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Abstract

We have investigated the modal structure of climate variability in the
tropical Pacific by analyzing zonal surface wind stress, sea surface
temperature, and upper ocean heat content during the period 1967 to 1986.
Three principal climate modes could be identified: The annual cycle, a
quasi—biennial (QB) mode, and a low—frequency (LF) mode with a time scale of
about 3 years. The annual cycle is mostly governed by the movement of the sun,
local air-sea heat exchange and mixing processes. In the eastern equatorial
Pacific, the annual cycle involves a westward propagating coupled mode which
is caused by processes within the surface mixed layer. The quasi—biennial mode
near the equator shows aspects of both mixed layer physics and shallow water
wave dynamics and is therefore best desrcibed as a "mixed surface/subsurface
dynamics" mode. Poleward of 10 degrees local air—sea heat exchange and mixing
processes become also important. The low—frequency mode is the traditional
ENSO mode, which is best described as the oceanic response to low—frequency
atmospheric forcing. Equatorial wave dynamics is crucial for the low—frequency
mode.

The quasi—biennial mode shows some evidence for a phase—locking to the annual
cycle. However, the period of the quasi-biennual mode is not steady, ranging
from about 20 to 30 months during the analysed period. Evidence was found that
the annual cycle and the quasi—biennual mode together influence the
low—frequency mode such that the, low-frequency mode attains maximum amplitude
several months after the annual cycle and the quasi-biennual mode were in
phase. Our study confirms also the existence of non~1inear interactions
involving the QB and LF modes of interannual variability only.
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1. Introduction

Large-scale air—sea interactions play a major role for the generation of

climate variability in the tropical Pacific (e. g. Bjerknes (1969)). As

described by several authors, these interactions take place on a variety of

time scales (e. g. Barnett (1991)). The annual cycle in the eastern equatorial

Pacific involves coupled processes (Horel (1982), Philander (1990), Neelin

(1991)), as well as the interannual variability. The latter shows variability

on a quasi—biennual (QB) time scale (Rassmusson et a1. (1990) and at lower

frequencies (Rasmussen and Carpenter (1982)). Theoretical and modeling work

show that unstable air—sea interactions are possible for a large expanse of

model parameter space (e. g. Battisti (1988), Battisti and Hirst (1989),

Schopf and Suarez (1988), Philander et a1. (1991), Neelin (1991), Neelin and

Jin (1992), Neelin et a1. (1992)), with quite different spatial and temporal

characteristics in different locations of the parameter space. However,

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 remains a controversal issue.

Here we investigate the annual and interannual variability in the tropical

Pacific to provide a modal description of the observed climate variability.

For this purpose we analyzed twenty years of observational data and derived

the dominant variability modes. By doing so we cannot only discuss how well

these modes are captured by current theory, but also how the different coupled

modes interact with each other. Our results indicate that the basic features

of the individual coupled modes in the tropical Pacific are well captured by

current theory, but our results also suggest that a considerable part of the

observed low—frequency variability arises from non—linear interactions between

the individual modes. Evidence is found for non—linear interactions between

the biennial and low—frequency components of interannual variability (cf

Barnett (1991)) and between these two modes and the annual cycle.

This paper is organized as follows. Section two gives a description of the



observational data and the statistical analysis technique. In section 3 we

describe the dominant modes of climate variability derived from the data. In

section 4 we discuss the interactions between the individual modes. Finally,

section 5 gives a summary and discussion of the results.

2. Data and analysis technique

2.1 Data

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 (e. g. Hirst (1985),
Neelin (1991)). We therefore restrict our analysis to these three most
important quantities. The analyzed period extends from 1967 to 1986. The SST

data are 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 meassure of upper ocean heat content we use the depth of the ZOOC—isotherm.

This data set is comprised of a re—analysis of the temperature/depth data

based upon more than 150.000 vertical profiles of temperature archived at the

Japan Far Seas Fisheries Research Laboratory (JFSRL) and at the Scripps

institution of Oceanography (SIO). SST and zonal wind stress cover the domain

124013 to 800W. 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 is based on bimonthly data. For this purpose, the monthly

SST and zonal stress data were transformed into bimonthly values.

The data were processed in the following way. First, the annual mean was



substracted from each quantity at each grid point. The data were detrended and

each of the quantities was normalized with its spatially averaged standard

deviation, so that each quantity has the same weight (and nondimensional

units) in the statistical analysis. In order to derive the annual cycle,

band—pass filtering was applied retaining variations on time scales of 8

months to 10 years. For the investigation of the interannual variability the

annual cycle was removed from the data, and the data were band-passed filtered

retaining variability on time scales of 16 months to 10 years. Band—pass

filtering was necessary to reduce the problems which arise from the data gaps

and from low frequency variability which cannot properly be resolved by our

short data set.

2.2 Statistical method

Our statistical investigation of the data is based on the method of Principal

Oscillation Patterns (POPS) (Hasselmann (1988), Storch et a1. (1988), Xu and

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 fitting the data to a multivariate first order Markov

process. POPs are in general complex with real part p1 and imaginary part p2.

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 (“.9 p1 a —p —) —p1 9 p2 —> p1 ->...). The characteristic

period to complete a full cycle2 will be referred to as ’rotation period’ and

the e—folding time for exponential decay as ’damping time’. Since the two time

scales are estimated as part of the POP analysis, narrow band pass filters to

identify the different variability modes in the data are not required. We

therefore need less ’a priori’ information than in other recent studies

(Rasmussen et a1. (1990), Barnett (1991), Ropelewski et a1. (1992)). Further,

since we consider simultaneously both 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
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first order Markow process.

3. Normal modes

3.1 Annual cycle

The dominant POP mode of the data describes the annual cycle (Fig. 1). The

rotation period of this POP mode is 12 months, the decay time is about six

years, and the explained variance amounts to about 51% of the total variance

in the band pass filtered data. The POP amplitude time series (Fig. 2a) and

the corresponding phase function (Fig. 2b) indicate that the annual cycle

evolves fairly regularly. The amplitude of the annual cycle, for instance

varies only moderately during the analyzed period, with a maximum/minimum

ratio of less than two.

The spatial characteristics of the annual cycle are dominated by a standing

component (Fig. 1). The imaginary part of the POP describes the extreme phases

of the annual cycle, exhibiting strong north—south asymmetries in zonal

surface wind stress (Fig. 1a)) and SST (Fig. 1c). The evolution of the annual

cycle closely follows the movement of the sun. During northern summer warm

surface waters in the Northern Hemisphere go along with weak Trades, while

cool SSTs in the Southern Hemisphere go along with strong Trades. This

indicates the dominant role of local air—sea heat exchange and mixing

processes in determining the SST over the largest portion of the tropical

Pacific. No strong signals are found in the 20°C—isotherm data during the

extreme seasons. We note, however, the positive signals on both sides of the
Oequator near 5 .

The transition seasons are described by the real part of the annual cycle POP.

In general, the real part patterns of zonal wind stress and SST are Weak,

except in the eastern equatorial Pacific (Figs 1b and 1d). The real part

pattern of the depth of the 20°C—isotherm (Fig. If) is dominated by a region
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of strong meridional gradients in the central Pacific near 10°N. By following

the signals in SST and zonal wind stress from the imaginary part (northern

summer) to the real part (northern fall) one can identify a westward

propagation in these quantities. This westward propagation arises from coupled

processes, as described by Philander (1990) and Neelin (1991). The wind stress

response appears to be located to the west of the cold water, so that the

water is cooled to the west of the coldest water in response to anomalous

upwelling and horizontal advection, causing westward propagation. Some

evidence of westward propagation is also found in the upper ocean heat content

(Figs. 1e and 1f), which is best seen by following the horseshoe pattern near

the equator during the rotation from the real part to the (negative) imaginary
part pattern. In contrast to White et a1. (1990) we did not find any evidence

for annual western boundary Rossby wave reflection.

3.2. Quasi—biennual mode (QB mode)

In the next step we computed the dominant modes of interannual variability.

For this purpose, we removed the annual cycle and band—passed filtered the

data, as indicated above. We found two dominant POP modes, one quasi—biennual

and one more low-frequency mode, which will be referred to as ’QB’ and ’LF’

modes, respectively (Barnett (1991)). This is the first time that these two
modes have been identified in a multivariate statistical analysis without

making use of narrow band—pass filters. We first describe the QB mode which is

the second most energetic mode, explaining about 12% of the band—pass filtered

data. The rotation period and decay time of the QB mode are both estimated

with about 22 months. However, since the time series are not stationary and

rather short, estimates of time scales are subject to large uncertainties. As

can be seen from the POP phase time series (Fig.4b) the cycle length of the QB

mode varies considerably with time, so that the trajectory in the POP phase

space (not shown) does not evolve as regularly as theoretically expected. The

POP amplitude time series (Fig. 4a) shows strong modulations, exhibiting
quiescent as well as active periods. The most active periods occurred during

the periods 1972/1973, 1976, and 1982/1983.
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Near the equator, the spatial characteristics of the QB mode appear to be

rather complicated (Fig. 3). The patterns are remiscent of shallow water

dynamics and mixed layer physics. The QB mode is therefore best characterized

as a ’mixed surface/subsurface dynamics’ mode, using the notation of Neelin

and Jin (1992). The real part is characterized by zonal wind stress anomalies

which are mostly confined to the near—equatorial region, with westerly

anomalies west of and negative anomalies east of 140°W (Fig. 3b). Positive SST

anomalies are found in the eastern equatorial Pacific near 120°W, while weak

negative SST anomalies are found in the far western equatorial Pacific (Fig.

3d). The upper ocean heat content is dominated by a strong negative anomaly

located in the western Pacific near lOON (Fig. 3f). Further east, positive
heat content anomalies are found at and south of the equator. Together, the

real part patterns of the QB mode bear some resemblence to an El Nifio, i. e.

positive SST anomalies in the eastern equatorial Pacific, a Gill (1980) type

wind response, and a zonally asymmetric anomalous heat content near the

equator. A similar conclusion was drawn by Barnett (1991). The correlation of

the corresponding POP coefficient time series with a typical index of
anomalous eastern equatorial SST, the SST—3 index (an area average of SST

anomalies over the region SON - SOS and l70°W — 120°W which is shown in Fig.

7), however, amounts to only 0.3. Thus the QB described here cannot be

regarded as the fundamental ENSO mode, which accounts for most of the ENSO

variability. This result is in marked contrast to the study of Ropelewski et

al. (1992), who argue that the SST variability in the eastern equatorial

Pacific is dominated by its biennial component.

The imaginary part patterns show much more north—south asymmetries in zonal

surface stress and SST than the real part patterns. Off the equator, anomalies

in these two quantities are out of phase between the two hemispheres and seem

to be dominated by local air—sea heat exchange and mixing processes, i. e.

strong Trades go along with cool SST and vice versa. In the eastern equatorial

Pacific, negative anomalies are found in these two quantities, so that the

evolution of the anomalies in this region bears some resemblence to that

observed for the annual cycle (Fig. l), i. e. slow westward propagation along

10
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the equator. In the western Pacific, the zonal wind stress anomalies show a

pronounced slow eastward propagation, a feature which has been described in

many earlier studies (e. g. Barnett (1983), Latif et al. (1990), Rasmusson et

al. (1990)). These findings are consistent with the description of the QB mode

by Rasmusson et al. (1990). The transition from the real to the (negative)

imaginary part yields evidence for western boundary wave reflection and slow

eastward propagation at the equator in the anomalous heat content (Fig. 36).

As shown above, the QB mode shows some aspects of equatorial wave dynamics and

of the annual cycle. One may therefore speculate that the QB mode arises from

an interaction of the annual cycle with equatorial waves. We shall address

this point by analyzing model results in Part II of this paper. Here we

investigate, whether the QB mode is locked to the annual cycle. For this

purpose, we stratified the zero crossings in the phase time series (Fig. 4b)

according to each bimonth. We found that 15 out of the 19 zero crossings

occurred during March and August, which provides some (but weak) evidence for

phase locking.

3.3 Low—frequency mode (LF mode)

The most energetic interannual POP mode, accounting for about 24% of the

variance in the band—pass filtered data, has a rotation time of about 40

months 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 LF mode

indicate a clear relationship to the ENSO cycle (not shown). The zero—lag

correlation of the real part POP coefficient time series with the SST—3 index

amounts to 0.76, while the lag-8 (months) correlation of the imaginary part is

0.61, with the POP coefficient time series leading the SST—3 index. Thus, the

LF mode accounts for most of the ENSO-related variability. This is also

supported by the study of Latif et al. (1993), who show that the LF mode can
be successfully exploited for ENSO predictions up to lead times of about one

year. The amplitude time series of the LF POP (Fig. 6a) exhibits the most
energetic times during the periods 1972/1973 and 1982/1983. As for the QB

12
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mode, the phase time series of the LF mode (Fig. 6b) does not indicate a

steady period.

The spatial patterns of the LF mode emphasize its close connection to the ENSO

phenomenon (Fig. 5). The real part patterns show the familiar anomaly

characteristics observed during the height of the extremes of ENSO (Figs. 5b,

5d, 5f), 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 (Figs. 5a, Sc, 5e) show conditions about

10 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.

The evolution of anomalies in the LF mode is broadly consistent equatorial

wave dynmics as summarized by the conceptual model of ’delayed action

oscillation’ (Schopf and Suarez (1988), Graham and White (1988), Cane et al.

(1990), Chao and Philander (1991)). 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.

4. Mode interactions

Estimates of time scales, as those by the POP analysis, suffer from the

non—stationarity and the short time period of the analyzed time series. An

alternative way to estimate the time scales of the different coupled modes

makes use of the (amplitude weighted) cumulative phase differences calculated

from the corresponding phase time series (Figs. 4b and 6b), which yield time

‘14



scales of about 21 and 34 months for the OB and the LF mode, respectively.

Thus, the time scale for the LF mode is estimated somewhat shorter than the

one estimated by the POP analysis. A shorter time scale for the LF mode would

give room to the possibility, that non—linear interactions involving all three

coupled modes can take place, a possibility which has not been considered

before.

Indeed, evidence is found for such an interaction. In Fig. 7a we present the

SST—3 time series and the magnitude of the (complex) product of the annual

cycle and the QB POPS. Prior to the three warm extremes of the ENSO cycle

(1972, 1976 and 1982), the annual cycle and the QB POP mode interfered

constructively. It follows from the inspection of the corresponding spatial

POP patterns (Figs. 1d and 3d) that the interference at these particular times

resulted in an amplification of the annual spring warming and a reduction of

the subsequent fall cooling in the eastern equatorial Pacific.

The cold event of 1975, one of the least understood extreme of the ENSO cycle

was preceeded by an amplified fall cooling in 1974 due to the interference of

the QB mode with the annual cycle. However, the interference during this time

was less constructive than prior to the three warm extremes. The cold event

occurred despite the fact that there was a built—up of warm water in the

western equatorial Pacific, as reported by many authors. Prior and during this

particular time period the amplitude of the LF mode attained a minimum (Fig.

6a) so that the cold event of 1975 cannot be attributed to variability

associated with the LF mode only.

We also computed the (complex) product of the coefficient time series of the

QB and LF POP modes and display its magnitude together with the SST—3 index in

Fig. 7b. The QB and the LF modes interfered constructively only prior and

during the two major warm extremes of 1972 and 1982. Less constructive

interference is seen during the mid—seventies prior the 1975 cold event. Was

the cold extreme of 1975 caused by non—linear interactions between the

different modes? If yes, this example indicates that the changes in equatorial

heat content associated with the LF mode can be regarded only as a necessary

15
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but not as a sufficient condition for the ocurrence of major anomalies in

eastern equatorial SST. Interestingly, ENSO prediction schemes which are based

mainly on the low—frequency variations in equatorial heat content, such as

those of Cane and Zebiak (1987) and Latif and Graham (1992), failed in

hindcasting the 1975 cooling.

In order to further explore the strength of non—linear interactions between

the individual coupled modes, we computed non—linear interaction coefficients

(complex triple correlations) between the different (complex) POP coefficient

time series (a physical interpretation of the non-linear interaction

coefficient is given by Barnett (1991)). This objective measure of the

strength of non—linear interactions supports our view on the interaction of

the different coupled modes. We first computed the interaction coefficient

[LF, LF, QB*] (the star indicates the complex conjugate of a complex time

series), which measures the correlation between the QB mode and the energy of
the LF mode. The value of this interaction coefficient amounts to 0.79 which
is significant on the 99 Z level. The corresponding phase angle of —900

indicates that the LF energy lags the QB mode by several months. This result

is in accord with that of Barnett (1991), who used a very different approach
to identify the different modes in the tropical climate system.

We then computed the non—linear interaction coefficient [LF, QB, AC*] which

involves all three coupled modes, including the annual cycle (AC). This

non—linear interaction has not been considered in prior studies. The

interaction coefficient attains a value of 0.61, which is significant on the

95 ”Z. level. Thus, this result supports our hypothesis that prior to major

swings in the ENSO cycle, both the annual cycle and the QB mode are important

players during the initialization phase of the event. We also computed the

value of the interaction [QB, QB, AC*], which measures the phase locking of

the QB energy with the annual cycle. The value of this interaction is only

0.30 and therefore supports the conclusion of Barnett (1991) that the QB mode

is not simply the first subharmonic of the annual cycle. However, as will be

shown in Part II, the seasonal variation in the strength of ocean—atmosphere

coupling appears to be fundamental for the origin of the QB mode.
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Figure 7: a) SST—3 index of anomalous eastern equatorial SST (thin line)
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In summary, our results suggest that a significant non—linear interaction

exists between the annual cycle and the OB and LF modes of interannual

variability. However, this interaction is certainly not the only source of

low—frequency variability. There exists an even stronger interaction between

the QB and the LF mode. Furthermore, as can be seen from Fig. 7, the tendency

of anomalous SST was already positive at the time when interference between

the different coupled modes occurred. This suggests that the main role of

these non—linear mode interactions is more that of a necessary condition for

the occurrence of major events.

5. Summary and discussion

We have investigated the coupled modes in the tropical Pacific by analyzing

observations from different sources. Three major coupled modes were identified

by applying POP analysis, the annual cycle, the quasi-biennual (QB) and the

low—frequency (LF) modes of interannual variability. We found evidence for a

triple interaction involving all three modes. The constructive interference of

these modes appears to be a necessary condition for major extremes in the ENSO

cycle. Furthermore, our results supports the existence of a strong non—linear

interaction bewteen the QB and the LF modes of interannual variability, as

already described by Barnett (1991). A realistic model of interannual

variability in the tropical Pacific has therefore to simulate all three

coupled modes and to allow for interactions between them.

Current theory captures the basic aspects of the annual and interannual

variability near the equator. The annual variability in the eastern equatorial

Pacific is governed by processes within the surface mixed layer (Fig. 1), as

those described by Neelin (1991). Both SST and zonal wind stress show a

distinct westward propagation at the equator, and spatial phase differences

between these two variables are crucial for this type of variability. We did

not find any evidence for equatorial wave propagation, as previously described
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by White et al. (1990). One advantage of the POP analysis is that it separates
the different variability modes by time scales. Since the record analyzed by

White et al. (1990) was very short and the gravest basin mode of the

equatorial Pacific has a time scale close to the annual period, these two

modes may not have been separated clearly in their analysis. We conclude here

that equatorial wave propagation is unimportant for the annual cycle.

This is completely different for the LF mode of interannual variability, for

which equatorial wave propagation is crucial (Fig. 5). The variability in the
LF mode can be best described by the conceptual model of ’delayed action

oscillation’. According to this picture, processes associated with the

subsurface memory of the coupled system are essential and temporal phase

differences between upper ocean heat content and both SST and zonal wind
stress maintain the oscillation. Ideally, one would expect SST and zonal wind

anomalies to behave as standing oscillations, while upper ocean heat content

would show slow eastward propagation at the equator. The only feature in the

LF mode that is not consistent with this simple view is the slow eastward

propagation of zonal wind stress anomalies from the north—western to the

central—equatorial Pacific (Fig. 5). By and large, however, the LF mode is

also well explained by current theory.

According to stability analysis the variability associated with the annual

cycle in the eastern equatorial Pacific and that of the LF mode can be

regarded as two extremes, the two modes being well seperated in parameter

space. While for the annual cycle processes within the surface mixed layer are

important and wave processes play a minor role, the opposite holds for the LF
mode. As shown by Neelin and Jin (1992), the eigensurfaces of the two modes

merge in certain regions of the parameter space, so that "mixed

surface/subsurface dynamics" modes can exist over a considerable region of it.

We found that the quasi—biennual (QB) mode of interannual variability near the

equator is best described by such a mixed mode (Fig. 3), showing aspects of

both Ekman and equatorial wave dynamics. The physics behind the QB mode will

be further explored in Part II of this paper.
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Although our analysis of the internnual variability is consistent with most

aspects described in earlier studies (e. g. Rasmusson et al. (1990), Barnett

(1991), Ropelewski et al. (1992)), it emphazises more strongly the

contribution of the LF mode to the ENSO—related variability. However, the LF

mode described here has a considerably smaller time scale than that assumed in

earlier studies and this fact was shown to enable non—linear interactions

between all three coupled modes, the annual cycle, the QB and the LF modes of

interannual variability. Our analysis, however, suffers from the lack of

sufficient data. In particular, the heat content data are very sparse.

Furthermore, the length of the used data sets is only 20 years, which is much

too short especially in view of identifying non—linear interactions. Therefore

this study has to be somewhat speculative in nature. In order to get more

insight into the nature of the coupled air—sea modes, we analyzed in addition

to the observations model data from different general circulation experiments.

Their results are also described in Part II of this paper.
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