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ABSTRACT

Simulations with an ocean general circulation model and a hybrid coupled model reproduce well
the observed principal spatial mode (PSM) of variation of the tropical Pacific ocean/atmosphere
system. The model results show the origins of the PSM to be a coupled ocean/atmosphere mode
and suggest this phenomenon is not a natural mode of the tropical Pacific Basin alone. Air-sea
interactions amplify the mode variability by a factor of 5-6 over the strength it would have in
a purely random atmosphere and so it obtains climatological importance. These same inter-
actions introduce the PSM to the atmosphere. The PSM of interannual variability is not directly
driven by the annual cycle. But its time scale does depend importantly on the fact that the ocean-
atmosphere coupling strength varies with respect to the annual cycle. The mode appears to be
rather sharply peaked in wave number space but broadbanded in frequency space so that
identifying it with a temporal designator, as has been done in the past is apt to be misleading.

1. Introduction

Large-scale air-sea interactions play a major
role for the generation of climate variability in the
tropical Pacific (Bjerknes, 1969). As described by
several authors, these interactions take place
on a variety of time scales (Barnett, 1991) which
we will refer to as modes of variability. Of these
modes, the most prominent is the annual cycle in
the eastern equatorial Pacific. The existence of this
mode is partly due to coupled processes (Horel,
1982; Philander, 1990; Neelin, 1991). There also
exists interannual variability (Rasmusson and
Carpenter, 1982) which shows variability on a
quasi-biennal (QB) time scale (Rasmusson et al.,
1990) and at lower frequencies (Barnett, 1991).
Theoretical work shows that unstable air-sea inter-
actions on the time scales noted above are possible
for a large expanse of model parameter space
(Battisti, 1988; Battisti and Hirst, 1989; Schopf
and Suarez, 1988; Philander et al., 1992; Neelin,
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1991; Neelin and Jin, 1993; Neelin et al., 1992),
with quite different spatial and temporal charac-
teristics for different locations of the model coef-
ficients in parameter space. Thus, although much
progress has been made in deriving a theory of
air-sea interactions in the tropical climate system,
the observational evidence for the validity of
certain approximations in the above body of work
remains a controversial issue.

Earlier work by Latif et al., 1992 (hereafter L92)
investigated and described three fundamental
temporal frequencies of variability or modes in the
ocean-atmosphere system of the tropical Pacific
Ocean. These frequencies were defined objectively
by a simultaneous Principal Oscillator Pattern
(POPs) analysis (Hasselmann, 1988; von Storch
et al, 1988; and Xu and von Storch, 1990,
Appendix A) of the observed fields of wind stress,
sea surface temperature (SST) and ocean heat
content. The periods resulting from this analysis
were roughly 12, 22 and 34 months, the annual
cycle (AC), quasibiennial (QB) and low frequency
(LF) modes, respectively. The first time scale was
simply the annual cycle. Of the latter two time
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scales, the one near 34 months is the one of interest
in this study. It has been shown to be a fundamen-
tal constituent of the El Nifio-Southern Oscillation
(ENSO) phenomenon (see below). The goal of the
present paper is to determine the physical origins
of this important mode of variation in the tropical
climate system and its frequency-wavenumber
structure.

Past work describing the above modes has gener-
ated some confusion since the temporal desig-
nators (QB and LF) do not have precise periods
associated with them. So different investigators
often seem to apply different temporal designators
to the same mode, hence the confusion. The funda-
mental problem is that the modes are not periodic
and are (generally) associated with a red spectrum,;
or if spatial peaks can be found, they are highly
dependent on record length, location, etc. In the
present paper we key on the spatial patterns of
variability as the fundamental description of the
modes. Specifically, we will investigate the most
energetic mode which we term the principal spatial
mode or PSM. As will be shown, it can have
temporal periods ranging from 26-40 months and
so could be given a temporal designator for the QB
or LF modes noted above.

2. The PSM mode in observations

The work of 192, as it pertains to the PSM, is
summarized briefly here for it is vital to evaluating
the reality of model results to be presented later.

2.1. Data and procedures

It is well-known from linear stability analysis
that the most important quantities in tropical air-
sea interactions are zonal surface wind, sea surface
temperature (SST), and upper ocean heat content
(Hirst, 1986; Neelin, 1991). With this in mind,
these important quantities were subjected to a
POPs analysis (see Appendix A). The analysis
period extends from 1967 to 1986. The SST data
were described by Graham and White (1990) and
are based on the COADS data set. The zonal
surface wind stress was taken from the Florida
State University (FSU) data set (Goldenberg and
O’Brien, 1981; Legler and O’Brien, 1984). As a
measure of upper ocean heat content (sea level
surrogate) we use the depth of the 20°C-isotherm.
This data set is comprised of a re-analysis of the

Tellus 47A (1995), 5, 2

999

temperature/depth data based upon more than
150,000 vertical profiles of temperature archived at
the Japan Far Seas Fisheries Research Labora-
tory (JFSFRL) and at the Scripps Institution of
Oceanography (SIO). SST and zonal wind stress
cover the domain 124°E to 80°W. The subsurface
data were available only for the region 120°E to
140°W. The meridional domain extends from
24°N to 24°S. The data coverage for the 20°C
isotherm data set, especially during the first half of
the analyzed period, is poor, resulting in large
spatial and temporal gaps. We filled these gaps
in our analysis by assuming zero anomaly after
removing the annual mean value. Since the heat
content data were available on a bimonthly basis
only, the entire analysis was based on bimonthly
data. For this purpose, the monthly SST and zonal

TIME COEFFICIENTS OF THE PRINCIPAL SPATIAL MODE
FROM POP ANALYSIS
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Fig. 1. Amplitude (a) and phase (b) time series of the
Principal Spatial Model POP.
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stress data were transformed into bimonthly
values.

2.2. Results

The most energetic interannual POP mode,
the PSM, accounting for about 24 % of the vari-
ance in the data, has a rotation time of between
26-39 months (Section 6) and a decay time of
about 4 years. This POP mode was already
described partly by Latif et al. (1993). The POP
coefficient time series of the PSM indicates a clear
relationship to the ENSO cycle. The zero-lag
correlation of the real part POP coefficient time
series with the NINO3 SST index is 0.76, while the
lag-8 (months) correlation of the imaginary part is
0.61, with the POP coefficient time series leading
the NINO3 index. Thus, the PSM accounts for
most of the ENSO-related variability. This is also
supported by the study of Latif et al. (1993), who
show that the mode can be successfully exploited
for ENSO predictions up to lead times of about
one year. The amplitude time series of the PSM
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POP (Fig. 1, upper) exhibits the most energetic
times during the periods 1972/1973 and 1982/1983.
The corresponding phase-time series clearly shows
the process is not simple periodic (Fig. 1, lower).

The spatial patterns of the PSM POP emphasize
also its close connection to the ENSO phenom-
enon (Fig.2). The real part patterns (righthand
panels) show the familiar anomaly characteristics
observed during the height of the extremes of
ENSO, with maximum SST anomalies in the
eastern equatorial Pacific, westerly wind stress
anomalies, centered at the equator near the
dateline, and the characteristic drop of heat
content in the entire western equatorial Pacific.
The imaginary part patterns (left-hand panels)
show conditions about 9 months earlier. The
dominant feature in these “precursor” patterns is a
signal in upper ocean heat content at the equator,
centered near 160°W. This signal propagates
eastward with a speed of about 25 cm/s, which is
about one order of magnitude slower than the
gravest baroclinic Kelvin wave speed.

OBSERVED PSM POP
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Fig. 2. Spatial patterns of the PSM POP. Left: imaginary part patterns. Right: real part patterns. Upper: depth of
20°C isotherm, a surrogate for sea level. Middle: sea surface temperature. Lower: zonal wind stress.
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The evolution of anomalies in the PSM is
broadly consistent with equatorial wave dynamics
as summarized by the conceptual model of “delayed
action oscillation” (Schopf and Suarez, 1988;
Graham and White, 1988; Cane etal, 1990;
Chao and Philander, 1993) and a coupled ocean/
atmosphere mode (Neelin, 1991; Neelin and Jin,
1993). According to this picture, the ocean is not
in equilibrium with the atmosphere and has a
memory to past winds, as described by Cane and
Sarachik (1981). Phase differences between upper
ocean heat content on the one hand and SST and
wind on the other hand are crucial to maintain the
oscillation. Examples of these features are readily
apparent in observations displayed in the Climate
Analysis Center’s Climate Diagnostics Bulletin,
e.g., see the panels on equatorial section heat
content, SST anomaly, and 850 mb wind anomaly
longitude-time diagrams for the last several
El Nifio events.

1001

3. The PSM in an ocean model

Prior to using a series of ocean general circu-
lation model (OGCM) experiments to dissect
the PSM, we first wish to demonstrate that the
OGCM can reproduce the observed features
described above. The OGCM to be used in this
study is the nonlinear primitive equation version of
the Hamburg tropical Pacific Ocean model (Latif,
1987) that calculates the three-dimensional current
field, sea level and SST. The model has realistic
horizontal geometry with a zonal grid spacing
of 670 km and a meridional resolution of 50 km
near the equator, expanding to about 400 km at
the northern/southern boundaries (30°N/30°S).
There are thirteen irregularly spaced levels in the
vertical, with 10 of the levels in the upper 300 m.
Vertical mixing is accomplished through use
of a Richardson’s number dependent formalism
(Pacanowski and Philander, 1981). In the experi-
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Fig. 3. Principal oscillator pattern (POP) for the PSM obtained from the OGCM forced by 29 years of observed wind
stress. This POP was derived from the multivariate field of sea level (upper), SST (middle), and zonal wind stress

(lower). See Fig. 2 legend.

Tellus 47A (1995), 5, 2



1002

ments to be described below, the model was forced
with the observed, monthly FSU windstress for the
period 1962-1990 (¢f. Goldenberg and O‘Brien,
1981). This simulation reproduced fairly well the
observed broad-band SST variations over the
period of interest (Miller et al., 1993).

The SST, sea level and wind stress fields result-
ing from the above model run were analyzed in
exactly the same manner as were their observa-
tional counterparts in L92. There were only two
meaningful interannual POPs modes that resulted
from this analysis, and they had periods of 24 and
35 months, respectively. The spatial POP pattern
associated with the most energetic POP mode
from the OGCM run is shown in Fig. 3. It bears a
reasonable resemblance to the PSM POP pattern
found from the observations; compare with Fig. 2.
The degree of similarity was quantified by com-
puting the complex pattern correlation between the
(complex) LF POP from the data and the forced
model run, ie., between Fig.2 and Fig. 3. The
modulus of this correlation, which is a measure of
the similarity between the POPs, was 0.77. The
temporal correlation of the associated (complex)
POPs coefficients was 0.65, a value we would
have expected from the earlier model evaluation of
Miller et al., 1993. Both values are significant at
0.05 or more from those expected from a set of
random numbers. There are also clear differences
between the two analyses, particularly in the
eastern and western margins of the ocean. Some
of this is likely due to model resolution, both
horizontal and vertical. But it is also true that the
heat content is only poorly observed and that may
be part of the problem on the upper panels. All in
all, given the strong correlations noted above, we
conclude that the model forced by the observed
winds has done a reasonable job of reproducing
the temporal evolution and spatial structure of the
PSM found in the observations.

4. PSM mode without air/sea coupling

In this section we investigate two ideas. The
first is the degree to which the PSM signal under
discussion depends on air/sea coupling for its
existence as suggested by many earlier studies.
Second, we wish to see if such a mode results from
an interaction of the annual cycle with itself. The
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answers to both questions were obtained from
three simulations with the OGCM.

In the first simulation, 1000 years in length, the
OGCM was forced by a combination of the annual
cycle and noise, N(x, ), that was “white” in time
and “white” in space, with a spatially uniform
standard deviation of 0.25 dynes/cm?, a typical
value for the FSU stress data set. Thus, N is com-
pletely uncorrelated in both x and ¢. We refer to
this run as the “annual cycle/white-white” run or
ACWW. In the second simulation, the model was
forced with the annual cycle of wind stress plus a
noise field given by:

10

N(xs t)= Z ai(t) ei(x)a

i=1

where e;(x) is the ith empirical orthogonal func-
tion of the FSU anomalous wind stress data set
(1965-1988) and a;(¢) is a random principal com-
ponent constructed such that

a,(t,) =r,(0, 4,),

where 7, is the nth random number drawn from a
population with zero mean and variance 4,, ie.,
variance proportional to the ith eigenvalue from
the wind stress EOF analysis. Thus the forcing
field of the anomalous wind stress was constructed
to be “red in space and white in time”. We will refer
to this experiment as the “annual cycle/red-white”
or ACRW forced run. The third experiment is
identical to the second, but now the seasonal cycle
of wind forcing was replaced at each gridpoint by
the annual average stress appropriate to that grid
point. We refer to this experiment as the “annual
average/red-white” or AARW run. The same set of
random numbers was used in each of the latter two
runs to clearly delimit the role of the annual cycle
in the experiments.

The numerical experiments are summarized
succinctly below and in Fig. 4 which shows the
power spectrum of the SST anomaly for region
NINO3 for the last two runs. We draw three major
conclusions:

(i) The “white-white” run (ACWW) produced
a power spectrum (not shown) of SST and sea level
in NINO3 that was “red” except for strong annual
and semi-annual peaks. Apparently, the ocean
cannot generate by itself the PSM, i.e., it is not a
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POWER SPECTRUM NINO 3 SST: NOISE RUNS
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Fig. 4. Power spectra of NINO3 SST anomaly from 50-year OGCM runs forced by spatially red and temporally white
anomalous wind stress. One run also included the regular seasonal cycle of wind stress (solid dot), while the other
used annual average stress as climatological forcing (open circle). The NINO3 region is between 90-150°W and

5°N-5°S.

linear eigenmode of the ocean. This result from a
numerical simulation is in agreement with the
many theoretical studies mentioned above.

(ii) The power spectra for ACRW and AARW
show a major peak at 26.8 months period and a
secondary peak near 19 months (Fig. 4). The lower
frequency peak is significant (0.05 level), but the
higher frequency peak is only marginally meaning-
ful. The POP analysis of these noise forced OGCM
runs produced an unstable periodicity, using the
standard POP estimate, that varied between 24
and 29 months depending on the length of record
used. The spatial patterns for the POP (Fig.5)
were identical to each other and were quite similar
to those obtained for the PSM derived from the
wind forced run from the OGCM (Section 3.0);
the associated pattern correlation was 0.82. In
addition, the POP pattern correlation between the
spatially red noise forced OGCM runs, the latter
two simulations, and the comparable observed
POP from Section 2 (Fig. 2) was 0.77. In essence
then, the principal mode of the ACRW and
AARW noise forced runs was the PSM described
above and in Section 2. The 10-15 % difference in
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time scale estimates, is likely within the uncer-
tainty of the individual estimates although we
cannot show this rigorously (cf. Section 6).

The results clearly suggest that the addition of
large scale spatial coherence to the temporally
stochastic wind forcing produces patterns of ocean
variability much like those observed. By specifying
the large scale spatial structure of the wind pat-
terns, which was presumably induced in the FSU
data by the ENSO signal itself, one might say we
have provided the desired answer to the OGCM.
Put another way, the impression of spatially fixed
patterns of wind stress, effectively filters the ocean
dynamics in a way that allows only the observed
PSM (ENSO) signal, even though the temporal
variability is purely random. The wave number or
k-dependence of this signal combined with the
mean properties of the model ocean automatically
select the appropriate time scale; essentially
forcing waves on only a localized portion of a
dispersion relation.

We note in passing that in the real world, the
wavenumber spectrum of the wind stress is not
white, e.g., the west wind bursts associated with the
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Fig. 5. As Fig. 2, but from the OGCM forced by wind stress that is “red” in space and “white” in time.

Madden-Julian oscillation. To represent this latter
situation, we high pass filtered the observed wind
stress field to retain time scales less than 12 months
and repeated the ACRW experiment described
above. The PSM was obtained as the most
energetic mode of variability.

(iii) The power spectra are nearly identical
over the frequency range of interest, so the inclu-
sion of the annual cycle (ACRW), or the lack
thereof (AARW), had little to do with variability
outside its immediate frequency band. Thus, the
idea that the PSM variations are somehow forced
directly by the annual cycle, e.g., are a simple sub-
harmonic of the annual cycle, is not supported by
the numerical simulation. We repeated the ACRW
experiment for another realization of the white
noise forcing and obtained essentially the same
result as shown on Fig. 4.

The very low-frequency behavior of the model
seen in the spectra is spurious. It arises from a
slow drift associated with the lack of a long term
balance in the heat budget of the model. This is
induced largely by the model’s failure to properly

compensate for heat which should (in nature) be
transported meridionally by the ocean but cannot
be due to the solid “walls” at 30°N/S. Apparently
the combination of diffusion and pseudo-heat flux
parameterizations are not quite energy conserving
over the model domain. This problem should have
no impact on the use of the OGCM for ENSO-
related studies.

In summary, the PSM is not a fundamental
mode of oscillation of the equatorial Pacific in and
of itself. Rather, it is the large-scale anomalous
structure of the wind forcing that couples with the
ocean (see below) to produce the oscillation. The
simulations suggest that the annual cycle, by itself,
has little or no role in directly forcing the LF varia-
tions we have found in the OGCM.

5. The role of ocean-atmosphere coupling
In this section, we investigate the role of ocean-

atmosphere coupling in the PSM. The results from
the preceding section would, at first glance, appear
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to rule out such a coupling in the noise runs, but
this is not the case. The random wind field used in
the above experiments is theoretically composed of
an infinite number of Fourier components having
different frequencies, wave numbers and directions
of propagation. Thus, in analogy to the resonant
theory of wind wave generation of Phillips (1962),
there will be some element of the forcing field that
could move and resonantly interact with the ocean
features that comprise the PSM. These elements of
the wind field would thus appear to be phase
locked to the ocean, just as is observed in nature.

The principal tool we will use in the following
discussion is the hybrid coupled model (HCM)
described by Barnett et al. (1993, hereafter B93).
The ocean component of the HCM consists of the
OGCM used in the earlier sections of this paper.
The atmospheric component is a statistical model
that specifies the anomalous wind stress from
information on anomalous SST provided by the
ocean model. In effect, the atmosphere in the
HCM is a “slave” to the ocean without any
internal dynamics. The seasonal cycle for ocean
variables is computed by the OGCM, while the
seasonal cycle of atmospheric forcing is specified;
the atmospheric model is thus an anomaly model.
A critical element of the atmospheric model is that
the ocean-atmosphere coupling coefficients were
computed independently from the observed SST
and wind stress data for each month of the year. It
was shown in B93 that the HCM did a reasonable
job of reproducing both the space and temporal
variability observed in the ocean and atmosphere
of the tropical Pacific. It also produced reasonable
forecasts of large ENSO events at lead times out to
18 months in advance. In short, the HCM appears
an adequate tool for studying the PSM type of
phenomenon.

5.1. HCM and the PSM

The HCM had a somewhat chaotic behavior,
but showed a definite preference in extended
integrations for oscillation at or near periods of
two or three years. As noted in B93, the spatial
structure of this behavior was very similar to that
observed in both the real SST and sea level fields,
independent of whether the HCM was oscillating
at 2 or 3 year periods. This is partially illustrated
in Fig. 6.1t is also important to note that the POPs
results referred to in that illustration bear a
marked similarity to those obtained from analysis
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of the 29-year integration of the OGCM forced
by the observed winds (Section 3). The pattern
correlation between the PSM POP from the wind
forced run and the PSM POP from a 50 year
segment of HCM run with either the 2- or 3-year
period, was 0.84. Comparing the HCM POP with
that derived from the observations vyields a
complex pattern correlation with modulus 0.60
(between Figs. 6 and 2). There are differences in
the patterns, especially along the equator, that are
likely due to poor representation of upwelling
(resolution again). But, on balance, we conclude
that the spatial response of the HCM is essentially
the PSM seen in nature and in the wind forced
OGCM. This statement is true whether one is
dealing with the HCM fields that have a pre-
dominantly 2- or 3-year period. As noted in the
Introduction, using a temporal descriptor (e.g.,
LF) to represent this mode of variability is clearly
confusing and not ideal. We note it here mainly for
historical continuity.

The HCM runs can be compared with the noise
forced run (Section 4) to estimate the degree to
which air/sea coupling enhances the PSM. In the
former runs the coupling is both explicit and
strong, while in the noise run it is necessarily weak
(no explicit coupling). A lower limit on the signal
enhancement was estimated as-follows: Power
spectra of 50 years time series of SST in NINO3
from the HCM were computed using exactly the
same procedures as used in the construction of
Fig. 4. Given the time scale ambiguity in the
HCM associated with the PSM, separate 50-year
segments having predominantly 2-year and 3-year
variability were analyzed. The peak energies of the
HCM spectra were roughly 30 times those found
in the noise run. The physical mechanisms respon-
sible for this amplification were explained in B93.
Based on the relative magnitudes of the spectral
peak energies (30 to 1), one may surmise that the
explicit ocean-atmosphere coupling enhances the
amplitude of the PSM variations by roughly a
factor of \/ﬁ or 5-6 over what it would have been
in the presence of an atmosphere whose temporal
variations were purely random (no explicit feed-
back).

In summary, the role of discrete, explicit air-sea
interactions in the PSM is that of an amplifier and
a coupler. Without amplification, the role of the
PSM variations in interannual climate change,
e.g., ENSO, would likely be unimportant. While
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HYBRID COUPLED MODEL PSM POP
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Fig. 6. POP associated with PSM in the hybrid coupled model (HCM). The analysis was performed on a multivariate
data set composed of SST, sea level and zonal wind stress from a 50-year run of the HCM. See Barnett et al. (1993)

for more details on the model and associated analysis.

performing the role of amplifier, these same inter-
actions provide the close linkage between the
ocean and atmosphere that allows the coupled
mode to exist and influence large regions of the
planet (cf. Barnett, 1991, Figs. 2, 3 and 5).

5.2. The role of seasonality in atmospheric forcing

The seasonal cycle does play an important role
in the PSM variability but, as we have seen above,
it is not what one might term a direct role. The role
of seasonality in producing the LF variations has
been demonstrated by two additional numerical
experiments with the HCM. Both runs start from
a comparable, but not identical, initial condition
(¢,) obtained from, say, July of a control run. In
the first experiment, the integration was allowed to
continue beyond ¢,, with normal changes in the
annual cycle, i.e., the seasonal cycle component of
the wind stress was allowed to evolve as appropriate
to the time of year. The wind anomalies, however,
were computed by the atmospheric model under
the assumption of a perpetual July, i.e., there was

no seasonality in the atmospheric feedback. In the
second experiment, both the seasonal component
of the wind and the atmospheric anomaly model
were held to July, ie, a perpetual July was
imposed on both the seasonal cycle and the atmo-
spheric feedback.

The temporal character of both experiments
are demonstrated clearly by inspecting the time
history of SST in region NINO3 (Fig. 7) for the
first 26 years of the coupled integrations. The
comparable time history for the continuation of
the control run, which included full seasonality in
both the wind stress annual cycle specification
and in the coupling coefficients of the anomalous
atmospheric model, is shown for comparison.

A highly regular 5-year oscillation appears in
both the upper panels*. Yet the pattern correlation
between the lead POP of the perpetual July run

* This is one of the characteristic ENSO time scales
estimated by other authors.
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Fig. 7. Time series of NINO3 SST anomaly from HCM
runs with various forms of seasonal wind forcing:
No seasonal cycle and no seasonal dependence in the
anomalous ocean/atmosphere coupling (upper); seasonal
cycle forcing from climatology and no seasonal depen-
dence in the anomalous ocean/atmospheric coupling
(middle); seasonal cycle forcing from climatology and
seasonal dependence in anomalous ocean/atmosphere
coupling (lower).
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(upper) and the lead POP of the standard coupled
control run (lower) was 0.66, so again the spatial
response of the PSM is robust to different tem-
poral forcing. Inclusion of the seasonal cycle in the
specified background mean state (middle panel)
did little to affect this finding aside from adding
temporal variability at the annual time scale.
Allowing for seasonality in the ocean-atmosphere
coupling (lower panel) produced irregular and
higher frequency variability. In the HCM, at least,
the seasonality in the degree of ocean-atmosphere
coupling is critical to determining the time scale of
the PSM variability. The annual cycle, by itself,
apparently does not directly participate in the
PSM.

Brier (1978) and Nicholls (1978, 1984) have
suggested that low-frequency variability could
be induced by an ocean-atmosphere interaction
whose strength (or sign) varied with the annual
cycle. In concept, at least, this was also Meehl’s
(1987, 1992) suggestion. That is exactly the type of
mechanism at work in the HCM. As described in
B93, the wind forcing from the atmospheric model
has a strong seasonal asymmetry (Fig. 8) of the
type that should produce variability at a frequency
near the first subharmonic of the annual cycle.
Forcing near this frequency band will interact in
near resonance with the natural mode described
in Section 4. Such a mechanism would produce a
negligible nonlinear interaction coefficient between
the resultant low frequency time scale and the
annual cycle as found by Barnett (1991) and in
L92.

We note that the behavior of the HCM is sen-
sitive to variation in coefficients and background
mean state (like the Lamont model, Zebiak and
Cane, 1991; Graham et al, 1994). Thus, its
behavior in the non-seasonal mode (Fig. 7, upper)
is interesting but represents a very different model
from that with seasonally dependent anomalous
forcing. The latter model appears closer to reality
since it more closely reproduces the observed time
scales of variability.

In summary, the results presented here, plus
those reported by earlier workers, support the
hypothesis that the time scale of the PSM varia-
bility is associated with the seasonally varying
manner in which the ocean and atmosphere inter-
act with each other. The interested reader is
referred to B93 for a more detailed description of
the seasonal character in the HCM.
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STATISTICAL ATMOSPHERE RESPONSE
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Fig. 8. Anomalous wind stress field produced by an observed warm SST anomaly (February 1992) from the
atmospheric component of the HCM: upper, using January coefficients; lower, using July coefficients.

6. The time scale

In general, the estimates of spatial structure of
the PSM we obtained from the different numerical
experiments and observations are consistent with
each other. However, the temporal variability, as
denoted by the estimated period of the mode, is
more variable than we would have expected a
priori. The reason for this may lay in the analysis
methods themselves.

In a POPs analysis, there are four different
ways to obtain the characteristic time scale (see
Appendix B for a description and definition of ter-
minology). They can give rather different answers
(cf. Fig.9). For example, the regular POP period
and energy weighted phase estimates both gave
periods 39 months while the amplitude weighted
cumulative phase method gave 34 months for the
observations. All of these measures are subject
to overestimation in the presence of a few large
amplitude events (e.g., 1982-1983 ENSO). The

unweighted cumulative phase estimation proce-
dure, which is unaffected by large magnitude
events, gave a period of 27 months. So the POP-
estimated time scale for the PSM lies in the range
27 to 39 months; the range depending solely on
analysis method. We show also in Fig. 9 similar
estimates for the QB mode time scale obtained in
L92. Note the similar scatter in estimation of the
QB mode. There is, however, a clear temporal
separation of the QB and PSM modes.

The spectral estimate (from Fig.4) from the
noise forced OGCM run gave a characteristic
PSM time scale of roughly 27 + 1 months while the
POP period of that run gave a 29 month period.
Combining these results with those just above
suggests we can assign a time scale of 26-39
months to the PSM. Note the lower end of this
time span includes what many authors have called
the quasi-biennial period (Trenberth, 1975; Quiroz,
1983; Rasmusson et al., 1990; Yasunari, 1989).

The highly unsatisfactory situation with time

Tellus 47A (1995), S, 2
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POP TIME SCALE ESTIMATES
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Fig. 9. Time scale estimates for the Low-Frequency and
Quasibiennial modes by four different methods from the
POPs analysis of the observations (OBS) and OGCM
forced by the observed winds OGCM. Note the time
scale separation of the two modes and the rather good
correspondence between like estimates for the observa-
tions and simulation. The symbols are defined on the
Figure.

scale estimation is due to the fact that the processes
we are studying are broadband in frequency space
(but apparently highly peaked in wave number
space). Without a dominant spectral frequency
peak, it seems unlikely that a characteristic time
scale can be defined with high precision.

In a sense, the results presented here on the tem-
poral variability of the PSM are consistent with
the hypothesis of Jin et al. (1994) and Tziperman
etal. (1994) that ENSO events are essentially
chaotic in nature and so no true periodicity is
expected. Rather the oscillation might take on
different temporal characteristics depending on
the background mean state, strength of ocean/
atmosphere coupling, etc.

7. Conclusions

A variety of numerical simulations have been
carried out in order to investigate the origins of
the Principal Spatial Mode (PSM) described in
the observational study of Latif etal (1992),
hereafter 1.92. Considerable effort is expended to
show numerically that simulations bear a statisti-
cally significant relationship to the observations.
The principal results of this study are as follows:
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(i) An ocean general circulation model
(OGCM) was forced with the observed wind stress
over a 29-year period. The fields of SST, sea level
and wind stress produced patterns of variability
similar to those found in the data (L92). It is clear
that the OGCM produces reasonably well the
PSM.

(ii) The OGCM was forced by noise that was
(a) white in space and time and (b) red in space
but white in time. The PSM described in L92 and
(1) above was not found in run (a) but was found
in the noise simulations (b), whether or not the
seasonal cycle of wind stress or the annual average
stress were included. This mode is not dependent
directly on seasonal cycle forcing, but does require
large scale coherent structures in the wind forcing.

(ii) A hybrid coupled model (HCM) con-
sisting of the OGCM noted above and a statistical
atmospheric component produced the simulated
PSM variations much like those observed in
nature and in the run where the OGCM was forced
by observed winds. Comparison of this simulation
with those described in (ii) show that air-sea
interactions both amplify the PSM by a factor of
5-6 over the strength it would have in a totally
random (in time) atmosphere, thereby making it
climatologically important and supplying the
coupling mechanism for the existence of PSM.

(iv) The temporal variability in the simulated
PSM depends critically on the seasonality in the
strength of the anomalous, near-resonsant coup-
ling between the ocean and atmosphere. This is
distinctly different from the assertion that the PSM
is driven directly by the annual cycle.

(v) The characteristic time scale one assigns
to the simulated PSM can vary from 26-39 months
depending on the analysis procedure one uses.
Some of these estimates fall into a range of time
scales often associated with the tropospheric
quasibiennial oscillation. Given the broadband
nature of the frequency spectrum in the range from
1 cycle/20 months to 1 cycle/40 months, it seems
unlikely that the time scale of the PSM can be
more precisely determined.
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9. Appendix A

Principal oscillation patterns

Our statistical investigation of the data is based
on the method of Principal Oscillation Patterns
(POPs) (Hasselmann, 1988; Von Storch et al.,
1988; Xu and Von Storch, 1990), which is designed
to extract the dominant modes of variability from
a multi-dimensional data set. The POPs are the
eigenvectors of the system matrix obtained by
assuring the data can be represented by a multi-
variate first order Markov process. POPs are in
general complex with real part p, and imaginary
part p,. The corresponding complex coefficient
time series satisfies the standard damped harmonic
oscillator equation, so that the evolution of the
system in the two dimensional POP space can be
interpreted as a cyclic sequence of spatial patterns

T. P. BARNETT ET AL.

atmospheric and oceanic quantities, the POPs can
be regarded as the normal modes of the coupled
ocean-atmosphere system under the assumption
that the coupled system is well represented as a
first order Markov process.

10. Appendix B

Estimating POP time scales

A standard POP analysis can be used in four
different ways to estimate the time scales of a data
set. The most immediate and standard estimate is
obtained directly from the complex eigenvalues of
the system matrix (Von Storch et al., 1988; Xu and
Von Storch, 1990). These eigenvalues and original
data can be used to estimate a POP amplitude
(A(?)) and incremental phase (A¢(¢)), which A¢ is
defined to lie between — 7 and n. The incremental
phase is the change in POPs phase between
successive time increments (A¢). With these defini-
tions, the remaining three ways to estimate time
scales for POPs are:

cumulative phase:

1 T -1
[Zz_f" J, 18900 dr} ,

(++=>pi> —pr—>—py>py>p;— ) The

characteristic period to complete a full cycle will be amplitude weighted:

referred to as “rotation period” and the e-folding

time for exponential decay as “damping time”. 1 |5 A(1) |Ag(1)| de] -

Since the two time scales are estimated as part of [ﬁ T A(r)dr ] ’

the POP analysis, narrow band pass filters to iden-

tify the different variability modes in the data are .

not required. We therefore need less a priori infor- energy weighted:

mation than in other recent studies (Rasmusson T 42 _

et al.,, 1990; Barnett, 1991; Ropelewski et al., 1992). [_1_ MM] ]_

Further, since we consider simultaneously both L 277 5 A*(z)dt
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