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ABSTRACT

Surface marine observations, satellite data, and station observations of surface pressure and precipitation
are used to describe the evolution of sea surface temperature (SST) anomalies, surface wind fields, and
precipitation anomaly patterns during major warm episodes in the eastern and central tropical Pacific. The
sequence of events is described in terms of composite SST and wind fields (30°N-30°S) for six warm
episodes since 1949, and time series and cross-spectral analyses of mean monthly data along six shipping
lanes which cross the equator between the South American coast and - 170°W,

During the months preceding a warm episode, the equatorial easterlics are stronger than normal west of
the dateline. This and other coherent and strongly developed anomaly patterns over the western equatorial
Pacific and South Pacific are associated with a South Pacific Convergence Zone (SPCZ) located southwest
of its normal position. During October~November prior to El Nifio, the equatorial easterly anomalies in
the western Pacific are replaced by westerly anomalies. This change coincides with the appearance of positive
SST anomalies in the vicinity of the equator near the dateline. East of the dateline (140-170°W), the wind
anomalies along the equator follow a different pattern, with the diminution of the easterlies lagging rather
than leading the development of positive SST anomalies near the Ecuador-Peru coast. Further south, SST’s
increase and the easterlies show a general decrease over most of the latitude band 10-30°S prior to the
coastal warming,.

Composites and cross-spectral analysis clearly show a westward migration of the eastern equatorial Pacific
SST anomaly pattern from the South American coast into the central equatorial Pacific. Maximum SST
anomalies typically occur around April-June along the South American coast, and near the end of the year
around 170°W. This westward spread of positive SST anomalies coincides with the intensification of westerly
wind anomalies along the equator and the development of anomalous northerly flow across the mean position
of the Intertropical Convergence Zone (ITCZ). The southward shift of this convergence belt is accompanied
by a northeastward shift of the SPCZ, resulting in a smaller wedge-shaped dry zone and enhanced precip-
itation in the eastern and central tropical Pacific. The surface wind anomaly field in the central equatorial
Pacific is most strongly developed during August-December following the maximum SST anomalies along
the Ecuador-Peru coast. During the northern winter following El Nifio, the positive SST anomalies, as well
as the low-level convergence and positive precipitation anomalies, are concentrated in the central equatorial
Pacific. A simple calculation based on the surface divergence composite indicates that at this time enhanced
large-scale vapor flux convergence in this area is comparable in magnitude to the enhanced precipitation.

The western end of a precipitation anomaly seesaw also appears in the data. Below normal precipitation
is observed over Indonesia during the year of El Nifio. Negative precipitation anomalies in the subtropics
are associated with enhanced divergence and a weakened east Asian northeast winter monsoon in the
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Northern Hemisphere, and a weakened summer convergence zone east of Australia in the Southern

Hemisphere.

1. Introduction

The interannual variability of sea surface temper-
ature (SST) along the Peru~Ecuador coast is dom-
inated by the El Nifio phenomenon. The name El
Nifio was originally applied to a weak warm coastal
current which annually runs southward along the
coast of Ecuador around the Christmas season
(Wyrtki, 1975). In scientific usage, the term has now
become more narrowly associated with the more ex-
treme warmings which occur every few years (Wyrtki,
1979a), and which result in catastrophic effects on
the ecological system of the region. In more recent

years, Ramage (1975), Weare et al. (1976), and
others have used the term to encompass the larger-
scale features of the warming event, i.e., the up-
welling area along both the equator and the South
American coast.

These warm episodes exhibit a wide spectrum of
amplitudes, as well as variations in character and
timing. Thus, Wyrtki (1975) and Ramage (1975) list
three “major” El Nifo events (1957, 1965, 1972)
during the period 1950-73. During the same period,
Wooster and Guillen (1974) identify three additional
minor El Nifio’s (1951, 1953, 1969). Quinn ez al.
(1978) classified El Nifio’s as strong, moderate,
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weak, and very weak. Their expanded list includes
the 1963 event and the 1975 “aborted” event in the
very weak category.

The relationship between warm SST episodes in
the eastern equatorial Pacific and global-scale cli-
mate variations is best viewed within the framework
of the Southern Oscillation (SO). Nearly a century
ago, Hildebrandsson (1897) uncovered the first hint
of the SO in the form of an out-of-phase relationship
between surface pressure anomalies at Sydney and
Buenos Aires. Five years later Lockyer and Lockyer
(1902a) confirmed the existence of the Sydney-
Buenos Aires pressure seesaw, and estimated its pe-
riod to be ~3.8 years. More extensive analyses
(Lockyer and Lockyer, 1902b, 1904) revealed the
oscillation to be almost global in extent.'

It remained, however, for Sir Gilbert Walker, in
a classical series of papers (Walker, 1923, 1924,
1928; Walker and Bliss, 1930, 1932, 1937) to name
the SO and describe the salient features of the sur-
face pressure, temperature and precipitation fluc-
tuations. Quoting Walker and Bliss (1932): “When
pressure is high in the Pacific Ocean it tends to be
low in the Indian Ocean from Africa to Australia;
these conditions are associated with low tempera-
tures in both these areas, and rainfall varies in the
opposite direction to pressure. Conditions are related
differently in winter and summer, and it is therefore
necessary to examine separately the seasons Decem-
ber to February and June to August.”

Except for the work of Berlage (1957, 1966) and
Troup (1965), only limited attention was given the
SO from the time of Walker to the mid-1960’s. A
renewed surge of interest developed in the late 1960°s
when it became apparent that the interannual SST
variations in the eastern tropical Pacific were closely
linked with the SO, thus introducing the ocean as
the possible memory mechanism for the oscillation.

Early evidence of a link between the SO and El
Nifio was provided by Berlage (1966), who noted a
strong relationship between interannual surface pres-

'In the 1904 paper is a map of the pressure oscillation which
is quite similar in its gross aspects to the map of worldwide annual
average surface pressure correlations with Djakarta, prepared a
half century later by Berlage (1957).

In a later paper, Lockyer (1906) succinctly summed up the
results of the earlier work in the following words: “In a paper
communicated to the society in the year 1902, Sir Norman Lockyer
and I pointed out the existence of a barometric see-saw of short
duration (about 3.8 years) occurring between two large regions,
nearly antipodal to each other, the centers of which were approx-
imately India and Cordoba (South America). A continuation of
the research indicated that this barometric see-saw was of greater
extent than was at first supposed, and in a further communication
in the same year observations extending over new regions were
discussed and the results published. Still further inquiry indicated
that this see-saw was almost world-wide in its extent, and the result
of a later investigation, which included the examination of pressure
observations at 95 stations scattered over the earth’s surface, was
communicated to the society in the year 1904.”
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sure variations at Djakarta and SST at Puerto Chi-
cama on the Peru coast. About the same time, Dob-
eritz (1968) documented the positive correlation
between SST and rainfall in the equatorial Pacific
dry zone. However, it was the remarkable synthesis
by Bjerknes (1966, 1969, 1972) which clearly linked
the interannual fluctuations in SST over the broad
expanse of the eastern equatorial Pacific, with SO-
related changes in the zonal wind component near
the equator (the Walker Circulation) and the large-
scale equatorial Pacific precipitation regime.
Bjerknes’ work also provided strong evidence of links
(teleconnections) between the equatorial Pacific and
the Northern Hemisphere westerlies. His studies
marked a shift in emphasis from statistical analysis
of the SO to more physically-oriented diagnostic
studies, e.g. Krueger and Gray (1969), Krueger and
Winston (1974, 1975), in which satellite data pro-
vided an important new source of information.

Kidson (1975) identified the SO with the first ei-
genvector of the normalized non-seasonal fluctua-
tions of temperature and precipitation in the tropics
(30°N-30°S), and with the first eigenvector of the
global surface pressure fluctuations. Trenberth (1976)
pointed out the important role of the South Pacific
Convergence Zone (SPCZ) in the SO. Namias
(1976) provided further observational evidence of
atmospheric teleconnections between the equatorial
and North Pacific regions. A significant new dimen-
sion of the SO/El Nifio was uncovered by Wyrtki
(1975), when he showed that El Nifio events are
associated with changes in the east—west slope of sea-
level in the tropical Pacific.

In a logical extension of the empirical studies,
Rowntree (1972), Julian and Chervin (1978), and
more recently, Keshavamurty (1982) used general
circulation models to study the response of the at-
mosphere to a fixed SST anomaly in the tropical
Pacific. The problem of ocean-atmosphere interac-
tive coupling involving SST and Walker Circulations
has been studied theoretically by McWilliams and
Gent (1978) and Lau (1981) using simple idealized
models. Recent experiments by Opsteegh and van
den Dool (1980), Hoskins and Karoly (1981) and
Webster (1981), using relatively simple linear, steady-
state models designed to study the response of the
atmosphere to thermal and orographic forcing, have
provided insight into some of the basic processes of
local and remote forcing, and qualitatively repro-
duced some of the features of the observed telecon-
nection patterns.

Horel and Wallace (1981) recently examined the
vertical structure of atmospheric SO fluctuations and
extratropical teleconnections. They found the zon-
ally-averaged 200 mb SO height fluctuations to be
considerably larger than those at the 1000 mb level.
Corresponding fluctuations in the mean temperature
of the tropical troposphere are on the order of 1°C.
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FiG. 1. Ship tracks used in the analyses. The heavy portion of
each track is the 8° latitude section of maximum interannual SST
variability. The time series of monthly average anomalies were
computed for this section of each track.

Well-defined teleconnection patterns were found in
the Northern Hemisphere height fields, and a the-
oretical explanation for these patterns based on
Rossby wave propagation on a sphere (Hoskins and
Karoly, 1981; Webster, 1981), was proposed. Van
Loon and Madden (1981) have also found evidence
of a well defined pattern of SO teleconnections in the
Southern Hemisphere extratropics.

Additional studies during the past decade will be
cited in their appropriate context. Although these
efforts have provided significant new information and
insight into the behavior of the SO, this fascinating
system of ocean-atmosphere climate variations is
still inadequately described, and even more poorly
understood. :

The results of a study of SO-related variations in

SST and surface wind fields over the tropical Pacific -

are described in this paper, which represents one part
of a more comprehensive descriptive study of SO
fluctuations conducted by ourselves and our col-
leagues. Other aspects of the study include upper-air
teleconnections (Arkin et al., 1980), and large-scale
variations in precipitation (Heddinghaus and Krue-
ger, 1981).

The data sets used in this study are described in
Section 2. The conventional Southern Oscillation
Index (SOI) is usually computed as the difference
between station pressures representing the opposite
centers of the Indonesian-South Pacific pressure see-
saw. The relationship between this index and SST
variations along the Ecuador-Peru Coast is docu-
mented in Section 3.

Section 4a contains a brief description of some
aspects of the seasonal cycle of SST and surface wind
in the tropical Pacific. Warm episodes along the
South American Coast are described in Section 4b.
SST lag relationships in the eastern tropical Pacific,
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as well as local relationships between SST and wind
variations, are examined in Section 4c, using data
along six ship tracks which cross the equator between
the South American coast and 170°W.

A composite description of the morphology of a
warm episode, as manifested in the SST and surface
wind fields of the tropical Pacific (30°N-30°S), is
presented in Section 5. The major findings and con-
clusions are discussed and summarized in Section 6.

2. Data and computations

A new data set of surface marine wind and SST
observations for the Pacific Ocean, spanning the pe-
riod 1854-1976, was assembled by the National
Climatic Center (NCC) specifically for this project.
The individual sources from which data were ob-
tained are listed in the Appendix.

Duplicate observations were identified and elimi-
nated. Preliminary quality assurance was handled
through programs that checked for internal consis-
tency and climatic limits. The data were then ar-
ranged into frequency and cumulative relative fre-
quency class intervals and manually reviewed.

The post-World War 1I data used in this study are
almost entirely intake observations. For earlier pe-
riods, we chose to use only the bucket observations.
Analyses by Saur (1963) and Tabata (1978) show
that mean differences between bucket and intake
temperatures vary from one cruise to another, and
from one ship to another. Saur (1963) calculated a
mean “‘bucket minus intake” difference of —0.7°C
from 6800 pairs of observations. Collins et al. (1975)
found a mean difference of —0.3°C between Cana-
dian ship intake observations and Japanese merchant
vessel bucket observations, which they attribute to
intake heating. An analysis of differences between
bucket and intake SST observations in our data in-
dicated a probable positive bias of around 0.3 to
0.5°C in the intake data, but the bias did not appear
to be constant in time and space, and is not large
enough to significantly affect our main conclusions.
Nevertheless, this bias should be kept in mind when
comparing SST data from the post- and pre-World
War II periods.

Two additional summary data sets were prepared:
1) Mean monthly values for each 2 X 2° latitude-
longitude square of the Pacific between 30°N-30°S
covering the period 1946-76, and 2) mean-monthly
values for 1° latitude X 5° longitude strips between
20°N-20°S along six shipping lanes which cross the
equator between the South American Coast and
170°W (Fig. 1), covering the periods 1921-38, and
1946-76. Further quality control was performed for
each sub-area of these data sets. Initial long-term
mean values and standard deviations (sigma) were
computed for each calendar month for SST, and
westerly (U) and southerly (¥) wind components. A
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four-pass editing procedure was then applied. On
each pass, values of SST outside the +3.56 sigma
limits for all data from that particular calendar
month were removed, and a new long-term mean and
sigma computed. The level of discard is believed to
be a conservative one, retaining almost all the good
data at the expense of passing a few erroneous ob-
servations.

Wyrtki and Meyers (1976) have demonstrated
that even with little editing, important information
on interannual variability can be extracted from the
surface wind data. We applied a quality control pro-
cedure in which the wind components were treated
as components of a bivariate normal distribution,
thus allowing consideration of the total wind vector
in the editing sequence. A four-pass editing proce-
dure was again adopted with observations outside a
chi-square limit of 15.2 discarded after each pass.

One additional data set was derived from the ship
track data. This consisted of monthly averaged val-
ues of SST, U, and V for the 8° latitude strip along
each ship track which exhibited the greatest inter-
annual variability of SST (Fig. 1). Prior to con-
structing the averages, the individual monthly values
along the ship track were filtered first in latitude,
then in time, using a nonlinear filter (Rabiner er al.,
1975). This filter involves a combination of median
smoothing passes, and is extremely effective in re-
moving isolated wild points without appreciably
smoothing valleys, peaks, or sharp discontinuities.
For those few months when data were missing from
all eight 1° strips, the anomaly was estimated by
linear interpolation between adjacent months. These
data gaps never exceeded three months, and no in-
terpolations were necessary for the track along the
South American Coast (Ship Track 1).

For details of the Fast Fourier Transform tech-
niques used to obtain the spectra and cross-spectra
in Sections 3 and 4, see Rasmusson ef al. (1981).
All spectra and cross-spectra are derived from un-
smoothed mean monthly values spanning the 256
month period September 1953-December 1974. Ten
percent of the data on either end of the series were
multiplied by a cosine taper to reduce leakage. The
raw spectral estimates and the cross-spectral values
were smoothed using three-point and seven-point
running means, respectively. Thus, every third spec-
tral estimate and every seventh coherence square
value shown on the plots represents an independent
estimate with 5.2 and 12.2 effective degrees of free-
dom, respectively (Julian, 1971, 1975).

It is pointed out in Section 3 that the SO is ape-
riodic. Spectra of its various components are often
quite different from one period to another. Although
the oscillation happens to be quite sharply peaked
around periods of 36.6-42.7 months during the 22-
year period being analyzed, this is not necessarily
true for other periods, and we do not consider it prof-
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itable to dwell on the statistical significance of this
SO peak. Rather, we are interested in the temporal
and spatial relationships between various parts of the
oscillation, i.e., the level of significance of the co-
herence square and phase spectra in the SO fre-
quency range. The 95% (0.44), 99% (0.59) and
99.9% (0.74) levels of significance (Julian, 1975) are
indicated on the coherence square plots. Confidence
limits for phase differences are not indicated, but are
discussed. These are obtained from Jenkins and
Watts (1968).

3. The Southern Oscillation Index and SST varia-
tions along the South American coast

Until recently most investigators have examined
the SO largely in the context of a standing oscillation.
This assumption is implied in the use of unlagged
data from widely separated stations to form an SOI.
Trenberth (1976) however, called attention to phase
differences of a few months in the pressure oscilla-
tions over the Australian-South Pacific region. Chen
(1982) performed a cross-spectral analysis of the
mean monthly surface pressure anomaly time series
for Darwin (12.4°S, 130.9°E), Easter Island (27.2°S,
109.4°W), Rapa (27.6°S, 144.3°W) and Tabhiti
(17.5°S, 149.6°W), and confirmed the lags noted by
Trenberth (1976). For the period analyzed, the lag
in the out-of-phase variation between Darwin and
Tahiti was about one month (Tahiti leading). The
lag between Rapa and Easter Island was about one
month (Rapa leading), and these two stations led
Tahiti and opposite changes at Darwin by several
months. Chen’s results imply that surface pressure
changes near the axis of the South Pacific High
(Rapa, Easter Island) lead those at lower latitudes
in the central Pacific (Tahiti), and lead changes of
opposite sign in the vicinity of the Australian-In-
donesian Low (Darwin). The conventional surface
pressure index monitors only one aspect of the SO.
One might also index other fluctuations such as the
strength of the equatorial easterlies (Wyrtki, 1980),
upper tropospheric flow over the equator (Arkin et
al., 1980), rainfall variations in the Central Pacific
(Reiter, 1978) or SST. Since this paper is focused
on large-scale SST variations in the eastern and cen-
tral equatorial Pacific, we chose as the reference for
much of our subsequent discussion the average SST
anomalies near the upper Peru Coast (4-12°S) as
reflected by the data from Ship Track 1 (Fig. 1).
The spectrum for this index, which will be referred
to as SST(1), is shown in Fig. 2, along with two of
Chen’s SO indices. All spectra exhibit major peaks
at periods ~36.6-42.7 months, which define the
dominant SO period during these years (1953-74).
However, SST anomalies in this area exhibit far
more month-to-month persistence than do the sur-
face pressure anomalies; thus a higher percentage of
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FIG. 2. Spectra for mean monthly anomaly time series (Sep-
tember 1953-December 1974) for Tahiti minus Darwin normal-
ized surface pressure difference (T — D)y, Easter Island plus Rapa
surface pressure (E + R), and SST(1). See text.

the SST variance is found in sub-annual frequencies.
The use of area-averaged SST anomalies also sup-
presses small-scale variability found in station or
point data. The result is an SST index which shows
a significantly stronger response in the SO frequency
range than either of the pressure indices.

The coherence square and phase difference be-
tween (T — D)y and SST(1) are shown in Fig. 3.
Values of coherence square exceed 0.9 in the SO
frequency range (spectral estimates six and seven),
higher than those between the two pressure indices
(not shown). Changes in SST(1) lead opposite
changes of (T — D)y by ~30°. For the average of
spectral estimates six and seven (39.7 months) this
is equivalent to a lead of 3.3 + 0.3 months (95%
significance). SST(1) lags opposite changes in (E

MONTHLY WEATHER REVIEW

VOLUME 110

+ R) by about one month. Thus, the SST and station
pressure data are highly coherent in the SO fre-
quency range, and exhibit significant lag relation-
ships.
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FIG. 4. Mean surface wind field and velocity divergence for February. Units of isotachs are m s™'; units of divergence 107¢ s™'
(solid lines positive, dashed lines negative).

.

4. Ship track analysis

The results in this section are derived from an
analysis of observations taken between 20°N-20°S
along the six ship tracks shown on Fig. 1. Track 1
parallels the Central and South American Coasts,
Track 2 extends southwestward from Panama, cross-
ing the equator near the Galapagos Islands, and
Track 3 extends from Panama to Tahiti. Track 4
crosses the equator between 140-145°W, while
Tracks 5 and 6 cross the equator near Christmas
Island, and Canton Island, respectively. North of
7°N, Tracks 1, 2, and 3 coincide.

a. Seasonal cycle

The general features of the tropical Pacific sea-
sonal cycle have previously been described, e.g.
Wiyrtki (1964, 1965), Ramage (1975), Hickey (1975)
and Wyrtki and Meyers (1976). Our new marine

data base allows a somewhat more detailed descrip-
tion of the seasonal cycle of SST and surface winds.
The following description is based on Figs. 4 and 5
which show the monthly mean (1949-76) surface
wind and divergence fields over the area 30°N-~30°S
for the months of February and August.

In February (Fig. 4) the Northeast Trades extend
westward across the North Pacific, merging in the
western Pacific with the northeast flow of the Asian
Winter Monsoon. Maximum tradewind speeds are
~7-8 m s™'. The ITCZ in the eastern Pacific is lo-
cated a few degrees north of the equator, and is as-
sociated with a wind speed minimum, as well as con-
fluence and convergence in the surface wind field.

In the Southern Hemisphere, the Southeast Trades
are interrupted by the SPCZ, which extends south-
eastward from the area of the Solomon Islands (Sad-
ler, 1969). The SPCZ is marked by cyclonic flow,
convergence, confluence, and a speed minimum. The
austral summer ITCZ extends eastward from the
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F1G. 5. Mean surface wind field and velocity divergence for August. Units as in Fig. 4.

Cape York Peninsula of Australia, and merges with
the SPCZ.

In August (Fig. 5), the ITCZ and the Northeast
Trades are shifted several degrees northward. West
of 160°E the flow is part of the Asian Summer
Monsoon circulation. In the transition area 0-10°N,
130-170°E, the flow is quite weak and the sign of
the zonal component can be changed by a relatively
weak wind anomaly. This area appears to be of
particular importance in the initiation of the El Nifio
event (see Sections 5 and 6). In the Southern Hemi-
sphere, the SPCZ is reflected in the surface diver-
gence field, but the split in the South Pacific Trades,
although still present, is less pronounced than it was
during the austral summer. Note also, that unlike
the Northern Hemisphere ITCZ, the SPCZ shows
only small seasonal changes in position.

Mean monthly values of SST and wind compo-
nents were computed for the ship tracks from data
covering the period 1921-38 and 1949-76. [See also
Donguy and Henin (1980a) for analysis of Track 3

data.] A few features observed in the ship track data
are worth noting as additional background for the
later discussion of interannual variability. There is
a systematic phase shift and westward decrease in
amplitude of the annual SST cycle along the equator
(Wyrtki, 1965). At the South American coast, the
lowest mean monthly values of SST occur during
August-September, i.e., approximately in-phase with
the Southern Hemisphere seasonal cycle. Moving
westward along the equator, the minimum values are
found at progressively later months, occurring during
February-March on Track 6 (Fig. 1). A smaller
phase shift is found in the months of maximum SST,
i.e., from March-April on Track 1 to June on Track
6. On the three western tracks (4, 5, and 6), the
months of minimum SST on the equator coincide
with the months of maximum easterly wind com-
ponent.

There is a mean westerly wind component on the
equator on Track 1 throughout the year. Further
west, the flow exhibits a small mean easterly com-
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ponent on Track 2 throughout the year, with the
possible exception of October—-November. Tracks 3-
6 show easterlies on the equator throughout the year,
increasing in speed toward the west to ~5-6 m s™'
on Tracks 4 and 5, then decreasing to ~4-5 m s
on Track 6. The seasonal variation in mean monthly
values is generally less than 1.5 m s™', but assuming
a simple square dependence of stress on wind speed,
this represents a seasonal variation in the zonal stress
component of 65-85%.

b. Warm episodes along the South American coast

To date, much of the time series information on
the nature and occurrence of El Nifio, e.g., Ramage
(1975), Wyrtki (1975) and Quinn (1979), has been
derived from SST observations taken at stations
along the coast of Ecuador and Peru. Thus, it is quite

WEST COAST AMERICAS SST 1
TALARA PERU SST 2
PUERTO-CHICAMA $ST 3

PERIOD IN MONTHS
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FIG. 6. SST anomaly spectra: (1) SST(1), (2) Puerto Chicama
(7.7°S), (3) Talara (4.6°S). See text for definition of SST(1).
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F1G. 7. Coherence square between SST time series (mean sea-
sonal cycle not removed). (1) SST(1) and Talara, (2) SST(1) and
Puerto Chicama, (3) Talara and Puerto Chicama.

important to compare the “typical” coastal station
El Nifio signature with that observed offshore along
Track 1. It is encouraging to find that the El Niiio
event is broadly similar in the SST(1) (average SST
for latitudes 4-12°S on Ship Track 1) and coastal
station (Talara, Puerto Chicama) time series. All
spectra show the same SO peak (Fig. 6), although
SST(1) shows more variance at very long periods,
and all pairs of time series exhibit high coherence
square down to periods of a few months (Fig. 7).
There is, however, an important difference in the
detailed behavior of El Nifio at the coast and along
Track 1. This is illustrated in Fig. 8, which shows
composite SST anomaly curves for six El Nifio’s.
Since the warmings are rather closely tied to the
seasonal cycle, no effort was made to superpose spe-
cific features of the individual events. Rather, the
data from the six events are simply averaged by cal-
endar month. The anomalies are departures from the
1949-76 mean values. Although there is little dif-
ference in timing, the initial anomaly peak appar-
ently first occurs at the coast. After the peak, the
coastal stations show a sharp fall, sometimes to near
normal SST. This is usually followed by a second
extremely sharp anomaly peak in December or Jan-
uary?. This feature has been noted by Wyrtki (1975)

2 The dip in the anomaly values of the coastal station composites
during December-January prior to the major rise appears to be
an artifact resulting from the use of data from El Nifio years in
computing the long-term mean monthly values. Since the El Nifio
event is tied to the seasonal cycle, the peak SST anomalies tend
to occur in the same calendar months. These months do not exhibit
comparably large offsetting negative anomalies during non-El
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Fi1G. 8. El Nifio SST anomaly composites: SST(1), Puerto Chi-
cama. Composites are for six warm episodes (1951, 1953, 1957,
1965, 1969, 1972).

and others. In the case of SST(1), the initial anomaly
decrease is rather less pronounced and is normally
followed by a hesitation in the falling trend, or a
minor upswing before a resumption of the falling
‘trend. This difference between Track 1 and the
coastal stations can hardly be due to the very slight
amount of smoothing introduced by the filtering of
the ship track data (Section 2). There is evidence of
a similar but weaker pattern on Tracks 2 and 3. A
single rather flat maximum generally appears on the
three western tracks (Fig. 9). Ramage (1975) noted
that the double peak does not appear in the Canton
Island SST data.

A general picture of the warm episode along Ship
Track 1 can be obtained from the six-event composite
illustrated in Fig. 9. Maximum SST anomalies are
found near 8°S during May-June, but because of
the mean seasonal cycle, maximum SST’s generally
occur one to three months earlier. As the latitude

Nifio years. Consequently, anomalies during non-El Niflo years,
and in the initial stages of the warming event, tend to show a small
negative dip during December-January, the months of the sec-
ondary El Nifio peaks. Similarly the pre-and post-El Nifto minima
may be unduly accentuated simply because of the effect of the
major El Nifio maximum on the long term mean monthly values
during April-June. .

This points up the problem of proper definition of “mean” con-
ditions from which to compute El Nifio departures. As a simple
experiment we recomputed mean monthly values of SST(1) ex-
cluding the six El Nifio years. The new anomaly time series showed
stronger El Niilo peaks, as expected, and in addition much of the
small “inverse” El Nifio cycle appearing in SST(1) during non-El
Niflo years (Fig. 13), as for instance 1959-62, was removed.
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separation from 8°S increases, the maximum anom-
aly occurs at progressively later dates, appearing at
20°S around September and at 20°N around the end
of the year. Anomaly minima appear around 8°S
approximately one year before and after the maxi-
mum, but their magnitude (1.2°C) is roughly half
that of the maximum (2.8°C).

Enfield (1981a, 1981b) has examined the wind
data from Peruvian coastal stations. He found that
variations, on all time scales from diurnal to inter-
annual, are primarily a response to local land-sea
thermal forcing. On the interannual time scale, SST
anomalies are positively correlated with enhanced
southeasterly flow at Lima. Further north at Talara,
in the area of enhanced El Nifio rainfall, the south-
f.ast flow and SST anomalies are negatively corre-
ated.

The coastal strip affected by land-sea forcing is
~100 km in width (Enfield, 1981a). The warm ep-
isode composite (Fig. 9) indicates enhanced south-
east flow between 8-15°S, and weak easterly to
northeasterly anomalies between 0-8°S during the
middle and latter stages of the anomaly maximum.
These variations appear to be more representative
of the coastal station data than of the large-scale
variations in the Southeast Trades, discussed in Sec-
tion 5. An examination of the distribution of ob-
servations along Track 1 indicates that most of the
ship reports are within this zone. Thus, the Track 1
winds may primarily reflect the land-sea forcing
variations, rather than variations in the Southeast
Trades. This difference in behavior between the
coastal zone winds and those further offshore ob-
scures the interpretation of results when data from
both wind regimes are averaged, e.g., Barnett (1977a).

The SST time series for the six individual events
composited on Fig. 9, as well as the weaker event of
19633, are superimposed on Fig. 10.

A strong trend toward positive anomalies normally
appears by the December or by the January preced-
ing El'Nifio. Only during the relatively weak events
of 1951 and 1963 was the onset of the rapid rise
delayed until the early months of the El Nifio year.
The peak anomalies occur between April and June
(except for the 1963 event, which peaked during
August). The anomaly peak is followed by a period
of rapid fall, which in some cases extended uninter-
rupted into the middle of the next year. During most
events, including all strong warmings, the fall leveled
out or anomalies even rose to a secondary peak
around the end of the year. This was followed by a
resumption of a rapid fall with anomaly minima
reached between May and August of the following
year. The 1957 case was different in that significant

3 Although this event was relatively weak near the South Amer-
ican coast, it was comparable in strength to the other six events
in the central equatorial Pacific.
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FI1G. 9. Ship track composite wind and SST anomalies for six warm episodes (1951, 1953, 1957,
1965, 1972); Tracks 1 (a), 4 (b), and 6 (c). Full barb
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Fi1G. 10. SST(1) anomaly time series for the seven most
significant warm episodes between 1950 and 73.

negative anomalies failed to reappear for several
years following the warm episode. In this respect, the
1957 El Niiio was similar to the 1976 event (Winston
and Krueger, 1978; Krueger and Winston, 1979).
Warmings during the period 1921-38 (Fig. 11)
were weaker, less frequent and exhibited less uniform
behavior. Only one event, 1923, closely followed the
pattern of events since 1949. The 1925-26 event was
similar in many respects, but the relative strengths
of the first and second peaks were reversed. The
warming of 1932 peaked early (March), and the
warming of 1930 was delayed, peaking in November.

¢. SST and wind lag relationshipsl

Previous investigators have presented evidence of
a westward migration of SST anomalies which first
appear along the Ecuador-Peru coast. Hickey (1975)
showed evidence that year-to-year fluctuations in
SST at Christmas Island and Canton Island lag those
at the Galapagos by three and four months, respec-
tively. Barnett (1977a) found evidence of a half-year
lag between SST at Talara and Christmas Island.
Quinn (1979) found maximum correlations at three
to six month lags between SST at South American
coastal stations and SST at Canton Island. Ras-
musson and Carpenter (1980) reported preliminary
results from ship track data which showed a west-
ward migration of SST anomalies in the eastern
equatorial Pacific. See also Weare (1982).
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The time series of SST(1) and SST(6) are shown
in Fig. 11. On the average, variations on Track 6
(Hawaii-Fiji) appear to lag those on Track 1 (West
Coast of Americas) by several months. Table 1 shows
SST lag correlations computed for Track 1 and cross-
correlations between Track 1 and the other five
tracks. It is apparent that the time lag of maximum
correlation with SST(1) increases toward the west.
There is a remarkable consistency in the data, the
only exception being SST(5) which shows somewhat
lower correlations than would be expected in light
of the data from Tracks 4 and 6.
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F1G. 11. Time series, SST(1), SST(6); 1921-38; 1950-76.
See text.
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SST anomaly spectra were computed for the six
tracks for the period September 1953-December
1974. All spectra exhibit a sharply-defined SO peak
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F1G. 13. Phase difference SST(1) and other tracks.

at spectral estimates six and seven (e.g., see Fig. 6).
The spectra for the eastern tracks also exhibit a weak
quasi-biennial maximum, a feature which is also
found at the coastal stations (Fig. 6).

SST coherence square and phase angle were also
computed for all pairs of tracks. High coherence
square was found at the lower frequencies (e.g., Fig.
12). Fig. 13 shows the phase difference between
Track 1 and the other five tracks for a range of pe-
riods which includes the SO. As in the case of the
lag correlations (Table 1), the data show lags which
increase toward the west. The only departure from
the regular progression between tracks is again as-
sociated with SST(5) which shows roughly the same
lag as SST(6) for periods longer than three years.

In summary, this analysis indicates that large-
scale SST anomalies which appear off the coast of
Peru tend to spread northwestward, then westward
along the equator into the central Pacific, thus con-
firming the less comprehensive analyses of Hickey
(1975), and Barnett (1977a), and quantitatively
documenting the lag relationships. The lag between
the Peru Coast and 170°W is typically three to six
months. This represents an average speed of move-
ment between 0.5 and 1.0 m s™".

Information on the relationship between eastern
equatorial Pacific wind and SST variations during
a warm episode can also be derived from the ship
track data. The anomaly composites for the six warm
episodes exhibit the following features (Fig. 9):

1) The positive SST anomaly on Track 1 is
roughly twice the magnitude of the anomaly on the
other tracks. The composites clearly show the west-
ward migration of the eastern equatorial SST anom-
aly pattern.

2) On each track, the appearance of the positive
SST anomaly is accompanied by the development of
anomalous equatorward flow in both hemispheres.
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TABLE 1. SST cross-correlations at various lags.
Lag (months)
Cross-correlations between
SST(1) and: 0 1 2 3 4 5 6
SST(1) (W. Coast of S., America) 1.00 0.96 0.85 0.71 0.57 0.45 0.35
SST(2) (Panama-Galapagos) 0.88 0.89 0.84 0.76 0.65 0.54 0.43
SST(3) (Panama-Tabhiti) 0.77 0.80 0.79 0.75 0.65 0.54 0.43
SST(4) (San Francisco-Tahiti) 0.57 0.63 0.66 0.66 0.65 0.61 0.56
SST(5) (Los Angeles-Christmas) 0.47 0.50 0.52 0.52 0.52 0.50 0.48
SST(6) (Hawaii-Fiji) 0.53 0.59 0.63 0.65 0.65 0.64 0.61

Conversely, the decay of the anomaly and subsequent
reappearance of negative SST anomalies is accom-
panied by the disappearance of the equatorward flow
anomaly.

3) Table 2 shows the percent of U and SST vari-
ance in the SO frequency band (spectral estimates
six and seven) as well as the coherence square be-
tween the parameters, for the eight-degree latitude
strip of maximum SST variability (Fig. 1). Phase
differences are also shown, with R indicating that
the difference is for out-of-phase variations. Except
for Track 1, none of these phase differences reach
the 95% significance level. Thus, on the three eastern
tracks, the U and SST variations are essentially out-
of-phase, and the U variance in the SO frequency
band is relatively small. On the three western tracks,
SST and U are essentially in phase with the percent
of U variance in the SO frequency band increasing
toward the west. Considering the westward migra-
tion of the SST anomaly pattern, and the in-phase
relationship between U and SST on the three western
tracks, it is apparent why Barnett (1977a) found that
SST changes at Christmas Island were consistent

TABLE 2. Percent of total variance, coherence square, and phase
difference for mean monthly U and SST in the SO spectral band
(spectral estimates six and seven). The values are for the eight
degree latitude strip of maximum SST variability (Fig. 1). The
coherence square is the higher of the two spectral estimates. The
phase difference is for SST leading, with R indicating that the
difference is for out-of-phase variations. The 95% confidence limits
are indicated for the phase differences.

Percent of
total
variance in

spectral Spectral
estimates  estimate of Phase difference
~6and 7 maximum (months) and
Ship —— Coh? Coh?>  95% significance
track SST U (SST,U) (SST,U) limits
1 243 9.6 7 (36.6 mo.) 0.58 +2.8 + 2.7 (R)
2 226 - 9.0 7 0.54 +1.4 + 24 (R)
3 294 147 7 0.38 —0.4 = 3.7 (R)
4 29.1 11.1 6 (42.7 mo.) 0.56 -20+£27
5 20.9 163 6 0.72 -09+1.9
6 26.7 18.0 6 0.79 +0.0 £ 1.7

with both local upwelling and advection mechanisms
on the equator.

The time series for the heavily sampled shipping
lanes provide the most detailed description of the
interannual variability of SST and surface winds over
the tropical Pacific. However, the six ship tracks pro-
vide no information west of the dateline, and east of
the dateline they provide an incomplete picture of
the development and spatial relationship of the two
fields. A more complete spatial, but less detailed local
picture of the evolution of the two fields during a

‘warm episode is provided by the composites which

are discussed in the next section. Finally, the results
summarized in this section are placed in a broader
context in Section 6b.

5. Wind and SST composites: 30°N-30°S

The scarcity of marine data over large portions of
the tropical Pacific (Fig. 14) precludes the routine
construction of reliable monthly anomaly maps. It
is hoped that this situation can be improved in the
future through the use of satellite data (Sadler and
Kilonsky, 1981).

Compositing represents an attractive alternate ap-
proach to the study of a specific type of event. When
used with care, compositing can serve as a powerful
tool for uncovering features common to a number
of individual cases. Initially, two types of composites
were constructed for the area 30°N-30°S. For the
first type, the superposed epoch method, various
phases of each episode were identified and compos-
ited, e.g., onset of rapid rise along the Peru coast,
anomaly maximum, and period of maximum fall. For
the second type, the El Nifio years were identified,
and the data were simply averaged by calendar
month, as was previously done with the ship track
data. Although the timing of the warm episode varies
somewhat (Fig. 10), the stronger events since 1949
have been remarkably well locked to the seasonal
cycle. Consequently, the differences in the results
from the two compositing schemes is minor. The re-
sults from the second method, which are presented
in this section, can be viewed simply as the departure
of the monthly mean “climatology” of the six warm
episodes from the long-term climatology.
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FI1G. 14. Log of the average number of SST observations in each two-degree square used in each composite.

Composites were constructed for three-month av-
eraged anomalies; thus each composite is the average
of 18 individual monthly “maps”. When data for a
particular 2 X 2° square were not available for all
18 months, the composite value for that square was
computed as the average of the available monthly
values. If at least two months of data were not avail-
able, the square was marked missing. By far the
greatest number of missing observations occurred
during the first two warm episodes (1951, 1953).
This, coupled with the relatively weak nature of these
events, undoubtedly leads to composites which are
most representative of the last four events (1957,
1965, 1969, 1972).

The distribution of data used in the composites is
mapped on Fig. 14, in terms of the log of the average
number of SST observations in each 2 X 2° square.
The data density is quite uneven, ranging through
two orders of magnitude. The equatorial region be-
tween ship tracks and the area between ship tracks
west of Chile have the lowest number of observations.
It is in these areas of poor data, and in regions where
smaller-scale features may be distorted by smooth-
ing, e.g., the anomaly wind field near the Peru coast,
that the results are least reliable.

Objective analysis and smoothing are required to
interpolate for missing values, and remove meaning-
less small-scale features resulting from the nonho-
mogeneous sampling. A standard NOAA computer
system package was used for this purpose. Values for
missing points were first obtained by linear inter-
polation in an east-west direction. This was followed
by a two-dimensional smoothing, equivalent to a 7-
point binomial smoother in the north-south direction
and a 9-point smoother in the east-west direction.
Due to equal weighting of data-rich and data-poor
squares in the smoothing operation, these composites
will generally be less reliable in the immediate vi-

cinity of the ship tracks than the ship track com-
posites themselves (Fig. 9).

Composites were constructed for the 33-month
period beginning in April of the year preceding El
Nifio and ending in December of the year following
El Nifto. We shall present the three-month averaged
composites centered on the following months: Sep-
tember(—1), December(—1), April(0), September(0)
and January(+1), where the index refers to the year
before(—1), during (0), or after (+1) El Nifio. Sep-
tember(—1) is referred to as “Antecedent Condi-
tions”. December(—1) represents an early stage of
the warm episode, when composite anomalies along
the Peru Coast are near zero, but increasing rapidly.
This is called the “Onset Phase”. April(0) reflects
conditions near or just before the time of maximum
anomalies along the Ecuador-Peru coast, and is
called the “Peak Phase”. September(0) marks the
end of the first sharp decrease of anomalies along
the coast (Fig. 10). At this time, the anomaly max-
imum is beginning its westward shift from the coastal
area into the central equatorial Pacific. This com-
posite is referred to as the “Transition Phase”. By
January(+1), composite SST anomalies are again
falling rapidly along the coast, and approaching nor-
mal values. In the central Pacific SST anomalies are
past their peak but still large. We named this com-
posite the “Mature Stage”.

In the discussion which follows, reference will be
made to Fig. 15 which shows the composite pressure
anomalies for Easter Island, Darwin, and Rapa mi-
nus Tahiti. Fig. 16, which shows composite precip-
itation indices for the Line Islands (Washington,
Fanning, and Christmas Islands) and the combina-
tion of Nauru (0.5°S, 167.0°E) and Ocean Island
(0.9°S, 169.6°E) will also be referred to frequently.
The precipitation index is the percentile rank or ac-
cumulated percentage frequency, i.e., the ratio of the
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rank of the monthly precipitation amount in an or- month (Meisner, 1976). The index anomaly is thus
dered array to the total number of cases, expressed the percentage difference in rank from the median
as a percentage and computed separately for each value.
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Values are three-month running means.
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a. Antecedent conditions composite [ September(—1)]
(Fig. 17)

SST’s along the Ecuador-Peru coast are below
normal. However, the South Pacific high is weak-
ening rapidly, as reflected by the negative trend in
the surface pressure anomalies at Easter Island and
Tahiti (Fig. 15). The pressure at Darwin remains
well below normal, with no rising trend evident.

1) There is an intriguing area of small positive
SST anomalies and northwesterly flow (weakened
Southeast Trades) in the eastern Pacific south of
15°8S. Particular caution must be exercised in inter-
preting the composites in this area of sparse data.
The large spatial variations, and much of the month-
to-month variability in this area undoubtedly arise
from inadequate sampling. Nevertheless, when bulk
averages for the poorly sampled area (14-20°S,
80-96°W; 20-30°S, 76-106°W) are computed, a
consistent pattern of wind and SST variations
emerges. Average southeasterly wind anomalies dur-
ing April(—1)-August(—1) change to northwesterly
anomalies in September(—1), increasing to ~0.8 m
s7! late in the year. This is qualitatively consistent
with wind anomaly changes further west, and with
the Rapa-minus-Tahiti pressure gradient. anomaly
(Fig. 16), which switches from positive to negative
around August.

2) West of the dateline, there is enhanced easterly
flow in the vicinity of the equator.

3) The major features of the southwestern Pacific
anomaly fields appear to be organized about the nor-
mal September position of the SPCZ (NSPCZ),
which is shown on the divergence composite. Spe-
cifically: a) SST anomalies are positive to the west
and southwest of the NSPCZ, and negative to the
northeast. b) The surface wind anomaly field is an-
ticyclonic over the NSPCZ, where the climatological
mean flow is cyclonic. ¢) There is anomalous con-
vergence to the southwest, and anomalous divergence
to the northeast of the NSPCZ. On the total diver-
gence composite (not shown) the axis of maximum
convergence, i.e. the SPCZ, is shifted slightly south-
west of its normal position (NSPCZ). d) The South-
east Trades are weaker than normal southwest of the
NSPCZ. ¢) North and east of the NSPCZ, between
10°N-10°S, the easterly component is stronger than
normal.

This picture is consistent with a SPCZ displaced
southwest of its normal position. Trenberth (1976)
described these conditions as follows: “When the SO
is positive, the SPCZ lies south of its mean position,
not only in the Pacific but also near Darwin, and
may change intensity. This is in accord with the lower
pressure over Australia and more rainfall over and
south of Indonesia, eastern Australia, and in the New
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Hebrides-Fiji Islands area, but less rainfall along the
equator east of 160°E.”

4) The divergence anomaly composite field is con-
sistent with Trenberth’s description of the precipi-
tation anomalies and SPCZ displacement. In the
central equatorial Pacific, the Line Island and Ocean-
Nauru precipitation indices show subnormal precip-
itation at this stage of the event.

b. The Onset Phase composite [ December(—1)] (Fig.
18)

At this time SST’s along the Ecuador-Peru coast
are near normal but rising rapidly. Dramatic changes
have taken place in the central and western Pacific.
Notable features of the composite are:

1) The positive SST anomalies west of Chile now
appear more significant. Although again in an area
of marginal data, the credibility of this feature is
strengthened by its broadscale continuity on a num-
ber of consecutive composites [October(—1) through
February(0)]. The three-month averaged composites
for adjacent months are not independent, but the
period is of sufficient length to include two indepen-
dent composites. The evidence for a northwest wind
anomaly maximum over this area appears to be con-
siderably weaker, although it is present in various
forms on composites covering the period August(—1)
to December(—1).

2) The wind composite shows a general pattern
of westerly to northwesterly anomalous flow across
most of the Pacific south of 10°S. In the eastern
Pacific this reflects a diminution of the southeast
trades which is consistent with a weakening of the
high pressure ridge overlying the area, as reflected
in the below-normal pressures at Rapa and Easter
Island (Fig. 15).

3) The well-organized pattern of wind, SST, and
divergence anomalies in the southwest Pacific has
become more chaotic, although there is still anom-
alous anticyclonic flow over the NSPCZ. This sug-
gests a return of the SPCZ to a near-normal position.

4) In the central and eastern equatorial Pacific,
positive SST anomalies have disappeared from the
Indonesian area, and a new area of positive anom-
alies has developed near the dateline. This anomaly
area, which was just beginning to appear on the
Antecedent Conditions composite, is clearly separate
from the positive anomaly west of Chile.

5) This SST anomaly is associated with the dra-
matic switch from easterly to westerly wind anom-
alies west of the dateline, which took place between
October and November. The positive SST anomalies
may result from decreased upwelling associated with
the weakened easterlies.

6) The Nauru-Ocean Island Precipitation Index
(Fig. 16) indicates enhanced precipitation along the
equator west of the dateline. East of the dateline, the
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Line Island Index does not yet exhibit positive anom-
alies. The divergence anomaly composite exhibits a
weak tendency for positive values near the equator
east of the dateline, consistent with the Line Island
Index, and a reflection of the weak poleward drift
from near the equator which appears in both hemi-
spheres on the wind composite. West of the dateline,
the composite does not show the anomalous con-
vergence expected in association with the positive
Nauru-Ocean Island Precipitation Index anomaly.
This may be due to inadequate sampling resulting
from the small number of observations in this area.

¢. The Peak Phase composite [ April(0)] (Fig. 19)

'An extensive area of positive SST anomalies now
extends along the equator from the South American
coast to 160°E. The positive SST anomaly near the
dateline on the Onset Phase composite (Fig. 18)
reached its greatest intensity in January, then spread
both eastward and westward along the equator and
weakened. It is now in the process of merging with
the rapidly-developing positive anomaly area spread-
ing westward from the South American coast. Other
important features of the composites follow.

1) As the positive SST anomalies along the Ec-
uador-Peru coast increased in magnitude and area,
the positive anomalies west of Chile diminished. The
composites do not indicate a migration of anomalies
from one area to the other, but rather suggest the
decay and development of two separate anomaly
areas.

2) The westward extension of positive anomalies
along the equator is accompanied by the development
of an anomalous northerly flow across the normal
position of the ITCZ (NITCZ) between 110°W and
170°E. The associated belt of anomalous conver-
gence south of the NITCZ is consistent with the
reported southward shift of the ITCZ during the
1972 warm episode reported by Ramage (1975).

3) Precipitation anomalies in the central and
eastern equatorial Pacific appear to be broadly con-
sistent with this surface convergence anomaly. The
data compiled by Taylor (1973) indicate a strong
average enhancement of precipitation at San Cris-
tobal in the Galapagos Islands during March, April,
and May of El Nifio years®. Further west, the Line
Island Precipitation Index (Fig. 16) shows a strong
increase, while anomaly values at Nauru-Ocean Is-
land have also continued to increase. These scattered
stations and the anomalous low-level convergence
pattern suggest an enhancement of precipitation

*The San Cristobal rainfall data have been treated only in a
qualitative manner. There was a break in the published record
between 1961-63 after which Taylor’s data suggest a change in
the location or exposure of the gage.
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south of the NITCZ from near the South American
coast westward to at least 165°E.

4) In the western and central Pacific the broad-
scale wind and SST anomaly fields are evolving into
a pattern quite different from that found on the An-
tecedent Conditions composite (Fig. 17). Negative
SST anomalies now appear southwest of the NSPCZ,
and positive anomalies to the northeast. Anomalous
cyclonic flow now exists over and to the northeast of
the NSPCZ. Enhanced southeast trades now appear
east of Australia, and there is anomalous divergence
southwest of the NSPCZ. These features are con-
sistent with a SPCZ located slightly northeast of its
normal position. Near the equator, the westerly
anomalies which appeared just west of the dateline
on the Onset Phase composite have spread eastward
to ~160°W.

5) Coastal station data (Enficld, 1981a, 1981b)
and data along Ship Track 1 show enhanced south-
easterly flow along the lower Peru coast, as discussed
in Section 4. The absence from the composite of this
important smaller-scale feature is undoubtedly the
result of smoothing.

d. The transition phase composite [September(0)]
(Fig. 20)

Large positive SST anomalies now cover a vast
area of the eastern and central equatorial Pacific.
Near the South American coast the anomalies have
diminished rapidly between June(0) and Septem-
ber(0). At the coastal stations, SST’s often return
to near-normal values during September(0)-Octo-
ber(0), prior to rising to a second positive anomaly
peak in December(0)-January(+1) (Fig. 8). The
SST anomaly maximum is no longer located near
the coast, but is shifting into the central equatorial
Pacific.

Other important features are:

1) The belt of anomalous northerly flow across the
NITCZ has strengthened and expanded northward
with the seasonal migration of the ITCZ. This anom-
aly feature is at peak strength during August-Sep-
tember. The same holds true for the belt of anom-
alous convergence south of the NITCZ. There is a
weak southerly anomaly in the Southern Hemisphere
near the equator between 90 and 140°W.

2) In the western equatorial Pacific, the wind
anomaly pattern between 0 and 10°N shows a dra-
matic reversal from September of the previous year
(Fig. 17). Westerly anomalies of more than 2 m s™'
now exist over much of this area, and actual westerly
flow typically extends east of 160°E.

3) The precipitation index anomalies reflect the
surface convergence in the central equatorial Pacific.
Anomaly values at Nauru-Ocean Island (Fig. 16)
are near their maximum. Anomalies at the Line Is-
lands are also large, and increasing. In the Galapagos
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F1G. 19. Peak Phase composite. (Averages for March-May of El Nifio year.) Units and shading are as in Fig. 17.

Islands, the precipitation anomalies peaked near the 4) The SST and wind anomaly fields in the south-
time of maximum SST anomalies, and have now west Pacific clearly reflect a northeast displacement
diminished to small positive values. of the SPCZ. Cyclonic anomalous flow appears over
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and to the northeast of the NSPCZ. Negative SST
anomalies and anomalous divergence appear south-
west of the NSPCZ, with anomalies of opposite sign
to the northeast.

e. The Mature Phase composite [January(+1)]
(Fig. 21)

This composite represents conditions at the time
when teleconnections with the Northern Hemisphere
extratropics are strongest. Positive SST anomalies
continue to cover a huge region of the central and
eastern equatorial Pacific, having reached peak val-
ues of between 1.5-2.0°C during November-Decem-
ber. SST’s near the South American coast have re-
turned to near normal.

Other composite features are:

1) The belt of anomalous northerly flow across the
NITCZ has moved southward with the seasonal
migration of the ITCZ, and has shifted westward,
no longer appearing east of 110°W.

2) In the Southern Hemisphere, the anomalous
flow associated with the northeastward displacement
of the SPCZ exhibits a well-developed, coherent pat-
tern, with pronounced cyclonic anomalous flow well
to the northeast of the NSPCZ.

3) The shifting of the two major convergence
zones results in a smaller wedge-shaped dry zone in
the eastern tropical Pacific, and a concentration of
the anomalous convergence in the central equatorial
Pacific.

4) The precipitation anomaly pattern in the cen-
tral Pacific implied by the divergence anomaly com-
posite is consistent with the pattern shown in the
EOF analysis of outgoing longwave radiation data
by Heddinghaus and Krueger (1981). It is also con-
sistent with the precipitation data from equatorial
stations. Data from San Cristobal indicate only a
weak enhancement of precipitation in the Galapagos
Islands primarily associated with those warm epi-
sodes which exhibit a local secondary SST anomaly
peak around the end of the year. The Nauru-Ocean
Island Precipitation Index anomaly peaked several
months earlier (Fig. 16), and the Line Island Pre-
cipitation Index anomaly is just past its peak.

5) In the western Pacific, there appears to be
broad agreement between the composite divergence
anomaly field and the observed precipitation anom-
aly pattern: a) The large-scale wind anomaly pattern
over the northwestern Pacific reflects a weakened
Northeast Monsoon circulation, and is associated
with a large area of divergence extending eastward
from the Philippines. b) In the southwest Pacific, the
area of divergence extending eastward from Aus-
tralia between 10-20°S is associated with weakened
southeast tradewinds and diminished convergence in
the southern summer ITCZ located in this area. ¢)
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A precipitation composite prepared by J. M. Wallace
and J. D. Horel (pers. comm., 1981), using data com-
piled by Taylor (1973), agrees remarkably well with
the divergence pattern in both the northwest and
southwest Pacific. Their composite shows diminished
rainfall in both areas during northern winters fol-
lowing El Nifio. Donguy and Henin (1980b) obtained
similar resuits for the southwestern Pacific. In ad-
dition, they found a positive correlation between pre-
cipitation deficiency in this area and the El Nifio
intensity index of Quinn et al. (1978). Pittock (1975)
found a strong SO signal in eastern Australian rain-
fall, with lighter amounts during periods of low pres-
sure over the eastern Pacific. The precipitation anom-
aly pattern in the western Pacific is also con-
sistent with the EOF analysis of Heddinghaus and
Krueger (1981).

6. Discussion and conclusions

A number of the more signiﬁéant findings and con-
clusions from this study are summarized below.

a. Warm episode precursors

During July(—1)-October(—1), the most strongly
developed and coherent anomaly fields are found over
the western equatorial and southwest Pacific. The
broadscale aspects of these anomaly fields appear to
be associated with a southwest displacement of the
SPCZ. This is typical of high SOI conditions (Tren-
berth, 1976), and is associated with below-normal
surface pressure, above normal SST, diminished
Southwest Tradewinds and enhanced surface con-
vergence and precipitation in the western equatorial
and western South Pacific. The opposite pattern of
anomalies are found northeast of the SPCZ.

The relationship between variations in the surface
wind field and warm episodes is a crucial element in
El Nifio theory. Model studies (Hurlburt ez al., 1976;
McCreary, 1976) suggest that El Nifio may be a
dynamic response to remote rather than local at-
mospheric forcing. Based on case studies of the 1972
and 1976 El Nifios, Wyrtki (1975, 1979b) identified
an intensification and subsequent relaxation of the
tradewinds in the central equatorial Pacific as the
remote forcing mechanism. For further background
and discussion of this theory, see Enfield (1980),
O’Brien et al. (1980), and Philander (1981). The
ship track data show no evidence of a decrease in the
tradewinds in the central equatorial Pacific prior to
the onset of warming along the Peru coast. However,
an area of significant easterly wind anomalies ap-
pears west of the dateline on the July(—1)-Octo-
ber(—1) wind composites, and rapidly disappears
after October(—1). Goldenberg and O’Brien (1981)
show an extensive area of interannual variability in
the zonal flow between 130°W and 130°E in the
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general vicinity of the equator. Within this area, our arate areas appear to correspond to the éU, and 46U
analyses clearly show a phase difference between the maxima of Barnett’s Pacific tradewind EOF’s (Bar-
variations east and west of 170°W. These two sep- nett, 1977b). East of 170°W, the relaxation of the
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easterlies lags the warming near the South American
coast. West of 170°W, the development of enhanced
easterlies, and their demise after October(—1) ap-
pears to be consistent with the Wyrtki scenario. The
coincidence of these changes with the season of tran-
sition from the southwest to northeast monsoon de-
serves further examination. Recent model compu-
tations by Busalacchi and O’Brien (1981) also
identify the western rather than the central equa-
torial Pacific as a prime region of remote forcing.

Because of the potential importance of the wind
fluctuations west of the dateline, we have performed
a limited case-by-case examination using available
data from the area 0-10°N, 140°E-180°, and O-
10°S, 150°E-180°. Data in this area prior to 1953
were too fragmentary for reliable conclusions. Thus
we only examined conditions prior to the moderate
to strong warm episodes of 1957, 1965, 1969, 1972,
1976 and the weak episode of 1963. The zonal wind
anomaly averaged over this area followed the same
pattern during all but one (1969) of the six events
(Table 3). A predominant pattern of easterly anom-
alies preceded the warm episodes for periods that
varied from a few months (1963) to over three years
(1976). A sudden change to westerly anomalies oc-
curred near the end of the year preceding the warm
episode. The exceptional event, 1969, was not pre-
ceded by easterly anomalies, but the same relative
shift, in this case from near zero anomalies to sig-
nificant westerly anomalies, apparently did occur.
This suggests that the anomaly difference between
August-September and November-December as
well as the anomalies themselves may be an impor-
tant factor. All extended periods of easterly anom-
alies between 1954 and 1976 culminated in a warm
episode.

The appearance of positive SST anomalies near
the dateline around the time of the disappearance
of the easterly wind anomalies appears to be a new
and perhaps important element in the puzzle. They
may arise as a result of diminished upwelling asso-
ciated with the weakened easterlies.

By September(—1), westerly to northwesterly wind
anomalies and positive SST anomalies are spreading
into the eastern Pacific south of 15°S, and the surface
pressure over that area has fallen below normal sea-
sonal values. As the warming in this area continues,
the composites suggest the development of an SST
anomaly maximum west of Chile.

b. Evolution of equatorial wind and SST anomaly
fields

The evolution of the SST and wind anomalies
along the axis of maximum SST variability is illus-
trated in Fig. 22. The area of positive SST anomalies
which develops near the dateline during Novem-
ber(—1)-December(—1) subsequently spreads both
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TABLE 3. Behavior of average zonal wind anomaly prior to El
Nifio events in the area 0-10°N, 140°E-180; 0-10°S, 150°E~180.

Average
anomaly
difference
Average (July-
Approximate westerly September)*
period of anomaly minus
predominant (July- (January-
Year of easterly September)* March)
El Nifio anomalies (ms™) (ms™)
1957 3/54-10/56 -0.7 -0.7
1963 7/62-10/62 -0.3 -1.1
1965 12/63-10/64 -0.9 -1.2
1969 —h* +0.4 —0.8
1972 2/70-11/71 -1.6 -2.4
1976 12/72-1/76 -1.7 -1.8

* Year preceding El Nifio.
** Anomalies changed from moderate/weak westerly during
early months of 1968 to strong westerly during early months of
1969.

eastward and westward. The rapidly increasing
anomalies along the Ecuador-Peru coast spread
westward along the equator, merging with the anom-
aly area near the dateline. This results in small
positive SST anomalies during January(0) and
February(0) at all longitudes from the South Amer-
ican coast to 150°E. However, positive anomalies
continue to intensify near the South American coast,
and extend westward along the equator as a relatively
narrow tongue of warm water. This more pronounced
positive anomaly area continues to expand both west-
ward and latitudinally, with the latitudinal spreading
continuing for several months after the occurrence
of the peak anomalies on the equator. The reap-
pearance and westward spread of negative anomalies
early in the year following El Nifio, again as a rather
narrow tongue of cold water (Fig. 23), leaves residual
positive anomalies at higher latitudes. These grad-
ually disappear with the latitudinal spreading of the
negative anomalies. Overall, the lag in the SST
anomalies appears to diminish west of 140°W. This
is consistent with the small phase differences between
ship tracks 5 and 6 described in Section 4c.
Although equatorial SST anomalies are small in
the western Pacific, they exhibit a consistent pattern
of variation which is opposite in phase to those ob-
served in the eastern equatorial Pacific. Prior to Oc-
tober(—1), when anomalies in the eastern and central
Pacific are negative, anomalies west of 150°E are
small but positive (0.1-0.3°C). During Novem-
ber(—1)-December(—1), the anomalies in this area
change sign as positive anomalies develop near the
dateline. Small negative anomalies then persist west
of 150°E during the entire period of positive anom-
alies in the eastern and central Pacific. Around Au-
gust(+1), at the time when the westward spreading



MONTHLY WEATHER REVIEW

VOLUME 110

0.0 0-0 08
0,'\ < /N 4 \,.\ —-\\?Jrro /? \ VZ & V[ ! f/ A [ 0CTCe1)
) o~ | -~ T\ = ™ ' [’ -y70.8
| = - b — - g\l L7 r_‘f- { S-_J/L _'V‘i- __t_. JULC+ 1)
' < ST 700
----. 208 APR(+1)
- JARG 1)
ocTC 0)
0. T JuLe 0)
-0 APRC 0)
hN (. W 0.8
N Tt < oH /\ < o0 JANC 0)
\‘:\\‘gL 81 <\ LSS 7 /2 UGN ['.[ I I-:L ] eetp 4 OCTCD
0.0 W7 A\ 5 ] ’L*J ) I N B
ADAPR § G/ Sl i, S b T W4 )" i A
N A 7 1 N ;= \ o T } ,- ' v or
0.0 0.0 0.0 0.0 0.4 Jodd Jo 4 U g g-  MReD
I | I I I I ) ] 1
100 120€ 140E 1608 180 160M 160M 1200 100H alou

FiG. 22. Time section of composite wind and SST anomalies along the equator (west of 95°W) and axis of maximum
SST anomalies (95°W to Peru coast). Units as in Fig. 17.

negative anomalies are approaching the dateline, the
anomalies west of 150°E change to small positive
values.

Although there is a general tendency for westerlies
to the west, and weaker easterlies to the east of the
positive SST anomaly along the equator, the phase
relationship between the wind and SST anomaly
fields appears to change during the warm episode.
In the broadest sense, as the area of strongest positive
SST anomalies shifts westward, the area of westerly
wind anomalies extends eastward. The model results
of Gill (1980) are similar in some respects to the
anomaly patterns during the Transition and Mature
Stages.

The westerly anomalies along the equator reach
their maximum eastward extent after the peak SST
anomalies, around January(+1). Even then, they ex-
tend only to ~130°W. The difference in the phase

relationship between SST and U on the three eastern
and three western ship tracks, which was discussed
in Section 4c and summarized in Table 2, is clearly
evident in Fig. 22.

¢. Central and eastern Pacific precipitation anom-
alies

The data indicate large variations in the strength .
and evolution of the precipitation anomaly pattern
from one warm event to another. Thus, the following
discussion should be viewed as describing only
broadscale mean conditions.

Prior to September(—1), precipitation is below
normal over the central equatorial Pacific. A sharp
change toward more positive anomalies takes place
west of the dateline (Ocean-Nauru Precipitation In-
dex, Fig. 16) during November(—1)-December(—1).
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This appears to be related to the collapse of the east-
erly wind anomalies west of the dateline, and the
development of positive SST anomalies near the
dateline. The change to more positive precipitation
anomalies reaches the Line Islands around Janu-
ary(0), indicating a typical eastward progression of
this feature.

In the eastern equatorial Pacific, positive precip-
itation anomalies appear in the Galapagos (San Cris-
tobal) around February(0), in association with the
appearance of positive SST anomalies, and northerly
surface wind anomalies. Since there are no surface
stations between the Galapagos and Line Islands,
there is some question as to the sequence of events
between 90-150°W. However, by April(0) surface
convergence anomalies over the central and eastern
equatorial Pacific have joined, and the belt of north-
erly wind anomalies extends westward to 160°W,
indicating enhanced precipitation from the South
American coast to at least the Nauru-Ocean Island
area (165°E).

Precipitation at San Cristobal returns to near nor-
mal values in July(0)-August(0), as positive SST
anomalies in the area diminish and the seasonal
northward movement of the ITCZ places it further
from the equator.

By August(0), the precipitation anomalies are con-
centrated in the central equatorial Pacific, as the
southward shift of the ITCZ, coupled with the north-
eastward shift of the SPCZ erodes the western end
of the wedge-shape dry zone from both the north and
southwest. Precipitation anomalies peak during Au-
gust(0)-October(0) at Nauru-Ocean Island and
during November(0)-December(0) at the Line Is-
lands. Anomalies at these stations then decrease,
becoming negative around June(+1) and reaching
minimum values in September(+1)-October(+1).

Krueger and Gray (1969) concluded from satellite
data that the dry zone in the eastern Pacific remained
relatively intact during the 1965 warm event. How-
ever, this apparent inconsistency is easily reconciled
with our results, since their conclusion was based on
data from December 1965-February 1966. These
months correspond to the Mature Phase of the event,
when the enhanced precipitation is indeed concen-
trated in the central equatorial Pacific. Nevertheless,
there do appear to be major differences in the pre-
cipitation anomaly pattern from event to event. For
example, the EOF analysis of Heddinghaus and
Krueger (1981), as well as available precipitation
reports from San Cristobal, suggest little enhance-
ment of precipitation in the eastern equatorial Pacific
during the Peak Phase of the 1976 event.

The question of the relative importance of large-
scale vapor flux convergence and enhanced local
evaporation as sources of water vapor for the en-
hanced precipitation in the central Pacific have been
examined by a number of authors, e.g., Bjerknes
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(1969), Cornejo-Garrido and Stone (1977), Ramage
et al. (1980). The divergence anomaly composites
together with typical values of specific humidity
(Rasmusson, 1972), can be used to obtain an order
of magnitude estimate of the large scale vapor flux
divergence contribution. Assuming mean values of
2 X 107¢s7!, and 14 g kg™' for anomalous converg-
ence and specific humidity through the lowest 150
mb, and neglecting horizontal moisture gradients,
yields a value of anomalous vapor flux convergence
of 110 mm month™', similar in magnitude to the
precipitation anomalies at Canton and the Line Is-
lands during the Transition and Mature Phases of
the warm episode. This supports the conclusion of
Cornejo-Garrido and Stone (1977) and Ramage and
Hori (1981) that large-scale vapor flux convergence,
rather than enhanced local evaporation (Bjerknes,
1969) serves as the main source of water vapor for
the enhanced precipitation. The role of enhanced la-
tent and sensible heat fluxes in initiating the circu-
lation anomalies which lead to the vapor flux con-
vergence is another question.

d. Western Pacific precipitation

The western end of the SO/EIl Nifio precipitation
seesaw lies in the region of the western Pacific-east
Asian monsoon circulations. The Indonesian area is
of particular interest since it has been cited as the
location of the ascending branch of the Walker Cir-
culation, e.g. Bjerknes (1969), Julian and Chervin
(1978). Krishnamurti (1971) and Krishnamurti et
al. (1973) computed the summer and winter velocity
potential fields at 200 mb, which delineate the major
regions of ascent and descent of the global time-av-
eraged circulation. These fields clearly reflect both
regional meridional and zonal circulation regimes.
Viewed in this manner, the Walker Circulation is not
an isolated feature, but rather appears as the equa-
torial portion of a broad-scale east to west divergent
flow linking the Asian monsoon regions of mean up-
ward motion to the subsidence regions of the eastern
and central Pacific.

Because of its location on the edge of our analysis
region, and the local effects associated with the many
large islands of the archipelago, we do not consider
our divergence composites to be entirely reliable over
the Indonesian area. We therefore analyzed precip-
itation data from 26 stations scattered throughout
the area 10°N-10°S, 95-160°E. Some of these rec-
ords extend as far back as 1879, although there were
large gaps in the Indonesian station data after 1960.
Warm episodes during the periods 1921-38 and
1949-76 were identified from our SST analysis.
Warm episodes during the period 1879-1920 and
1939-48 were equated with the years of moderate
or strong El Nifio reported by Quinn et al. (1978).
Warm episode precipitation composites were con-
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TABLE 4. El Niflo composite precipitation
for seven Indonesian stations.*

Average departure Percent
Month (mm) departure

Jun(—1) 22.8 11.1
Jul(—-1) 18.2 10.8
Aug(—1) 24.1 17.4
Sep(—1) 5.4 4.5
Oct(-1) 21.5 15.9
Nov(-1) 17.1 9.2
Dec (—1) 9.7 3.7
Jan(0) —18.9 —6.3
Feb(0) -21.0 -8.1
Mar(0) -20.1 -7.8
Apr(0) -20.2 -9.5
May(0) -1.0 -0.4
Jun(0) -30.8 -15.0
Jul(0) —53.5 -31.6
Aug(0) ~67.4 —48.8
Sep(0) —45.0 -37.9
Oct(0) —28.5 -21.0
Nov(0) —43.9 ~23.6
Dec(0) —-4.8 —-1.8
Jan(+1) 17.0 5.6
Feb(+1) 24.2 9.4
Mar(+1) 20.6 8.0
Apr(+1) 5.1 2.4
May(+1) 22.5 10.7
Jun(+1) —4.8 -2.3

* Stations and number of warm episodes: Ambon (3.7°S,
128.2°E) (17); Dili (8.6°S, 125.6°E) (5); Djakarta (6.2°S,
106.8°E) (17); Kajoemas (7.9°S, 114.2°E) (16); Manado (1.5°N,
124.8°E) (17); Manokwari (0.9°S, 134.3°E) (11); Pontianak (0.0,
109.3°E) (17).

structed for each station, using available data from
these and adjacent years.

A strikingly similar anomaly pattern was found
over most of Indonesia. Comparison of the seven sta-
tion average anomalies in Table 4 with the central
equatorial Pacific precipitation indices (Fig. 16)
clearly illustrates the opposition in sign of the pre-
cipitation anomalies in the two regions. Specifically:

1) Precipitation over Indonesia drops below nor-
mal around December(—1)-January(0), at the time
the anomalies at Nauru-Ocean Island become pos-
itive.

2) Maximum negative anomalies occur over In-
donesia during July(0)-September(0), at the time
of maximum positive anomalies at Nauru-Ocean
Island. The coincidence of east monsoon season
(May-October) droughts and E! Nifio years has been
pointed out by Quinn et al. (1978). -

3) Negative anomalies over Indonesia persist for
one year, beginning and ending during the west mon-
soon season. The positive anomalies in the central
equatorial Pacific persist a few months longer.

In contrast to most of the Indonesian area, pre-
cipitation anomalies over eastern New Guinea show
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a weak and inconsistent pattern. Nevertheless, this
is consistent with the analyses of satellite outgoing
longwave radiation data by Heddinghaus and Krue-
ger (1981). Their EOF analysis shows the nodal line
between the out-of-phase Indonesian and central
Pacific anomaly areas passing just east of New
Guinea.

North and east of the main Indonesian archipel-
ago, i.e., northern Borneo, the Phillipines, and the
Marshall and Caroline Islands, the most pronounced
decrease in precipitation occurs during Sep-
tember(0)-April(1). As discussed in Section 5, this
corresponds with the period of weakened northeast
monsoon (Fig. 21), a feature which is particularly
evident north of 10°N. According to Murakami and
Unninayar (1977), the Asian winter monsoon in-
volves a direct meridional circulation over eastern
Asia. Associated with this “local Hadley cell” are
the southward moving cold surface outbreaks from
the Siberian high, rising motion in the region of
heavy tropical rainfall, and a vigorous upper tropo-
spheric return current subsiding north of the intense
subtropical jetstream near Japan. The weakened
northeast monsoon at this stage of the warm episode
suggests changes in strength or configuration of the
local Hadley cell, which may be related, in turn, to
the 200 mb wind anomalies described by Arkin, et
al. (1980).

e. Midlatitude links

The composites exhibit features which are clearly
linked with or extensions of circulation anomalies in
higher latitudes. Chen (pers. comm., 1981) has con-
structed composites comparable to those shown in
Section 5 for the surface pressure field north of 20°N.
In the overlap region 20~30°N, the major features
of the wind and pressure anomaly composites are
consistent. Specifically:

1) The area of anomalous cyclonic flow near the
dateline which appears on the Onset Phase composite
(Fig. 18) reflects the equatorward extension of a low
pressure anomaly centered near 25°N, 170°W.

2) An area of cyclonic flow appearing on the Peak
Phase composite (Fig. 19) is part of the anomalous
circulation around a large midlatitude low-pressure
anomaly centered near 35°N, 160°W.

3) Similarly, the pronounced anticyclonic anom-
alous flow west of the dateline and cyclonic anom-
alous flow east of the dateline between 20-30°N on
the Mature Phase composite (Fig. 20) reflect the
circulation around midlatitude high-pressure (35°N-
170°E) and low-pressure (45°N, 135°W) anomalies.

In the Southern Hemisphere, the weakening of the
high pressure ridge during the warm episode sug-
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gests an associated decrease of the middle latitude
westerlies on its southern flank. Trenberth (1976)
drew the implication of a relationship between the
SO and the Southern Hemisphere westerlies from
the analysis of Kidson (1975). The recent study of
van Loon and Madden (1981) provides evidence that
the decrease of the westerlies south of the ridgeline
is but one aspect of a large-scale system of SO related
anomalies in the higher latitudes of the Southern
Hemisphere.

f. Concluding remarks

One must, of course, interpret the composite anal-
yses with some degree of caution. At best, they reflect
the common features of six significant warm events
which occurred over a period of little more than two
decades. The results are undoubtedly biased toward
the stronger of the six events, and in some cases may
be unduly influenced by a single event. These res-
ervations notwithstanding, the broadscale features
of the composites are surprisingly consistent and in
good agreement with many other sources of infor-
mation. The time/space consistency is even more
apparent in the full set of three-month running mean
composites.

The results of the composite analyses are consis-
tent with a number of results from earlier statistical
and case studies. The tendency for enhanced surface
convergence in the central Pacific and enhanced di-
vergence in the subtropics shown on the Peak, Tran-
sition and Mature Phase composite, is consistent with
negative precipitation correlations between Apia and
the Line Islands (Doberitz, 1968) and between the
Line Islands and Hawaii wintertime precipitation
(Meisner, 1976; Wright, 1977). Using the surface
wind data of Wyrtki and Meyers (1976), Reiter
(1978) found a striking in-phase relationship be-
tween the Line Island Precipitation Index and the
equatorward flow averaged over broad areas of each
hemisphere. His results appear to be consistent with
these three wind and divergence anomaly composites.
The shift of the SPCZ is consistent with the results
of Krueger and Gray (1969), Trenberth (1976) and
Heddinghaus and Krueger (1981), and with the find-
ing of Streten (1973) that the SPCZ shifted west-
ward between mid-1969, a warm episode year, and
1971.

Barnett (1981) used advanced statistical tech-
niques to study the relationships between selected
ocean and atmospheric variables in the tropical Pa-
cific Ocean. Many of his statistical results can be
clearly related to the evolution of SST, wind and
pressure fields described in this paper. Examples in-
clude the SST lag relationship between South Amer-
ican coastal stations and Christmas Island, the in-
crease (decrease) in the equatorward component of
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the winds in both hemispheres when western equa-
torial SST anomalies are positive (negative), the im-
portance of the wind variations in the central and
western equatorial Pacific and the lag relationship
between the Darwin minus Easter Island SOI and
SST’s at South American coastal stations. Pazan and
Meyers (1982) have recently analyzed SO-related
wind variations by linearly correlating the wind
variations at each grid point with Wright’s SOI
(Wright, 1977). Many of the features revealed by
our composites also appear in their analysis.

Some aspects of the surface wind anomaly fields
can be described in terms of the simple equatorial
Walker Circulation model first proposed by Bjerknes
(1969). However, the model constitutes an incom-
plete description of the SST, wind and precipitation
anomaly fields during the warm episodes. It relates
anomalous precipitation to variations of the zonal
wind component near the equator and the local me-
ridional circulation anomaly, rather than describing
them in terms of the southward shift of the ITCZ
and the northeastward shift of the SPCZ, which are
the critical kinematic features associated with the
central Pacific precipitation anomaly pattern. It does
not adequately address the circulation variations in
the Southwest Pacific, the link with the northeast
monsoon, or the striking evolution of the anomaly
fields.

The results of this study clearly show that the SO
and the associated warm episodes cannot be ade-
quately described in terms of standing oscillations.
The significant phase differences from one area to
another and the locally varying wind/SST phase re-
lationships are essential elements in the description
and understanding of this phenomenon. Documen-
tation of these phase differences is of utmost impor-
tance for the development of empirical prediction
relationships. Of the six episodes studied, only one
of the weaker events (1951) did not exhibit a strong
follow-through in the central Pacific during the
northern winter following El Niflo, and this result
is open to question in view of the poor central Pacific
data at that time. Similarly, only one significant
wintertime warm episode in the central Pacific
(1963) did not exhibit large positive anomalies on
the Peru coast several months earlier. Thus, large
positive SST anomalies along the Peru Coast during
April-June were usually followed by significant pos-
itive SST and precipitation anomalies in the central
Pacific during the following northern winter. Con-
versely, large positive SST anomalies are unlikely in
the central Pacific during the northern winter, when
teleconnections with the Northern Hemisphere ex-
tratropics are strongest (Horel and Wallace, 1981;
Trenberth and Paolino, 1981; Arkin, et al., 1980),
unless they are preceded by large positive anomalies
on the Peru Coast several months earlier.
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APPENDIX

Sources of Data for Compacted Pacific Marine
Data Set (National Climatic Center)

Source General period

deck Original source of record

110 U.S. Navy Marine Observations 1945-51

116 U.S. Merchant Marine 1949-63

118 Japanese Ship Observations No. 1933-53
1

119 Japanese Ship Observations No. 1953-61

128 International Marine 1963
Observations

281 U.S. Navy MAR Marine 1920-45
Observations

184 Great Britain Marine 1953-56
Observations

185 U.S.S.R. Marine Synoptic 1957-58
Observations

187 Japanese Whaling Fleet 1946-56
Observations
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APPENDIX (Continued)

Source General period

deck Original source of record

188 Norwegian Whaling Fleet 1932-39
Observations

189 Netherlands Marine 1939-55
Observations

192 Deutsche Seewarte Marine 1859-1939
Observations

193 Netherlands Marine 1854-1938
Observations

194 Great Britain Marine 1856-1953
Observations

195 U.S. Navy Ship Logs 1942-45

196 Deutsche Seewarte Marine 1949-54
Observations

197 Danish Marine Observations 1860-1956
(Arctic and Antarctic)

902 Great Britain 184 extension 1959-62

186 U.S.S.R. Ice Island 1937, 1950-70
Observations

666 Tuna Reports (Fisheries) 1960-75 .

891 Surface data taken in 1880-
conjunction with
oceanographic soundings
(NODC)

888 AFGWC Telecommunications 1973~

890 NMC Telecommunications 1976-

150 Netherlands HSST 1861-1960

151 German HSST 1861-1960

152 U.K. HSST 1861-1960
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