics mode, where oscillation
tendencies due to subsurface adjustment and westward
propagation are combined. The onset of warm/cold
SST in the eastern part of the basin corresponds closely
to the subsurface warming/cooling (in-phase relation-
ship), which is presented by the heat content anomaly.
Although the wind stress is entirely determined by SST,
the relationship between the patterns of evolution is
not trivial, due to the nonlocal dependence.

The almost in-phase relationship between the zonal
current and wind stress anomalies indicates a near-
equilibrium response of the surface oceanic circulation
to the atmospheric driving on the interannual time-
scale. In the vertical velocity field, downwelling anom-
alies driven by the westerly wind anomalies contribute
to warming the SST in the western Pacific. In the cast-
ern Pacific, upwelling anomalies appear less important.

A similar quasi-biennial oscillation is also found in
the run with the PP scheme. The 2-yr composite SST
anomaly of this run is presented in Fig. 15. Although
the spatial features are quite similar in both runs, the
temporal phase simulated by the PP scheme is shifted
by roughly 3 months compared with the modified
scheme as well as with observations. The modified
scheme produces slightly weaker interannual variability
while the MSC for both runs have comparable ampli-
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FIG. 14. Along the equator, 2-yr, time-longitude composites
(as anomalies with respect to the MSC) for the coupled model
case in Fig. 9 of (a) SST, with contour interval 0.5°C, (b)
zonal wind stress, with contour interval 0.05 dyne cm™, (c)
heat content (average temperature over the upper 300 m),
with contour interval 0.25°C, (d) surface zonal current, with
8 cm s~! contour interval, and (e) upwelling, with contour
interval 0.00025 cm s™!, at 40-m depth. Dashed lines represent
negative values.
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F1G. 15. As in Fig. 14a but for the coupled model
case with the PP vertical mixing scheme.

tudes. The relatively large amplitude of variability near
the date line with both schemes is associated with the
warm SSTs in the western Pacific produced by the
Oberhuber heat flux in the ocean model climatology.
When mean SST is artificially constrained to obser-
vations, this variability is reduced.

Based on the 2-yr time-longitude SST anomaly
composite with the modified scheme, maps of a cold
phase [average over December, January, and February
of the year before the “El Nifio” year, DJF(—1)], a
warm phase [DJF(0)], and two transition phases

-[JJA(O0), transition from cold to warm phase, and
JJA(+1), transition from warm to cold phase] are
constructed, showing the temporal evolution of a com-
plete El Nifio-La Nifa cycle. The composites of the
SST anomaly field for the transition phase JJA[O] be-
fore the warm phase and the warm phase are displayed
in Figs. 16a,b. The other transition phase [JJA(+1)]
and the cold phase are almost identical to the phases
shown but with the opposite sign.

A small positive SST anomaly first appears along
the eastern boundary of the basin slightly south of the
equator (Fig. 16a), while the remains of the preceding
cold phase may still be seen in the western.basin. The
onset of the main warm anomalies (Fig. 16b) occurs
rapidly across the basin associated with the subsurface
warming seen in heat content (Fig. 14c). The positive
anomaly develops up to 1.5°C in the eastern Pacific
during the warm phase. The anomaly maximum then
returns toward normal temperature and migrates
farther west in the warm-to-cold transition phase. The
onset and evolution of the subsequent cold phase have
remarkably similar patterns except for the sign reversal.
The behavior of the simulated SST field in the above
scenario is in broad agreement with the development
of composite anomalies associated with observed
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ENSO events documented by Rasmusson and Car-
penter (1982) and Deser and Wallace (1990). The
warm phase may be compared to Rasmusson and Car-
penter’s mature phase in terms of calendar month and
to Deser and Wallace’s December-February regression,
although the meridional extension of the equatorial
warm anomaly in our warm phase is narrower than
observed. This is a feature shown by many models,
including some GCMs (Mechoso et al. 1995) and un-
coupled OGCMs. The reason for it is unclear. Because
the development of the HCM ENSO cycle is faster than
observed, the warm phase in our model simulation also
catches certain features of what Rasmusson and Car-
penter (1982) referred to as their “transition phase.”
Our transition phase is more comparable to that of
Latif et al. (1993b).

The horizontal distributions of some critical quan-
tities are displayed in Figs. 17a-d for the transition
phase and Figs. 18a-d for the warm phase. During the
transition phase, high heat content in the western
equatorial region (Figs. 17¢,d) is communicated east-
ward at depth along the equator, leading to a deepening
equatorial thermocline to the east in the subsequent
warm phase (Figs. 18c,d). The warm phase SST
anomaly (Fig. 16b), almost in phase with the eastern
equatorial heat content anomaly (Fig. 18d), reaches
its maximum in the eastern Pacific along the equator.
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F1G. 16. Horizontal distribution of the SST anomaly composites
for the coupled model case in Fig. 9. Two quadrature phases are
displayed: (a) transition phase (from cold to warm) [JJA(0)], (b) warm
phase [DJF(0)], with contour interval 0.5°C. Dashed lines represent
negative anomalies.
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FI1G. 17. Composite anomalies for the transition phase of (a) zonal wind stress, with 0.05 dy-
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(temperature averaged above 300 m), with 0.25°C contour interval.
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The seed of the onset of the subsequent cold event is
already seen by the subsurface structure (Figs. 18¢,d)
in the western Pacific during the warm phase. These
fields are consistent, for instance, with the principal
oscillation pattern analysis of the observed depth of
the 20°C isotherm in Latif et al. (1993b), with slightly
different phase normalization. The temperature in-
creases at depth in the western Pacific while surface
conditions are still cold (Fig. 17¢). This may be com-
pared to observations by Latif and Graham (1992).

210 240

180

The development of zonal wind stress anomalies is
in agreement with the analysis in Rasmusson and Car-
penter (1982). Westerly anomalies start to occupy the
eastern half of the basin in the transition phase (Fig.
17a), while easterly anomalies are confined to the
western half of the basin and weakened. Along with
the intensification and extension to the west of westerly
anomalies, negative SST anomalies are weakened in
magnitude (transition phase, Fig. 16a) and positive
anomalies develop to their largest magnitude in the
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F1G. 18. As in Fig. 17 but for the warm phase.
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F1G. 19. Time-longitude diagrams, along the equator, for the coupled experiment (with the
modified vertical scheme in the OGCM and the SVDAI atmospheric model) without the seasonal
cycle. Anomalies (time mean removed) of (a) SST, with contour interval 1°C, (greater than 1°C
shaded heavy gray, smaller than —1°C shaded light gray) and (b) zonal wind stress, with 0.1
dyne cm™ contour interval, (greater than 0.1 dyne cm™2 shaded heavy gray, smaller than —0.1
dyne cm™2 shaded light gray) are displayed. Negative values are marked as dashed lines.

eastern Pacific in the warm phase (Fig. 16b). Wind-
driven zonal current anomalies in the transition phase
(Fig. 17b) show a pattern roughly comparable with
local forcing of zonal wind anomalies, which also helps
with the development of warm SST anomalies in the
eastern Pacific.

In the warm phase, surface westerly wind anomalies
prevail over.the central and western part of the equa-
~ torial Pacific basin (Fig. 18a), dominated by the leading

ENSO mode of the SVD analysis (see Fig. 3a). Both
the eastward zonal current anomalies across the entire
equator (Fig. 18b) and the equatorial heat content in-
crease (Fig. 18d) clearly involve a remote and/or de-
layed response to the wind anomalies, with the ther-
mocline depressed along the equator, especially in the
eastern Pacific (Fig. 18c). The associated SST anomaly
field (Fig. 16b) responds both to zonal advection flow-
ing from the climatologically warm region in the west-
ern Pacific to the east, as well as to the vertical advection
of increased subsurface temperature.

6. Inherent variability in the absence of the seasonal
cycle

To understand the influence of the seasonal cycle in
the coupled processes, it is useful to know the properties
of the inherent variability in the absence of the seasonal

cycle. Using annual-average boundary conditions ex-
cludes externally determined timescales and permits
examination of the inherent ENSO frequency of the
model without the frequency locking that tends to oc-
cur in the presence of the seasonal cycle. Two experi-
ments corresponding to the two versions of the at-
mospheric model (SVDAI and SVDI) were conducted.
While both models include interannual anomalies in
the atmospheric response of the winds to SST, SVDI
does not include any component associated with the
spatial wind stress pattern of the annual cycle. A 0.3
dyne cm 2 initial westerly wind stress anomaly is ap-
plied for 1 month over the area from 180° to 260°E
and 10°S to 10°N in both experiments without the
seasonal cycle.

Figures 19a,b show the time-longitude distributions
of anomalies (i.e., with time mean removed) of SST
and zonal wind stress over 15 years as obtained from
the coupled model with the SVDAI atmosphere in the
absence of the seasonal cycle. Instead of the closely 2-
yr-locked oscillations in the coupled seasonal cycle ex-
periment (Figs. 9, 14a), the system shows an inherent
period of 26 months. Irregular behavior is more ob-
vious here than in the coupled seasonal cycle case. The
spatial distribution of SST, wind stress, and other
anomaly fields (e.g., heat content and vertical velocity
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F1G. 20. As in Fig. 19 but for the coupled experiment with the SVDI atmospheric model.

anomalies, figures not shown) is quite similar, as is the
phase relationship among them, showing that the os-
cillation is based on the same mechanism as in the case
with the seasonal cycle.

Using the SVDI atmosphere produces oscillations
similar to those with the SVDAI model, although the

Time (year)

270

150 180 210

Longitude

240

F1G. 21. As in Fig. 19a but for thé case
with the PP vertical mixing scheme.

dominant period of 27.6 months is slightly longer (Figs.
20a,b). The spatial distribution and the temporal re-
lationship among SST, wind stress, and other anomaly
fields are very comparable to the SVDAI case. Thus,
the inclusion of a spatial component in the atmospheric
wind stress feedbacks that is normally associated with
the seasonal cycle in the SVDAI model has little effect
on the interannual oscillations when no seasonal forc-
ing by heat flux is present.

Figure 21 illustrates the time series of SST anomalies
for the SVDAI model when the PP scheme is employed.
A corresponding run with the PP scheme and the SVDI
model (not shown) behaves very similarly to this case
with the SVDAI model, aside from a slight difference
in period. The PP scheme tends to give shorter periods
for the inherent interannual variability: 19 months for
the SVDAI and 21 months for the SVDI model. The
amplitude is also affected: with the PP scheme, stronger
amplitudes in both the eastern and western Pacific are
obtained. However, the spatial distribution and the
temporal relationship among the SST field and other
fields are generally similar to the cases with the modified
mixing scheme. If we had run only cases with a specified
seasonal cycle, we might never have noticed the prob-
lems with the PP scheme that emerged dramatically in
the case of the coupled seasonal cycle.

7. Sensitivity studies

The coupled system has a sensitive dependence on
parameters, of which one of the simplest and most im-
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FI1G. 22. Time series of NINO3 SST in the case of the PP vertical
mixing scheme for the sensitivity studies (a) including the seasonal
cycle at weak coupling (coupling coefficient 0.8); (b) as in (a) but at
standard coupling (1.0); (c) as in (a) but at strong coupling (1.4); (d)
for the interannual variability experiments without the seasonal cycle
at standard coupling (1.0); (e) as in (d) but at strong coupling (1.4).

portant is the coupling strength, which we vary here.
Interannual variability is usually easier to sustain for
stronger coupling; very strong coupling can result in
secondary bifurcations and even chaotic regimes (e.g.,
Miinnich et al. 1991; Neelin 1990; Jin et al. 1994;
Tziperman et al. 1994). As in the previous sections,
two types of experiments, one with the seasonal cycle
and the other one without, are carried out with the PP
scheme and the modified scheme to contrast the nature
of interannual variability about a time-invariant cli-
mate with that in the presence of the seasonal cycle.
Figure 22 illustrates the time series of SST for the
NINO3 index region (averaged from 150°W to 90°W
and from 5°S to 5°N) for experiments with the PP
scheme. Upper panels represent the results of runs in-
cluding the seasonal cycle, with coupling coefficient
0.8 (weak coupling), 1.0 (standard), and 1.4 (strong)
displayed from left to right, respectively; lower panels
are for experiments without the seasonal cycle, with
the standard case presented on the left and the strong
coupling case on the right. Each of the experiments is
integrated for at least 12 years, starting from the same
initial conditions (the end of the third-year ocean cli-
matology run with the PP scheme with annual-average
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boundary conditions). All cases here involve the

' SVDAI atmospheric model.

In the cases including the seasonal cycle (upper pan-
els), the dominant variability in the NINO3 region is
the quasi-biennial oscillation. An annual signal is pres-
ent in all three time series, but it appears most clearly
in the weak coupling case and is least apparent in the
strong coupling case. In terms of amplitude, it appears
as a smaller modification to the strong QB signal, es-
pecially in the strong coupling case. However, it has
an important effect in frequency and phase locking to
the QB signal in all cases, although the strong coupling
case is more irregular. The decrease in amplitude of
the seasonal cycle with stronger coupling serves as an
indication that the nonlinear interaction with inter-
annual variability can affect the seasonal cycle. In this
case, it appears that a saturation effect due to the strong
QB oscillation tends to limit the amplitude of seasonal
excursions. This effect operates mainly in the equatorial
cold tongue region; the seasonal variation off the equa-
tor is well simulated and similar to the standard case
(figures not shown ). From the three time series, it may
also be noted that both the amplitude and irregularity
of the QB variability increase with stronger coupling.

In the experiments with purely interannual vari-
ability (i.e., without seasonal cycle, lower panels), a
19-month mode is found for the PP scheme at standard
coupling. Multifrequency behavior, with dominant 16-
month and 33-month periodicity, may be seen with
an increased coupling coefficient, presumably due to
period doubling. The mode that appears with an in-
herent frequency of 19 months is related to the fre-
quency-locked QB signal in the presence of the seasonal
cycle. The strong frequency-locking behavior when the
seasonal cycle is present also appears to disfavor the
appearance of multiple frequencies at stronger cou-

pling. ‘
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FIG. 23. As in Fig. 22a-c but for the case with the modified vertical
mixing scheme at coupling coefficient (a) 1.0, (b) 1.2, and (c) 1.4.
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The same NINO?3 index analysis for coupled exper-
iments with the modified vertical scheme in the pres-
ence of the seasonal cycle is displayed in Fig. 23 with
coupling coefficient values 1.0, 1.2, and 1.4. Each of
the experiments is integrated for 21 years, starting from
the ocean climatology run described in section 4. Ex-
cept for increased irregularity with stronger coupling,
neither the interannual variability nor the coupled sea-
sonal cycle are strongly affected by the increased cou-
pling, although the amplitude of interannual variability
is slightly increased with stronger coupling. Frequency
locking of the seasonal cycle keeps the QB frequency
dominant in all three cases. The spatial patterns among
all experiments (with and without the seasonal cycle,
with the PP and the modified scheme) are all quite
similar.

8. Summary and discussion

A hybrid coupled model, consisting of an OGCM
and an empirical atmospheric model for the wind stress
response to SST, is used to simulate the seasonal cycle
and ENSO interannual variability in the tropical Pa-
cific. ENSO is widely recognized as resulting from
ocean-atmosphere interactions; to investigate the hy-
pothesis that similar coupled feedbacks play a role in
the tropical seasonal cycle, we present an approach that
models these feedbacks for the seasonal cycle on the
same basis as for the interannual variability. Observed
annual-average wind stress is specified by a flux-cor-
rection procedure, but the seasonal cycle of wind stress

(the departure from annual average) is produced by -

the atmospheric model as part of a coupled response
to the seasonal cycle of heat flux. This involves the
response of SST both directly to the heat flux and to
the momentum-flux feedbacks, which in turn depend
on SST. This procedure could be applied with any at-
mospheric model that can simulate a reasonable sea-
sonal cycle of wind stress in response to that of SST.
Here it is applied using an empirical atmospheric
model. A more conventional approach, in which only
nonseasonal stress variability is included in the model
atmosphere, is carried out in parallel.

The empirical atmospheric model is derived from
the first seven coupled modes of a singular value de-
composition (SVD) of the covariance between ob-
served monthly mean surface wind stress and SST
fluctuations. In the SVDAI (SVD-annual + interan-
nual) version, anomalies of stress and SST are defined
with respect to the long-term annual average, thus in-
cluding both seasonal and interannual variability of
stress and SST in the model. The first SVDAI mode
describes the large-scale features of the 12-mo annual
cycle, while the second and subsequent modes include
a mixture of elements of the periodic seasonal cycle
plus interannual variability. The SVDI (SVD-inter-
annual) version of the empirical model is derived from
observed anomalies defined with respect to the mean

SYU ET AL.

2139

seasonal cycle and thus models only the nonseasonal
wind response to SST. The spatial structure of the first
SVDI mode is similar to that of the second SVDAI
mode, and so on for the gravest SVDI modes.

Using these models with observed SST to reconstruct
the coupled component of wind stress variability (i.e.,
that associated with SST) yields stress fields with
timescales corresponding to slowly varying SST. The
reconstructed stress fields capture roughly 90% of the
observed low-frequency anomaly variance of stress
within 10° of the equator, but a much smaller fraction
of the observed variance at subannual timescales or
away from the equator is described by either model,
consistent with the contention that the empirical model
is capturing only the coupled portion of the wind stress.

Experiments are conducted with two vertical mixing
schemes, referred to as the PP scheme and the modified
scheme. The coupled seasonal cycle experiment exhib-
its both seasonal and interannual variations. With the
modified mixing scheme, the mean seasonal cycle
shows reasonable characteristics compared with ob-
servations in amplitude and spatial pattern. The west-
ward propagation of the SST anomaly field in the east-
ern Pacific is also well simulated. The results are com-
pared to two uncoupled experiments: (i) an OGCM
integration with the seasonal cycle specified in both
heat flux and wind stress, and (ii) an OGCM integra-
tion with the seasonal cycle specified only in the heat
flux, which would correspond to a coupling coefficient
of zero being applied to the coupled seasonal cycle ex-
periment. The differences of both coupled and uncou-
pled runs that include seasonal wind stress effects from
the uncoupled case without these show that the coupled
momentum feedbacks indeed have significant effects
in producing the seasonal cycle, near the equator.
However, wind stress feedbacks appear not to be the
only factor producing westward propagation of SST
anomalies along the equator. With the PP scheme, the
uncoupled OGCM tends to produce excessive seasonal
variations of SST in the western region (although with
a pattern resembling the observed) due to the inefficient
vertical mixing in this region given by the PP scheme;
in the coupled model, the wind stress feeds back on
these anomalies, thus increasing the error significantly.

The anomaly fields of the simulated El Nifio cycle
in the coupled seasonal cycle experiment are generally
quite realistic in spatial characteristics and the phase
relationship among the fields compared with obser-
vations, but with slightly weaker amplitudes. The larg-
est SST variations occur in the eastern Pacific, in phase
with the heat content anomalies, with peak-to-peak
value of 2°-3°C. Maximum zonal wind stress anom-
alies appear in the central to western Pacific with an
amplitude of 0.15-0.2 dyn cm™2 and are in phase with
the maximum SST in the eastern Pacific. Heat content
anomalies in the western Pacific lead by slightly less
than half a cycle, prior to the deepening of the ther-
mocline in the east that gives rise to the maximum SST
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anomaly in the subsequent warm phase. SST and heat
content fields in the eastern Pacific change essentially
as a standing oscillation, indicating that ocean subsur-
face memory is dominant. Westward propagation is
also seen in the SST field in the central basin and in
the zonal wind stress field. Together with the 45°-90°
phase differences in heat content between the eastern
and the western Pacific, these features are very typical
of the mixed SST-ocean dynamics regime, as noted in
Jin and Neelin (1993a).

We find it particularly encouraging that we are able
to obtain ENSO fluctuations of reasonable amplitude
for realistic values of the wind stress feedback. A similar
model by Barnett et al. (1993 ) required the wind stress
to be multiplied by an artificial factor of 3 to get an
ENSO cycle. We easily obtain an unstable ENSO mode
for a modest drag coefficient Cp, = 1.2 X 1073, This is
germane to current controversy (e.g., C. Penland and
P. Sardeshmukh 1995, personal communication;
Grieger and Latif 1994 ) over whether ENSO is an un-
stable mode or is maintained by noise.

When seasonal forcing is included, frequency and
phase locking to a quasi-biennial (QB) period tends to
dominate the temporal behavior. The model El Nifios
do not exactly repeat but the evolution is similar in
each cycle. To understand this frequency locking, it is
useful to examine the inherent variability of the system
in the absence of the seasonal cycle. This inherent vari-
ability exhibits spatial form and temporal phase rela-
tions for the various fields that are very similar to the
case with the annual cycle, strongly indicating that the
model ENSO is based on the same mechanism with
or without the annual cycle. This holds true with both
SVDALI and SVDI versions of the atmospheric model.
Thus, the inclusion of an atmospheric degree of free-
dom usually associated with the seasonal cycle in the
coupled system has little effect on interannual oscil-
lations in the absence of seasonal forcing. The SVDAI
version produces a slightly shorter inherent period than
the SVDI version, and both are somewhat longer than
2 years. With the PP mixing scheme, results are similar
but the periods are shorter than 2 years with both at-
mospheric models. The inclusion of the seasonal cycle
simply shifts the frequencies in all these cases to pro-
duce a 2-yr locked cycle.

Frequency locking has been noted in a number of
other ENSO models (Anderson and McCreary 1985;
Battisti 1988; Wu et al. 1993), including another HCM

-(Barnett et al. 1993). Jin et al. (1994) and Tziperman
et al. (1994) recently demonstrated the close relation-
ship between such frequency-locking behavior and the
transition to chaos in intermediate and simple ENSO
models, respectively. The locking tends to occur onto
frequencies close to the inherent period, although in-
teger periods, especially the biennial period, have a rel-
atively broad parameter range. The intermediate model
results of Jin et al. (1994), combined with the analysis
of Jin and Neelin (1993a,b) and Neelin and Jin (1993),
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appear to apply in particular detail to the HCM results.
In the intermediate model, the inherent frequency of
the model ENSO was modified using a parameter (in-
versely related to momentum mixing) governing the
strength of the surface-layer feedbacks. Quasi-biennial
frequency locking occurred in the range where these
feedbacks, involving vertical and zonal currents asso-
ciated with vertical shear, were strong. In the HCM,
with the PP mixing scheme, excessive anomalies of
such currents appear to contribute to the westward ex-
tension of SST anomalies, apparently due to insuffi-
cient vertical mixing in near-surface layers. The ten-
dency to westward propagation is also characteristic of
slightly strong surface-layer feedbacks. The increase in
period associated with the modified scheme seems
consistent with the intermediate model results.

Jin et al. (1994) also note that biennial frequency-
locking behavior occurs by both linear and nonlinear
mechanisms, whereas frequency locking to other pe-
riods (e.g., 3 or 4 yr) is a nonlinear phenomenon. Thus,
it tends to be more difficult to escape from a biennial-
locked regime by simply increasing the amplitude of
the interannual signal (e.g., by increasing the relative
coupling coefficient). On the other hand, relatively
small modifications that further increase the inherent
ENSO period are likely to lead to a regime characterized
by frequency locking to lower frequencies and to cha-
otic regimes. The challenge is to obtain these by phys-
ically realistic modifications in the HCM, such as fur-
ther examination of the vertical mixing parameteriza-
tion or surface heat flux parameterization.

In many ENSO models, including the intermediate
and hybrid models mentioned above, the seasonal cycle
is constructed by flux correction. Modifications to the
constructed cycle by nonlinear interaction with inter-
annual variability thus tend to be small and are difficult
to interpret. Jin et al. (1994) note that the physics of
frequency locking tends to involve nonlinearities in
upwelling and thermocline depth, the seasonal cycle
of which is most directly affected by wind stress. It is
significant that similar frequency locking is produced
in this model, where the seasonal cycle enters only in
the heat flux and the seasonal wind stress is part of the
response. This suggests that the models with flux-cor-
rected seasonal wind stress are qualitatively correct in
this behavior.

Examination of the joint behavior of the coupled
seasonal cycle and ENSO variability as a function of
coupling strength shows a more complicated depen-
dency than anticipated. Because the results at standard
coupling indicate that the wind stress feedbacks con-
tribute to the coupled seasonal cycle along the equator,
one might expect that the amplitude of both the sea-
sonal cycle and the ENSO signal would increase with
coupling. Instead, in the version with the PP scheme,
the annual signal in the NINO3 SST index region is
actually reduced at strong coupling by saturation effects
caused by the strong interannual signal. On the other
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hand, with the modified scheme, increased coupling
strength does not affect the coupled seasonal cycle sig-
nificantly, although the irregularity of interannual
variability increases. Simulating the seasonal cycle on
the same basis as interannual variability thus provides
much stronger constraints on subgrid-scale parame-
terizations than simulating ENSO alone.
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APPENDIX A

Surface Heat Flux Parameterization

Oberhuber (1988) uses a surface heat flux of the
form

Qmodel = Qobs + o Tops —

where « is intended to approximate —(3Q/0T )obs-
Following Seager et al. (1988), the negative feedback
coefficient is approximated here by

dq (T
a=p,CpL|V|(1 - 5)[M] + aspLw
obs

Tmodel ) ’

ar

|[V]|=45ms™,

where Q is net surface heat flux, T is sea surface tem-
perature, p, is air density, Cp is the drag coefficient (1.2
X 1073), V'is wind speed, sy w is the combined effects
of sensible heat and longwave radiation fluxes, set to
a constant —1.5 W m~2 K~!, and ¢, is the saturation
specific humidity. The factor 6 is similar to relative
humidity but measures the specific humidity of near-
surface air g, relative to the saturation value at the sea
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F1G. A1: The horizontal distribution of the heat flux negative feed-
back coefficient, estimated using the Seager et al. (1988) parameter-
ization. Beyond +20° this coefficient is blended with that estimated
by Oberhuber (1988) over a linear blending region to +30°. Contour
interval is S W m™ K. Heavily (lightly) shaded areas represent
those values less (greater) than —20 W m™2 K™\,

surface temperature; a value of 0.73 is used, as esti-
mated from COADS data for the region of the tropical
Pacific domain from —20°S to 20°N. The Oberhuber
estimate of « differs principally in that no variation of
g, is assumed (i.e., § = 0); Oberhuber also uses a more
complex formula for agy w. Figure Al shows the re-
sulting distribution of the negative feedback coefficient.

APPENDIX B
Ocean Model Climatology

Figure Bla shows the horizontal SST distribution of
ocean climatology. The extent of the warm pool in the
western Pacific corresponds approximately to the ob-
served annual-average pattern. The warmest SST is
slightly greater than observed, probably due to our heat
flux parameterization mentioned in section 2. In the
eastern Pacific, the equatorial cold tongue is slightly
colder than observed and it extends farther west, but
still within a reasonable range. Although the simulated
horizontal SST gradient is stronger than observed val-
ues both east and west of the 28°C isotherm, the po-
sition of this isotherm is realistic.

Examining the surface zonal currents (Fig. B1b),
the north equatorial countercurrent and the south
equatorial current have positions and extents in general
agreement with measurements but have weaker mag-
nitudes. Figure Blc shows the equatorial upwelling in
a longitude—-depth slice along the equator. The up-
welling extends horizontally in a broad area as far west
as 165°E, which may explain the equatorial cold tongue
extending too far west. Although data are lacking for
upwelling, both the vertical and horizontal extension
of the upwelling, with the maximum occurring around
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F1G. B1: Ocean climatology, defined as the average of the ninth year of the uncoupled OGCM
integration with the modified vertical mixing scheme, forced with annual average climatological
observed wind stress and heat flux. Horizontal distribution of (a) SST, with 1°C contour interval,
and (b) surface zonal current, with 10 cm s~ contour interval (solid lines represent westward
currents); longitude-depth distribution along the equator of (c) upwelling, with 0.0005 cm s™!
contour interval (solid lines represent upwelling), and (d) temperatures, with 1°C contour interval,
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along the equator.

the depth of 50 m, compares well with the model results
of Philander et al. (1987). However, the strength of
upwelling is weaker compared with the same model
when run with the PP scheme. In the cold tongue region
where upwelling contributes the most to the cold SST,
the strength of upwelling is about half as strong as the
results obtained with the PP scheme.

The longitude~-depth thermocline structure is dis-
played in Fig. Bld. The depth of the thermocline and
the vertical gradient in the thermocline are quite re-
alistic. The vertical temperature gradient above the
thermocline in the western Pacific is also comparable
with observations, while the PP scheme has stronger
stratification in this region.
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