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ABSTRACT

The interannual variability associated with the ENSO of winter storm tracks over the region extending from
the eastern South Pacific Ocean across South America to the South Atlantic Ocean is described using 39 yr of
data from the NCEP reanalysis data base. Tropical sea surface temperature anomalies associated with ENSO
induce large-scale atmospheric circulation anomalies over large areas of the Southern Hemisphere. In particular,
positive height anomalies dominate the Bellingshausen Sea during warm events, and consistently, a weakening
of the eddy activity at low levelsis found to the west of the Antarctic Peninsula. During El Nifio (EN) the storm
track evidences an equatorward shift over the subtropical Pacific Ocean and a slight strengthening in the central
Atlantic Ocean.

Time-lagged correlation analysis applied to anomalies of the 300-hPa meridional wind at selected base points
was used to study the structure and propagation characteristics of the waves. During EN, waves emanating from
the Atlantic-Indian Ocean storm tracks tend to propagate preferably along the subpolar branch of the Pacific
Ocean storm track near Australia. Over the subtropical Pacific Ocean the wave train propagates along a northern
path compared with cold events consistent with an equatorward shift of the axis of maximum baroclinicity.
Additionally, large eddy activity at lower levels but weak eddy activity at upper levels were found for that
region. During La Nifia (LN), wave packets propagate more coherently along the subtropical branch of the storm
track over the South Pacific Ocean, attaining larger amplitudes at upper levels and developing over broader
latitudes compared to the warm phase. A poleward deflection of subtropical waves and northeastward deflection
of subpolar waves are aso found for LN. Waves propagating through the Atlantic Ocean storm track evolve
from the subtropica branch of the Pacific Ocean storm track for LN winters and from both the subtropical jet

and the subpolar latitudes for EN.

1. Introduction

The storm tracks (i.e., areas where eddy activity is
the strongest) are arich phenomenadirectly or indirectly
linked to virtually all aspects of large-scale atmospheric
dynamics, playing a role in everything from daily
weather to regional climate and climate variability. The
patterns of interannual variability modulate this syn-
optic-scale activity mainly through changes in the basic
state where waves are embedded. The variability of ob-
served middle-latitude storm tracks in relation to low-
frequency changes in the circulation pattern for the
Northern Hemisphere winter has been vastly examined.
In particular, the interannual variability associated with
the ElI Niflo-Southern Oscillation (ENSO) cycle in-
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cludes differencesin the shape and intensity of the North
Pacific storm track (Lau 1985; Held et al. 1989; Orlanski
1998).

The Southern Hemisphere (SH) atmospheric circu-
lation exhibits significant patterns of interannual to in-
terdecadal timescales (e.g., Garreaud and Battisti 1999;
Vera 2002). The storm tracks could influence, and be
influenced by, the atmospheric long waves and in par-
ticular by their amplitude and location around the hemi-
sphere. For example, an important signature related to
ENSO events is the predisposition toward blocking
southwest of the southern tip of South America during
warm events, and vice versaduring cold events (Rutllant
and Fuenzalida 1991). This blocking anticyclone, fre-
guently located around the Bellingshausen Sea (90°W),
drives cyclonic tragjectories through central Chile.

In the present work, we will attempt to document the
SH storm tracks and wave propagation characteristics
during the ENSO extremes over southern South Amer-
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ica, the Drake Passage and neighboring oceans. We will
include some relevant diagnostics of the mean circu-
lation and indicators of the transient eddy activity. Bar-
oclinic waves in the SH storm tracks tend to be orga-
nized in localized downstream-developing wave pack-
ets. Berbery and Vera (1996) used 6 yr of European
Centre for Medium-Range Weather Forecasts
(ECMWF) daily analyses to document the horizontal
structure and evolution of wintertime baroclinic waves
in the SH, based on one-point lag-correlation analysis.
They showed that during austral winters, synoptic-scale
waves propagate along both the subtropical and subpolar
jet axes over the Pacific Ocean. They also noted that,
especially along the subtropical branch of the westerlies,
waves evolve as centers decaying upstream and growing
downstream of the wave packet, suggesting that down-
stream development contributes to the synoptic-scale
waves in the SH storm track. Chang and Yu (1999) and
Chang (1999) studied the basic characteristics of wave
packets in the upper troposphere for both hemispheres
for winter and summer, mainly through examination of
time-lagged correlation maps of the unfiltered meridi-
onal component of the wind. In Chang (1999), it was
found that the main waveguide splitsin two around 70°E
during the SH winter, with the more coherent branch
deviating equatorward to join up with the subtropical
waveguide over the Pacific and a secondary branch spi-
raling poleward along with the subpolar jet and storm
track maxima. He also showed, based on results from
experiments using an idealized model, that coherence
of wave packets depends not only on the baroclinicity
of the large scale flow, but also on the intensity of the
Hadley circulation, which acts to tighten the upper-tro-
pospheric potential vorticity gradient. It is worth noting
that the Hadley circulation is a primary component af-
fected during the ENSO cycle.

The large interannual variability of the synoptic ac-
tivity over the Southern Ocean has been known for many
years and was noted, for example, by Taljaard (1965)
and Carleton (1979). However, the interannual vari-
ability of SH storm tracks associated with warm and
cold phases of the ENSO cycle are still for the most
part unknown. Numerous authors described ENSO te-
leconnections over parts of the SH (e.g., van Loon and
Madden 1981; Mo and White 1985; Karoly 1989; Lau
et al. 1994; Mo and Higgins 1998) and Antarctica (e.g.,
Smith and Stearns 1993; Simmonds and Jacka 1995;
Gloersen 1995; Carleton 1988). Held et al. (1989) sug-
gested that extratropical eddies can be organized by
tropical SST anomaliesand that atropically forced wave
train of only modest amplitude may be sufficient to
affect the storm track. They proposed that the extra-
tropical atmosphere feels the impact of tropical heating
indirectly through modification of the transient eddy
forcing term by such heating. They also noted that the
transient forcing could be at least partly associated with
variations of the preferred trajectory of synoptic-scale
midlatitude disturbances accompanying the perturbed
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extratropical wave train. Sinclair et a. (1997) analyzed
the response of cyclone activity in the SH to ENSO
variability, by determining the frequency of individual
weather systems. They found that during El Nifio (EN)
winters, increased cyclone activity occursin aband spi-
raling southeastward from the subtropical Pacific Ocean
toward South America, while during La Nifia (LN) win-
ters, the patterns are almost reversed. Atmospheric cir-
culation and sea surface temperature anomalies in the
western South Atlantic Ocean appear to be linked to
ENSO by mechanisms that remain unknown. Venegas
et al. (1997) found three leading modes of variability
of the atmosphere—ocean coupled system over the South
Atlantic Ocean, one of them associated with ENSO
timescales (the other two modes are associated with
interdecadal variabhility).

Our aim is to document and characterize the inter-
annual variations in transient behavior over the eastern
Pacific Ocean—-South America—Atlantic Ocean sector
during the austral winter, as revealed by time series of
available hemispheric gridded analyses extending over
39 yr. In particular, the main focus is to characterize the
storm track and the interaction of eddies with the large-
scale geopotential height anomalies for both phases of
the ENSO cycle over the South American sector. In
order to describe the properties of the waves and wave
packet propagation we make use of time-lagged one-
point correlation analysis based on reference time series
for selected grid points. The data used and the meth-
odology are described in next section. Some relevant
large-scale anomalous patterns associated to ENSO-re-
lated interannual variability are discussed in section 3.
The differential characteristics of waves and wave pack-
et propagation for the extreme phases of ENSO cycle
are presented in section 4. We conclude with some final
remarks in section 5.

2. Data and methodology

The data used in this study comprise 39 yr (1960—
1998) of twice-daily (0000 UTC and 1200 UTC) grid-
ded analysis from the National Center for Environmen-
tal Prediction (NCEP) reanalysis database (Kalnay et al.
1996) on 2.5° latitude by 2.5° longitude grid. They rep-
resent one of the most complete, physically consistent
atmospheric datasets available. They have been used for
examining synoptic-scale activity in the SH in previous
studies, such as Simmonds and Keay (2000a,b) who
analyzed cyclone behavior and its long-term variability
in the SH, and Renwick and Revell (1999), who linked
the occurrence of blocking over the Southeastern Pacific
Ocean to the propagation of Rossby waves forced by
tropical convection. Full details of the NCEP-National
Center for Atmospheric Research (NCAR) project and
the dataset are given in Kalnay et al. (1996) and dis-
cussions about its quality over the SH can be found in
Garreaud and Battisti (1999), Simmonds and Keay
(2000a), Renwick and Revell (1999) and Kistler et al.
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(2001). It should be noted that, though the reanalyses
data assimilation system was maintained fixed, it could
be affected by changes in the observing system, partic-
ularly due to the lack of satellite data over the Southern
Ocean prior to 1979 (see below in this section).

The 300-hPa meridional wind velocity was chosen to
represent high-frequency perturbations and to analyze
the evolution of synoptic-scale wave packets. It hasbeen
shown that the meridional velocity in the middlelatitude
upper troposphere is dominated by zonal wavenumbers
5-7, which represent typically the scale of baroclinic
waves (Trenberth 1981). The perturbation of the merid-
ional wind is defined here by removing the monthly
mean for each year, which filters out the interannual
variability from the time series. No further filtering was
necessary to capture the temporal evolution and prop-
agation characteristics of wave packets (Chang 1993;
Berbery and Vera 1996). The SH winter season is de-
fined here as the period from 1 June to 31 August.

The standard deviation of the meridional wind per-
turbation is used to identify regions of enhanced high-
frequency variability or storm tracks. The maxima are
coincident with the regions where developing and ma-
ture synoptic-scale fluctuations occur most frequently.
This measure also captures the regions where the high-
frequency disturbances attain larger amplitudes. In this
paper we will focus on the wave propagation charac-
teristics in the upper troposphere, where the storm track
attains its larger amplitude.

In order to analyze the response of high-frequency
variability to ENSO, monthly mean sea surface tem-
perature anomalies in the El Nifio-3 region of the NCEP
reanalysis data set are also used in this study for the
same time period, and composite fields have been con-
structed for both extreme phases of ENSO. Because SST
anomalies time series shows a trend for stronger warm
events in the last two decades, the time series has been
detrended using a 9-yr running mean filter (Fedorov and
Philander 2000). A 5-month running mean filter was
then applied to the monthly SST anomalies in order to
smooth out intraseasonal variations (Trenberth 1997).
Months having SST anomalies larger than 0.7°C (El
Nifio or warm phase) and less than —0.6°C (La Nifia
or cold phase) were composed, with each subset com-
prising 22 months. This threshold to define warm and
cold phases of ENSO, respectively, is determined in
order to have the same number of analysis for both
phases of ENSO involved in the cal culation of the com-
posites to make them comparable and to capture only
extreme events. Besides, the assignments of events
agree with the list of El Nifio and La Nifia events in
Trenberth (1997).

The main analysis tool to examine the characteristics
of the waves and their preferred propagation paths is
based on one-point lag-correlation analysis. This anal-
ysisisuseful to study the spatial and temporal evolution
of mean baroclinic waves and, particularly, the char-
acteristics of wave packets. This technique has been
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used by other authors, such as Berbery and Vera (1996)
and Chang (1999) for the SH. A dlightly different ap-
proach was used by Lim and Wallace (1991) and Chang
(1993) to study the structure of baroclinic waves in the
Northern Hemisphere winter, in which regression maps
were analyzed. The advantage of regression analysisis
that the regression coefficients carry the units of the
regressed variable, and they may be interpreted as the
amplitude of the disturbances in each grid point that are
observed in association with a positive perturbation in
the reference variable with an amplitude of one standard
deviation. We performed both analyses but we chose to
display correlation mapsin which statistical tests of sig-
nificance of the inferred results were performed.

The statistical significance of the correlation has been
assessed using a Fisher test (F-test) taking into account
that for twice-daily analyses only 1 in 10 independent
analyses should be taken into account (considering the
effective time between independent samples on a syn-
optic timescale to be 5 days). Assuming 120 degrees of
freedom (since each subset of analyses for warm and
cold composites, respectively, involve 1200 analyses),
correlations of magnitude 0.15 or larger are significantly
different from zero at 5% level.

As mentioned before, the lack of operational satellite
information prior to 1979 could affect the homogeneity
of the analysis. In order to test the stability of the pat-
terns, we split the dataset in halves (1960—78 and 1979—
98) and computed the two more important diagnostics
related to storm tracks in this paper: variance of merid-
ional component of the wind and correlation maps. First,
we applied the F-test for significantly different variances
and we found no statistical significant differences be-
tween both periods at a confident level of 5%. We then
computed the correlation maps for selected base points
and evaluated the significance of the difference between
the two calculated correlation coefficients using the
Fisher’s z-transformation to each computed correlation
coefficient. No statistically significant difference was
found at a’5% level of confidence for all the base points
analyzed. In light of these results we decided that the
period 196098 is an appropriate dataset for our pur-
pose.

The statistical significance of the differences between
warm and cold composites were also assessed. A Fisher
test for significantly different variances was performed
assuming 120 degrees of freedom and a confidencelevel
of 10% to support the discussion about the difference
in the storm tracks. For the correlation maps, differences
between warm and cold composites were assessed using
Fisher's z-transformation to test whether one correlation
differs significantly from another. Statistically signifi-
cant differences were considered at a 10% level of con-
fidence.

3. Interannual variability of the mean circulation

In this section we examine the mean structure of the
warm and cold events signals for the southern extra-
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tropics. In general, the changes in the mean flow are
largely consistent with previous work (Karoly 1989;
Kiladis and Mo 1998; Garreaud and Battisti 1999), so
we will concentrate only on those features referred to
later. A close connection exists between the variability
of the planetary wave structure and the location or in-
tensity of the storm tracks according to observational
evidence presented by Lau (1988), Metz (1989), and
others. The higher frequency extratropical transients,
which owe their existence to the baroclinic instability,
tend to reinforce any preexistent perturbation in the
background flow mainly through eddy transports of vor-
ticity in the upper troposphere. Therefore the anomalies
in the large-scale flow must be related with zones of
enhanced baroclinicity. The Eady growth rate parameter
[c = 0.31 (f/N) |V,]|, using standard notation; Fig. 1]
is commonly used for diagnosing the baroclinicity of
the mean flow. In general, the characteristics of the up-
per-level winds (not shown here) are reflected in the
structure of o and the changes in the mean baroclinicity
are consistent with the zonal wind and geopotential
height anomalies. Positive (negative) anomalies (see
Fig. 1c) would lead to preferred sites for the genesis
and intensification of fast-moving disturbances during
warm (cold) events. During warm events, the axis of
the positive anomalies extends from the tropical western
Pacific Ocean eastward spiralling in toward the pole.
The axis of maximum o is stronger during EN (Fig. 1a)
and shifts equatorward over the subtropical Pacific, in
agreement with an anomalously low pressure extending
along about 35°S over the central Pacific Ocean (as
shown, e.g., in Garreaud and Battisti 1999, their Fig.
3b). Another well-known feature during warm eventsis
the positive anomaly of geopotential height over the
Bellingshausen Sea, consistent with a predisposition to-
ward blocking episodes southwest of the southern tip
of South America during EN years (e.g., Rutllant and
Fuenzalida 1991; Renwick 1998). The Bellingshausen
Sea coastal region, where the relatively temperate, mar-
itime air masses meet the cold, continental air from
Antarctica is consistently an area of considerable ther-
mal contrast during EN winters. Over South America,
areversal between warm and cold events is manifested
in the baroclinicity near 35°S (enhanced o during EN).
Over the Atlantic and Indian Oceans, the axes of max-
imum o are intensified and shift poleward during EN.
It is worth noting that in general the anomalies in the
mean circulation are stronger and more stable over the
Pacific than over the Atlantic Ocean.

Figures 2 and 3 show a measure of the high-frequency
variability at 850 and 300 hPa. It is interesting to note
that all the regions with enhanced activity at 300 hPa
are located just downstream of positive baroclinicity
maxima. A significant difference in the high frequency
activity between warm and cold events is manifested
especialy in the Pacific Ocean sector (see Figs. 2c and
3c). The blocking of the westerly flow and the weak-
ening of the subtropical high indicates that there is an
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equatorward shift of the storm track axis over the central
Pacific Ocean during EN winters. This result, particu-
larly evident at 850 hPa, is consistent with the findings
of Sinclair et a. (1997). However, in the upper tropo-
sphere the standard deviation is weaker over the major
part of the Pacific Ocean, except south of New Zealand
and around 20°S near South America. Consistently, over
the Pacific Ocean and during EN winters, the transient
baroclinic eddies produce a weaker convergence of
westerly momentum in the upper troposphere near 50°—
60°S and a weaker poleward eddy heat flux in the lower
troposphere, and vice versa during LN winters (not
shown here). The Antarctic Peninsula—a 2-km-high to-
pographic barrier—is a major obstacle to the progres-
sion eastward of depressions and causes many systems
to stagnate in the eastern Bellingshausen Sea. Variations
in cyclone activity appear related to the strength of the
westerly circulation, which actively enhances lee cy-
clogenesis near the Antarctic Peninsula (Mayes 1985).
During the warm phase of ENSO, the 850-hPa eddy
activity is weaker over the Bellingshausen—Amundsen
Seas and slightly stronger over the western Weddell Sea,
consistent with the height anomaly pattern.

In order to guarantee that the changes between EN
and LN are dominated by baroclinic eddies, we per-
formed the same analysis utilizing a bandpass filter that
retains only the synoptic-scale baroclinic waves. As
shown by Simmons and Hoskins (1978) waves with
periods up to 10 days have a variance related to baro-
clinic instability. The bandpass filter applied here (Mu-
rakami 1979) covers a range from about 3-9 days with
a center at day 6 (as previously used in Menéndez et
al. 1999). The differences in the standard deviation be-
tween EN and LN using filtered data (Fig. 4) exhibit
very similar patterns compared with the unfiltered data
(note that the statistical significance of the differences
is, in general, larger especially in the southern Pacific
Ocean). We can conclude that the changes discussed in
the previous paragraph are due to synoptic-scale waves.
However, as time filtering of the data distorts the tem-
poral evolution of the waves (Chang 1993; Berbery and
Vera 1996), in what follows correlation maps are cal-
culated using unfiltered data.

4. Characteristics of the waves and wave-packet
propagation for warm and cold phases of
ENSO

A complete picture of the large-scale circulation that
could arise from the high-frequency forcing of the storm
track has been given in Orlanski (1998). That paper
demonstrates that the pattern of the forcing by the high-
frequency eddies along the storm track is highly cor-
related with the stationary circulation, and the forcing
itself is primarily responsible for the location of the
trough—ridge system associated with the stationary flow.
Moreover, by this argument the monthly variability and
the interannual variability of the wintertime storm track
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a) Eady growth rate for Warm events (750 hPa)
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Fic. 1. Mean Eady growth rate computed for the 850-500-hPa layer for (a) warm events and (b) cold events. Contour interval is 0.1
day~*, minimum contour is 0.4 day~*. (c) Difference between warm and cold events. Contour interval is 0.03 day —*. Light shading is for
negative values and dark shading is for positive values. Zero contour is omitted.

in the North Pacific Ocean are explained. In our case,
the presence of an anomal ous blocking high in the south-
eastern Pacific Ocean during warm events is consistent
with the decrease in the eddy activity at high and low
levels in that region. Though the analysis of the high-

frequency forcing in supporting the large-scale circu-
lation is beyond the scope of this study, we will focus
on the characteristics of high-frequency disturbances,
their evolution and propagation, that determine the
shape and intensity of the storm track during the extreme
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a) Standard deviation v (850 hPa) Warm events
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Fic. 2. Standard deviation of the meridional wind anomaly at 850 hPa for (a) warm events and (b) cold events. Contour interval is1 m
s~1. Regions with std dev greater than 8 m s~* are shaded. (c) Difference between warm and cold events. Contour interval is 0.2 m s,
Zero contour is omitted. Shading denotes regions over which the differences are significant at a 10% confidence level.

phases of ENSO and the consistency with the anomaly
pattern of geopotential heights.

The basic characteristics of upper-level waves and
wave-packet propagation for the Southern Hemi-
sphere winter have been extensively examined by

Berbery and Vera (1996) and Chang (1999). In this
section we will discuss the differences in wave prop-
agation characteristics for both extremes of the ENSO
cycle, by analyzing sequences of time-lagged corre-
lation maps computed at some strategic locations. We
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a) Standard deviation v (300 hPa) Warm events
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have computed one-point lagged correlation and re-
gression maps for base points at 300 hPa each 30°
longitude along the main body of the storm track with
the time series at each grid point on 300 hPain order
to have a picture of the horizontal structure of the

60E 120F 180

Fic. 3. Standard deviation of the meridional wind anomaly at 300 hPa for (a) warm events and (b) cold events. Contour interval is1 m
s~1. Regions with std dev greater than 14 m s are shaded. (c) Difference between warm and cold events. Contour interval is 0.5 m s,
Zero contour is omitted. Shading denotes regions over which the differences are significant at a 10% confidence level.

disturbances. Correlation and regression maps at 850—
300 hPa with base points at 300—850 hPa were also
computed to have an indication of the vertical tilt of
the disturbances. As we are particularly interested in
waves that develop near southern South America, the
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) 300 hPo

180

Fic. 4. Differences between warm and cold events of the bandpass-filtered (3-9 days) std dev of the meridiona wind for (a) 300 hPa and
(b) 850 hPa. Contour interval is (a) 0.5 m st and (b) 0.2 m s~*. Zero contour is omitted. Shading denotes regions over which the differences

are significant at a 10% confidence level.

analysis has been concentrated on waves that evolve
within the subtropical and subpolar branches of the
Pacific Ocean storm track and the entrance of the At-
lantic Ocean storm track. Base points at 60°S, 180°;
35°S, 90°W, and 40°S, 30°W are analyzed in Figs. 5
to 8.

We will examine first the correlation maps from lag
day —2tolag day +2 for the base point located at 60°S,
180°, within the polar branch of the Pacific Ocean storm
track. As has been pointed out before, this region shows
a strong signal of interannual variability in the upper-
and lower-level storm tracks, Eady growth rate, and geo-
potential height field. Figure 5 shows the correlation
maps at 300 hPa, for warm (left) and cold (right) events.
At lag O the correlation maps typically show a wave
train extending through the southern Pacific Ocean, with
several positive and negative phases. The sequence of
time-lagged correlation maps shows upstream centers
decaying while new centers are growing downstream,
typical of downstream development. Using these maps
we can aso estimate the wavelength and phase speed
of the waves in the way described in Chang and Yu

(1999). When we examine the upstream direction (lags
—2 and —1) we can see that both extremes of ENSO
waves emanate from the main body of the Atlantic—
Indian Ocean storm track and propagate toward the polar
branch of the Pacific Ocean storm track. The extension
of the wave packet is greater for LN events consistent
with weaker baroclinicity. Nevertheless, greater mag-
nitudes of the regressions (not shown) are found in the
Australian sector during warm events, consistent with
enhanced eddy activity downstream of the maximum
positive baroclinicity anomaly. In the downstream di-
rection (positive lags) the waves acquire a NW-SE tilt.
For cold events they tend to propagate in the NE di-
rection downstream from the positive height anomaly
centered at 35°S, 150°W with a weaker branch toward
the east, and exhibit larger meridional extent over the
eastern Pacific Ocean. In contrast, the propagation for
warm events is entirely toward the east. For the warm
composite, the wavelength is significantly larger than
for the cold composite (4100 km and 3800 km, respec-
tively). Although the blocking anticyclone prevents the
propagation of waves in the southeastern Pacific Ocean
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Base point 180w 60s (v') 300 hPa
Correlation coefficient at 300 hPa

Warm events Cold events

1206 0 0 ] 1206

Fic. 5. One-point lag correlation maps for v at 300 hPa for the base point at 60°S, 180° at 300 hPa, from lag day —2 to lag day +2.
(a)—(e) warm events; (f)—(j) cold events. Contour interval is 0.1. Gray lines along 50° and 70°S have been drawn for reference. Shading
denotes regions over which correlations for EN and LN are significantly different at a 10% confidence level.

during warm events, the enhanced baroclinicity around amplitude than for cold events over the eastern Indian
120°W constitutes a source of energy that contributes Ocean and western Pacific Ocean, consistent with en-
to maintain the eddy activity in that region. hanced baroclinicity over that area. At lag +2 enhanced

By examining the regression maps (not shown) we eddy activity is apparent over the Drake Passage region
found that for warm events the disturbances have larger for warm events downstream from the blocking anti-
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Base point 90w 35s (v') 300 hPa
Correlation coefficient at 300 hPa

Warm events

a) lag =2

Cold events

L
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Fic. 6. Same as Fig. 5 but for the base point at 35°S, 90°W, from lag day —2 to lag day 0. (a)—(c) warm events; (d)—(f) cold events.
Gray lines along 25° and 45°S have been drawn for reference.

cyclone, and waves tend to have a barotropic equivalent
structure.

Over the subtropical Pacific Ocean large-scale cir-
culation patterns show a strong ENSO-related signal,
and hence, the synoptic-scale activity, which develops
within such different characteristic mean fields for both
extremes of ENSO, will show different characteristics
too. In Figs. 2 and 3, the storm tracks for warm and

cold phases of ENSO were analyzed and it was pointed
out that the subtropical Pacific Ocean area was char-
acterized as aregion with strong interannual variability.
To investigate further the difference in eddy activity for
the extreme phases of ENSO over this region, we will
examine the correlation maps for a base point located
at 35°S, 90°W (Fig. 6). Waves propagating within the
subtropical branch of the Pacific Ocean storm track have

Base point 90w 35s (v') 850 hPa
Regression coefficient at 300 hPa

Warm events

Cold events

£0
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305 {™,
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Fic. 7. One-point lag regression maps for v’ at 300 hPa for the base point at 35°S, 90°W at 850 hPa for lag day —1 for (a) warm events
and (b) cold events. Contour interval is1 m s—*.
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Base point 30w 40s (v') 300 hPa
Correlation coefficient at 300 hPa
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Fic. 8. Same as Fig. 5 but for the base point at 40°S, 30°W and lag day —2 and 0 (a)—(b) warm events; (c)—(d) cold events. Gray lines
along 30° and 50°S have been drawn for reference.

a typica wavelength of the order of 4500 km and a
more baroclinic structure compared with those propa-
gating into the subpolar branch. Also, the wave packet
is more coherent than waves propagating along the sub-
polar branch of the jet stream, as noted previously by
Berbery and Vera (1996) and Chang (1999). By ex-
amining the upstream direction we can see that for cold
events, waves emanate from eastern Australiawhile for
warm events the propagation comes from higher lati-
tudes. However, as waves propagate through the central
and eastern Pacific Ocean, the wave train seemsto prop-
agate along alatitude circle between 30° and 35°S during
warm events, while for cold events there is a tendency
of the waves to propagate along a more southern path.
This agrees with the latitudinal displacement of the sub-
tropical jet and the maximum baroclinicity area. In ad-
dition, an examination of the regression maps (not
shown) evidenced that the amplitude of the disturbances
at 300 hPais smaller during the warm phase, consistent
with a weaker upper-level storm track. This weakening
of the eddy activity in the region of the subtropical jet
at upper levels deserves a closer examination. In Figs.
1, 2, and 3 it was noted the consistency between the
distribution of eddy activity at lower and upper levels
and the baroclinic zone, the latter slightly upstream of
the storm track maximum. Following Hoskins (1983),
Chang and Orlanski (1993) and Orlanski and Gross
(2000), the eddies grow initially by baroclinic processes
and, as they mature they grow deeper by fluxing energy
upward and downstream, extending the storm track well
downstream of the region of maximum baroclinicity.
For EN, larger baroclinicity over the subtropical Pacific
Ocean favors the generation of synoptic-scale waves, as

found by Sinclair et a. 1997. However, the intensified
upper-level subtropical jet contributes to a stronger ad-
vection of the waves. This reduces the residence time
over the enhanced baroclinic zone and waves attain
smaller amplitude (Vera 2002). Moreover, a larger bar-
oclinicity source conduces to a more rapid growth and
decay of the eddies (correlation maps at 850 hPa—not
shown—evidence that for warm events the westward tilt
of the waves with height is larger than for cold events).
Due to the fact that eddies grow rapidly and decay be-
fore radiating energy upward, eddy activity at upper
levelsis reduced (as was shown in Fig. 3). Evidence of
that process is the larger meridional extension of the
waves for cold events, associated with the enhanced
ridge over the central Pacific Ocean (Fig. 6). On the
contrary, for warm events the meridional extension of
the waves is more confined, indicating that waves do
not grow enough to radiate energy to upper levels (Or-
lanski 1998). In order to further support this statement
an additional diagnosis was performed by regressing v’
at 300 hPa with the base point at 850 hPa (Fig. 7), to
show the relative amplitude of wave disturbances at
different altitudes. Over the region of the subtropical jet
the amplitude of the centers is smaller for the warm
events compared to the cold events, indicating that the
disturbances are more vertically confined for EN. This
corroborates that the upward radiation of energy isless
effective during warm events (i.e., the waves are shal-
lower).

To complete the picture, we finally examine the cor-
relation maps for a base point located at 40°S, 30°W,
near the storm track entrance region on the South At-
lantic Ocean, which is shown in Fig. 8. Looking toward
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the upstream direction, upper-level disturbances prop-
agate mainly from the subtropical branch of the Pacific
Ocean storm track. In agreement with Fig. 6, waves
propagate from a more northern path during warm
events. During this phase of ENSO, it is also evident
that waves have propagated from the subpolar branch
of the Pacific Ocean storm track too. According to
Chang (1999), wave propagation over the high-latitude
branch of the storm track apparently stops near 0°, being
the main source of waves the subtropical branch of the
storm track. Nevertheless, asis suggested by our figure,
during warm events weak, though significant, correla-
tions are found upstream of the base point over the mid-
to high latitudes of the Pacific Ocean, not evident during
cold events. Thus for EN, waves over the western At-
lantic Ocean are partially fed by disturbances travelling
along the subpolar branch of the Pacific Ocean storm
track.

5. Summary and conclusions

The ENSO-related variability of winter storm tracks
over the southeastern Pacific Ocean—-South America—
southwestern Atlantic Ocean sector has been addressed
with the objective of analyzing the differential behavior
of synoptic-scale waves that affect the region. We have
focused on the predominant large-scale circulation
anomalies during the warm and cold phases of ENSO
and the structure and propagation characteristics of up-
per troposphere synoptic-scal e disturbances for both ex-
tremes of the ENSO cycle. A correlation analysis was
applied to winter anomalies of the meridional wind at
300 hPa for the period 1960-98 using the NCEP re-
analysis data set to evaluate the structure and propa-
gation characteristics of synoptic-scale waves. The da-
taset has been stratified based on El Nifio-3 anomalies
to identify warm and cold phases of the ENSO cycle.

From examination of wave packet propagation based
on correlation and regression maps we can summarize
the behavior of high-frequency disturbancesin the South
Pacific—South Atlantic Ocean sector for extreme phases
of the ENSO cycle. During warm events, disturbances
developing within the main body of the storm track over
the Atlantic and Indian Oceans propagate preferentially
towards the subpolar branch of the storm track near
Australia, manifested through higher magnitudes of the
correlations. As waves approach the blocking high over
the southeastern Pacific Ocean, which tends to block
their propagation, eddies develop over a region of en-
hanced baroclinicity near the Antarctic coast that con-
tributes to maintain the eddy activity. Downstream of
the blocking anticyclone, the wave-packet propagates
toward the NE into the Atlantic Ocean and waves de-
velop further in the downstream direction. Along the
subtropical branch of the Pacific Ocean storm track, the
wave train seems to propagate along a northern path,
compared with the cold events composite, consistent
with the equatorward shift of the subtropical westerly
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jet and maximum baroclinicity areas. Aswaves develop
over a region of strong low-level baroclinicity and
strong upper-levels winds, their life cycle is more ex-
plosive and they do not grow enough to radiate energy
upward; as a consequence, they do not reach a robust
development. Thisistranslated in large eddy activity at
lower levels but weak eddy activity at upper levels. As
the wave packets propagate downstream of the Andes,
it splits into two branches with the more coherent one
propagating further across the Atlantic—Indian Ocean
storm track.

During cold events, wave packets emanating from the
Atlantic-Indian Ocean storm track propagate more co-
herently towards the subtropical branch of the storm
track over the South Pacific Ocean. The propagation
along the subpolar axis of the westerly jet over the South
Pacific Ocean is, in part, deflected to the NE due to the
intensification of the ridge in the central Pacific Ocean.
Along the subtropical branch of the storm track over
the Pacific Ocean, the wave train propagation evidences
apoleward deflection and waves devel op over a broader
area over the central Pacific Ocean. Waves attain larger
amplitudes at upper levels, compared to the warm com-
posite. It is apparent from the analysis that waves prop-
agating through the Atlantic Ocean storm track during
cold events have arisen from the subtropical branch of
the Pacific Ocean storm track, but for warm events, it
appears to have propagated from the subpolar branch
too.

Previous studies (e.g., Garreaud and Battisti 1999)
showed that tropical SST anomalies associated with
ENSO can induce large-scale atmospheric circulation
anomalies over large areas of the SH and, in particular,
in the eastern South Pacific Ocean—South America—
South Atlantic Ocean sector. Our results suggest an in-
timate relationship between the storm tracks and these
extratropical large-scale anomalies and could be viewed
as additional evidence that the Pacific Ocean—South
America pattern functions as a link whereby tropical
SST anomalies induce changes in the storm tracks.
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