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ABSTRACT

Principal modes of anomalous upper-tropospheric circulation and outgoing longwave radiation (OLR) are
determined for the South American sector. A combined EOF analysis is performed using anomalous 250-mb
zonal and meridional wind components plus anomalous OLR. The data are filtered so that modes on both
intraseasonal and interannual timescales can be studied separately. The resulting patterns show a consistent
relationship between anomalous OLR and anomalous upper-tropospheric circulation features.

The first and second interannual modes contain many atmospheric features related to extremes in the Southern
Oscillation. These include 1) variations in the pattern of tropical convection, and 2) changes in the intensity
of upper-tropospheric zonal flow in the equatorial band and in the subtropics. The first intraseasonal mode has
its greatest loadings in the Tropics and is most active during the southern summer season. For positive ( negative)
amplitudes of this mode, anomalous upper-tropospheric westerly (easterly ) flow dominates the Tropics throughout
the region, and positive (negative) OLR anomalies are observed over northeastern South America and over the
eastern equatorial Pacific. These features are associated with the 30-60 day (Madden-Julian) oscillation.

An extended combined EOQF analysis was performed to study the evolution of intraseasonal oscillations in
the South American sector. The first rotated combined extended EOF mode describes a sequence of patterns
in which anomalous equatorial westerlies and positive OLR anomalies over tropical Brazil gradually weaken
and then reverse. The largest loadings throughout the evolution of the patterns contained in the first mode
remain in the Tropics and subtropics. These results provide information on the combined relationship between
atmospheric circulation and convection over the South American sector and on the evolution of patterns
associated with 30-60 day (intraseasonal) oscillations. By projecting the combined fields of anomalous OLR
and 250-mb zonal and meridional wind onto the individual patterns contained in the first rotated combined
extended EOF mode, one obtains indices that should enhance real-time monitoring efforts and may lead to

improved monthly forecasts for the South American sector.

1. Introduction

A better understanding of climate variations over
South America on intraseasonal to interannual time-
scales requires a detailed study of the principal anom-
alous atmospheric circulation patterns dominating the
region. Previous work has shown the importance of
the El Nifio-Southern Oscillation (ENSO) on inter-
annual variability of rainfall over South America (e.g.,
Caviedes 1973; Hastenrath 1978; Streten 1983; Kousky
et al. 1984; Ropelewski and Halpert 1987; Aceituno
1988; Kayano et al. 1988; Kousky and Ropelewski

* Visiting UCAR scientist at the Climate Analysis Center, NOAA /
NWS/NMC.

Corresponding author address: Dr. Vernon E. Kousky, Diagnostics
Branch, Climate Analysis Center, NOAA /NWS/NMC, Washington,
DC 20233.

© 1994 American Meteorological Society

1989). ENSO episodes feature abnormally warm sea
surface temperatures throughout the equatorial central
and eastern Pacific and anomalous convection in many
regions of the Tropics and subtropics.

Excessive rainfail was observed in southern Brazil
during the 1972-73 (Streten 1983) and the 1982-83
(Kousky et al. 1984; Kayano et al. 1988; Nobre and
Oliveira 1986) warm (ENSO) episodes. Precipitation
deficits in the eastern Amazon region and Northeast
Brazil and excessive rainfall over coastal sections of
Peru and Ecuador were observed during the 1982-83
ENSO episode (Nobre and Oliveira 1986; Kayano et
al. 1988).

These precipitation anomalies have been attributed
to large-scale changes in the global atmospheric cir-
culation pattern associated with an anomalous east-
ward displacement of the Pacific Walker circulation
that results in anomalous rising motion over the equa-
torial eastern Pacific and anomalous sinking motion
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over the tropical Atlantic (Kousky et al. 1984; Nobre
and Oliveira 1986; Kayano et al. 1988). This abnormal
Walker circulation is associated with enhanced con-
vection over the abnormally warm waters of the eastern
equatorial Pacific, while sinking motion farther east
stabilizes the atmosphere over the tropical Atlantic and
the eastern Amazon Basin.

Recent results by Rasmusson and Mo (1993),
however, suggest an alternative explanation for the
suppression of precipitation over northern South
America. They suggest that an upper-tropospheric di-
vergence anomaly zone, which extends from the en-
hanced convection in the central equatorial Pacific east-
northeastward across northern Mexico and then into
the western Atlantic, is accompanied by a zone of
compensating convergence on its equatorward flank.
The corresponding sinking motion associated with this
upper-level convergence, rather than a displaced
Walker circulation cell, would then be responsible for
the drier-than-normal conditions experienced in
northern South America during warm episodes.

The excessive rainfall in southern Brazil during the
fall and early winter months of 1983 has been shown
to be related to a stronger-than-normal subtropical jet
stream, a feature of warm episodes (Arkin 1982), ac-
companied by persistent upper-tropospheric blocking
over the South American sector (Kousky et al. 1984;
Kousky and Cavalcanti 1984 ). Under blocking con-
ditions, the normal movement of transient systems is
obstructed, so that Southern Hemisphere cold fronts
stall over southern Brazil. During 1983, a quasi-sta-
tionary frontal zone served as a focus for frequent and
intense periods of convection over southern Brazil.

Intraseasonal variability over South America may
result from a variety of regional and large-scale phe-
nomena. Slow-moving cold fronts and subtropical up-
per-tropospheric cyclonic vortices play an important
role in modulating the precipitation in eastern Brazil
mainly during the austral spring, summer, and fall sea-
sons ( Kousky 1979; Kousky and Gan 1981). Upper-
tropospheric cyclonic vortices have been found on the
eastern flank of the Bolivian anticyclone (Virji 1981)
with a maximum frequency observed during the
southern summer months (Kousky and Gan 1981).
These systems can have a pronounced effect on the
convection over eastern and northeastern Brazil
(Kousky and Gan 1981). In addition, equatorward-
moving southern cold fronts are very effective in or-
ganizing convection over eastern Brazil during the
austral spring, summer, and fall seasons (Kousky 1979;
Oliveira and Nobre 1986).

Observational evidence has been presented (Kousky
and Gan 1981) illustrating some situations in which
these two synoptic-scale systems are related to each
other. The genesis of an upper-tropospheric cyclonic
vortex depends upon the tropospheric circulation
changes associated with southern midlatitude transient
systems. Kousky and Gan proposed that the vortex
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formation is closely related to the development of a
strong upstream upper-tropospheric ridge that inten-
sifies because of low-level warm advection associated
with an equatorward-moving cold front. These cold
fronts are quite active and slow moving and may be
major contributors to the South Atlantic convergence
zone (SACZ), which is a prominent synoptic feature
evident in satellite imagery during the spring and sum-
mer seasons (Casarin and Kousky 1986; Kousky and
Cavalcanti 1988; Kousky 1988).

Variations in the position and intensity of the SACZ
have been shown to be related to intraseasonal ( 30-60
day) oscillations in the South American sector (Casarin
and Kousky 1986; Kousky and Cavalcanti 1988),
which in turn are related to global-scale fluctuations
in upper-tropospheric circulation and tropical convec-
tion (Weickmann et al. 1985; Casarin and Kousky
1986).

In this paper we describe the principal interannual
and intraseasonal circulation modes over South Amer-
ica, obtained using combined empirical orthogonal
function (EOF) analysis. The EOF analysis is per-
formed on the same variables as those used in Kousky
and Cavalcanti (1988). A major difference between
Kousky and Cavalcanti (1988) and this paper concerns
the filtering performed prior to computing the EOFs.
Data filtering is adopted to make a clear distinction
between the patterns related to interannual climatic
fluctuations and those linked to shorter-timescale in-
traseasonal oscillations. In addition, we make use of
extended EOF analysis to determine the evolution of
anomaly patterns associated with intraseasonal oscil-
lations.

2. Data and analysis procedure

The dataset used consists of five-day (pentad) non-
overlapping means of the 250-mb zonal and meridional
wind components taken from the analyses of the Na-
tional Meteorological Center (NMC). In addition,
pentad means of outgoing longwave radiation (OLR ),
observed from the National Oceanic and Atmospheric
Administration’s (NOAA)) polar-orbiting satellites, are
used to indicate variations in deep convection within
the Tropics. Both datasets are available at the Climate
Analysis Center, Washington, D.C. The circulation
data, used extensively in previous studies on interan-
nual and intraseasonal variability (e.g., Arkin 1982;
Weickmann 1983; Weickmann et al. 1985; Rasmusson
and Arkin 1985), are adequate for describing the large-
scale features associated with the Southern Oscillation
and with intraseasonal (30-60 day) oscillations. The
OLR data provide information on the distribution and
intensity of tropical convection (Leibmann and Hart-
mann 1982; Rasmusson and Arkin 1985). Studies
{Chang and Kousky 1987; Chelliah and Arkin 1992)
have shown, however, that differences in equator
crossing times among the various polar-orbiting sat-
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TABLE 1. Polar-orbiting satellites and equator crossing times.

Equator crossing time (LST) Period

TIROS-N 1500 Jan 1979-Jan 1980
NOAA-6 1930 Feb 1980-Aug 1981
NOAA-T 1430 Sep 1981-Feb 1985
NOAA-9 1420 Mar 1985-Nov 1988
NOAA-1] 1340 Nov 1988-Aug 1992

ellites (Table 1), used in determining the OLR, produce
a large-scale interannual pattern of OLR anomalies that
reflects the different sampling times of the diurnal cycle.
To minimize this effect, we removed the mean OLR
anomaly patterns from the data for periods corre-
sponding to when the TTROS-N and NOAA-6, -7, -9,
and -11 satellites were operational (Table 1).

The period of analysis used in determining the prin-
cipal modes is January 1979 through December 1991
(totaling 949 pentads). The data have a resolution of
2.5 degrees in latitude and longitude. The area consid-
ered in this study is limited to the region from 20°N
to 50°S and 10°W to 100°W, which covers all except
extreme southern South America. The reader is cau-
tioned that the physical interpretation of OLR at lat-
itudes higher than 30° is difficult, especially during the
cold season, as low values of OLR can result from either
clouds or surface cooling in continental regions.

The variables in the area of interest are selected for
every other grid point, thus reducing the resolution to
5 degrees in latitude and longitude. This is more than
adequate to describe the principal large-scale patterns
that affect the region. Anomalies for each variable are
calculated by removing the smoothed 1979-1988 pen-
tad means. An OLR climatology for a shorter period,
and its method of computation, was described by
Kousky (1988). The same method was applied in de-
veloping the base-period means for the OLR and 250-
mb wind components used in this study.

The use of pentad data results in effectively removing
high-frequency transients associated with individual
weather events. Additional temporal filtering on all
variables is done by applying a Lanczos filter. For a
detailed description of this filter, see Duchon (1979).
The weights for this filter are computed from

sin2xnf.,k  sin2wf,k\ sinwk/n
Wi = - ) ( 1 )
Tk 7k wk/n
where » is the number of weights, k = —n, «+ -, n,

and f;, and J., are the cutoff frequencies. For the case
of a low-pass filter, f., is set to zero and f;, is set to
0.0275 pentads™!, which corresponds to a filter re-
sponse of 0.5 at 180 days (36 pentads). Our choice of
n = 48 was determined based on our desire to use as
few weights as possible and still have a rather sharp
filter (the sharpness of the filter increases as the number
of weights, n, increases). For our study of intraseasonal
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variations, we use a bandpass filter where the weights
are computed from (1) using f,; = 0.2 pentads~' and
fer = 0.0575 pentads~!. The frequency response func-
tions

R(f)=wo+2 2 wycos2ufk
k=1

(2)

for the low-pass and bandpass filters are shown in Fig.
1. The low-pass filtered time series, with all high-fre-
quency variations removed, are used to determine the
principal modes of interannual (1A ) variability. Sim-
ilarly, the bandpass-filtered time series are used to de-
termine the modes of intraseasonal (IS) variability.

Combined unrotated and rotated EOFs, using the
varimax method, are computed based on an array of
correlations in which all three anomaly fields (OLR
and 250-mb zonal and meridional wind components)
are included for the study area. The resulting EOF pat-
terns for anomalous OLR are, therefore, physically
consistent with the 250-mb circulation anomalies.

The choice of the number of eigenmodes to rotate
is based on a plot of the fractional explained variance
versus unrotated mode number (O’Lenic and Livezey
1988). The curve in this plot contains sections where
the slope is relatively small (giving the appearance of
shelves) with adjacent modes explaining similar frac-
tions of the total variance. The number of modes used
in the rotated analysis is determined by taking all modes
up to and including the last mode in a shelf region.
The number of eigenmodes to rotate is not the same
for all cases, so the number used for each case will be
specified when discussing the results. For more details
concerning the selection criteria in a rotated EOF anal-
ysis, the reader is referred to O’Lenic and Livezey
(1988).

The principal component time series (amplitude
time series of the EOF modes) are analyzed to inves-
tigate the seasonal and interannual variability of each
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F1G. 1. Lanczos filter response for the IA (heavy solid line)
and IS bandpass (dashed line) filters.
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FIG. 2. The first three combined (OLR and 250-mb vector wind) unrotated IA patterns (a-c, respectively), computed for the period
1979-91. The 250-mb circulation loadings are indicated by vectors. The OLR loadings are contoured with negative (positive) values
indicated by solid (dashed) lines. The zero line has been omitted. Negative values are shaded.

pattern. The time evolution of the spatial patterns in
the IS band is investigated using extended EOF (EEOF)
analysis (Weare and Nasstrom 1982). EEOF analysis
uses not only the fields at time = ¢, but also the fields
at other times—for example, ¢ + Az, t + 2At. Conse-
quently, the resulting modes describe a temporal evo-
lution. The EEOF analysis was performed using the
combined fields of anomalous OLR and 250-mb zonal
and meridional wind components. This resulted in a
substantial increase in the size of the correlation matrix,
which forced us to reduce the resolution of the data to
10° in latitude and longitude. To maximize local vari-

ance within the domain, we rotated the EEOF modes
(Lau and Lau 1990) using the varimax method. The
loading patterns for the rotated EEOF analysis are in-
terpolated to a 5° by 5° grid for display purposes.

3. Interannual modes

In this section, we present the patterns for the first
three unrotated IA modes. The corresponding patterns
for the first three rotated IA modes (not shown) are
quite similar. The first unrotated IA mode has its max-
imum circulation and OLR loadings in the Tropics



JuLy 1994

(Fig. 2a) and explains 13.5% of the IA variance. The
maximum loading for anomalous OLR of 0.8 over the
mouth of the Amazon indicates that this mode explains
64% of the IA variance in that region. The maximum
loading for u anomalies is 0.9 along and south of the
equator in the longitude band 20°-35°W, indicating
that approximately 80% of the IA variance of the 250-
mb zonal wind is explained by the first mode in that
region. For positive (negative) amplitudes of this mode,
upper-tropospheric westerly (easterly) anomalies and
positive (negative) OLR anomalies dominate the re-
gion between 10°N and 10°S from western Brazil east-
ward to the west coast of Africa. A cyclonic (anticy-
clonic) anomaly couplet is found straddling the equator
in the tropical Atlantic. The plot of the time series of
the principal components (amplitudes) for this mode
(Fig. 3a, thin line) shows large positive values during
1982-83 and 1986-87, and large negative values during
1988-89. These periods coincide with the major ex-
tremes in the Southern Oscillation during our period
of study.

To compare the amplitude time series with the
Southern Oscillation, we computed a pentad South-
ern Oscillation index (SOI) based on gridded sea level
pressure analyses. The grid points nearest in location
to Tahiti and Darwin were used to compute the SOI,
which was calculated using the same procedure as
that described by Chelliah (1990). The pentad values
of the SOI were smoothed using the low-pass Lanczos
filter in the same manner as the data were filtered
prior to performing the combined EOF analysis. For
comparison purposes, the filtered pentad SOI is also
shown in Fig. 3a (heavy line). The simultaneous
correlation between the*two time series in Fig. 3a
is —0.77.

The first mode contains many atmospheric fea-
tures previously found to be associated with extremes
in the Southern Oscillation. For positive amplitudes
of the first mode (negative extremes of the Southern
Oscillation, or warm episodes), positive OLR
anomalies extend from the Amazon Basin eastward
across Northeast Brazil and the equatorial Atlantic.
Negative OLR anomalies are found over the eastern
equatorial Pacific, over the subtropical eastern South
Pacific, and over central South America. The rela-
tionship between drier-than-normal conditions over
Northeast Brazil and warm (ENSO) episodes has
been extensively studied in previous works (e.g.,
Caviedes 1973; Hastenrath and Heller 1977; Kousky
et al. 1984; Ropelewski and Halpert 1987; Aceituno
1988). It is apparent from Fig. 2a that, during warm
episodes, drier-than-normal conditions also extend
southwestward from the mouth of the Amazon across
most of Bolivia and southern Peru. A similar pattern
has been noted by Aceituno (1988). The pattern of
anomalously strong upper-tropospheric westerlies
over the equatorial Atlantic during negative extremes
of the Southern Oscillation is a feature generally ob-
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F1G. 3. Amplitude time series (thin lines) for the first three un-
rotated 1A modes shown in Fig. 2. For comparison, the time series
of the pentad Southern Oscillation index ( PSOI) is shown in (a) and
(b).

served during Pacific warm episodes (Arkin 1982;
Mo and Kousky 1993). The opposite features were
observed during the 1988-89 Pacific cold episode
(high SOI) (Kousky and Ropelewski 1989; Arkin
1989; Mo 1989).

The second unrotated IA mode, which explains 8.4%
of the variance, has its largest loadings in the subtropics
and midlatitudes of the Southern Hemisphere (Fig.
2b). For positive (negative) amplitudes of this mode,
upper-tropospheric anticyclonic (cyclonic) circulation
anomalies dominate the region of central Argentina
and the neighboring western Atlantic, and positive
(negative) OLR anomalies extend from the eastern
Pacific, near 25°S, eastward across northern Argentina
and southern Brazil to the western Atlantic. Negative
(positive) OLR anomalies are also found in an east—
west band across tropical Brazil, with a cyclonic (an-
ticyclonic) circulation anomaly to the south. This mode
describes interannual variations in the intensity of the
subtropical jet stream in the South American sector.
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The amplitude time series for this mode, shown in Fig.
3b (thin line), shows the tendency for extreme ampli-
tudes to occur during the southern winter season. It is
also evident that negative (positive) extremes tend to
occur during and after negative (positive) extremes of
the SOI (Fig. 3b, heavy line). The maximum lagged
correlation between the two series is 0.34 for the SOI
leading the amplitude time series by 30 pentads. This
rather weak relationship signifies that IA variations in
the intensity of the subtropical westerlies over South
America are only partially related to the Southern Os-
cillation.

Features described in the second IA mode are con-
sistent with those found in previous studies of circu-
lation anomalies related to ENSO. Stronger-than-nor-
mal subtropical jet streams in both hemispheres have
been observed in the Pacific sector during warm epi-
sodes (Arkin 1982 ) and have been related to enhanced
rainfall over subtropical regions of North and South
America (e.g., Kousky and Ropelewski 1989). The

_enhanced jet streams form on the poleward flanks of
anomalous upper-tropospheric anticyclonic circulation
centers found at low latitudes in the central Pacific in
association with enhanced equatorial convection in that
region. The enhanced westerlies also form part of a
wave train of anomalous circulation features that em-
anate from the central Pacific toward higher latitudes
of the winter hemisphere (Horel and Wallace 1981;
Karoly 1989). For negative amplitudes of the second
IA mode (warm episodes), a cyclonic circulation center
is observed near the coast of Argentina (Fig. 2b), which
is consistent with the Southern Hemisphere wave train
described by Karoly (1989).

For positive amplitudes (cold episodes), this mode
describes a pattern of weaker-than-normal subtrop-
ical westerlies and drier-than-normal conditions over
northern Argentina and southern Brazil. These pre-
cipitation anomalies are consistent with those found
associated with periods of high SOI (Ropelewski and
Halpert 1989). The opposite pattern, however, was
not found during the winter for the composite of
several warm episodes (Ropelewski and Halpert
1987). Above-normal cool season (fall and early
winter) rainfall was observed over southern Brazil
during the warm episodes of 1972-73, 1976-77, and
1982-83, but the pattern varied substantially from
episode to episode (Kousky et al. 1984 ). This spatial
variability of winter precipitation anomalies among
warm episodes may be the reason that a consistent
pattern of winter precipitation anomalies was not
found in the objective analysis of Ropelewski and
Halpert (1987).

The third unrotated IA mode, shown in Fig. 2c, ex-
plains 7.4% of the variance. In contrast to the first two
modes, this mode does not show any significant rela-
tionship to the Southern Oscillation. For positive (neg-
ative) amplitudes of this mode, an anomalous anti-
cyclonic (cyclonic) circulation center is found near the
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coast of southern Brazil, with positive (negative) OLR
anomalies to the northeast of the center and negative
(positive ) OLR anomalies to the southwest of the cen-
ter. There is a pronounced annual cycle in the ampli-
tude time series for this mode during 1984-86 and late
1987-early 1990 (Fig. 3c), with positive amplitudes
occurring during the early part of each year and neg-
ative amplitudes occurring during late winter or early
spring (August—-October). During the southern sum-
mer, this pattern appears to be related to anomalous
shifts in the position of the South Atlantic conver-
gence zone.

To address the question of the importance of the
first three modes in the raw unfiltered data, we pro-
jected the original data onto each of the first three
modes and then filtered the projected time series with
the low-pass Lanczos filter. These time series are
shown in Fig. 4. The smoothed projected time series
for each mode show the same characteristics as the
amplitude time series (Fig. 3). The low-frequency
signal appears to be strongest in the first mode (Fig.
4a), somewhat evident in the second mode (Fig. 4b),
especially during 1982-83, and quite weak in the

79 80 81 82 83 84 85 86 87 88 89 90 91 92 93

79 80 81 82 85 86 87 88 89 90 91 92 93

79 80 81 82 83 84 85 86 87 838 89 90 91 92 93
YEAR

FIG. 4. Smoothed (low-pass Lanczos filtered, heavy line) and un-
smoothed (dashed line) time series obtained by projecting the original
data onto the first (a), second (b), and third (¢) unrotated IA modes.
Data are normalized by the standard deviation for the period 1979-
88.
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third mode (Fig. 4c). To quantify this, we computed
the ratio between the low-frequency variance and the
total variance for each of the first three modes. For
the first mode, low-frequency variability accounts for
60% of the total variance, while for the second and
third modes it accounts for 23% and 18% of the total
variance, respectively.

KOUSKY AND KAYANO

BN 1 T L
;"\s\ﬁ”@-f P ~v~ .
,-_':_‘.. -'» L SR S

LR L R R Y

1408

FIG. 5. The first five rotated combined EOF modes, (a)-
(e), for the IS band, Display is the same as that used in Fig, 2.

The first two IA modes contain many features pre-
viously identified as related to extremes in the Southern
Oscillation. Unlike many previous studies, our patterns
are not dependent on a sparse network of surface ob-
serving stations. Since our patterns agree with previous
studies for the data-rich areas, it is likely that our pat-
terns are realistic over the more data-sparse regions,
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FI1G. 6. The amplitude time series for the first rotated
combined EOF mode in the IS band.

such as over the Amazon Basin and the Atlantic and
Pacific Oceans.

4. Intraseasonal modes

a. Combined EOF analysis

Using the criteria suggested by North et al. (1982),

we determined that the first and second combined un-
rotated IS modes are degenerate. Therefore, we per-
formed a series of rotated combined EOF (RCEOF)
analyses using a varying number of unrotated modes
(15 to 41). The first rotated mode remained the same
in each analysis. The higher modes maintained similar
patterns, but their order changed depending on the
number of unrotated modes used in the rotated anal-
ysis. The first five rotated IS modes, using 15 unrotated
modes, are shown in Fig. 5. These explain 24% of the
total IS variance. The first mode (Fig. 5a) explains 5.6%
of the variance and has its largest loadings in the Trop-
ics. For positive (negative) amplitudes of this mode,
anomalous upper-tropospheric westerly (easterly) flow
dominates the Tropics throughout the region. Positive
(negative) OLR anomalies are observed over north-
eastern South America and over the eastern equatorial
Pacific. Negative ( positive) OLR anomalies are found
over the subtropical North Atlantic. A similar pattern
of OLR anomalies has been observed over the South
American sector associated with the 30-60 day (Mad-
den-Julian) oscillation (Weickmann et al. 1985).

The first rotated IS mode is most active during the
Southern Hemisphere summer season (Fig. 6). To il-
lustrate this seasonality, we computed the variance of
the amplitude for this mode for overlapping 11-pentad
periods for the entire record (Fig. 7). The variance is
clearly greatest during the southern summer and shows
considerable IA variability. This mode was most active
during the summers of 1980/81, 1984/85, 1985/86,
1987/88, 1989/90, and 1990/91, and least active dur-
ing the summers of 1982/83, 1983/84, 1986/87, and
1988/89. A comparison of Fig. 7 with the SOI (Fig. 3,
heavy line) reveals that extreme (neutral ) years in the
Southern Oscillation are characterized by weaker
(stronger) variability of this mode.
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The second rotated IS mode (Fig. 5b) has its greatest
loadings in the western subtropical Atlantic. For pos-
itive (negative) amplitudes of this mode, anomalous
anticyclonic (cyclonic ) upper-tropospheric circulation
is found in the western Atlantic near the Southeast
Brazilian coast. Positive (negative) OLR anomalies are
found over northeastern South America and the
neighboring western Atlantic, and negative (positive)
OLR anomalies extend from southern Brazil east-
southeastward across the lower midlatitudes of the At-
lantic. The amplitude time series and variance time
series (not shown) do not indicate any significant sea-
sonality or IA variability in the activity of this mode.

The third rotated IS mode (Fig. 5c) has its greatest
loadings over subtropical South America. Similar to
the second IS mode, this mode does not show any sig-
nificant seasonality in its activity. The fourth and fifth
rotated IS modes (Figs. 5d and Se) have their maxi-
mum loadings in the subtropics and midlatitudes.
These modes also do not display any significant sea-
sonality.

Modes 2-5 have their greatest loadings in the low-
to midlatitudes of the Southern Hemisphere. Thus, it
is likely that they are associated with persistent anom-
alous features such as blocking or slowly evolving
planetary waves. In addition, each of these modes in-
volves large OLR loadings over eastern South America,
which further suggests that these modes are also asso-
ciated with variations in intensity and shifts in the po-
sition of the SACZ.

b. Extended EOF analysis

The RCEOF analysis, described in the preceding
section, identifies physically consistent IS patterns but
does not provide information concerning the evolution
of the individual modes. This information would be
useful for real-time monitoring and prediction efforts.
To determine the evolution of the IS modes, we per-
formed a rotated combined extended EOF (RCEEOF)
analysis on the bandpass-filtered data. Once again we
made a series of analyses using a varying number of
unrotated modes. Using a greater number of unrotated
modes resulted in smoother patterns. In this section
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we discuss the case where 46 unrotated modes (ex-
plaining 68% of the total IS variance) were used in the
rotated extended EOF analysis.

The extended EOF analysis technique emphasizes the
cyclical behavior in the evolution of anomaly patterns.
Therefore, for each evolving pattern, the analysis results
in two modes that describe a similar evolution, but with
the patterns for time = ¢ being 90 degrees out of phase.

AND KAYANO

1139

t + 3At

3¢}, 9.3 A0 20%
XN Y T

¥
PR~y v 12
u "\’ /7 }..-I..-'...'.- . :

200

t + 4At

409

FI1G. 8. The (a) positive and (b) negative loading patterns
for the first rotated combined extended EOF mode in the IS
band. Display is the same as that used in Fig. 2.

The first and second RCEEOF modes describe an evo-
lution of the first RCEOF mode (Fig. 5a). Together they
explain 6.5% of the intraseasonal variance. To obtain a
complete cycle, we show the patterns for the positive and
negative loadings of the first mode (Figs. 8a and 8b, re-
spectively). The time interval (A7) used in the analysis
is one pentad. Thus, the period of the oscillation repre-
sented in Fig. 8 is approximately 40-45 days.
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The pattern at time ¢ in Fig. 8a is similar to that of
the first RCEOF mode (Fig. 5a). In the sequence shown
in Fig. 8, the pattern of anomalous equatorial westerlies
and positive OLR anomalies over tropical Brazil grad-
ually weakens and then reverses. The largest loadings
throughout the evolution of these patterns remain in
the Tropics and subtropics. As convection becomes
enhanced over the Amazon Basin (time ¢ + 2At to ¢
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FIG. 8. (Continued)

+ 4At, Fig. 8a, and continuing on to time ¢ of Fig. 8b),
an anomalous anticyclonic circulation couplet develops
near 60°W, with centers over central Brazil and over
the eastern Caribbean Sea. Accompanying this evo-
lution, the upper-tropospheric westerly anomalies
weaken and are replaced by easterly anomalies. The
northwest—southeast orientation of the negative OLR
loadings over tropical Brazil, shown at times ¢ + 4At
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the first rotated combined extended EOF mode, for November-March
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(Figs. 8a and 8b), suggests a modulation in the position
and intensity of the SACZ.

The relationship between upper-tropospheric flow
anomalies and OLR anomalies, which is shown in Fig.
8, is consistent with previous theoretical studies on at-
mospheric circulation related to anomalous tropical
heating (Webster 1972; Gill 1980) and with observa-
tional studies describing the relationship between up-
per-tropospheric circulation changes and variations in
convection over South America (Kousky 1985). Sim-
ilar variations in the position of the SACZ, related to
intraseasonal variations in the South American sector,
have been noted previously by Casarin and Kousky
(1986).

By projecting the combined fields of anomalous
OLR and 250-mb zonal and meridional wind onto the
individual patterns contained in the first RCEEOF
mode, we obtain five time series. These can be used to
assess the amplitude and period of the intraseasonal
oscillation in the South American sector. Examples of
these time series are shown in Fig. 9 for the months of
November through March during 1984-85 and 1987-
88. The evolution of this mode can be determined by
noting the temporal shifts of the maxima and minima
among the five time series. For the 1984-85 period,
the evolution was more gradual (longer period oscil-
lation) than that observed during 1987-88. Also, the
amplitude range of the patterns for times 7 and ¢ + At
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was greater in 1984-85. Since these patterns contain
the greatest loadings for OLR in the evolution of this
mode, one can conclude that the variability in tropical
convection associated with the intraseasonal oscilla-
tions was greater during 1984-85. Projecting the cur-
rent anomaly fields onto the loading patterns for this
mode should enhance real-time monitoring efforts and
may lead to improved monthly forecasts for the South
American sector.

None of the other pairs of modes resulting from the
RCEEOF analysis produced patterns that evolved in a
similar manner as the first and second modes. Those
higher modes are probably related to more randomly
occurring persistent anomalies, such as blocking epi-
sodes and variations in the zonal index.

5. Summary and conclusions

An EOF analysis for the South American sector was
performed using filtered data that allowed interannual
and intraseasonal modes to be studied independently.
The first interannual mode contains many atmospheric
features related to extremes in the Southern Oscillation,
such as 1) positive (negative ) OLR anomalies over the
Amazon Basin, Northeast Brazil, and the equatorial
Atlantic, and 2) negative (positive) OLR anomalies
over the equatorial and subtropical eastern Pacific, and
over central South America during warm (cold) epi-
sodes. Features of the second IA mode describe sub-
tropical and lower-midlatitude anomaly patterns that
are, in part, associated with ENSO. During the latter
stages of warm episodes, this mode is associated with
stronger-than-normal subtropical westerlies and with
enhanced rainfall over central South America. These
enhanced westerlies, and the anomalous cyclonic cir-
culation center on their poleward flank, are part of a
wave train of anomalous circulation features that em-
anates from the central Pacific toward higher latitudes
in the Southern Hemisphere (Karoly 1989).

The first intraseasonal mode has its greatest loadings
in the Tropics and is most active during the southern
summer season. For positive (negative ) amplitudes of
this mode, anomalous upper-tropospheric westerly
(easterly) flow dominates the Tropics throughout the
region, and positive (negative ) OLR anomalies are ob-
served over northeastern South America and over the
eastern equatorial Pacific. A similar pattern of OLR
anomalies over the South American sector has been
found in association with the 30-60 day (Madden—
Julian) oscillation (Weickmann et al. 1985).

The RCEOF analysis identified physically consistent
patterns of atmospheric circulation and OLR but did
not provide information concerning the evolution of
these patterns. This is most important in the study of
intraseasonal variations. To address this issue, an ex-
tended combined EOF analysis was performed to study
the evolution of intraseasonal oscillations in the South
American sector. The first RCEEOF mode describes a
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sequence of patterns in which anomalous equatorial
westerlies and positive OLR anomalies over tropical
Brazil gradually weaken and then reverse. The largest
loadings throughout the evolution of these patterns re-
main in the Tropics and subtropics. These results are
consistent with previous studies on intraseasonal vari-
ations and provide additional information on the
combined relationship between atmospheric circula-
tion and convection over the South American sector.
By projecting the combined fields of anomalous OLR
and 250-mb zonal and meridional wind onto the in-
dividual patterns contained in the first RCEEOF mode,
one obtains indices that should enhance real-time
monitoring efforts and may lead to improved monthly
forecasts for the South American sector.
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