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Abstract

The El Nino-Southern Oscillation (ENSO) cycle is demonstrated to be highly
variable. The dominant frequency changes with time, resulting in a broad band of
period ranging from 2 to 7 years. In the mid-1960s the dominant period changed
suddenly from 6 years to about 2 years. From the mid-1960s to mid 1970s the
period increased gradually from 2 years to 4 years. After the mid-1970s the
ENSO cycle has been a quasi 5 year. oscillation with a significant quasi-biennial
component, and the ENSO events bear considerable similarities in their transition
from a cold to a warm state. ’

Multi-variate empirical orthogonal function (MV-EOF) analysis of the post-
1970 data indicates that the most significant mode describes thé mature phase of
ENSO, and the second most significant mode describes an early stage in the ENSO
warming. The development of a warm episode is characterized by (a) a planeta-.
ry-scale low pressure anomaly in the tropical North Pacific, (b) an accompanying
quasi-geostrophic cyclonic gyre with relatively strong westerly anomalies in the
western equatorial Pacific and enhanced trades in the eastern equatorial Pacxﬁc;
(c) a convection anomaly overlapping with the westerly anomaly over the western
Pacific due primarily to the meridional wind convergence. This mode displays a
significant quasi-biennial component, in contrast to the frist EOF mode which de-
picts the mature phase of El Nino and exhibits & dominant 5-year period.

Key words: El Nino-Southern Oscillation (ENSO), Multi-variate empirical .
orthogonal function (MV-EOF).
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1. Introduction

The anomalous warming of the tropical eastern-ceatral Pacific Ocean and
along the South American coast (termed as El Nino hereafter) occurs in tandem with
the weakening of the southeast trades, which is in turn tied to the simultaneous
pressure fall in the southeast Pacific and pressure rise over Indonesia (a low-ind.
ex phase of the Southern Oscillation). This coupled variation of the ocean and at-
mosphere climate system is referred to as El Nino-Southern Oscillation(ENSO).

The alternative occurrences of El Nino and La Nina (Philander 1985) and the
low-and high-index states of the Southern Oscillation (SO) are now popularly
viewed as a cycle--.the ENSO cycle. The ENSO cycle exhibits a broad band of
period ranging from 2 to 7 years. In section 3 we will demonstrate that this
broad-band phenomenon is a result of the coexistence.of multi-time scales and the
temporal variation of the dominant frequency. We will also show that the frequency .
of ENSO has been steady after the 1970s with a dominant period of 4-5 years.

In one of his pioneering studies, Bjerknes (1969) raised a fundamental question
regarding the nature of the ENSO cycle: How does the turnabout from a cold
’ warm state take place7 After a considerable number of studies in the last

o decades (e.g., Wyrtki 1975, Barnett 1981, 1984, Rasmusson and Carpenter 1982,
van Loon and Shea 1985, 1987, Trenberth and Shesa 1987, Meehl 1987), this still
remains an outstanding issue (Trenberth 1992, Cane 1993). Because of the cyclic
and coupled nature of ENSO, it is difficult to search for any “initial® changes
that may predict an El Nino.

One of the most influential observational studies to date is the work of Ras-
musson and Carpenter (1982). They made a comprehensive description of a com-
posite ENSO scenario based on the events during 1950-1976. Due to the poverty of
data in the 1950s and the limited quality of the existing ship data, the Rasmuss-
on-Carpenter (RC) composite El Nino basically consists of the three most signifi-
cant events before 1976, i.e., the events of 1957, 1965, and 1972. The recent
three events (1982, 1986-87, and 1991)displayed quite different behavior which was
documented by Gill and Rasmusson (1983) for the 1982 event, Kousky and Leetmaa
(1989) for the 1986-87 event, and Kousky (1993) and Janowiak (1993) for the
1991 event. A remarkable interdecadal change in the transition from a cold to a
warm state of the ENSO cycle occurred in the late 1970s (Wang 1994a). The
recent three ENSO events evolved from a similar background provided by a warm
state of the latest interdecadal variation. They also occurred with a relatively
st." phase of a quasi-five year periodic cycle. The latest three eveats, therefore,



28 X ¥ B B # 19944

share many common features. .
In a previous study (Wang 1992), the vertical structure and development of

the ENSO mode during 1979-1989 were studied in the equatorial zonal plane. The
present analysis will extend that analysis to three dimensions and for anmex-
tended period from 1971-1992. The purpose of the present study is to imvestigate
t_he development characteristics and the evolution of the three-dimensional struc-
ture of the coupled ENSO mode during the El Nino.

" Section 2 discusses the data used in this study. Section 3 presents a wavelet anal-
ysis of the SST 2t the central equatorial Pacific which reveals the. multi-time
scale and nonstationary nature of the ENSO cycle. In section 4, multi-variable
empirical orthogonal function (MV-EOF) analysis is used to reveal the spatial and
temporal behavior of the ENSO mode in roughly the last two decades. The last
section summarizes ,the' results and discusses issues that call for future studies.

2. Data

“The data used in the present study include Outgoing Longwave Radiation
(OLR) data (July 1974-December 1992 with a nine-month gap in 1978), Highly Re-
flective Cloud (HRC) data from January 1971 to July 1985, and monthly mean SST,
SLP, 'agd surface winds from Comprehensive Ocean-Atmosphere Data Sets (COA-
DS) for the period 1971-1992. ; : |

The OLR and HRC data are used as proxies to tropical deep convection.
Their relations with precipitation are discussed in Wang (1994a). The original OLR
data are on 2,5°x 2.5° grid and are obtained from the Climate Analysis Ceater/
National Meteorological Center. Their production and organization, e.g., the treat-
ment of the inhomogeneities arsing from the differences in satellites and equator-
ial crossing times, were documented by Gruber and Krueger (1984). The HRC da-
ta were created by Garcia (1985) by subjective analysis of daily visible and infr-
ared polar-orbiting satellite mosaics. The original data have a resolution of 1°x
1° for the global tropics between 25°S and 25°N. They describe deep, organized
convective syétems (cloud clusters) which are responsible for most tropical rain-
fall. o

For the purpose of describing large-scale features, both OLR and HRC data
were calculated with a coarser resolution of 5° x 5°. Regression equations for
each grid between OLR and HRC were then derived using the data in the common
periods from'July 1974 to June 1987 with a nine-month gap in 1978 (147 months).

‘he correlation coefficients are normally betweea -0.7 and-0.9 (Fig.l). The
correlation is low in the southeast and northeast cold oceanic regions because the
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OLR data were contaminated by stratocumulus and cirrus clouds. Using these re-
gression equations, the monthly mean OLR from January 1971 to June 1974 and from

.= April 1978 to December 1978 were estimated from observed HRC data. In this

way, & continuous OLR data set was reconstructed for the period January 1971 to
December 1992. It was used as a measure of convection and rainfall.

R CORRELATION HpD €.1/5.0
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Fig. 1 Simultaneous correlation coefficient map between monthly

- mean outgoing longwave radiation (OLR) and highly reflective cloud
(HRC) at 5°x5° grid. The sample size is 147. The contour interval
is 0.1. Areas where the absolute value is less than 0.6 is shaded.

The original COADS data were on a 2° latitude by 2° longitude grid. To
make a more reliable estimation of monthly means, the 2° x 2° data were combined
into 5° (lat.) x 15° (long.) data by making observation-number-weighted box
averages. For the purpose of describing the planetary-scaie ENSO anomalies, this
resolution is adequate. The averaged moanthly observations in all the boxes for the
period from January 1971 to December 1992 exceed 30. The averaged COADS were
further carefully checked based on temporal and spatial consistency principles. For
the details of the quality control refer to Wang (1994b).

The analysis domain covers the entire tropical Indian and Pacific Oceans
between 25°S and 25°N and from 40°E to 80°W. All data were made for each 5°
latitude by 15° longitude boxes (Total of 150 boxes). The variables analyzed in
this study include SST, SLP, surface zonal and meridional winds, and OLR.

3. The nonstationary naturé of the ENSO cycle

The SST at the central equatorial Pacific (170°W-155°W) (Fig. 22) is qualifi-
ed as an index for Pacific warming and used as an El Nino index inm this paper
for several resounding reasons. First, this box is located at the central Pacific ship
tracks and has the best data density in the vast arez of the equatorial Pacific

160°E to 110°W. Second, the interannual variation of SST in this location
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dominates the annual cycle: The annual cycle carries less than 10%, while the
'ENSO variation carries over 80% of the total variance. Third, the central Pacific
warming signifies the mature phase of the El Nino (Rasmusson and Carpenter --
1982) and has the most significant influence to the midlatitude circulation via
teleconnections (Bjerknes 1966, Horel and Wallace 1980, Wallace and Gutzler 1981).
Last and most important, the SST anomaly in this box can represent anomalous
warming in the entire central and eastern equatorial Pacific from 170°W to 95°W.
It also negatively correlated with the SO index (defined by the monthly mean
pressure difference between Darwin and Tahiti) extremely well (Fig. 2b).

The El Nino index exhibits multi-time scales and variability (Fig. 3a). A
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Fig. 2 (a) The monthly mean SST (the annual mean 27.8°C has been removed)
at .the central equatorial Pacific (5°5—5°N, 170°W—155°W); (b) Five—month
running means of the SST anomalies at the central equatorial Pacific (5°S—5°N
170°W—155°W) (solid) and in the eastern —central equatorial Pacific (5’S—-5°N'
95°W—170°W) (dotted) and the Southera Oscillation index defimed by the
. difference in monthly mean SLP between Darwin and Tahiti (dashed).
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traditional Fourier anal:ysis of fime series gives a time-mean spectrum of the vari-

" ability as a function of frequency without providing any temporal locality of the

Svariation. It is, therefore, inadequate for the analysis of non-stationary time series.

A new technique, known as wavelet transform (WT), which was first intro-

duced in seismic signal analysis (Morlet 1983, Goupillaud et al. 1984) and rapidly

developed and applied to a broad range of phenomena such as turbulence (Farge

1992), has been recently adopted in Meteorology and Oceanography (e.g., Meyer et

“al. 1998, Weng and Lau 1993) for the analysis of non-stationary time series. A

commonly-used continuous WT is Morlet WT. The detailed description of Morlet

© WT is not intended here. Only a very brief description is given below to facilitate
those readers who are not familiar with WT.

Analogous to the Fourier transform, the Morlet WT of a signal f(t) is defined

by the convolution (inner product) of the signal and a family of base functions

(the Morlet wavelets) -

Ml;b(t), i.e., . .
Wuf(a,b) = <f(t), Majn(t)>. ¢))
The Morlet wavelets, M, (t), are generated from a mother function M(t):
Maiu(t) = a-12M( 222, | @
where |
M(t) = exp(iNt)exp(~-t?/2) €))

represents an oscillation with a frequency N trapped in the vicinity of t=0. By
introducing the parameters a and b into the mother wavelet (3), the Morlet wav-
elets (2) are able to change their frequency freely by varying parameter a and
locate anywhere in the time domain by varying parameter b. The positive real
parameter' a is called dilation parameter, and the real parameter b is called
translation parameter. The Morlet wavelet is thus acting as a flexible time-fre-
quency window, which can automatically adjust its width and shift its center along
the time axis, to detect local characteristics of the signal {(t).

The modulus of the complex Wyf(a,b) can be interpreted as a measure of the
energy density or variability of the signal f(t) at the time b and frequency 1/a.
The real part of the Morlet WT of a signal combines the information of both
modulus and phase and depicts the variability of the signal as a function of both
time (b) and frequency (l/a). Oscillations that have significant energy oaly in

. some segments of time series may not be detected by Fourier transform, yet can
be revealed by wavelet transform. _ '

The maximum modulus of the Morlet WT of the Central Pacific SST (Fig. 3a)
indicates the variation of the dominant frequency with time. Before 1964, the SST
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variation had a primary period of six years, In the mid-1960s the dominant period
suddenly changed to about 2 years. From the mid-1960s to mid-1970s, the period
of the ENSO cycle_increased gradually from about 2 years to 4 years. Since the
mid-1970s, the ENSO_cycle has been characterized by a steady quasi-5-year oscill-
ation. This indicates that the ENSO cycle isrhighly ;nonstationary, and,:its;fre- -
quency has remarkable interdecadal,variations.
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Fig. 3 (a) The modulus and (b) the real part of the Morlet waveletitransform
of the central Pacific SST as afunction of period and time. Note the
change of the dominant frequency with time as depicted by the
maximum modulus.

‘Figure 3a also indicates that in the central equatorial Pacific the annual cycle
is much weaker than the interannual variation. Its amplitude is regulated by
the interannual variation. During the years of strong or moderate La Nines (1930,
1956, 1962. 1967. 1971, 1974. 1984. and 1989). the annual cycle is amplified as
signified by the increase of the modulus. The quasi-biennial variation also has
considerable Iow-hequency modulation on a decadal time scale and appears to be
- active 1_:_1 the penod after 19(0 The analy51s in the follov-mg section will focus on




the last two decades in which the period of ENSO is relatively steady (a dominant
4-5 year mode with a minor quasi-biennial mode). ’

The real part of the Morlet WT of the Central Pacific SST (Fig. 3b) gives a
instantaneous (local) spectral view of the ENSO cycle. The ENSO crecle can be

viewed as a sum of the oscillations with different periods azd amplitudes. The
zero contours represent constant phase lines. A convergent pattera of the constant
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phase khnes towards higher frequency depicts a singularity, or an extremely
warm and cold event in the present case. The three strongest coolings in 1956,
1974, and 1989, and five most sigaificant warmings in 1957-58. 1963, 1972, 1982,
and 1987, all appear as a convergence of constant phase lines. The convergeace
can occur in different frequency bands, and represents in-phase reinfcrcemernt of
two or three oscillation modes with different frequencies (e.g., quasi-biennial, four
-year, six-year, aad even decadeal time scales).

4. Multivariate EOF analysis

To further reveal cohereat variations in the coupled ocean-atmosphere climate
“stem, we performed a five-variable (SST, SLP, surface zonal and merigional
winds, and OLR) combined EOF analysis. The multi-variate EOF (MV-EOF) ana-
lysis, by making use of the property. of both the spatial correlation and
the correlation between geophysical fields, may extract dominant patterns of the
spatial phase relationship amozg various fields of the derived EOFs. This often
leads to useful physical insights into interactive processes within a complex system.
A more detziled description of the MV-EOF analysis can be found in Wang
(1992). In this section, the MV.EOF analysis is adopted to derive useful informa-
tion about the spatial structure of the coupled ENSO mode in its developmental
and mature phases.

a, Mature phase

The most significant EOF (E1) accounts for 40% of the total varianc. The
corresponding principal compoaneat of E1, C,(t), is best negatively correlated with
the SO index. The simultaneous correlation coefficient is 0.95. Thus the spatial
pattern of E; represents the extreme phase of an ENSO cycle. The C,(t) reach-
es, respectively, 8 maximum during the mature phase of the five warm episodes
(Nov. 1972, Nov. 1976, Dec. 1982, May 1987, and February 1992) 2nd a minimum

uring the mature phase of the four La Ninas (Feb. 1971, Dec. 1973, Oct. 1975,
‘d Dec. 1988) (Fig. 4d). Note that the mature phases of both E1 Nino and La
Nina prefer occurring in boreal late fall and winter (8/9).
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Fig. 4 The spatial patterns of (2) SST and winds, (b) SLP and winds,
and (c¢) OLR and winds of the first multi—variate EOF mode of the
seven—month running mean anomalies and (d) the corresponding
principal component,’ C,(t)(bold).

The mature phase of the El Nino (El mode) exhibits a basin-wide warming
with the strongest anomalous warming near 150°W and 110°W at the equator (Fig.

4a). The warming is symmetric about the equator and is accompanied by a weak
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cooling in the western Pacific. The cooling area has a U-shape and embraces the
warming areas. A slight warming occurs over the tropical Indian Ocean. In assoc-
ciation with the warming, SLP falls east of the dateline and rises west of the da-
teline (Fig. 4b). The anomalous pressure field also exhibits an appreciable asym-
metric component with regard to the equator. A larger amplitude occurred in the
Southern Hemisphere. Consistent with strong east-west anomalous pressure gradients,
remarkable equatorial westerly anomalies prevail from 160°E to 150°W. Pro-
minent equatorward meridional winds are connected with the equatorial westerly
anomalies. The surface wind convergence is primarily due to the meridional wind
component, indicating the importance of the beta-effect on the equatorial boundary
layer flows (Lindzen and Nigam 1987). As a result of the boundary layer convergence,
negative OLR anomalies (enhanced convection) tend to be in phase with the
equatorial westerly anomalies and located to the west of the highest SST anoma-
lies Fig. 4c). It is noticed that equatorward wind anomalies occur over the inter-
tropical convergence zone (ITCZ) and South Pacific convergence zome (SPCZ),
implying an equatorward shift of these convergence zones during the peak phase
of the ENSO warming.

‘Early Warming pha/se

We note that the principal component of E,, C,(t), leads the El mode by
about eight months with a lag correlation coefficient of 0.50 which is well above
the 99% confidence level (Fig. 5d). This implies that the spatiali pattern of
E; can be viewed as an early phase that precedes the peak warming by about
three seasons. The fact that the amplitude of C,E, is about three times as large as
that of C,E, indicates an obvlous development of warm events. E, thus describes
early development characteristics of an ENSO warming.

E2, which accounts for about 12% of the total variance, shows a moderate
warming in an elongated zone from the western equatorial Pacific (centered at
the equator and 165°E) to subtropical eastern North Pacific (centered at 15°N
and 120°W) with a moderate cooling in the eastern Pacific centered at the Ecuador
coast (Fig. 5a). The anomalous SLP is strongly asymmetric about the equator. An
anomalous low is centered at (20°N, 140°W) with an ENE-WSW orieated trough
from the low pressure center to the Philippine Sea (Fig. 5b). The low pressure
anomalies aJe located just northwest of the warming areas along the amomalous
SST front in the North Pacific subtropics. Associated with the anomalous pressure
trough, an elongated cyclonic gyre is nearly in geostrophic balance with the anoma-
lous low pressure trough (Fig. 5b). Strong westerly anomalies south of the trough

tend into the western equatorial pacific. This is the most fundamental factor for
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an ENSO warming development. In the eastera Pacific, anomalous winds diverge ‘
from an anomalous high generated by the anomalously cold water. It is important i
to notice that, in accord with the asymmetric anomalous SLP, there are significant
cross_equatorial winds from the Southern to the Northern Hemisphere, implying
an enhanced northern summer-type of Hadley circulation. Because the peak of
the E2 mode normally occurs in boreal spring, the implication is that during an’
El Nino year there is an expedited northern summer circulation. The convection
is'enhanced over the western Pacific centered at (5°N, 160°E) (Fig. 5¢). The
regions of enhanced convection nearly coincide with westerly anomalies and are
associated with the surface wind convergence which is induced by the meridional
wind component. The enhanced and suppressed convection is located to the west
of the anomalously warm and cold ocean surface, respectively. The described str-
ucture is dynamically cénsistent, indicating a physical coupling, not a mere stati-
stically deduced patters. ,

Another icteresting observation is that El has a dominant 5-year period while
E2 displays ‘a significant quasi-biennial component. This is consistent with the
wavelet analysis in section 3. It suggests a link between the quasi-biennial and
. quasi-five years oscillation in the ENSO cycle.

5. Summary

The wavelet analysis presented in section 3 reveals that the broad-band period
(2-7 vears) of the ENSO cycle is attributed to its variability and coexistence
of icherent multi-time scales. The period of the ENSO cycle exhibits pronounced
interdecadal variations in the last four decades. Around 1964 there was an abrupt
shortening of the dominant oscillation period from 6 vears to about 2 years. From
the middle 1960s to the middle 1970s, the period of the ENSO cycle increased
gradually from 2 years to 4-5 years, and in the last two decades or so the ENSO
cycle has exhibited a quite regular quasi-5 year oscillation.

The multi-varidte EOF analysis was applied to reveal the common characteri-
stics of the ENSO developmert in the last two decades. It is found that the est.
ablishment of an anomalous cyclonic gyre over the Philippine Sea and the westerly
anomalies in the westers equatorial Pacific are fundamental features of the
early development for recent El Ninos. The westerly anomalies are reinforced by
the enhanced convectior over the western Pacific. Another interesting feature is
the enhancement of the southeast trades in the eastern Pacific which app-
rently delayed the warming in the eastern Pacific so that the Central Pacific

‘-arming leads the South American coastal warming in the latest three El Ninos.
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Fig. 5 Same as in Fig. 4 except for the second most significant
multi-variate EOF mode

This is the first of a series of papers that are devoted to addressing the na-
ture of the ENSO cycle and the physical causes of the transition from a cold to
2 warm state of the ENSO cycle. In an accompanying paper (Wang 1994b) the

terdecadal changes in the characteristics of the ENSO onset are presented in
detail. It is hypothesized that the changes in the ENSO onset after the mid-1970s
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are attributed to the changes in the background circulation on which ENSO war-

ming develops. The latter is regulated by a global interdecadal mode. In another

forthcoming paper (Wang 1994c) the common characteristics of ENSO onset and
development in the last four decades are documented. The sustained eastward
anomalous wind stress in the western-central Pacific is believed to be a key element

for ENSO development. The amplification and slow eastward propagation of the -

equatorial westerly anomalies from the western to the central Pacific are bhypoth-
esized to result from the effects of zonal variations of the mean winds and the
interaction between SST gradients and equatorial zonal winds. '
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