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ABSTRACT

The most active winter synoptic-scale wave patterns over South America are identified using an extended
empirical orthogonal function (EEOF) technique and are physically diagnosed using composite methods. Results
show that the leading modes of short timescale variability propagate along two main paths: over the subtropical
jet latitudes (~30°S) and over the subpolar jet latitudes (~60°S). This research focuses on the subtropical mode
and its evolution over South America

The observed structure of the systems associated with the subtropical mode resembles that of midlatitude
baroclinic waves. Both cyclonic and anticyclonic perturbations display significant modifications in their three-
dimensional structure as they evolve over extratropical and subtropical South America. While the upper-level
perturbations are mostly unaffected when moving eastward, the lower-level perturbations advance following the
shape of the Andes Mountains and exhibit an abrupt equatorward migration at the lee side of the mountains.
As a result of such detachment, smaller eddy heat fluxes are observed in the vicinity of the orography and
consequently a weaker eddy baroclinic growth is observed. Once the upper-level system is on the lee side, the
perturbations acquire a more typical baroclinic wave structure and low-level intensification of the system occurs.
The latter is largest around 1000 km east of the orography, where enhanced moisture transports from tropical
latitudes along the eastern portion of the low-level cyclone favor precipitation occurrence over southeastern
South America. Those precipitation processes seem to provide a diabatic source of energy that further contributes
to the strengthening of the low-level cyclone. In addition, an intensification of the cyclone once over the ocean
was found in 60% of the situations considered, which is consistent with previous research suggesting an additional
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source of moisture and heat flux due to the warm waters of the Brazil Current.

1. Introduction

The Southern Hemisphere (SH) storm track has been
known for its predominant zonality and smooth longi-
tudinal changes, asis the case of the geopotential height
standard deviation that does not vary by more than 50%
along the band between 40° and 60°S (Trenberth 1981).
Still, Berbery and Vera (1996) presented evidence that
the character of the transientsis region dependent, afact
attributed to changes in the basic state. In the vicinity
of South America, upper-level waves acquire aNW-SE
horizontal orientation while progressing to the north-
east, departing from the general concept of zonality
(Berbery and Vera 1996; Chang 1999).

The most relevant feature of South America’s topog-
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raphy is the Andes Cordillera along the western part of
the continent, from the Tropics to about 55°S. Around
20°S there is a high-level plateau (known as the Alti-
plano) with a mean elevation of around 3800 m and 300
km wide. Except over this area, where the orientation
is northwest—southeast, the mountains have a north—
south orientation. From the Altiplano to about 35°S they
are about 3000 m high, decaying farther south to about
1500 m and a cross section of around 300 km.
According to Gan and Rao (1994) transient distur-
bances of geopotential height approaching the Andes
exhibit a zonal trgjectory at upper levels. But at lower
levels, perturbation centers experience an anticyclonic
turning while they elongate equatorward on the lee side
of the orography. As a consequence, the vertical tilt of
the systems increases as they cross the mountains. Gan
and Rao (1994) suggest that thismust result in baroclinic
development as predicted from the linear normal-mode
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Fic. 1. Mean total precipitation (from Xie and Arkin 1997) and
vertically integrated moisture fluxes (from ERA-15) averaged from
Jun through Aug 1979-93. Contour interval is 1 mm day ~*. Vector
units are kg (m s)~*. Orography higher than 1000 m is contoured in
black.

theory in the presence of mountains (Buzzi and Tosi
1989).

Midlatitude disturbances such as intense cold fronts
and cutoff lows are a very important cause of severe
weather events over the southern part of South America,
mainly during austral winter. In particular, upper-level
cold cyclones propagate eastward from the Pacific
Ocean at around 30°S and intensify near the surface
over southeastern South America producing significant
rainfall. Taljaard (1972), Necco (1982a,b), Gan and Rao
(1991) and recently Simmonds and Keay (2000) have
documented that cyclogenesis is rarely found between
the Andes and 60°W, while the eastern part of the con-
tinent and the adjacent Atlantic Ocean, between 20°S
and 35°S, is a preferred region of cyclogenesis occur-
rence, with a maximum of precipitation over that same
area (Fig. 1).

The most productive areas of Argentina, Uruguay,
and Brazil, in terms of agriculture and hydroelectric
power generation, are highly affected by cyclogenesis.
Large NW-SE mean moisture fluxes east of the Andes
Mountains transport moisture from tropical latitudes
into the subtropics (see, e.g., Berbery and Collini 2000)
and there are indications that this occurs regardless of
the season; these fluxes may be relevant for the devel-
opment of the cyclones. The evolution of these systems
has been mainly explored through extreme-case studies
using observations (Jusem and Atlas 1991) or numerical
model simulations (Seluchi and Saulo 1998, among oth-
ers). But thereisalack of statistical studiesthat describe
the mean dynamical characteristics of such cyclonesand
their contribution to winter precipitation.

Anticyclogenesis is usually found behind advancing
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cold fronts at the lee side of the Andes. Poleward of
38°S (where the Andes are lower) cold air masses move
around the mountains with enhanced divergence and
subsidence. The orography acts like a dam on the east-
erly flow associated with the anticyclonic anomaly, re-
sulting in anticyclogenesis over central Argentina (see,
e.g., Veraand Vigliarolo 2000). The associated cold air
surges that may produce freezing conditions from cen-
tral Argentinato southern Brazil have been extensively
studied in several papers (see Garreaud 2000 and ref-
erences therein). However, the changes in the three-
dimensional structure of the anticyclonic perturbations
asthey pass over South Americaare not well understood
yet, and need further investigation.

The objective of this paper isto provide alarge-scale
diagnosis of the systems that evolve along subtropical
South America during the austral winter. Particular at-
tention is paid to the evolution of upper-level cyclonic
perturbations and their role in facilitating precipitation
over southeastern South America. The paper is orga-
nized as follows. The datasets and analysis procedure
are described in section 2. Section 3 inspects the spatial
features and temporal evolution of cyclonic perturba-
tions that cross the Andes during austral winter at sub-
tropical latitudes, while section 4 diagnoses the evo-
lution of anticyclonic perturbations. A summary and
final comments are presented in section 5.

2. Analysis technique
a. Data

The dataset consists of 15 austral winters (June-Au-
gust 1979-93) of European Centre for Medium-Range
Weather Forecasts (ECMWF) daily 1200 UTC reanal-
yses (known as ERA-15) with a2° X 2° grid resolution
and 10 vertical levels. Daily averages of the National
Oceanic and Atmospheric Administration (NOAA) sat-
ellite outgoing longwave radiation (OLR) field are used
as a precipitation proxy, while daily precipitation ob-
servations at rain gauge stations in Argentina were also
employed (see Fig. 6). Short time-scale perturbations
are identified using the 300-hPa meridional wind per-
turbations (v') (Trenberth 1981; Chang 1993; Berbery
and Vera 1996), obtained as the difference between each
individual value and the time mean for the season, ef-
fectively removing the interannual variability from the
series. No further filtering of the series was performed,
since there is evidence that meridional wind variability
is concentrated in the higher frequencies, a fact that is
more so inthe SH (Trenberth 1981; Hoskins et al. 1983).

b. Extended empirical orthogonal function analysis

An extended empirical orthogonal function (EEOF)
analysis for four 1-day lag units was performed over a
domain that extends from 130° to 20°W and from 80°
to 10°S, to examine the structure and temporal evolution
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Fic. 2. (a)—«(d) Factor loadings for the four leading EEOFs of meridional wind perturbation at 300 hPa over the
South America domain at day 0. Contour interval is 0.2 and zero contour is omitted. The 300-hPa zonal mean wind

values greater than 28 m s—* are shaded.

of synoptic-scale waves over South Americaduring aus-
tral winter. Numerous tests show that the leading modes
do not depend on the size of the domain where the EEOF
analysis is performed. It is assumed that a 5-day period
is long enough to capture the evolution of baroclinic
waves over the SH (Berbery and Vera 1996). The ex-
tended empirical orthogonal function technique (Weare
and Nasstrom 1982) includes the temporal structure in
the basic observation vectors; then, successive spatia
patterns can describe the spatial structure and temporal
evolution of the dominant modes. The EEOF modes
were computed from the correlation matrix of the me-
ridional wind perturbation temporal series at 300 hPa.
For that reason, the resulting EEOF patterns best rep-
resent upper-level systems. However, tests indicate that
the level where the analysisis performed is not critical
for identifying the leading patterns. For example, asim-
ilar EEOF analysis on the 850-hPa meridional wind per-
turbation series (Vera and Vigliarolo 2000) produced
two pairs of leading modes with similar characteristics
to the ones shown here.

The first four EEOFs explain 7%, 6.35%, 5.2%, and
4.8%, respectively, of the total variance. According to
Lau and Chan (1985) the fractional variance calculated

from an EEOF analysis performed using four lags is
approximately one-fourth of that obtained from a con-
ventional EOF analysis; thus, for all practical purposes
these percentages are considered large. The four leading
EEOFs have the typical horizontal structure of baro-
clinic waves; they appear in pairs that have a quadrature
phase shift, representing the propagation of the same
local wave (Fig. 2). This is a common characteristic of
propagating disturbances such as synoptic-scale waves
(e.g., Lau and Lau 1990). The first pair of modes (Figs.
2a,b) is associated with a wave train propagating along
the subpolar jet, while the second pair (Figs. 2c,d) cor-
responds to a wave train evolving along the subtropical
jet that crosses the Andes around 30°S.

The first mode was studied by Vigliarolo et al. (2001)
in reference to its role in producing ozone variations
and thus will not be addressed here. As stated earlier,
modes 3 and 4 represent different phases of the same
wave; here, the EEOF 4 mode (hereafter referred as
subtropical mode) will be analyzed, asit is the one that
better describes the perturbations maximizing in the vi-
cinity of subtropical South America. To this end, com-
posite maps of several meteorological variables were
prepared to document the mode's three-dimensional
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Fic. 3. (a)(d) Positive composites for the subtropical mode of geopotential height perturbations and temperature
perturbations at 300 hPa from day —1 to day +2. Contour interval is 20 m and shading interval is 0.5°C. (e)—(h) As
in (a)—(d) but at 850 hPa. Contour interval is 10 m and shading interval is 1°C. Negative contours are dashed and
zero contour is omitted. The L denotes the cyclone perturbation location under study.

structure and propagation characteristics. A positive
(negative) composite field refers to the average of the
meteorological situations that occurred when the values
of the EEOF temporal coefficients are larger (smaller)
than 1 (—1) times the standard deviation of the series.
The statistical significance at the 5% level of all the
composite fields was checked using at test (not shown).

3. Cyclonic case

Positive temporal coefficients of the subtropical mode
are associated with the passage of upper-level cyclonic
perturbations over the Andes, while negative val ues cor-
respond to anticyclonic perturbations (Fig. 2d). Several
papers have shown that the synoptic-scale wavelike fea-
tures identified through EEOF/EOF analyses like the
one presented here are not merely mathematical artifacts
and that they are closely related to rea cyclonic and
anticyclonic situations. For example, Lau and Lau

(1990) showed that patterns obtained from EEOF anal-
yses depict well the characteristics of synoptic-scale
waves at tropical latitudes. In particular Compagnucci
and Salles (1997) found over extratropical South Amer-
icaa clear correspondence between the surface pressure
maps resulting from a principal component analysisand
the synoptic maps analyzed by the Argentine Meteo-
rological Service.

Ninety-four situations associated with temporal co-
efficients larger than one standard deviation were iden-
tified and used to build the composite fields. In this
section we will refer to it as the ** positive composite.”

a. Horizontal wave structure

Positive composite fields of the 300- and 850-hPa
geopotential height and temperature perturbations from
day —2to day +1 associated with the subtropical mode
are presented in Fig. 3. The temporal evolution of the
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upper-level waves (Figs. 3a—d) shows that over the
southeastern Pacific Ocean waves propagate equator-
ward, as expected from the simulations of Yu and Hart-
mann (1995) for waves with similar periods in the vi-
cinity of orography [the period for subtropical waves,
as estimated in Berbery and Vera (1996), is typically
7-8 days]. Upper-level perturbations (Figs. 3a—d) also
exhibit the typical baroclinic wave pattern of warm
highs and cold lows with temperature perturbation cen-
ters to the southwest of the geopotential height ones
[consistent with Chang's (1993) results for the Northern
Hemisphere (NH)]. However, on the lee side of the An-
des, upper-level temperature perturbations are found to
the northwest of the height centers (Fig. 3d), suggesting
changes in the thermal structure of the waves as they
cross the Andes.

Between days —2 and —1, the upper-level cyclone
intensifies to a maximum west of the topography (Figs.
3a,b), asin Yu and Hartmann’s (1995) simulations. At
day O, it maintains its strength (Fig. 3c) while during
the following days it begins to decay on the lee side at
around 35°S (Fig. 3d).

Also between days —2 and —1, the cyclone at lower
levels goes around the Andes between 35° and 40°S and
then experiences a fast equatorward movement (Figs.
3e,f), in agreement with Gan and Rao (1994) and Sel-
uchi et al. (1998). At day O (Fig. 3g) the cyclone, at
around 30°S, 60°W, becomes more localized. Similar
wave changes have been detected in the vicinity of the
Rockies and explained as evidences of topographic
Rossby waves that tend to conform to the shape of the
terrain with a spatial scale comparable to that of the
topography (Hsu and Wallace 1985; Hsu 1987; Buzzi
and Tosi 1989, among others). Furthermore, Davis
(1997) showed that the behavior of those waves is ac-
tually controlled by the gradients of surface potential
temperature modified by the orography. By day +1 (Fig.
3h) composites show that the cyclone moves south-
eastward and intensifies over the eastern coast of Uru-
guay and Argentina, more than 1000 km away from the
orography.

The evolution depicted in Fig. 3 essentially resembles
the progress of upper-level cold troughs that during aus-
tral winter move eastward from the South Pacific Ocean
to subtropical South America and that may develop in
cyclogenesis events over the eastern coast of the conti-
nent (Necco 1982a,b). These types of situations are fre-
guent in the region and they have only been analyzed
through the study of individual cases. Seluchi and Saulo
(1998) explored the mechanisms yielding an explosive
coastal cyclogenesis over South America using a limited
areamodel. Intheir Fig. 1 they present the corresponding
evolution of the geopotential heights at middle and low
levels, which is very similar to the one presented in our
Fig. 3. Also, Jusem and Atlas (1991) made a diagnosis
of another case that occurred in May 1984 with rapid
cyclogenesis off the eastern South American coast. In
particular, they present a detailed synoptic overview of
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that particular case using both ECMWEF (their Figs. 3—
6) and manual analyses (their Figs. 7 and 8) that also has
a significant parallelism with the evolution described by
the positive composites fields (Fig. 3).

b. Vertical wave structure

L ongitude—height sections averaged between 35° and
25°S of meridional wind, geopotential height, and tem-
perature perturbations and eddy meridional heat fluxes
are presented in Fig. 4 for day —1, which is when the
low-level cyclone tracks around the orography. Both
meridional wind and geopotential height perturbations
(Figs. 4a,b) present a vertical structure that maximizes
at upper levels, as is typical for synoptic-scale waves
(Lim and Wallace 1991; Chang 1993 for the NH). In
addition, the perturbation maximum is found higher
toward the east, suggesting upward energy dispersion.
Also, by that timethevertical tilt of the cyclone becomes
too large and its low-level portion on the lee side is out
of phase from its counterpart above, which is still lo-
cated over the Pacific Ocean (Fig. 4b). Several papers
(e.g., Blackmon et al. 1979) have already documented
that as weather systems move across mountain ranges,
the vertical structure of atmospheric patterns undergoes
a transition from equivalent barotropic to more baro-
clinic; it is also likely that the low-level circulation pat-
tern may become partially detached from the corre-
sponding upper-level wave as suggested by Hsu (1987).
During the following days, as the upper-level trough
moves eastward, the difference in phase between upper-
and lower-level perturbations decreases (figures not
shown).

Thevertical structure of the temperature perturbations
also exhibits significant modifications in the vicinity of
the orography (Fig. 4c). Temperature perturbations over
the Pacific Ocean maximize at the lower troposphere
between 500 and 700 hPa with a sign reversa around
250 hPg, like baroclinic waves do over the North Pacific
Ocean (Lim and Wallace 1991; Chang 1993). However,
on the lee side of the Andes, the warm center has a
maximum at around 800 hPa, a sign reversal located
farther up, and a significantly weaker stratospheric max-
imum.

c. Precipitation and moisture fields

Composite fields of OLR perturbations associated
with the positive values of the subtropical mode (cy-
clonic) from day —1 to day +1 are presented in Fig.
5. At day —2 (not shown) negative OLR anomalies
representing positive anomalies of precipitation are
found to be associated with the passage of the low-
level cyclone over the Andes between 30° and 40°S
(Fig. 3e). By day —1 (Fig. 5a) the OLR anomalies
extend over central and northern Argentina while at
day 0 the precipitation area spreads over southern Bo-
livia, Paraguay, and eastern Argentina, with a con-
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Fic. 4. Longitude-height cross section of positive composites for the subtropical mode of (a) meridional wind
perturbations, (b) geopotential height perturbations, (c) temperature perturbations, and (d) eddy meridional heat fluxes,
averaged between 35° and 25°S at day —1. Contour intervals are (@) 2 m s, (b) 15 m, (c) 0.5°C, and (d) 4 m s~
°C. Negative contours are dashed and zero contour is omitted. A sketch of the orography is included for reference.

spicuous maximum over southern Brazil and Uruguay
(Fig. 5b). By day +1, the band of negative OL R anom-
alies has moved northeastward without losing intensity
and acquired an elongated structure in the NW—-SE di-
rection (Fig. 5c).

Composite fields of precipitation were prepared using
daily rainfall data available from surface stations over
Argentina. For each particular station and lag time, pre-
cipitation occurring during days associated with positive
temporal coefficients (larger than one standard devia-
tion) was accumulated over each individual winter.
Then, the accumulated precipitation values were nor-
malized by the total accumulated precipitation of that
particular winter, and finally averaged over all years.

The resulting quantity, multiplied by 100, representsthe
percentage of winter mean accumulated precipitation
explained by the subtropical mode. Figure 6 shows that
the precipitation accumulated over al the cyclonic sit-
uations lasting 5 days associated with the subtropical
mode explains more than 60% of the mean winter ac-
cumulated precipitation over central and northeastern
Argentinafor that particular period. Thisresult certainly
reflects the importance of these synoptic phenomena on
accounting for winter total precipitation over south-
eastern South America. The remaining 40% isthe result
of weaker systems (recall that composites are construct-
ed only by those cases where the temporal component
of the EEOF is larger than 1 times the standard devi-
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FiG. 5. (8)—(c) Positive composites for subtropical mode of OLR
perturbations from day —1 to day +1. Contour interval is5W m~2,
negative contours are dashed, and zero contour is omitted.

ation) and other frontal systems associated with EEOFs
1 and 2 (Figs. 2a,b).

An analysis of atmospheric water vapor content (pre-
cipitable water) and water vapor flux fields contributes
to a better understanding of the precipitation processes
previously described. The left panels of Fig. 7 depict
the evolution of vertically integrated moisture fluxes by
the perturbations and the associated divergence field,
while the precipitable water anomalies are shown in the
right panels.

Figure 7a shows that eastward of the cyclonic per-
turbation on day —1 (Fig. 3f) there are enhanced pole-
ward moisture fluxes transporting moisturefromtropical
to middle latitudes near 60°W. The precipitable water
anomalies (Fig. 7d) exhibit a band of large values also
along 60°W with a maximum at around 25°S. At day 0
(Fig. 7€), they attain their maximum value over eastern
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FiG. 6. Percentage (X100) of winter mean accumulated precipi-
tation from day —2 to day +2 explained by the positive phase of the
subtropical mode. Contour interval is 5% and values larger than 55%
are shaded. Crosses indicate distribution of Argentinean rain gauges.

Argentina and southern Brazil. Moisture fluxes have a
NW-SE direction presenting the largest convergence
over Uruguay (Fig. 7b). One day later, moisture fluxes
are still strong, converging over the Atlantic Ocean (Fig.
7¢), while precipitable water decays markedly along a
band with a pronounced NW-SE orientation and largest
values over the coast.

Longitude-height sections of meridional moisture
transports by the perturbations and moisture anomalies
averaged between 35° and 25°S are presented in Fig. 8.
At day —1, both fields exhibit significant values in the
1000—400-hPalayer, their vertical structuresareslightly
tilted westward, and both maximize at around 850 hPa
(Figs. 8a,d). At day 0O, poleward moisture fluxes are most
intense and their largest values are found between 850
and 700 hPa (Fig. 8b). Moreover, moisture perturbations
also are largest at 850 hPa while they exhibit a wider
longitudinal section (Fig. 8e). By day +1, both fields
decay, and meridional moisture fluxes have their max-
imum at around 600 hPa while a secondary maximum
is also observed at surface between 50° and 40°W (Fig.
8c). Moisture anomalies also show a secondary maxi-
mum near the ground while maintaining their maximum
values at around 850 hPa. As will be discussed in the
next section, the secondary moisture maximum is lo-
cated over the warm waters of the Brazil Current, sug-
gesting an additional source of moisture from the ocean.
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FiG. 7. (a)—(c) Positive composites for the subtropical mode of both vertically integrated moisture fluxes (vectors)
and moisture flux divergence (contours) by the perturbations from day —1 to day +1. Contour interval is 1 X 10° kg
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Subtropical mode (+) d. Low-level cyclone intensification

Uccellini (1990) provides an excellent review of the
possible factors contributing to the development of cy-
clonic systems and the critical processesthat favor rapid
cyclogenesis. He found that there is a great consensus
that 1) superimposed upper- and lower-tropospheric dy-
namic processes are required for cyclogenesis and 2)
development rates are significantly enhanced by the in-
teraction of diabatic and dynamic processes, especially
those that are related to the release of latent heat and
those that act to reduce the static and symmetric stability
of the lower troposphere. Regarding factor 1, changes
to the baroclinic wave vertical structure due to the pres-
ence of the Andes, previously described in section 3b,
have a strong impact on the vertical distribution of eddy
meridional heat fluxes and, thus, on the wave's baro-
clinic growth (Berbery and Nufiez 1987).

According to Fig. 4d, meridional eddy heat fluxes
over the Pacific Ocean at day —1 maximize at around
500 hPa and, with reversed sign, at around 200 hPa; as
hPa) expected, poleward heat fluxes are the strongest. On the
other hand, equatorward fluxes are intense just to the
west of the Andes while very weak poleward fluxes are
observed on the |ee side with a maximum at around 800
hPa. Two days later the cyclonic perturbation over the
continent turnsto amore classical baroclinic wave struc-
ture with eddy heat fluxes becoming more intense (not
shown) and the low-level cycloneintensifying (Fig. 3h).

An analysis of local changes of perturbation vorticity
at 925 hPa (Vera and Vigliarolo 2000) shows that the
divergence term —(s + f)V.v’ [VD, from their Eq.
(1)] is the main factor in low-level cyclonic-vorticity
development over southeastern South America between
day 0 and day +1 (Figs. 9a,b). The enhancement of the
low-level convergence is associated with an increment

_']O_

os

(a) 24—hour Vorticity' Change (925 hPa)

_g0 =08 : : : of ascending motion at middle levels (not shown).
-80 -70 -60 -50 -40 -30 Through an analysis of the thermodynamic equation at
500 hPe, it was found that the latent heat released (Fig.

(c)O Diabatic heating term (500 hPa) 9c) by the precipitation events is the main contributor

to enhance upward vertical motion east of the cyclone.
Seluchi and Saulo (1998) through numerical simulations
of a case study have also identified this process as a
key factor in the rapid cyclogenesis over southeastern
South America

Between day 0 and day +1, the 1000-hPa geopoten-
tial height perturbation center drops as the system moves
off the coast into the ocean (Figs. 10a,b) and it continues
falling through day +2 (not shown). During that 3-day

—

Fic. 9. Positive composites for subtropical mode of (a) 24-h vor-
ticity perturbation change and (b) divergence term. Both terms are
from the relative vorticity equation at 925 hPa and at day 0. Contour
interval is 0.4 st day~*. (c) Diabatic heating term from the ther-
modynamic equation at 500 hPa and at day 0. Contour interval is 0.7
K day~*. Negative contours are dashed and zero contour is omitted.
Orography higher than 1000 m is shaded.
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Fic. 10. Positive composites for the subtropical mode of 1000-hPa geopotential height at (a) day 0 and (b) day
+1. Contour interval is 7 m and zero contour is omitted. (c) Positive composites of 1000-hPa wind perturbations
(vector unitsin 1 m s*) at day 0 and winter mean sea surface temperatures contoured every 2°C (shaded). (d) Positive
composites of equivalent potential temperature differences between 850 and 1000 hPa at day O contoured each 3 K.
Orography higher than 1000 m is shaded in (@), (b), and (d). The L denotes the cyclone perturbation location under

study.

period, the cyclonic perturbation center value at 1000
hPa goes from —35 m over land at day 0, to —40 m at
day +1 and to —50 m by day +2. Due to the fact that
these values are the result of a composite based on up-
per-level meridional wind perturbations, the drop in
1000-hPa heights is not that dramatic. However, in-
spection of individual cases within the composite
showed more significant height drops; in one case (10
June 1992), the 1000-hPa geopotential height center
deepened by about 240 m in 2 days. This is consistent
with Seluchi and Saulo (1997) who showed that the 24-
h drop of the 1000-hPa geopotential height center that

characterizes coastal cyclogenesis can range between
—50 and —350 m.

It was also found that in 60% of the situations con-
sidered in the composites, asthe systems move off South
America there is cyclone reinforcement at the location
displayed in Fig. 10b. On the other hand, in the rest of
the situations, cyclone strengthening takes place over
the continent (Fig. 10a). However, composites resemble
the situations that characterize cyclone reinforcement
over the sea because the minimum at the cyclone center
in these situations is an average of 25% deeper and its
corresponding 24-h drop is 50% larger than in those
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cases where the cyclone strengthening occurs over land.
These results were also confirmed independently from
the EEOF analysis, quantifying all cases that occurred
over the 15-winter period in which a surface cyclone
moves off that particular region of South America to-
ward the sea.

During winter, a strong land—sea contrast of equiv-
alent potential temperature occurs over that coast equa-
torward of 35°, due to the presence of the poleward
warm Brazil current (Peterson and Stramma 1991). It
has been found that this region is cyclogenetic (Taljaard
1972; Necco 1982a) and a case study by Saraiva and
Silva Dias (1997) suggests that local horizontal gradi-
ents of sea surface temperature (SST) have a strong
influence on the trgjectory and evolution of the surface
cyclone. In the results presented here (Figs. 3e-h) the
low-level temperature perturbations from day O to day
+2 (Figs. 3e-h) show awarm center propagating equa-
torward along the coasts of Uruguay and southern Bra-
zil, associated with the reinforcement of the low-level
cyclonic perturbation. In particular by day 0, warm tem-
perature advection achieves a maximum over the ocean
where intense low-level wind perturbation flow parallel
to the coast and along the warm Brazil Current is ob-
served (Fig. 10c).

The effect of sensible and latent heat fluxes in the
planetary boundary layer on rapid cyclogenesis off the
southeastern coast of South America has received very
little attention [Saraivaand Silva Dias (1997) isjust one
of the few studies available]. On the other hand, many
studies have shown that similar cyclogenetic eventsfre-
quently take place along the eastern coast of North
America during the cold season: recent results show
that, besides the latent heat release from precipitation
processes, surface evaporation and surface sensible heat
influx from the underlying warm water of the Gulf
Stream are important contributors to cyclone develop-
ment over that particular coast (Mak 1998; Carrera et
al. 1999).

The exploration of the degree to which sensible and
latent heat fluxes in the lower troposphere act to fuel
cyclogenesis off the southeastern coast of South Amer-
icais beyond the goal of this paper. However, it is not
unlikely that these processes are similar to those off the
coast of North America. They would act to decrease the
low-level static stability in the cyclogenetic region. Stat-
ic stability is an important factor in determining the
secondary circulations of fronts and jets and controlling
the baroclinic growth rates (Uccellini 1990). Walsh et
al. (1988) showed that atmospheric sensible heating
over the warm ocean surface decreases the moist-adi-
abatic lapse rate prior to and during rapid cyclogenesis
over the North Pacific Ocean. Consistent with this, com-
posites of equivalent potential temperature differences
between 1000 and 850 hPa at day O (Fig. 10d) shows
stable conditions over the continent south of 20°S while
moist unstable conditions are observed away from the
coast.
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4. Anticyclonic case

Ninety-three situations associated with temporal co-
efficients of the subtropical mode less than —1 times
the standard deviation were identified and used to build
composite fields that correspond to the passage of an-
ticyclonic perturbations over the Andes (for brevity, we
will refer to this as the negative composite). Such per-
turbations, usually located behind surface fronts, force
cold air from higher latitudes to penetrate equatorward
to the east of the orography and may be associated with
freezing events over extratropical and tropical South
America(see, e.g., Marengo et a. 1997). The dynamical
processes associated with cold surges were documented
by Vera and Vigliarolo (2000) and Garreaud (2000);
here, the interest is on the changes of the three-dimen-
sional structure of the anticyclonic perturbation as it
evolves over the Andes. Results are compared to those
of the cyclonic perturbation.

Figure 11 presents the temporal evolution of the neg-
ative composite fields of 300- and 850-hPa geopotential
height and temperature perturbations associated with the
subtropical mode from day —2 to day 0. During the
evolution, geopotential height perturbations at upper
levels (Figs. 11a—c) exhibit an equatorward propagation
that is more pronounced on the lee side of the Andes.
From day —2 to day —1 (Figs. 11a,b), the upper-level
ridge approaches the Andes, maximizing just west of
the topography. Between day —1 and day O (Figs. 11b,c)
the anticyclonic system crosses the Andes around 40°S
with a strong NW-SE horizontal tilt while the cyclonic
system ahead of it intensifies and progresses northeast-
ward over the Atlantic Ocean.

Between day —2 and day —1 (Figs. 11d,e), the low-
level anticyclone crosses the Andes farther south com-
pared to the cyclonewhileit impelscold air equatorward
into subtropical and tropical regions. It is evident that
by day —1 the anticyclonic perturbation intensifies east
of the topography, a characteristic not observed in the
cyclonic case (Fig. 3). Veraand Vigliarolo (2000) have
shown that the anticyclonic perturbation enhancement
on the lee side is produced by the strong ageostrophic
meridional circulation occurring on the poleward side
of the surface front. By day O, the anticyclone center is
over eastern Argentina and beginsto weaken (Fig. 11f).

A longitude—height section of the composite fields,
averaged between 35° and 25°S, is depicted in Fig. 12.
Most of the features for the anticyclonic case resemble
those found for the cyclone such as a large westward
tilt with the height of the meridional wind and geopo-
tential height perturbations, the evidence of upward en-
ergy propagation (figures not shown), and weaker eddy
heat fluxes occurring over the continent than over the
ocean (Fig. 12b).

The vertical structure of the temperature perturbation
associated with the anticyclone exhibits, over the con-
tinent, a cold air core with a maximum at 925 hPa and
a strong eastward vertical tilt up to 600 hPa (Fig. 12a)
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FiG. 11. (a)—(c) Negative composites for the subtropical mode of geopotential height perturbations and temperature
perturbations at 300 hPa from day —1 to day +1. Contour interval is 20 m and shading interval is 0.5°C. (d)—(f)
As in (a)—(c) but at 850 hPa. Contour interval is 10 m and shading interval is 1°C. Negative contours are dashed

and zero contour is omitted. The H denotes the anticyclone perturbation location under study.

confirming the shallow character of the cold surge. Also,
at lower and middle troposphere, the specific humidity
perturbation exhibits a negative center (dry air) on the
lee side with maximum magnitude between 850 and 900
hPa (Fig. 12c). Significant equatorward fluxes of neg-
ative moisture perturbations are also found on the lee
side with a maximum at 850 hPa (Fig. 12d).

5. Summary and conclusions

By using an EEOF technique the most active syn-
optic-scale patterns over South Americaat 300 hPa dur-
ing austral winter were identified. Two preferred prop-
agation paths were identified: the track along the sub-
polar jet latitudes (EEOF 1 and EEOF 2) and that along
subtropical jet latitudes (EEOF 3 and EEOF 4). This
paper focuses on the systems evolving over subtropical
South America, and given that EEOF 3 and EEOF 4
represent the evolution of the same wave pattern, the

latter is chosen because its phase is more favorable for
the analysis.

The observed structure of the waves associated with
the most active episodes of the subtropical mode fea-
turesthe typical characteristics of midlatitude baroclinic
waves [aready described by Lim and Wallace (1991)
and Chang (1993) for the Northern Hemisphere, among
others] like the maximum amplitude for both geopo-
tential height and meridiona wind perturbations at up-
per levels, the dynamical structure of cold lows and
warm highs, the westward vertical tilt with height of
geopotential height perturbations, and the eastward ver-
tical tilt of temperature perturbations.

Perturbations exhibit significant modificationsin their
three-dimensional structure as they cross the Andes at
middle latitudes from the South Pacific Ocean toward
South America. The main wave structure changes are
the following: 1) The lower-level perturbation advances
following the shape of the Andes Mountains, and ex-
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periences an abrupt equatorward migration on the lee
side of the mountains, asaresult it becomestemporarily
detached from the upper-level perturbation, which pro-
gresses eastward almost unaffected by the orography;
and 2) the vertical structure of the temperature pertur-
bation on the lee side of the mountains is modified in
such a way that the maximum amplitude is near the
surface and decreases with height. As a consequence,
smaller eddy heat fluxes are found in the vicinity of the
orography, contributing to a weaker eddy baroclinic
growth there, in agreement with results by Bannon
(1992) and Davis (1997) for the Rockies. Once the up-
per-level systemison the lee side, the perturbation turns
to a more favorable baroclinic structure and thus low-
level perturbation intensification occurs toward the east

of the continent. By that time, intense precipitation
events are observed over southeastern South America,
in association with enhanced moisture fluxes taking
place along the eastern portion of the low-level cyclone.
Over the ocean, the moisture maximum is at the surface,
but over subtropical South America the moisture and
moisture fluxes are largest around 850 hPa (see Figs. 8
and 11c,d). This suggests that local moisture changes
are mainly controlled by advective processes, with the
source of moisture located at the Tropics (with the cau-
tion that moisture analyses may be questionable over
regions of sparse observations).

The analysis of the perturbation vorticity equation at
925 hPa showed that wind convergence near the surface
is the main factor responsible for low-level cyclone
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strengthening over southeastern South America. This
low-level convergence is associated with an increment
of the ascending motions at middle levels. Furthermore,
through the analysis of the thermodynamic equation at
500 hPa, it was found that latent heat released by the
precipitation events provide the main contribution to the
upward motion enhancement at middle levels.

Finally, it was found that 60% of the cases within the
composite correspond to offshore cyclone reinforce-
ment, while the remaining 40% correspond to cyclone
reinforcement over land. On average, the former are
25% deeper and the 24-h 1000-hPa height drop is 50%
larger than in the latter. It is suggested that the presence
of the warm waters of the Brazil Current seems to pro-
vide an additional source of moisture and heat that re-
duces static stability at low levels and thus contributes
to cyclogenesis over the ocean. These results should be
confirmed by future process studies on the nature of the
air—sea interaction over the southwestern Atlantic.
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