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On the Functioning of the Southern Oscillation in the South American Sector.
Part II: Upper-Air Circulation
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ABSTRACT

The functioning of the Southern Oscillation (SO) in the South American sector is analyzed with particular
emphasis on the upper-air circulation anomalies. Throughout the year, but especially during austral summer,
the negative SO-phase (defined as anomalously low/high pressure at Tahiti/Darwin) is typically associated with
a relatively warm tropical troposphere, while negative temperature anomalies prevail during the positive SO-
phase. Outside the tropics, upper-air circulation anomalies are most pronounced during the winter. Thus, in
boreal winter the negative SO phase is associated with reduced 500 and 200 mb heights at 20-30°N, but positive
height departures southward of 20°N. The implied steepening of the meridional thickness gradient is consistent
with anomalously intense upper-air westerlies over the Gulf of Mexico and Caribbean region. In austral winter
during the negative SO phase, relatively cold tropospheric conditions prevail over the southern portion of South
America. Case studies for extremes of the SO during January-February reveal broadly opposite anomaly patterns
during the positive SO phase compared to those during the negative SO phase.

1. Introduction

The sustained interest in the Southern Oscillation
(SO) is reflected in a long series of articles published
since the end of the last century [for a review of SO
research see Hastenrath (1985), pp. 253-258]. In the
South American sector, the most pronounced and best
documented SO-related climatic anomalies occur in
association with El Nifio events during the negative SO
phase (characterized by anomalously low/high pressure
in Tahiti/Darwin). The most conspicuous features
during these episodes are the anomalously warm sur-
face waters in the tropical eastern Pacific, and the tor-
rential rains in the coastal areas of northern Peru (Ras-
musson and Carpenter 1982). Further details about
SO-related anomalies in the surface climate are de-
scribed in Aceituno (1988).

Regarding the upper-air circulation, research over
more than a decade has produced ample evidence that
the tropical troposphere is relatively warm during the
negative SO phase, when positive SST departures are
apparent in the tropical eastern Pacific (Newell and
Weare 1976; Newell 1980; Angell 1981; Horel and
Wallace 1981, Hastenrath and Wu 1982; Angell and
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Korshover 1984; Parker 1985; Rogers 1988). The ver-
tically expanded tropical troposphere during the neg-
ative SO phase seems instrumental for enhanced upper-
air westerlies at higher latitudes (Chiu and Lo 1979;
Hastenrath and Wu 1982; Arkin 1982). Studies of
global climate variability have furthermore docu-
mented the existence of teleconnection patterns closely
linked to the SO (Horel and Wallace 1981; Wallace
and Gutzler 1981; Karoly 1986). The present investi-
gation, drawing on the aforementioned studies and
based on a more comprehensive observational dataset,
attempts to improve the understanding of the annual
cycle characteristic of the SO in the South American
sector, particularly with respect to variations in tro-
pospheric thickness patterns, and associated departures
in zonal circulation,

2. Data

Geopotential height and zonal wind at 850, 500, and
200 mb were analyzed to represent the lower, middle
and upper troposphere, respectively. Monthly values
of these radiosonde data published in Monthly Climatic
Data for the World (U.S. Weather Bureau, ESSA,
NOAA 1951-84) were obtained on magnetic tape from
the National Center for Atmospheric Research. Station
locations are indicated in Fig. 1.

Records of surface land stations and ship observa-
tions are described in Aceituno (1988). Monthly re-
cords of air temperature at the surface were compiled
for stations in South and Central America and the Ca-
ribbean, mainly for the period 1951-83 (Aceituno
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FIG. 1. Orientation map for radiosonde stations. Large squares
represent stations with available geopotential records for 20 or
more yr.

1988, Fig. 1b), but as far back as 1941 when possible.
Values beyond physically reasonable limits were dis-
carded after comparison with neighboring stations.
Ship observations of sea surface temperature (SST) in
the tropical Atlantic and eastern Pacific Oceans, ob-
tained from the National Climatic Center at Asheville,
North Carolina (Hastenrath and Lamb 1977) and
compiled into 5° square values for individual months,
were analyzed here for the period 1948-83.

The difference of monthly atmospheric pressure at
Tahiti (18°S, 150°W) minus Darwin (12°S, 131°E),
as tabulated by Parker (1983), was used as an index of
the SO (SOI) during 1935-83. This easily defined index
is closely related to other SO indices (Wright 1984).

3. Background circulation

Figure 2 shows the flow patterns at 200, 500, and
850 mb, during the extremes of the annual cycle in
January-February and July-August. This, along with
the description of the annual cycle of surface climate
in Aceituno (1988), serves as a background for the dis-
cussion of circulation anomalies in sections 4 and 5.

The 200 mb flow in austral winter (Fig. 2d) is rela-
tively weak over tropical South America and the Ca-
ribbean, while in the subtropical portion of the con-
tinent the westerlies reach their annual maximum, with
speeds exceeding 30 m s™'. During austral summer (Fig.
2a), a well-defined anticyclonic circulation develops
over tropical South America in response to diabatic
heating of the atmospheric column in regions of intense
convection (Gutman and Schwerdtfeger 1965; Virji
1981; Kousky and Kagano 1981; Aceituno 1988, Fig.
4a therein). Strong. westerlies prevail over southern
South America, as well as the Gulf of Mexico and Ca-
ribbean region, where speeds reach their annual cycle
maximum at this time of the year.

The circulation at 500 mb (Fig. 2b, e) is relatively
weak over tropical South America, particularly during
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austral summer (Fig. 2b). In the southern portion of
the continent, westerlies prevail all year round, being
most intense during austral winter (Fig. 2e). Also ap-
parent in Fig. 2 is the Southern [HHemispheric subtrop-
ical westerly jet, with its northerrimost position in aus-
tral winter (Fig. 2d, e) and a location farthest poleward
in austral summer (Fig. 2a, b). Over the Gulf of Mexico
and Caribbean region, winds alternate between westerly
in boreal winter (Fig. 2b) and easterly during the boreal
summer (Fig. 2e). These seasonal changes in the wind
regime are consistent with the seasonal shifts of major
circulation features such as the near-equatorial trough
and the subtropical highs.

The 850 mb flow patterns are presented in Fig. 2c,
f. Over the Caribbean the circulation is similar to that
at the surface (Aceituno 1988, Fig. 4a, d). Over the
continent, the meridionally extended barrier of the
Andes effectively separates the Atlantic-Amazon do-
main from the Pacific. Over the southern portion of
the continent strong westerlies prevail throughout the
year, in accordance with the steep meridional pressure
gradient. .

4. Correlation analysis

Relationships between the SO and the interannual
variability of height and zonal wind fields at 200, 500
and 850 mb are explored through the analysis of pat-
terns of correlation with the pressure difference between
Tahiti and Darwin. Bimonthly correlation patterns
based on 37 radiosonde stations with records of at least
15 yr illustrate the annual functioning of the SO. Cor-
relation coefficients were tested for significance at the
5% level, assuming independence between observations
taken 1 yr apart.

Figure 3 shows bimonthly maps with patterns of
correlation between the SOI and the 200 mb height,
which essentially represents the mean temperature of
the tropospheric column. The prevailingly negative
correlations in Fig. 3 are consistent with various earlier
studies indicating an anomalously warm troposphere
during the negative SO phase (Newell and Weare 1976;
Newell 1980; Angell 1981; Horel and Wallace 1981;
Hastenrath and Wu 1982; Angell and Korshover 1984;
Parker 1985; Rogers 1988). Figure 3 also shows marked
seasonal changes in the SO-related height anomalies,
with largest negative correlations (around —0.8) over
the tropics at the height and latter part of the austral
summer semester (January-April; Fig. 3a, b). This is
also the time of the year with the closest relationship
between the SO and SST, particularly in the tropical
eastern Pacific and the Caribbean. In fact, the negative
SO phase is associated with positive SST departures in
these regions (Aceituno 1988, Fig. 8), which may con-
tribute to the concomitant anomalously warm tropo-
spheric conditions.

To substantiate the relation between upper-air to-
pographies and surface temperature, an SST index was
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compiled for the Caribbean area indicated in Fig. 3a,
“and correlated with the January-February and March—-
April 200 mb height at ten stations contained in the
belt 10°-20°N. The resulting correlations, between
+0.5 and +0.8, are significant at the 5% level.
Regarding the correlations of 200 mb height with
the SOI (Fig. 3), significant negative values over the
Caribbean contrasting with the small positive values
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FiG. 2. Upper-air wind fields from radiosondes. January-February: (a) 200 mb; (b) 500 mb;

(c) 850 mb. July-August: (d) 200 mb; (e) 500 mb; and (f) 850 mb. A scale for wind speed is
included in each panel. Arrows in boldface indicate wind speed exceeding 30 m s™* (panels a, d)
and 10 m s™! (panels c, f).
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over Mexico and Florida during the latter part of the
austral summer (Fig. 3b) suggest an enhanced merid-
ional height gradient at 200 mb over the Northern
Hemisphere subtropics during the negative SO phase.
Composite analyses of El Nifio situations (Rogers,
1988) support this conjecture.

Figure 4 shows bimonthly maps of correlation be-
tween the SOI and the 500 mb height calculated from
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FI1G. 3. Patterns of correlation between a Southern Oscillation index (Parker 1983) and the 200
mb height obtained from radiosondes: (a) January-February, (b) March-April, (c) May-June,
(d) July-August, (e) September-October, and (f) November-December. Plus and minus signs
indicate the sign of the correlation, and boldface type denotes values that reach the 5% significance
level. Largest signs denote absolute values beyond 0.50. Dot raster in panel (a) indicates the area
for which a SST index was compiled for correlation with 200 mb height from Caribbean upper-

air stations.

radiosondes. Similar to the 200 mb height correlation
maps (Fig. 3), the correlation patterns in Fig. 4 suggest
positive height departures over the tropics during the
negative SO phase and an enhanced meridional height
gradient over the subtropics of both the Northern and

Southern hemispheres. The SO-related height anom-
alies over the tropics are most pronounced during the
austral summer semester, when significant negative
correlations prevail over tropical South America and
the Caribbean (Fig. 4a, b) with largest negative values



APRIL 1989

PATRICIO ACEITUNO

345

F1G. 4. Patterns of correlation between a Southern Oscillation index (Parker 1983) and the 500
mb height at radiosonde stations: (a) January-February, (b) March-April, (c) May-June, (d) July-
August, (¢) September—October, and (f) November-December. Symbols as in Fig. 3.

around —0.75. The negative correlations over tropical
South America and the Caribbean contrasting with the
significant positive correlations over Mexico and Flor-
ida during the boreal winter (Fig. 4f, a, b), and over
the southern portion of South America during the aus-
tral winter (Fig. 4c, d, €) suggest enhanced meridional
height gradient in the subtropics of both hemispheres
during the negative SO phase in the respective winter

semester. The association between surface air temper-
ature and 500 mb height over southern South America
during the austral winter is borne out by the similarity
of their patterns of correlation with the SOI (Fig. 4
herein, and Aceituno 1988, Fig. 8c, d, e therein), in-
dicating a tendency for relatively cold conditions during
the negative SO phase in the austral winter. During
the austral summer semester (Fig. 4a, b, f), negative
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correlations prevail over South America, suggesting
weak SO-related anomalies in the meridional height
gradient for this time of the year.

Figure 5 shows bimonthly maps of correlation be-
tween SOI and 850 mb height. Patterns are broadly
similar to those of the surface pressure correlation maps
(Aceituno 1988, Fig. 5), reflecting the close relationship
between 850 mb height and surface pressure. Most rel-
evant are the significant positive correlations over the
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Caribbean at the height and during the latter part of
the austral summer (Fig. 5a, b) with largest values
around +0.50. The corresponding height departures
during the positive SO phase ar¢ consistent with the
tendency for anomalously high surface pressure over
the Caribbean and the northern portion of the tropical
Atlantic inferred from the pressure correlation patterns
(Aceituno 1988, Fig. 5a, b). The significant positive
height correlations over the southern portion of South
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FI1G. 5. Patterns of correlation between a Southern Oscillation index (Parker 1983) and the: 850
mb height at radiosonde stations: (a) January-February, (b) March-April, (c) May-June, (d) July-
August, (¢) September-October, and (f) November-December. Symbols as in Fig. 3.
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America during the austral winter (Fig. 5¢, d, ) confirm
the tendency for anomalously high pressure during the
positive SO phase, inferred from the surface pressure
correlation maps (Aceituno 1988, Fig. 5c, d, ¢).

In summary, the correlation analysis for constant
pressure topographies in the tropics reveals a tendency
for a relatively cold/warm troposphere during the pos-
itive/negative SO phase, most markedly during the
austral summer. By contrast, in the subtropics, the
positive/negative SO phase is characterized during the
winter by anomalously warm/cold conditions. This
implies reduced/enhanced meridional thickness gra-
dients in the positive/negative SO phase during the re-
spective winter, when the thermal contrasts between
the lower and high latitudes are largest.

Figure 6 shows bimonthly patterns of correlation
between the 200 mb zonal wind component and the
SOL. Correlations are weak, although during the austral
summer (Fig. 6a, b) a coherent group of significant
negative values is apparent, northward of approxi-
mately 15°N with largest negative values around —0.75.
This suggests for the negative SO phase a southward
displaced and anomalously intense subtropical jet over
North America. The enhanced zonal circulation is
consistent with the increased meridional height gra-
dient inferred from the correlation patterns in Fig. 3a,
b, f as well as with previous studies reporting enhanced
subtropical westerlies during warm episodes in the
tropical Pacific (Chiu and Lo 1979; Hastenrath and
Wu 1982; Arkin 1982). In the Southern Hemisphere,
the relationship between the SO and the zonal circu-
lation is weak, and there is no indication of enhanced
westerlies during the negative SO phase.

The SO-related anomalies in the atmospheric cir-
culation at 500 mb are discussed in relation to Fig. 7,
showing bimonthly maps of correlation between the
SOI and the 500 mb zonal wind component. Values
are small, with the exception of the significant negative
zonal wind correlations (largest values around —0.8)
over Mexico and the Caribbean in January-February
and March-April (Fig. 7a, b), indicating enhanced
westerlies during the negative SO phase. These wind
anomalies are consistent with the increased meridional
height gradient inferred from the correlation maps in
Fig. 4a, b. In the Southern Hemisphere correlations
are weak; although the negative correlations (largest
values around —0.50) prevailing in the subtropical
portion of the continent during the austral winter (Fig.
7c¢, d, e) indicate a weak tendency for enhanced west-
erlies during the negative SO phase, in agreement with
the enhanced meridional height gradient inferred from
Fig. 4c, d, e.

The analysis of bimonthly maps of correlation be-
tween the SOI and the 850 mb zonal wind component
(not shown here) indicates a weak relationship over
South America. In the Caribbean, negative correlations
prevail at the height and during the latter part of the
austral summer (January-April) suggesting enhanced
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trade winds during the positive SO phase. This feature
is also conspicuous in the surface wind correlation pat-
terns (Aceituno 1988, Figs. 6a, 7a).

In synthesis, the upper-air circulation departures are
related to the SO mainly during the austral summer
semester, when the SO-related surface temperature,
pressure, and wind anomalies are most conspicuous
(Aceituno 1988). The results discussed here for the
South American sector, namely the tendency for pos-
itive height departures in the tropics and anomalously
intense westerlies in the subtropics during the negative
SO phase, are consistent with the conclusions from
earlier studies dealing with global SO-related circulation
anomalies.

The 500 mb height departures over Mexico and
Florida during the boreal winter (Fig. 4a, b) are also
interesting in relation to the SO-related 500 and 700
mb height anomaly patterns of standing waves pro-
posed for the Northern Hemisphere (Wallace and
Gutzler 1981; Horel and Wallace 1981). During the
negative SO phase these are characterized by positive
height anomalies over western Canada and negative
departures over the North Pacific and the southeastern
United States. The weak tendency for negative 500 and
200 mb height departures over the southern portion
of South America during the negative SO phase in the
austral winter (Figs. 3, and 4c, d, e) is consistent with
Karoly’s (1986) findings of negative 200 mb departures
over that area in a composite of three El Nifio events.
According to Karoly’s study these height anomalies
are part of a weak equivalent-barotropic pattern of
standing waves extending from Australia over the
South Pacific Ocean to South America.

The rather weak SO-related anomalies documented
in this study for the meridional height gradient at 200
and 500 mb and zonal winds over the southern portion
of South America, a feature also revealed in Karoly
(1986), contrast with the otherwise strong relationship
found at other longitudes. Specifically, the negative SO
phase is associated with an anomalously intense 500
mb zonally averaged geostrophic wind over the sub-
tropics (van Loon and Rogers 1981) and strong 200
mb westerlies over the subtropical South Pacific Ocean
(Arkin 1982). Karoly’s (1986) analysis further suggests

. that the SO-related anomalies in the 200 mb meridional

height gradients over the subtropics in the Southern
Hemisphere are largest over oceanic areas.

5. Case studies

The correlation patterns discussed in section 4 have
been interpreted mainly in terms of circulation anom-
alies during the negative SO-phase. The discussion fo-
cuses now on the circulation departures during partic-
ular episodes in the positive and negative SO phases
at the height of the austral summer (January-Febru-
ary), when largest SO-related circulation anomalies are
apparent. Upper-air wind departures for 200, 500 and
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FiG. 6. Patterns of correlation between a Southern Oscillation index (Parker 1983) and the 200
mb zonal (u) wind component at radiosonde stations: (a) January-February, (b) March-April,
(c) May-June, (d) July-August, (¢) September-October, and (f) November-December. Symbols

as in Fig. 3.

850 mb and standardized anomalies for 200, 500 and
850 mb heights, SST, and air temperature at land sta-
tions were calculated during the period 1970-83. Larg-
est positive SOI values for January-February during
this period were observed in 1971 and 1976, while the
extreme negative ones were apparent in 1973 and 1983
during El Nifio episodes.

Figure 8 shows anomaly circulation patterns for
January-February 1971, at the peak of the period with

positive SO phase preceding the onset of the 1972 El
Nifio episode. The height anomalies (Fig. 8a, c, ¢) are
predominantly negative, most conspicuously at the 200
and 500 mb levels, indicating a cold tropical tropo-
sphere in accordance with the correlation analysis (Figs.
4a, 5a). The concomitant vertical expansion of the at-
mospheric column over the Northern Hemisphere
subtropics, to be inferred from the positive height de-
partures there (Fig. 8a, c), entails a weakened meridi-
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FI1G, 7. Patterns of correlation between a Southern Oscillation index (Parker 1983) and the 500
mb zonal (u) wind component at radiosonde stations: (a) January~February, (b) March-April,
(c) May-June, (d) July-August, (¢) September-October, and (f) November-December. Symbols

as in Fig. 3.

onal height gradient. The thickness anomaly pattern
implied by Fig. 8a, ¢ is consistent with the negative
surface temperature departures in the eastern Pacific
and portions of the western North Atlantic and the
South American continent (Fig. 8g) characteristic of
the positive SO phase. At variance with the surface
correlation analysis (Aceituno 1988, Fig. 8a) are the
anomalously warm conditions in the tropical South

Atlantic and eastern Brazil (Fig. 8g), which may be
peculiar to this episode.

The pattern of wind departures (Fig. 8b, d, ) should
be appreciated with reference to the climatic mean flow
patterns (Fig. 2). Overall, the departure patterns are
most coherent for the Northern Hemisphere, where
SO-related circulation anomalies are most pronounced
at this time of the year (Ref. Figs. 3 to 7). Thus, marked

:
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FIG. 8. Anomaly patterns during the positive SO phase in January-February 1971:
(a) 200 mb height, (b) 200 mb wind, (c) 500 mb height, (d) 500 mb wind, (¢) 850 mb
height, (f) 850 mb wind, and (g) SST and air temperature at land stations. Upper-air
wind departures (panels b, d, and f) are calculated with respect to 1970-83. Anomalies
of upper-air height (panels a, ¢, and ¢), SST, and air temperature (part f) are standardized
with respect to 1970-83. Positive and negative signs (panels a, ¢, €, and g) indicate the
sign of standardized anomalies, with boldface denoting values beyond one standard
deviation from the mean. Wind departures corresponding to speed anomalies exceeding
0.5 m s~! are indicated by arrows (see scale in panels b, d, f).
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easterly departures are apparent at 200 and 500 mb in
the northern portion of the map area, in good agree-
ment with the aforementioned weakened meridional
height gradient (Fig. 8a, c), as well as with the wind
correlation patterns (Fig. 6a, 7a).

Figure 9 shows anomaly circulation patterns for
January-February 1976, when the SOI, although
strongly positive, was quickly changing toward the
negative SO phase from the peak positive value reached
earlier in 1975. Major features depicted in Fig. 9 are
similar to the analogous January-February 1971 sit-
uation depicted in Fig. 8. Thus, negative 200 and 500
mb height anomalies prevail over the tropics, reflecting
arelatively cold tropical troposphere. By contrast, over
the Northern Hemisphere subtropics, 200 and 500 mb
height departures are weakly negative or even positive,
which would likewise entail a relatively weak meridi-
onal height gradient over the greater Caribbean region.
The predominantly positive height departures at 850
mb, particularly over the Caribbean, reflect the anom-
alously high surface pressure characteristic of the pos-
itive SO phase. The relatively cold tropical troposphere
is consistent with the negative surface temperature de-
partures in most of the tropics (Fig. 9g).

The easterly wind departures at 200 and 500 mb
(Fig. 9b, d) over the subtropics in the Northern Hemi-
sphere are again consistent with the aforementioned
weakened meridional height gradient and with the wind
departures suggested by the correlation analysis for the
positive SO phase (Figs. 6a, 7a). The 850 mb wind
anomaly patterns (Fig. 9f) show strengthened northeast
trades in the Caribbean domain, in good agreement
with the departures indicated by the correlation anal-
ysis.

Atmospheric and oceanic anomalies in January—
February 1973, during the mature phase of the 1972-
73 El Niiio, are documented in Fig. 10. In major re-
spects, departure characteristics contrast with the cases
of positive SO phase depicted in Figs. 8 and 9. Thus,
positive height anomalies prevail at 200 and 500 mb
most markedly over the tropics (Fig. 10a, c), indicating
a relatively warm tropical troposphere and enhanced
meridional height gradients in the subtropics of both
hemispheres. The increased tropospheric mean tem-
perature is consistent with the anomalously warm wa-
ters in the eastern Pacific and in a large portion of the
tropical Atlantic, and with the positive air temperature
departures at stations in tropical South America (Fig.
10g). The positive 850 mb height anomalies over
Northeast Brazil (Fig. 10e) reflect the characteristic
positive departures in surface pressure during the neg-
ative SO phase (Aceituno 1988, Fig. 5a therein), while
the negative departures over subtropical South America
(Fig. 10a) seem to be a particular feature of this episode.
Consistent with the aforementioned steepened merid-
ional height gradients, the 200 and 500 mb westerly
wind component appears strengthened over the sub-
tropics of both hemispheres (Fig. 10b, d).

Circulation anomalies at the peak of the strong
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1982-83 El Nifio are documented in Fig. 11. Major
pattern characteristics are similar to those of the Jan-
uary-February 1973 El Nifio shown in Fig. 10, and
opposite to the cases of positive SO phase (January-
February 1971 and January-February 1976) depicted
in Figs. 8 and 9. As is characteristic of the negative SO
phase, 200 and 500 mb height departures are positive
in the tropics, consistent with the anomalously warm
surface waters in the eastern tropical Pacific and in
much of the tropical Atlantic and the positive temper-
ature departures in tropical South America (Fig. 11g).
By contrast, the 200 and 500 mb height departures are
negative in the northern portion of the map area (Fig.
11a, c). All these features are consistent with the cor-
relation analysis (Fig. 3 and 4) and imply enhanced
meridional height gradients over the greater Caribbean
area.

Westerly wind departures at 200 and 500 mb prevail
over the northern portion of the map area (Fig. 11b,
d), consistent with the aforementioned steepened me-
ridional height gradient, as well as with the correlation
analysis (ref. Figs. 6a, 7a). The 850 mb map (Fig. 11f)
shows weakened northeast trades, consistent with wind
departures inferred from the correlation analysis.

During the positive SO phase in January-February
1971 and 1976 the departures in 200 and 500 mb
height, in tropical Atlantic and eastern Pacific SST,
and the temperature at land stations (Figs. 8 and 9,
parts a, ¢, f), collectively indicate an anomalously cold
tropical troposphere. Contrasting with the negative
height departures over the tropics, weak positive height
departures were apparent in the Northern Hemisphere
subtropics (Figs. 8 and 9, parts a, ¢). In agreement with
the implied weakened meridional height gradient are
the anomalously weak westerlies at 200 and 500 mb
over the greater Caribbean area (Figs. 8b, d; 9d).

During the January-February 1973 and 1983 cases
of negative SO phase (Figs. 10 and 11) circulation de-
partures are broadly opposite to the positive SO cases.
Prominent in the 1973 and 1983 episodes are the
anomalously warm conditions in the tropics, illustrated
by the positive 200 and 500 mb height departures (Figs.
10a, ¢ and 11a, c¢), the anomalously warm waters in
the tropical eastern Pacific and Atlantic, and the pos-
itive temperature anomalies at stations in tropical
South America (Figs. 10g, 11g). The markedly positive
height departures over the tropics, contrasting with the
only weakly positive or even negative height anomalies
over the subtropics (Figs. 10, 11; parts a, c¢), entail an
enhanced meridional height gradient, and consistent
with this, westerlies are enhanced in the subtropics of
both hemispheres (Figs. 10, 11; parts b, d).

In synthesis, the case studies of extreme positive and
negative SO phase at the height of the austral summer
confirm the major SO-related circulation departures
deduced from the correlation analysis in section 4, and
demonstrate that circulation departures during the
positive SO phase are broadly opposite to those during
the negative SO phase.

N
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6. Conclusions

Anomalous upper-air circulation patterns in the
South American sector have been analyzed with the
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.

focus on the Southern Oscillation. As for the surface
climate (Aceituno 1988), SO-related upper-air circu-

lation anomalies are most conspicuous during the aus-
tral summer semester, although an anomalously warm/
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in the negative SO phase, the perennially positive SST
departures in the eastern Pacific and anomalously
warm conditions at land stations are associated with a

cold tropical troposphere during the negative/positive
SO phase is a persistent feature throughout the year.
During the austral winter semester (April-October)
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weak tendency for positive height departures at 500  surface conditions and negative 500 and 200 mb height
and 200 mb over the tropical Americas. Contrasting departures develop in southern South America. Con-
with this thickness anomaly pattern, relatively cold sistent with the implied steepening of meridional height



APRIL 1989

gradients are intensified upper-air westerlies over the
Southern Hemisphere subtropics. These thickness and
upper-air flow anomaly patterns are accompanied by
negative departures in surface pressure (Aceituno 1988)
and 850 mb height, reflecting the weakened Pacific
subtropical high characteristic of the negative SO phase.

In the austral summer semester (November—April)
during the negative SO phase, positive 200 and 500
mb height departures over tropical South America and
the Caribbean are larger than in winter. Meridional
height gradients and strengthened upper-air westerlies
are particularly pronounced over the greater Caribbean
area. Concurrently, negative height departures at 850
mb are apparent over the Gulf of Mexico and Carib-
bean region, consistent with the negative surface pres-
sure anomalies characteristic of the negative SO phase
(Aceituno 1988). Circulation anomalies during the
positive SO phase are broadly inverse to these char-
acteristics of the negative phase.

In the tropics, but particularly over the Caribbean
domain, during the austral summer the SOI correlates
negatively with SST (Aceituno 1988) and with 200 and
500 mb height, but positively with surface pressure
(Aceituno 1988) and 850 mb height. Outside the trop-
ics, relatively warm/cold tropospheric conditions pre-
vail during the positive/negative SO phase. These
anomalies, showing an equivalent barotropic structure,
seem to be part of hemispheric teleconnection patterns
of standing waves that propagate from the tropics pole-
ward. It is hoped that the present study of upper-air
circulation anomalies, together with its companion
paper dealing with the surface climate (Aceituno 1988),
may contribute to understanding the functioning of
the Southern Oscillation in the South American sector.
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