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ABSTRACT

The latest two Pacific basinwide warm episodes (1982-83 and 1986-87) exhibit some common features in
their development and vertical structure. These features are examined by multivariate empirical orthogonal
function analysis of the interannual variability of the ocean-atmosphere system along equatorial Indian and
Pacific oceans.

The updraft and downdraft branches of the anomalous Walker circulation originate over the western Pacific
and the eastern Indian Ocean, respectively. The early development of basinwide warming is characterized by
the strengthening of a cross-equatorial low-level southerly component over the eastern Pacific and the enhancement
of convection and boundary-layer westerlies over the western Pacific.

The structure of the ENSO anomaly mode changes from the cold to the warm phase of the Southern Oscillation,
This is attributed to its eastward migration and the intrinsic longitudinal dependence of the vertical structure.
The latter results from the east-west contrast of the air-sea interaction processes. Over Indonesia and the western
Pacific, the land-sea thermal contrast and high SST maintain a semipermanent convective action center, whose
intensity is sensitively modulated by small SST fluctuation. Since moist static ability is small, the surface pressure
responds sensitively to the heating, so that the anomalous low pressure and associated zonal wind convergence
in the boundary layer are in phase with the enhanced convection. In contrast, over the central-eastern Pacific,
large SST gradient-induced pressure gradient force drives boundary-layer flows whose beta convergence determines
atmospheric heating, while the feedback of the free atmosphere to boundary-layer flows is weak due to large
static stability. The enhanced convection is thus nearly in phase with anomalous boundary-layer westerlies,
positive zonal SST gradient, and negative zonal surface pressure gradient.

It is possible that an individual ENSO event may result from different combinations of various sets of coupled
processes, especially with regard to those that work in the eastern Pacific cold tongue and those in the western

Pacific warm pool.

1. Introduction

The El Nifio-Southern Oscillation (ENSO) is a
dominant mode of the interannual variability of the
coupled ocean and atmosphere climate system. Based
on the analysis of six warm episodes that occurred be-
tween 1950 and 1979, Rasmusson and Carpenter
(1982, hereafter denoted as RC) found that the phases
of the warm events appear to be closely related to those
of the annual variation. A composite El Nifio in sea-
sonal sequence was thus described. Their major find-
ings were recently confirmed and extended by com-
posite studies of Wright et al. (1988) and Deser (1990).

The RC composites show an early weak warming in
the western Pacific, but the major warming first appears
along the South American coast and subsequently is
found farther west along the equator. However, during
the exceptionally strong 1982-83 warm episode, the
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warming in the central Pacific leads that in the eastern
Pacific (Gill and Rasmusson 1983; Rasmusson and
Walilace 1983). The 1986~87 warm episode bears sim-
ilarities, in many aspects, to the 1982-83 event. The
common features of the latest two warm episodes will
be described in this paper.

Figure la indicates that the interannual variability
of outgoing longwave radiation (OLR) exhibits max-
ima in the central equatorial Pacific and east of Borneo
around 130°E. There is a distinguished equatorial band
between 7°N and 5°S from 120°E to 80°W where the
interannual variance exceeds 1.58 times of the annual
variance (Fig. 1b). The present analysis will focus on
this core region of ocean-atmosphere interaction,
where SST, convection, and surface zonal wind anom-
alies all attain maxima and the ocean responds to the
wind forcing most sensitively.

Although the major warming area during an E! Nifio
is confined to the equatorial eastern and central Pacific,
the ENSO variability in the equatorial western Pacific
is remarkably large compared with the annual vari-
ability in situ. The eastward expansion of the region
of high SST from the western Pacific warm pool is a
common feature in the development of all El Nifio
episodes (Fu et al. 1986). The atmospheric variability
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FIG. 1. Contour plot of (top) standard deviation of the interannual component of OLR (contour interval is 2 W m™2
and the solid contours start from 10 W m™2), and (bottom) logarithmic ratio of the standard deviation of interannual
vs annual component. Contour interval is 0.2 and solid (dotted) lines denote positive and zero (negative) contours.
The logarithmic ratio 0.2 means 1.58 times. The data cover the interval from 1980 to 1987. The definition of interannual

and annual component is as in the text (section 2a).

associated with Pacific basinwide SST changes is even
far more reaching in areal extent. The collapse of the
trade winds during El Nifio (Wyrtki 1975) tends to be
coupled with the eastward progression of the monsoons
from the Indian Ocean into the central Pacific (Barnett
1984a,b). The eastward-propagating signals in the
equatorial band were also documented by Yasunari
(1985) using 200-mb near-equator wind data and by
Gutzler and Harrison (1987) using multilevel rawin-
sonde data from six near-equator stations. The close
relationship between the Indian summer monsoon and
the interannual variation of the tropical Pacific suggests
that the Asian monsoon may have an active role in the
interannual variability of the coupled atmosphere-
ocean system (Meehl 1987; Yasunari 1990; Rasmusson
et al. 1990). In view of this, the present study inves-
tigated the behavior of the coupled mode over both
the equatorial Pacific and Indian oceans.

In the last decade, a large number of simple and
intermediate coupled ocean-atmosphere models have
been developed to elucidate the mechanisms respon-
sible for the ENSO variabilities of the coupled system
(e.g., Philander et al. 1984; Hirst 1986; Zebiak and
Cane 1987; Battisti 1988; Neelin 1990). Theoretical
understanding of dynamic behavior of the ENSO mode
requires detailed knowledge of the evolution and

structure of the coupled mode in both media. Despite
the unprecedented effort that has been put into de-
scription of the phenomenon, the vertical structure and
development characteristics have not been well docu-
mented from coherent variations of SST and atmo-
spheric variables. The present study examines the de-
velopment and vertical structure of the coupled anom-
aly mode during the 1980s. Particular attention is paid
to the common features of the recent two warm events
and the differences in the behavior of the coupled mode
between warm and cold phases of the Southern Oscil-
lation (SO). Evidence will be presented to show that
the vertical structure of the ENSO anomaly mode has
an intrinsic geographical dependence. This is caused
essentially by different sets of coupling mechanisms
operating, respectively, in the eastern Pacific (cold
tongue-open ocean processes) and the western Pacific
(warm pool-large tropical island processes).

The data to be analyzed are discussed in section 2
along with a brief introduction to the procedure of
multivariate empirical orthogonal function (MV-EOF)
analysis. This method enables us to reveal coherent
variations among oceanic and atmospheric variables
and define an ENSO anomaly mode. The development
and vertical structure of the ENSO anomaly mode are
then described in sections 3 and 4, respectively. In sec-
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tion 5 an explanation of the temporal and zonal vari-
ations of the vertical structure of the ENSO anomaly
mode is offered. Section 6 contains conclusions and
discussions.

2. Data processing and the method of multivariate
EOF analysis

a. Monthly mean data and the interannual
component

The monthly mean data include seven atmospheric
and oceanic variables: SST, sea level pressure (p;), sur-
face zonal (1, ) and meridional (v;) winds, 850-mb and
200-mb zonal wind (1350 and #4290 ), and OLR. All da-
tasets cover the 11-year interval from January 1979 to
December 1989 during which the latest two Pacific
warm episodes occurred. The SST and surface pressure
data have been extended to cover a longer period from
. January 1971 to December 1989.

The SST and the atmospheric surface variables are
derived from individual ship reports of COADS
(Comprehensive Ocean-Atmosphere Data Set) along
the equatorial belt between 5°N and 5°S. The scarcity
of ship-of-opportunity observations over the tropical
oceans precludes high-resolution examination of the
spatial and temporal variation. For the purpose of
studying large-scale interannual variation, a time res-
olution of one month and spatial resolution of 10°
longitude by 10° latitude square centered at the equator
are adopted. The original ship reports were first sorted
into 24 squares along the equator from 40°E to 80°W.
Our analysis focuses on the equatorial strip. Duplicated
and apparently unreasonable data were first discarded.
Means (m) and standard deviations (s) for each vari-
able at each square were then calculated. Individual
values that fall outside the range (m — ks, m + ks)
were removed, where k& was taken as 3.5 for SST and
sea level pressure, and 4.0 for surface wind components.
This quality-control scanning was repeated twice. Fig-
ure 2 shows averaged observation numbers per month
at each square. The poorest regions of observation are
)
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near the date line between 170°E and 170°W and in
the eastern Pacific between 150°W and 110°W, where
the monthly observation numbers are between 32 and
50. These numbers of observations are believed ade-
quate to make representative monthly means.

The OLR data are derived from NOAA polar orbiter
satellite observations. The 850- and 200-mb wind fields
are extracted from objectively analyzed data prepared
by the European Centre for Medium-Range Weather
Forecasts (ECMWF). The OLR and 200- and 850-mb
wind data have the same spatial and temporal reso-
lution as those of the surface variables.

To focus on interannual variation, the monthly
mean time series of each variable at each square is
decomposed into three orthogonal low-frequency
components using Fourier analysis: the interannual,
annual, and intra-annual components. The interannual
component includes variations with periods longer than
1 year; the annual component is defined as the sum
of the two harmonics with periods of 1 year and 0.5
year, respectively; the intra-annual component de-
scribes variability on time scales from 4 months up to
1 year with the annual and semiannual harmonics ex-
cluded.

Table 1 presents the longitudinal dependence of rel-
ative variance of annual versus interannual compo-
nents for each variables. The interannual components
have the largest contribution to the total variances over
the western and central Pacific (130°E-130°W) for all
variables except v,, whereas the annual components
dominate over the Indian Ocean for all variables except
OLR for which the intra-annual component has the
largest contribution. Indonesia is a transition region in
which the fractional annual variance decreases while
interannual variance increases: most variables exhibit
the largest fractional variance in annual variation ex-
cept for surface pressure and 850-mb zonal wind, which
display dominant interannual variations. In the eastern
Pacific, both the fractional annual and interannual
variance are large. Most variables are dominated
by annual variation except for 850-mb zonal wind
and OLR.

T ﬂﬂmﬂﬂﬂﬂﬂﬂﬂﬂ

45€ 65E 85E 105E 125E 145E

165E 175W  155W  135W  115W 95w

F1G. 2. Averaged observation numbers per month at each 10° square along the equator
from 40°E to 80°W for the interval 1979-1989.
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TABLE 1. Fractional (percent) variances along the equator; IA and A represent the interannual and annual component, respectively.
Relative maxima are in italic.

Variables
SST U Ugso OLR Uz00 Ds Vg
Longitude A 1A A 1A A 1A A 1A A 1A A 1A A 1A
Indian Ocean (40°-100°E) 73 13 70 8 46 30 32 12 53 24 43 15 92 2
Indonesia (100°-130°E) 66 18 41 26 22 36 40 31 42 29 19 40 94 2
Western Pacific (130°E~180°) 18 42 17 41 27 47 15 52 31 45 21 37 71 11
Central Pacific (180°-130°W) 11 71 9 50 5 77 11 76 - 30 54 24 27 52 24
Eastern Pacific (130°-80°W) 53 37 30 21 7 58 16 64 51 24 42 32 55 19
Indian and Pacific (40°E-80°W) 42 37 35 29 23 50 22 47 42 35 31 29 72 12

In the rest of this paper all analyses were performed
using the interannual components unless otherwise
stated.

b. The method of multivariate EOF analysis

Conventional EOF, by making use of the property
of spatial correlation, describes variations of a geo-
physical field with a relatively small number of func-
tions and associated time coefficients. Geophysical
fields are usually not only highly correlated in space
but also significantly correlated with other fields. The
multivariate EOF (MV-EOF) analysis extends con-
ventional EOF by use of both spatial and intervariable
coherence. It enables a more efficient compaction of
multifield data. More important, it may extract dom-
inant patterns in the spatial phase relationships among
various fields of the derived empirical orthogonal
functions. This often leads to physical insight into the
interactive processes within a complex system such as
the ocean-atmosphere climate system.

Consider simultaneous variations of I variables
(fields). Assume we have a sample event of ¥ = (y;x)
that consists of / variables (i = 1, - - -, I) at Jlocations
(j=1, -+, J)sampled at K times (k= 1, . - -, K).
In order to analyze coherent variations of all I fields,
normalized anomaly series for each field are formed
first:

~

(Vix = 71)
Vije = R

, i=1,2, 000,10

1
where y; and o; are the mean and standard deviation
of the ith field, respectively. The normalized anomaly
series for each field has identical total variance JK.
The next step is to form a combined normalized
anomaly data matrix

7= (ka)

wherem =1,2, - -+, 1J, zy, * - -, Zy corresponds to
Wip, =1, -« «, J),and zy4 1, * - *, 2oy coOrresponds
toyu(j=1, ---, J),etc.

The subsequent analysis of event Z is identical to

-single variable EOF analyses. The derived empirical

function has dimension 1J, which can then be decom-
posed to spatial patterns for 7 different fields in the
same order as the data matrix was formed. In this way,
the coherent structure among various fields is obtained
along with a unified temporal evolution.

In principle, only when the variables under consid-
eration are physically or statistically well correlated,
the obtained principal eigenmodes contribute signifi-
cantly to the total variance of all fields, so that the
multivariate EOF yields meaningful results. It is im-
portant to realize that each field usually has uneven
contribution to the variance carried by a combined
EOF, say E™. The variance carried by E™, V(™ can
be decomposed into  components, which correspond
to the partial variance contributions from each field,
V™ i=1,2, «+-,]1I.Since the total variance of each
normalized field is equal to JK, the quantity

y.(m

Fyvm=_——
JK

measures, on the one hand, the magnitude of partial
variance contribution of the ith field to the variance
carried by eigenfunction E, and, on the other hand,
the fractional variance described by E™ for the ith
field. Analysis of fractional variance of each field helps

to elucidate the nature of coupling among various
fields.

Pi=1,2,++-,1

b

3. The development characteristics of the ENSO
anomaly mode

a. Equatorial ENSO index

Wright et al. (1988) noticed that the difference in
surface pressure between Darwin, Australia, and the
equatorial eastern Pacific is more intimately correlated
with SSTs in the equatorial Pacific than is the conven-
tional Southern Oscillation index based upon the pres-
sure differences between Darwin and the subtropical
southeast Pacific. To facilitate multivariate EOF anal-
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ysis, in this subsection an equatorial ENSO index is
defined in terms of EOF analysis of the SST and pres-
sure field along the equator. The data used cover a
period of 19 years, from January 1971 to December
1989.

The first EOF of the SST field accounts for 79% of
the total interannual variance. The spatial structure
along with the principal component, C,(¢), shows that
remarkable warming covers the entire eastern and cen-
tral Pacific (80°W-160°E) with a maximum occurring
around 125°W, about 2.5°C for the 1982-83 episode
and 1.6°C for the 1986-87 episode (Fig. 3). The west-
ern Pacific from 120°E to 160°E exhibits a slight cool-
ing during the warm episodes with a maximum cooling
of 0.7°C for 1982-83 event and 0.4°C for the 1986~
87 event. The central Indian Ocean tends to be in phase
with the central and eastern Pacific, having weak
warming. Since the E; mode dictates the interannual
variation, its associated principal component may be
used to define an index for the equatorial eastern-cen-
tral Pacific warming. .

The first EOF of surface pressure field accounts for
62% of total interannual variance. Its structure is char-
acterized by a high at the western Pacific (135°E) and
a low at the far eastern equatorial Pacific (95°W) (Fig.
3a). The associated principal component (Fig. 3b)
provides an equatorial index for the SO. A previous
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F1G. 3. (a) The first empirical orthogonal functions and (b) cor-
responding principal components of the SST and surface pressure
over the equatorial Indian and Pacific oceans. Year labels reflect
month of July.
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study (Deser 1990) found that during the warm episode
a low-pressure anomaly center was at the east end of
the equatorial Pacific, which was separated from the
Southern Hemisphere anomaly center. This adds con-
fidence to the present definition of the equatorial SO
index.

Since the first principal component of the pressure
field is almost exactly out of phase with that of the SST
field (Fig. 3b), the principal component of the first
EOF of SST field is used as an equatorial index for
both Pacific basinwide warming and SO and is referred
to as equatorial ENSO index. Positive (negative) values
of the index indicate eastern-central Pacific warming
(cooling) and negative (positive) swing of the SO.

We note that the peak warming of 1972 and 1976
ENSO events occurs in boreal fall (October and Sep-
tember), whereas the peak warming of the 1982--83
and 1986-87 events occurs in February and June, re-
spectively (Fig. 3b). The seasonal warming occurs off
the coast of South America and far eastern equatorial
Pacific in boreal spring and propagates westward (Horel
1982). Rasmusson and Carpenter (1982) noticed this
as a possible connection to the evolution of their com-
posite ENSO events that begin in late boreal spring.
The onset of the 1982-83 ENSO event was June 1982,
corresponding to the RC composite, although the
anomalies moved eastward. The 1986-87 event, how-
ever, has an odd seasonal onset in November. This
indicates that the timing of the latest two Pacific ba-
sinwide warming is quite different from that of the two
events in the 1970s. A composite technique in seasonal
sequence is inadequate for the recent two events.

b. Multivariate EOF analysis

An MV-EOF analysis of the combined seven at-
mospheric and oceanic fields has been performed. The
first EOF, E;, exhibits intense warming in the eastern
Pacific (maximum is at 125°W), slight cooling in the
western Pacific, and weak warming in the Indian
Ocean. In association with the SST pattern, surface
pressure falls at the east end of the equatorial Pacific
and rises in the western Pacific; enhanced convection
and associated surface westerly and 200-mb easterly
anomalies occur in the Pacific around 160°W (Fig.
4a). The corresponding temporal variation, C(¢), is
best linearly correlated simultaneously with the equa-
torial ENSO index. The correlation coeflicient is 0.96
(Table 2). Thus, the spatial pattern of E, represents
the extreme phases of ENSO: The principal component
associated with E,, C;(t), reaches maximum during
the mature phases of the latest two Pacific basinwide
warm episodes and reaches a prominent minimum
during the mature phase of the 1989 cold episode.

The second EOF, E,, depicts a central Pacific warm-
ing pattern: sea surface warms and pressure falls in the
central Pacific (160°W) and enhanced convection,
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surface westerly, and 200-mb easterly anomalies appear
in the western-central Pacific centered around 160°E
(Fig. 4a). Its principal component, C,(¢), leads the
equatorial ENSO index by 8-10 months with a cor-
relation coefficient of 0.50 (the correlation coefficient
is well above the 99% confidence level) (Table 2), sug-
gesting that the spatial pattern of E; may be viewed as
representative of the early warming (cooling) phase of
the warm (cold) episodes. Since the amplitude of E,
is comparable to that of E,, while the amplitude of
C(¢) is larger than that of C,(¢), the development of
both the warm and cold events is obvious.

In what follows, the sum of the first two EOFs, C| E;
+ G, E,, will be referred to as the ENSO anomaly mode.
For the combined seven fields as a coupled system, E,
and FE, contribute to the total interannual variance by
50% and 17%, respectively; thus, the ENSO anomaly
mode accounts for 67% of the total interannual vari-
ances for the seven fields. Each field, however, has a
different contribution to the variance carried by the
combined E, and E; modes. The fractional variances
described by E; and E, for each individual field are
listed in Table 3, which discloses several interesting
features.

First, the ENSO anomaly mode has a large projection
(69%-81%) on the interannual variations of the OLR,
SST, ugso, and u,, fields, indicating the presence of an
intimate coupling among these four fields. On the other
hand, a relatively small projection (52%-55%) of the
ENSO mode on the v and u,q0 fields suggests that these
two fields contain more non-ENSO variabilities.

Second, the E; mode accounts for 57% to 69% of
the total variance of the SST, OLR, 1359, and p; fields,
and a much smaller fractional variance for 1,0 and v;
fields. This means that during the peak phase of the
warm episode the changes in SST, ugso, OLR, and p;
fields are relatively more significant than the changes
in v, and uyq fields. The E; mode, or the early warming,
however, displays relatively large changes in surface
cross-equatorial flow (v;), significant changes in con-
vection (OLR), and surface and 850-mb zonal winds,
but insignificant changes in the SST and surface pres-
sure fields. This reveals that the early warming is hardly
detectable from changes in SST and p; fields but more
evident from changes of surface meridional and zonal
wind and convection fields.

TABLE 2. Lag correlation coefficients (r) between the equatorial ENSO index and the first two principal components, C,(f) and Cy(#), of
the multivariate EOF analysis. Positive lag means C;(¢) or C(¢) lags ENSO index. | 7| = .24 corresponds to 99% confidence level.

Lag (month)
-10 -8 -6 -4 -2 0 2 4 6 8 10
Ci(d) 10 34 .58 78 92 96 .89 73 51 27 05
Cx1) .50 49 41 27 12 -.01 —.11 —.18 -.25 -.34 —43
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TABLE 3. Fractional variances for each field carried by E, and E, of MV-EOF analysis.
SST 25 U gso OLR %200 v, Mean
E, .69 57 .48 .59 .61 41 18 .50
E, .06 .08 21 A8 .20 .14 .34 17
E, + E, 5 .65 .69 77 .81 .55 .52 67

The results in Table 3 along with the pattern of E,
in Fig. 4a reveal that the enhancement of the cross-
equatorial southeast trade winds in the eastern Pacific
(150°-100°W), and the enhancement of convection
around 165°E and surface westerlies in the western-
central Pacific (130°E-170°W) are two characteristic
signals of the early ENSO development. The first signal
has not received enough attention, albeit the second
has been repeatedly emphasized in the literature. The
strong cross-equatorial flow from the south in the east-
ern Pacific about 8 months before the major warm
events can also be found in the composite ENSO of
Rasmusson and Carpenter (1982) and Rasmusson et
al. (1986). These early stage development features are
common for both 1982-83 and 1986-87 warm epi-
sodes. However, caution must be exercised with these
signals, because the E, mode primarily characterizes a
weak central Pacific warming, which may be just an
indication of local warming limited in the west-central
Pacific region without further developing a major
warming in the eastern Pacific (such as the cases in
carly 1980 and 1981). A key problem for prediction
of this type of ENSO is to find out under what con-
ditions the development of weak mid-Pacific warming
and moderate convection and surface westerly anom-
alies over the western-central Pacific will further inten-
sify, resulting in a major eastern Pacific warm episode.

Figure 5 shows a longitude-time diagram of the
ENSO anomaly mode reconstructed using the first two
MV-EOFs, which reveals where the anomalous Walker
cell originates during ENSO warm episodes. There are
two centers of large ENSO variability for convection.
One is located east of Borneo around 125°E, and the
other is in the central Pacific around 160°W (Fig. Se,
also Fig. 1). These are the preferred locations for the
updraft and downdraft branches of the anomalous
Walker circulation. We note that, during the cold
phase, the eastern anomalous Walker cell to the east
of the updraft region is stronger than the western cell,
extending from the maritime continent to equatorial
Africa (Figs. 5c-f). In the transition from the cold to
warm phase, the eastern anomalous Walker cell weak-
ens, while the western cell magnifies with a pronounced
downdraft strengthening over the Indian Ocean. This
western Walker cell then moves eastward and becomes
a dominant cell at the peak warm phase. Therefore,
the anomalous Walker circulation associated with the
Pacific basinwide warming seems to originate and de-

velop in the vicinity of the maritime continent. The
updraft branch of the anomalous Walker circulation
seems to intensify in the western Pacific near the date
line for both the recent warm episodes. The develop-
ment mechanisms over the warm pool region probably
differ from those in the cold eastern-central Pacific and
deserve further theoretical studies.

4. The vertical structure of the ENSO mode

a. Evolution of the structure from cold to warm
phase

During the peak cold phase of Southern Oscillation
{e.g., January 1989 and February 1985), SST is slightly
higher than normal in the western Pacific warm pool
around 140°E (Fig. 6). The anomalous low pressure
is nearly below the enhanced convection at 125°E. The
maximum 850-mb and surface westerly anomalies are
about 40° to.the west of the enhanced convection cen-
ter, while the boundary-layer easterly anomalies are
located east of the convection center over the central
Pacific. This structure represents a weak intensification
of a normal Walker cell.

About one-half year before commencement of the
warm episodes (October 1981 and April 1986), the
overall structure (Fig. 7a) is essentially the same as
that normally found in the cold phase except for the
smaller amplitude. Enhanced southeasterly trades de-
velop in the central Pacific around 155°W (not shown).

At the time of onset of the warm episodes (June
1982 and November 1986), the vertical structure of
the ENSO anomaly noticeably changes (Fig. 7b). The
enhanced convection migrates to the date line. The
positive SST anomaly displays double peaks with a mi-
nor peak situated at 20°-30° and a major peak about
50° ahead (east) of the enhanced convection. The 850-
mb and surface westerly anomalies become nearly in
phase with the enhanced convection at this stage. An-
other pronounced change is that the surface low pres-
sure previously located near the maritime continent
now is replaced by an anomalous high pressure,
whereas the original low pressure anomaly swiftly
moves to 145°W, about 30° east of the convection
anomaly. The enhanced southerly wind remains about
70° east of the enhanced convection. There is a rapid
transition between prewarm and initial warm phase
during which the surface pressure and zonal wind fields
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FI1G. 6. Vertical structure of the ENSO anomaly mode in the cold

phase of the Southern Oscillation (February 1985 and January 1989).

undergo rapid eastward shift so that the coupling be-
tween the SST and u; (and p;) fields becomes more
intimate.

In the peak warm phase (January 1983 and May
1987) (Fig. 7c) and decay phase (July 1982-83 and
October 1987) (not shown), the phase relationships
among convection, SST, and surface and 850-mb zonal
wind anomalies do not exhibit significant changes; the
structure of the ENSO anomaly is, therefore, similar
to that of the onset phase except the spatial phase lag
between the surface low and convection anomalies be-
comes larger.

Previous studies (Murakami and Sumathipala 1988)
found that during the 1976-77 ENSO event, the highest
SST anomaly appears to occur three months prior to
the lowest OLR anomaly on the interannual time
scales. This temporal phase difference is equivalent to
a spatial phase difference of about 24° longitude with
positive SST anomaly leading negative OLR anomaly
if the mean speed is about 8° longitude per month.
Thus, the spatial phase difference between OLR and
SST found in Fig. 7 is consistent with Murakami and
Sumathipala’s result. Deser (1990) observed that the
convection anomaly is characterized by anomalous
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F1G. 7. Vertical structure of the ENSO anomaly mode in the equa-
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warm.

low-level wind convergence, but the meridional winds
make dominant contribution to the low-level conver-
gence. In Figs. 7b and 7c the boundary-layer zonal wind
anomalies are nearly in phase with enhanced convec-
tion, implying that the convergence due to zonal wind
component du/dx has little contribution to total
boundary-layer convergence; thus, the meridional
wind-induced convergence dv/dy must be the principal
part of the total boundary-layer convergence. There-
fore, the phase relationship between convection and
boundary-layer zonal wind anomalies derived for the
ENSO anomaly mode is consistent with Deser’s com-
posite ENSO although the datasets cover different
warm episodes.

b. Longitudinal variation of the vertical structure

Some features of the vertical structure of the ENSO
anomaly mode stay nearly the same across the entire
equatorial Pacific and Indian oceans and for both warm
and cold phases of the SO. For instance, Table 4 shows
the linear correlation coefficients calculated for ENSO
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F1G. 7. (Continued) Notice that different scales are used for the peak phase of 1982-83 episode (the upper panel of Fig. 7c).

anomaly mode and interannual component, respec-
tively; the sample size was 824. All values exceed the
99% confidence level. The zonal wind at 850 mb is
approximately in phase with surface zonal wind and
out of phase with 200-mb zonal wind. This indicates
that the ENSO mode, to the lowest order, has the
structure of the gravest baroclinic mode in the free at-
mosphere and barotropic structure in the boundary
layer. The magnitude of zonal winds, however, in-
creases significantly with altitude in both the free at-
mosphere and boundary layer. Based on linear regres-
sion equations, the magnitude of the 200-mb zonal
wind is about two and one-half times that at 850 mb,
and the magnitude at the surface is about one-half that
at 850 mb. This suggests that higher-order baroclinic

modes must be considered if the asymmetric vertical
structure in the free atmosphere is to be explained. The
increase of zonal wind with height in the boundary
layer results from the boundary-layer frictional effect
and agrees well with Harrison and Gutzler’s (1986)
estimation for seasonal means.

In contrast to the foregoing longitude-independent
features, the spatial phase relationships between con-
vection (negative OLR ) and SST, convection and sur-
face pressure, and convection and surface zonal wind
have remarkable longitudinal variations.

The spatial phase difference between convection and
SST anomalies varies with longitude (Figs. 5, 6, and
7c). Over the Pacific, the SST anomaly has a dipole
structure: a strong eastern center at 110°W and a weak

TABLE 4. Simultaneous correlation ¢oefficients caiculated for the ENSO anomaly mode (defined as the sum of E, and E;) and
interannual component, respectively.

ENSO anomaly mode Interannual components
Correlation
variables S0°E-120°E 120°E-160°W 160°W-90°W S50°E-120°E 120°E-160°W 160°W-90°W
Hgso and U200 -.94 -.99 -96 - -.59 -.57 -.79
Ugso and u; 92 .96 .65 54 .76 .49
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western center at 140°E. The convection (OLR)
anomaly also exhibits a dipole structure with the east-
ern center around 160°W and the western center
around 125°E. Thus, over the eastern Pacific positive
(negative) SST anomalies are located 50° longitude
east of enhanced (suppressed ) convection, while over
the western Pacific the positive (negative) SST anom-
alies are slightly (10°-20°) east of the enhanced (sup-
pressed) convection. In his study of the relationship
between monthly precipitation and SST variation,
Weare (1987) found that the SST variations in the
central and eastern Pacific link to those of rainfall about
30° westward, but that no significant SST-rainfall cor-
relation is evident west of the date line.

Also evident is the longitudinal variation of the phase
relationship between convection and pressure anom-
alies. In the vicinity of the maritime continent the
anomalous surface low (high) pressure nearly coincides
with enhanced (suppressed ) convection (Figs. 5, 6, and
7¢), while in the eastern Pacific surface low (high)
pressure anomaly occurs farther to the east (about 60°
long.) of the corresponding enhanced (suppressed)
convection.

The phase relationship between convection and the
boundary-layer zonal wind anomalies changes quite
obviously from the warm pool to cold tongue region.
Over the warm pool, the enhanced (suppressed) con-
vection is located in the region where surface westerlies
and easterlies converge (diverge), while over the central
and eastern Pacific, enhanced (suppressed ) convection
is almost in phase with enhanced surface westerlies
(easterlies) (Figs. 6 and 7¢). A schematic diagram of
the vertical structure of ENSO anomaly mode is sum-
marized in Fig. 8.

5. Impacts of air-sea interaction on the vertical
structure of the ENSO anomaly mode

The observations presented in the preceding section
indicate that the structural differences of the updraft
branch of the ENSO anomaly mode during the cold
and warm phases of SO are essentially similar to struc-
tural differences of the anomaly mode between the
western and central-eastern Pacific. The temporal
variation of the structure from cold to warm phase
may thus be a direct consequence of the eastward shift
of the developing ENSO anomaly mode from the mar-
itime continent—western Pacific to the central-eastern
Pacific. Therefore, an essential question needs to be
addressed: What causes the longitudinal differences in
the vertical structure of the ENSO anomaly mode? In
other words, why do spatial phase relationships among
the convection, surface zonal wind, surface pressure,
and SST undergo substantial changes across the Pacific
basin? To answer this question, let us examine the dif-
ference in the air-sea interaction processes between
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the west and east in the Pacific. We will present a con-
ceptual rather than quantitative discussion.

Over the maritime continent and western Pacific
where the underlying SST is nearly uniform and higher
than 28.5°C, the enhanced (suppressed) convection
anomaly centered at 125°E generally overlays a higher
(lower) than normal SST region between 110° and
160°E. This positive correlation between the SST and

' convection anomalies indicates the effect of the vari-

ation of SST on the convective variability in the warm
pool region. Note, however, that the SST fluctuation
is small (only a few tenths of a degree, Fig. 5), yet the
OLR fluctuation is relatively pronounced (15-25
W m2). Besides, the anomalous convection centers
are about 15° to the west of the anomalous SST centers
and more or less located close to Indonesia. The strong
convection variation around 125°E cannot be solely
attributed to the SST effect. Under normal conditions
the land and sea breeze provide a mechanism for
round the clock convection—over land during the day
and over offshore oceans during the night (Houze et
al. 1981). The moisture convergence induced by the
land-ocean thermal contrast constantly causes strong
high-frequency (diurnal time scale) convectivity and
maintains a semipermanent convective action center
in the vicinity of the maritime continent. It appears
that the convective intensity in this maximum con-
vection region can be sensitive to the changes in the
underlying SST. In another words, the effect of the
land-sea thermal contrast may magnify the influence
of SST on convection. It may also cause the shift of
the convection center toward the maritime continent.

In this high SST region, the moisture content is high
and the moist (or effective) static stability (the vertical
gradient of moist static energy) is small so that the
adiabatic effect associated with the vertical motion is
relatively small. Based on the thermodynamic equation
describing the gravest baroclinic mode of the free at-
mosphere, the increase in convective heating induced
by boundary-layer moisture convergence is primarily
balanced by a local increase in geopotential thickness
or a decrease in the low-level pressure field. Thus, the
anomalous surface pressure shouid be out of phase with
anomalous convection. This leads to an in-phase re-
lationship between OLR and p, anomalies (Fig. 8).
The zonal momentum balance along the equator re-
quires that the surface zonal wind converges into (di-
verges from) surface low (high) pressure because the
Coriolis force vanishes. It follows that the enhanced
(suppressed) convection must be in phase with en-
hanced surface zonal wind convergence (divergence)
(Fig. 8). In short, in the western Pacific warm pool,
enhanced convection is slightly to the west of the max-
imum SST, in phase with negative pressure anomaly
and anomalous zonal wind convergence.

In the central-eastern Pacific, on the other hand, SST
is lower than 28.0°C except during ENSO events. Since
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FI1G. 8. Schematic diagram of the vertical structure of the ENSO
anomaly mode during peak (a) cold and (b) warm phases.

the deep convection usually occurs where SST is higher
than 28°C (Graham and Barnett 1987), the movement
of active convection is such that it remains in the warm
water. It follows that the extent of eastward migration
of the active convection as well as the positive convec-
tion anomaly is restricted. This may be a partial reason
why the eastward-moving enhanced convection centers
during warm phases stall in the central Pacific between
170°W and 140°W and do not follow the positive SST
anomaly centers farther east. Notice, however, that
during the cold phase, SST in the central-eastern Pacific
is normally much below the critical temperature 28°C.
The nonlinear dependence of convection on SST is no
longer a factor that limits the eastward propagation of
OLR anomalies. Yet, the suppressed convection (pos-
itive OLR anomaly ) centers remains stalled in the cen-
tral Pacific and are located to the west of the negative
SST centers with about the same spatial phase differ-
ence as that in the warm phase (Fig. 5). This suggests
that the spatial phase lag between enhanced (sup-
pressed) convection and positive (negative) SST
anomalies cannot be explained simply as a result of
dependence of convection upon total SST. It is im-
portant to explain why in the central-eastern Pacific
the anomalous convection tends to be centered at the
region of extreme SST gradients (or extreme surface
zonal wind anomaly), rather than extreme SST (or
surface pressure) itself.

Over the central and eastern Pacific the SST gradient
is much larger than that in the western Pacific. The
air-sea interaction is active in the boundary layer where
a large SST gradient induces a large pressure gradient
via vertical mixing of heat due to buoyant convection
forced by surface evaporation. Across the Pacific, high
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(low) SST is well correlated with low (high) surface
pressure, and the positive (negative) zonal SST gradient
is correlated with a negative (positive) anomalous
pressure gradient (Figs. 5 and 8). Near the equator,
Coriolis force vanishes and the large zonal pressure
gradient maintains a relatively strong zonal wind (1
~ @ — p/dx). The boundary-layer convergence is pri-
marily attributed to the meridional wind convergence

. caused by the meridional variation of Coriolis param-

eter (beta effect). The beta-induced convergence (di-
vergence ) accompanies westerlies (easterlies) (Lindzen
and Nigam 1987). Since the boundary-layer moisture
convergence plays a crucial role in determining the
distribution of anomalous convectivity, the enhanced
(suppressed) convection should be in phase with
boundary-layer anomalous westerlies (easterlies) or the
negative (positive) zonal pressure gradient and positive
(negative) zonal SST gradient.

One may question how important is the feedback
of the free atmospheric heating to the boundary-layer
flow in the eastern Pacific. Since the atmospheric
moisture content is relatively low due to the existence
of the inversion and due to lower underlying SST, the
effective static stability is relatively large. This leads to
a dominant balance in the free atmospheric thermo-
dynamics between the convective heating and adiabatic
cooling associated with upward motion. As a result,
the pressure change at the top of the boundary layer
(or the change of geopotential thickness) can be rela-
tively small.

In summary, in the maritime continent and western
Pacific the atmospheric motion in both free atmosphere
and boundary layer is primarily controlled by the con-
vective heating that is, to some extent, phase locked
with the land-sea thermal contrast-induced moisture
convergence. In the central Pacific, however, the
boundary-layer air-sea interaction plays a major role
in determining the vertical structure of the ENSO
anomaly mode. The characteristic structure of the
ENSO mode across the entire Pacific depicted in Fig.
8 is similar to that shown in Figs. 6 and 7c.

6. Conclusions and discussions

The interannual variabilities of the coupled ocean—
atmosphere system along the equatorial Indian and
Pacific oceans between 5°N and 5°S are studied for
the interval 1979-1989.

The latest two Pacific basinwide warm episodes
(1982-83 and 1986-87) exhibits some noticeable
common features regardless of their different amplitude
and phase. The onset (as well as the peak) phases of
1982-83 and 1986-87 episodes occur in different cal-
endar months that are nearly one half year apart (Fig.
3). This makes it difficult to study composite ENSO
mode in a seasonal sequence. Many common features,
however, are revealed by multivariate empirical or-
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thogonal function (MV-EOF) analysis of the inter-
annual components of the coupled ocean-atmosphere
system. By making use of the property of both spatial
and intervariable correlation, the MV-EOF effectively
filters out noncoherent variations and extracts coherent
ENSO signals among a variety of fields of the ocean—
atmosphere system. The first two EOFs, which carry
two-thirds of the total interannual variance, are defined
as ENSO anomaly mode in the present study.

The ENSO anomaly modes in both events exhibit
unstable dipole structures: their updraft branches
(warm poles) intensify over the western Pacific, while
the downdraft branches enhance over the eastern In-
dian Ocean. The early development of the Pacific
warming is evidenced by 1) the strengthening of the
cross-equatorial southerly flow over the eastern Pacific
and 2) the enhancement of the westerlies and convec-
tion over the western Pacific around 160°E (the second
EOF mode in Fig. 4).

The aforementioned early development character-
istics should not be viewed as precursors for further
basinwide warming. They are results of a local warming
in the western-central Pacific that does not necessarily
lead to a major eastern Pacific warming, as in the case
of the “aborted” El Niiio in 1980. The western-central
Pacific warming in 1990 is probably another example.
The conditions under which a weak western-central
Pacific warming will further develop to yield a major
eastern Pacific warming need to be further investigated.
The early warming over the western-central Pacific re-
sults from inherent instability of the coupled ocean-
atmosphere system. However, the conditions for the
realization of the unstable development are not clear.
A possible scenario is that the eastward shift of the
normal Walker circulation precludes subsequent in-
tensification of the anomaly mode. Yet, what is re-
sponsible for the initial eastward shift of the Walker
circulation remains unknown in the present analysis.
‘The trigger and forcing resulting from annual or intra-
seasonal variability have been suggested (Meehl 1987,
Lau and Shen 1988). This, along with possible triggers
from outside of the equatorial waveguide, should be
further explored.

The vertical structure of the developing ENSO
anomaly modes in the equatorial zonal plane is similar
during the two warm episodes. Positive SST anomalies
lead enhanced convection by about 25° longitude or
one-eighth of the wavelength (Fig. 7b). Murakami
(1990) postulated that this phase difference is caused
by radiational and turbulent mixing effects associated
with low-frequency convection anomaly and favors the
eastward propagation of the ENSO mode. This has not
been properly explained in the theoretical modeling of
the instability of the coupled model. Another noticeable
feature is that the convection anomaly is nearly in phase
with surface and 850-mb westerly and 200-mb easterly
anomalies. This feature is similar to that of the intra-
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seasonal disturbances (Rui and Wang 1990), but differs
from that of Gill’s solution (Gill 1980) for the atmo-
spheric response to a fixed heat source.

Differences in the vertical structure of the coupled
anomaly mode are evident between the warm and cold
phases of the Southern Oscillation. In the cold phase,
the enhanced convection is slightly west of a positive
SST anomaly and in phase with the surface low pressure
and anomalous zonal wind convergence (Fig. 6). In
the warm phase, on the other hand, the enhanced con-
vection lags positive SST and surface low pressure
anomalies by about a quarter wavelength and is nearly
in phase with the surface westerly anomaly (Fig. 7c).

It is also found that the structure of the ENSO
anomaly mode varies remarkably from the warm pool
to cold tongue regardless of the phase of the Southern
Oscillation. In the maritime continent-western Pacific
region, the enhanced (suppressed ) convection tends to
be located close to Indonesia and 15° west of positive
(negative ) SST anomaly and nearly coincides with de-
creased (increased) surface pressure and anomalous
zonal wind convergence (divergence). In the central-
eastern Pacific, however, the enhanced (suppressed)
convection is nearly in phase with surface westerly
(easterly) anomaly, or the positive (negative) zonal
SST gradient and negative (positive) zonal pressure
gradient. This longitudinal dependence of the vertical
structure can be highlighted by Fig. 8.

It is argued that the structural differences of ENSO
mode between the warm and cold phases of SO may
arise from its eastward migration and the intrinsic lon-
gitudinal dependence of the structure of the ENSO
anomaly mode. The latter crucially depends on the
east—-west contrast in the Pacific air-sea interaction
processes. In the Indonesia and western Pacific, anom-
alous convection tends to be phase locked with the
effects of the land-sea thermal contrast and sensitively
modulated by SST variation. Due to small moist (ef-
fective) static stability, the free atmosphere heating
controls the variation of surface pressure and corre-
sponding zonal wind anomaly patterns. The resultant
vertical structure of the ENSO anomaly mode amounts
to that of Gill’s model (Gill 1980). In contrast, in the
central-eastern Pacific the SST gradient-induced pres-
sure gradient force drives boundary-layer flows whose
beta convergence determines the atmospheric heating
distribution, whereas the free atmospheric feedback to
the boundary-layer flow is weak due to large static sta-
bility. The vertical structure of the ENSO anomaly
mode is better depicted by the Lindzen and Nigam
(1987) model. The structural variation of the ENSO
anomaly mode across the Pacific, therefore, is rooted
in the zonal inhomogeneity of the mean SST field and
different ocean—atmosphere interaction processes.

The RC composites show both an eastward-migrat-
ing signal coming from the western Pacific and a west-
ward-migrating signal from the eastern Pacific. The
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latter is much stronger than the former. The westward
migration in the eastern Pacific was shown to be similar
in the evolution of both annual and ENSO signals in
a coupled ocean—atmosphere general circulation model
{Meehl 1990) and observations (RC; Horel 1982). The
1982-83 and 1986-87 warm events show large SST
anomalies originating in the western Pacific and mov-
ing east (Gill and Rasmusson 1983; Kousky and Leet-
maa 1989). The results derived from the present anal-
ysis show a more evident eastward migration of signals
in atmospheric circulation anomalies. The eastward
evolution of SST, OLR, and wind signals from the In-
dian to the Pacific Ocean was shown to involve an
apparent modulation of the annual cycle (Meehl 1987,
Yasunari 1990; Rasmusson et al. 1990). In the coarse-
resolution coupled ocean-atmosphere general circu-
lation models, the ENSO events involve only one subset
of coupled mechanisms, operating in the eastern Pacific
so that the anomalies migrate westward from off the
coast of South America (Philander et al. 1989; Meehl
1990). Neither model simulates the western Pacific

signals that appear to be important for the latest two

warm events. Both the global coupled-model simula-
tions and the present observational analysis indicate
that individual ENSO events may display different
combinations of various geographically dependent
coupling mechanisms, especially with regard to those
that seem to work in the eastern Pacific cold tongue
and those in the western Pacific warm pool.

In view of the baroclinic structure in the free at-
mosphere and barotropic structure in the boundary
layer of the ENSQO anomaly mode, the coupled bound-
ary layer-free atmosphere model developed in Wang
(1988) and Wang and Rui (1990) may be used as the
simplest dynamic framework to describe ENSO
anomaly mode. By adding an SST-induced pressure
gradient force in the boundary-layer momentum
equation, this model can be viewed as a combination
of the Gill (1980)-type and Lindzen-Nigam (1987)
models. The essence of the model is the interaction
among SST, boundary-layer flow, and free atmospheric
heating. Such a model is currently under development.

Because of limited data the present study is confined
to the SST and six atmospheric fields. The lack of
oceanic mixed-layer data (currents, thermocline
depths, etc.) makes it impossible to document detailed
features of the oceanic component of the ENSO. The
derived results are also subject to the limitations of
short data records and the two-dimensional description.
Based on an analysis of longer records, Storch et al.
(1990) found that eastward movement exists during
some cold phases of the Southern Oscillation. We are
currently extending the analysis to a longer record and
to the global tropics.
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