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ABSTRACT

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, particularly during the austral winter months. Behind
cold fronts, cold air from higher latitudes is forced to flow equatorward to the east of the Andes. Occasionally
fronts might produce cold surges in tropical latitudes, with freezing temperatures (referred as to GEADAS in
Portuguese) over crop-growing areas of southern, southeastern, and central Brazil.

The structure and dynamical processes of winter synoptic-scale waves associated with cold surges over South
America are documented in this paper. It is shown that the rotated extended empirical orthogonal function
technique is capable of extracting well-defined regional patterns from 850-hPa meridional-wind perturbation
fields. Over South America, waves behave very differently in the lower and middle troposphere: while upper-
level waves propagate northeastward as they cross the Andes, evolving in a manner consistent with the concept
of Rossby wave dispersion, at lower levels, waves tend to conform to the shape of the mountain range, in
agreement with the theory of topographic Rossby waves. However, it was found that cold surges do not seem
to result from the generation of rotationally trapped waves.

Significant differences have been found between synoptic-scale patterns associated with cold surges over
extratropical South America (NO GEADA composites) and synoptic-scale patterns associated with major cold-
air outbreaks that produce extreme low temperatures at tropical regions (GEADA composites). While both surges
are characterized by a long-wave pattern consisting of a cyclonic perturbation over South America and anti-
cyclonic perturbation behind over the southern Pacific Ocean, at the early stages of GEADA composites, two
additional features were identified: a subpolar and subtropical short-wave pattern. The presence of the upper-
level subtropical cyclonic perturbation is associated with the subtropical jetstream location farther north, which
would facilitate the equatorward penetration of frontal systems. In addition, this cyclonic perturbation enhances
rising motion at subtropical and tropical latitudes that is associated with a well-defined secondary circulation
with its descending branch over central Argentina. It is shown that this configuration favors the rapid and
equatorward penetration of the subpolar short-wave trough, the temperature decrease over southern Brazil, and
the anticyclone intensification over central Argentina. Thus the presence of the subtropical upper-level feature

plays a key role on the cold-surge occurrence over tropical regions of South America

1. Introduction

In the austral season over the southern part of South
America, variability on synoptic scales is characterized
by intense cold fronts and cutoff lows, which may be
responsible for severe weather conditions. Behind cold
fronts, anticyclonic centers move onto the southern tip
of South America from the Pacific Ocean, intensifying
over Argentina (Lichtenstein 1989). Therefore, cold air
from higher latitudes is forced to flow equatorward to
the east of the Andes Mountains and may be associated
with freeze events over central Argentina (Rusticucci
and Vargas 1995). Cold fronts usualy move quickly
into tropical regions characterized during the cold sea-
son by alow specific humidity content and with a high
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loss of heat by radiation. They do not generate great
convective activity, but occasionally they might produce
cold surges, leading to freezing temperatures (referred
as to GEADAS in Portuguese) over southern, south-
eastern, and central Brazil. As this particular region is
one of the most important crop-growing areas of South
America, the occurrence of frost temperatures may
cause irreversible damage to the harvest of wheat, cof-
fee, soybean, and orange with important economical
losses (Marengo et al. 1997).

Marengo et a. (1997) studied a strong freezing epi-
sode that occurred in June 1994 and they observed,
during the starting period of the event, the occurrence
of midtropospheric troughing east of the Andes, at mid-
and/or high latitudes. They showed that this troughing
was responsible for cold advection aong the eastern
flank of the Andes. Fortune and K ousky (1983) analyzed
the synoptic evolution of two severe freeze events in
Brazil and they detected the presence of a long-wave
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ridge located near the southern Andes and a long-wave
trough placed downstream over the South Atlantic
Ocean at the longitude of Brazil. This configuration act-
ed to channel subantartic equatorward air entirely over
land into subtropical latitudes. They concluded that the
opportune superposition of a short-wave trough, when
the long-wave trough in the Atlantic neared peak de-
velopment, might be an important factor in introducing
anomalously cold air into the subtropics. Similar pre-
cursors have also been found in cold surges events in
the lee of other mountain ranges [Colle and Mass (1995)
and Schultz et al. (1997) on the lee side of the Rockies,
Wu and Chan (1997) for cold surges at the east side of
the Tibetan Plateau, among others]. Schultz et al. (1998)
showed that Central American cold surges are preceded
1 day before in upper levels by a strong ridge building
over the Pacific coast of North Americaand a deepening
low-latitude trough that produces a stronger-than-nor-
mal westerly duct near the equator. In association with
the ridge off the east coast of the United States, a south-
westerly flow over Mexico is observed into a strong,
low-latitude, subtropical jet-entrance region over the
Gulf of Mexico. They suggest that the subsidence on
the poleward side of the jet-entrance region maintains
the anticyclone at low latitudes and the low-level north-
erlies maintain the equatorward movement of the an-
ticyclone. A similar interaction between cold surgesand
jet streams has also been discussed for the region of
East Asia (e.g., Chang and Lau 1980; Chu and Park
1984).

Literature about South American cold surges mostly
dealt with individual events and there is alack of their
statistical characteristics. In addition, the mechanisms
responsible for the movement of cold air into tropical
latitudes of South America are not yet well understood.
Thus, the objective of this paper isto study the structure
and evolution of winter synoptic-scal e waves associated
with cold surges over South America based on a 6-yr
climatology, addressing the dynamical mechanisms in-
volved.

This paper is organized as follows. Both dataset and
analysis procedures are described in section 2. Section
3 examines the spatial features and temporal evolution
of winter synoptic-scale waves that may produce cold
surges in South America. Section 4 describes the struc-
tural and dynamical processes associated with synoptic-
scale waves that evolve along the southern portion of
South America but are not associated with freezing ep-
isodes at tropical latitudes. Section 5 presents the char-
acteristics of synoptic-scale waves that are associated
with freezing episodes over southern and southeastern
Brazil. Final comments and discussion are expressed in
section 6.

2. Diagnostic procedure
a. Data and methodology

The dataset consists of 6 yr (1983-88) of European
Centre for Medium-Range Weather Forecasts (ECMWF)
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daily 1200 UTC analyseson a 2.5° lat X 2.5° long grid.
Trenberth (1992) discusses the quality of this dataset
and changes in the assimilation system. The variables
include zonal and meridional wind u and v, respectively;
pressure velocity w; temperature T; and geopotential
height z.

A rotated extended empirical orthogonal function
(REEOF) analysis (Weare and Nasstrom 1982) was used
to describe both the spatial and temporal evolution of
synoptic-scale disturbances during winter (in this paper,
winter refers to the austral cold season and is defined
as the period from 1 June through 31 August). The
extended empirical orthogonal function techniqueis de-
signed to include the temporal structure in the basic
observation vectors. Then, successive spatial patterns
can describe the spatial and temporal evolution of the
dominant modes. Lau and Lau (1990) have successfully
used this methodology to identify tropical summertime
synoptic-scale disturbances. To maximize the local var-
iance within the domain, the EEOF modes were rotated
using the Varimax method. The choice of the number
of eigenmodes to be rotated follows O’ Lenic and Liv-
ezey (1988), who performed sensitivity tests of the set
of rotated patterns with several rotations and different
cutoffs.

To examine the structure and temporal evolution of
waves over South America during winter, an REEOF
analysis for four 1-day lag units was performed. The
domain of our study is from 130°W eastward to 20°W
and from 80°Sto 10°S. The REEOF analysiswasapplied
to the unfiltered normalized 850-hPa meridional-wind
perturbation series. Perturbation is defined as the dif-
ference between the total field at a given time and the
time mean for each season, thus removing any inter-
annual 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 (e.g., 2-8 days), a fact that is more so in
the Southern Hemisphere (Trenberth 1981; Hoskins et
al. 1983; Chang 1993).

In general, the most significant patterns display the
typical horizontal structure of baroclinic waves and they
appear in pairs that have a quadrature phase shift, rep-
resenting the propagation of the same local wave (Lau
and Lau 1990). The first four REEOFs over the domain
explain 5%, 4%, 3%, and 2.5%, respectively, of the total
variance (figures not shown). According to Lau and
Chan (1985) the fractional variance calculated from an
EEOF analysis performed using four lags is approxi-
mately one-fifth of that obtained from a conventional
EOF analysis. The first pair of REEOFs is associated
with fast eastward propagating waves al ong the subpolar
jet region, while the second pair of patternsis associated
with slower waves that cross the Andes along the sub-
tropical jet latitudes (figures not shown).

The analysis of REEOF 4 temporal coefficient series
shows that positive values are associated with the pas-
sage of an anticyclonic perturbation over extratropical
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South America. As it will be shown later, this pattern
corresponds to cold-air outbreaks over the continent. In
that sense, composite maps were prepared for REEOF
4. A composite refers to the average over time when
REEOF temporal coefficients have values larger than
0.8 times the standard deviation of the series. Compos-
ites of the perturbations of u, v, w, T, zwere constructed
for REEOF 4. The statistical significance of all the com-
posite anomaly fields was checked using at test at the
5% significance level (not shown).

Algarbe and Cavalcanti (1988) analyzed the series of
extreme minimum temperature data from severa sta-
tions over southern Brazil and identified the strongest
cooling episodes over that area during the 10 winters
1980-89. Nine of them occurred during the period con-
sidered here (1983-88) and it was found that, in the

aa{t = V-V -V VI + )=V -V - (Z+ )V
VT VA, VA, VA, VD,

where f isthe Coriolis parameter and k the vertical unit
vector. Here () denotes the time average and ()’ the
perturbations. The term VT represents the time rate of
the change of perturbation vorticity. Term VA, de-
scribes the advection of perturbation vorticity by the
time-mean flow. The term VA, denotes the advection
of mean absolute vorticity by transient fluctuations.
Term VA, represents the fluctuating part of the nonlinear
advection of perturbation vorticity by the transient fluc-
tuation. The term VD, describes the stretching effect by
the mean absolute vorticity and the divergence of per-
turbation flow. VD,, represents the stretching effect by
the perturbation vorticity and the divergence of the mean
flow, while VD, denotes the stretching effect by the
perturbation vorticity and the perturbation divergence.
Here V C describes the net vorticity tendency associated
with tilting effects. The last term VR includes contri-
butions from all processes not written explicitly in (1)
(e.g., boundary friction, cumulus convection, and other
subgrid-scale transports).

T’ -
= U VT = VYT - vV
T TA, TA. TA,

where &, and o are the mean and perturbation static
stability, respectively, and Q' is the diabatic heat source
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mean, those episodes took place 1 day after REEOF 4
was maximum. Therefore two additional sets of com-
posite fields were constructed: one averaged over the
situations that produced freezing episodes over southern
Brazil (hereafter, referred as GEADA composites), and
the other averaged over the rest of the significant sit-
uations associated with REEOF 4 but that did not give
rise to cold-air outbreaks into subtropical and tropical
latitudes (NO GEADA composites).

b. Perturbation-vorticity equation

It is of interest to examine the evolution and propa-
gation dynamics of the fluctuations using the pertur-
bation-vorticity (') equation (Lau and Lau 1992) that
may be written

V=V V=0V -V —(k-VwX%> +VR, (1)

VD,, VD, vVC

In sections 4b and 4d, composites of the right-hand
side terms of (1) are described to gain insight into the
evolution of the synoptic-scale waves associated with
cold-air outbreaks over South America. Caution should
be taken with the VD, term results in the vicinity of the
southern portion of the Andes. Results showed that the
quality of the divergence fields calculated from
ECMWF analyses is very poor over that region and as
the VD, term mainly depends on —fV -v’, the inac-
curacy becomes more significant at middle and high
latitudes.

¢. Perturbation thermodynamic-energy equation

The terms of the perturbation thermodynamic-energy
equation were computed to evaluate local temperature
changes during the cold-surge evolution. Following Lau
and Lau (1992), this equation can be written

Q/

W'+ olo + o0 + ol + e

P
AT, AT. AT, DT

@

associated with the transient fluctuations. TA ,, describes
the horizontal advection of temperature perturbation by
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the time-mean flow. While TA . denotes the horizontal
advection of the mean temperature by the perturbed
flow, TA, represents the horizontal advection of tem-
perature perturbations by the transient fluctuations. The
next three terms are associated with adiabatic heating,
and only AT, that depends on the mean static stability
and the perturbation vertical wind, was found signifi-
cant. Both AT, and AT, were negligible for all the an-
alyzed composites. The term DT represents the diabatic
heating, but will be ignored throughout the rest of the

paper.

3. Winter waves over subtropical South America

Figure 1 displays the temporal evolution of the com-
posite fields of the 300- and 850-hPa meridional-wind
perturbations associated with REEOF 4. At 300 hPa (left
panels) a localized wave packet of three-wavelength
longitudinal extension is evident. The estimated length
of the dominant wave over the Pacific is about 5700
km, which reduces over the Andes and the continent to
about 5200 km and increases again over the Atlantic
Ocean. The phase speed is about 7 m s%, translating
to a period of about 9 days, in agreement with Berbery
and Vera (1996). From day —2 to day O (Figs. 1a—<),
perturbations propagate over the central Pacific along
the subtropical jet latitudes. As waves approach the An-
des, they become more meridionally elongated and they
acquire anorthwest—southeast orientation. At day 0 (Fig.
1c), meridional-wind perturbations are nearly 16 m s-*.
Progressively, waves move northeastward on the lee
side of the Andes, in agreement with Berbery and Vera
(1996) (Fig. 1d). In a series of GCM experiments, Yu
and Hartmann (1995) also found that perturbations at
intermediate frequencies (710 days) exhibit enhanced
equatorward propagation in the vicinity of large-scale
mountains. Hsu (1987) suggested that upper-level per-
turbations, in the vicinity of Northern Hemisphere
mountain chains, evolve in amanner consistent with the
concept of Rosshy wave dispersion on a sphere. Ad-
ditionally, Berbery et al. (1992) have shown that during
SH winter, there are favorable conditions for Rossby
wave meridional propagation for wavenumbers between
6 and 7 with periods of 10 days over this region.

The temporal evolution of the patterns reveals that
upstream centers decay as new ones grow downstream,
thus maintaining the total extent of the wave packet
constant during the whole sequence (Berbery and Vera
1996).

The comparison between left and right panels of Fig.
1 exhibits the typical structure of synoptic-scale waves
with meridional-wind perturbations maximizing at up-
per levels and a southwestward tilt with height [in agree-
ment with Chang (1993) for the Northern Hemisphere].
Figures 1e-h show 850-hPa meridional-wind pertur-
bations of the order of 8 m s~* and a shorter wave packet
than the one observed aloft. As soon as perturbations
crossthe mountain ridge, they suffer an abrupt migration
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to the equator. From day —1 to day +1 a strong equa-
torward flow is observed on the lee side of the Andes
that reaches subtropical latitudes according with Gan
and Rao (1994) results (Figs. 1f—h). The low-level cir-
culation may be explained by topographic Rossby waves
induced as a consequence of conservation of potential
vorticity inflows over a variable terrain (Hsu 1987). Yu
and Hartmann (1995) obtained a similar behavior for
the high-frequency variability (periods <7 days) and
they attributed it to a direct influence of the large-scale
mountain on the transient activity.

4. NO GEADA composites
a. Structure

Figures 2a—d display the temporal evolution of the
composite fields of 850-hPa geopotential height and
temperature perturbations for NO GEADA composites.
Day 0 denotes the time when REEOF 4 is maximum.

At day —3 (Fig. 2a), an anticyclonic perturbation lies
over the southeastern Pacific Ocean while another an-
ticyclonic center is located over the South Atlantic
Ocean. In addition, a weak cyclonic perturbation is ob-
served on the lee side of the Andes, propagating north-
eastward and located at day —2 over Uruguay and east
of Argentina (Fig. 2b). By that time, the temperature-
perturbation field shows a warm center preceding the
cyclonic perturbation and a cold center to the southwest.
At day —1 (Fig. 2c) the cyclonic perturbation intensifies
as it moves southeastward. The anticyclonic perturba-
tion reaches a maximum over the southeastern Pacific
Ocean, surrounding the Andes and increasing its anti-
cyclonic curvature (Lichtenstein 1989). As a conse-
quence, between days —1 and 0 (Figs. 2c,d) the cold
air on thelee side of the Andesisimpelled farther north.
At day O, temperature perturbation gets a minimum of
around —3°C over north and central Argentina while
the cyclonic center over the South Atlantic Ocean max-
imizes. The anticyclonic perturbation center, still over
the Pacific Ocean, slightly weakens, while, on the lee
side of the Andes, it continues growing. By day +1
(figure not shown), both the anticyclonic and cyclonic
perturbations start to weaken as they propagate south-
eastward.

Figures 2e—h present the temporal evolution of the
composite fields of 300-hPageopotential height and vor-
ticity perturbations, which is characterized by a well-
defined wave train along 30°S-40°S. The upper-level
cyclonic perturbation over the Andes at day —3 (Fig.
2¢e), moves eastward and maximizes at day —1 (Fig.
29) at around 60°W, 40°S, to the west of the lower-level
perturbation (Fig. 2c). Behind this system, the upper-
level anticyclonic perturbation propagates along the Pa-
cific Ocean (Figs. 2e—g) reaching a maximum over the
west coast of South America at day O (Fig. 2h).

The comparison between lower levels (Figs. 2a—d)
and upper levels (Figs. 2e-h) reveals that, west of the
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Fic. 1. Composites of meridional-wind perturbations with lags of —2 days to +1 days associated with REEOF 4. (a)«d) For 300-hPa v" and
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Andes, the anticyclonic perturbation exhibits almost no
tilt with height, but as it moves equatorward along the
lee slope of the Andes, its vertical structure becomes
more baroclinic [as pointed out by Colle and Mass
(1995) and Hsu (1987), among others]. A latitude—
height plot of meridional-wind and temperature pertur-
bations averaged over the band 65°-60°W (Fig. 3a, day
—2) reveals acold center south of 35°S, with maximum
between 700 and 500 hPa and a warm center above 200
hPa. Farther north, northerly upper-tropospheric winds
are observed, while below 700 hPa, equatorward winds
associated with the anticyclone on the lee side of the
Andes, are evident. Therefore, it seems that, during the
early stages, the cold surge is mostly a lower-level fea-
ture. During the mature stage of the anticyloneevolution
(Fig. 3b, day 0), the perturbation structure is charac-
terized by southerly winds covering the whole tropo-
sphere and maximizing at upper levels with a secondary
maximum at lower levelsaround 25°S. Furthermore, the
temperature perturbation exhibits a cold core at lower
levels and a pronounced poleward vertical tilt of the
cold air with height.

Figure 4 shows composites of the total wind at 200
hPa for NO GEADA composites in order to describe
the circulation in which the perturbations are embedded.
It is well known that during the Southern Hemisphere
winter, the upper-level subtropical jet stream is strongest
over South America in agreement with the descending
branch of aHadley type circulation (Figueroaand Nobre
1990). At day —2 (Fig. 4a), aregion of maximum winds
associated with the subtropical jet is observed at 55°W,
37°S concentrated in a band with a northwest—southeast
orientation, while the circulation over the southeastern
Pacific is much weaker. Two days later (Fig. 4b), the
maximum wind band moves northeastward with acenter
at 30°S, 48°W. Also, by that time, an intensification of
the flow is also observed at 45°S associated with the
subpolar portion of the ridge over the west coast of
South America.

b. Diagnosis of the vorticity equation

The right-hand-side terms of (1) were computed in
order to analyze the early stages of the 850-hPa vortic-
ity-perturbation evolution for NO GEADA composites.
The terms VA, VA,, VD,,, VD,, and VC were negli-
gible for these composites, while VA, and VD, were
the most significant (moreover, only the horizontal com-
ponent of the advection term VA ,, was meaningful).

On day —3, a region of cyclonic vorticity located
from 30°S to 50°S and from 65°W to 55°W propagates
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northeastward (not shown), intensifying over Uruguay
and east of Argentinaby day —2 (Fig. 5a). Figures 5c,d
show that the advection term VA, is relevant between
40°S and 50°S, that is, the region of the subpolar jet.
This term leads the vorticity perturbation by approxi-
mately one-quarter wavelength and contributes to its
eastward propagation. On the other hand, the divergence
term VD, (Figs. 5e,f) seems to be mainly responsible
for cyclonic-vorticity generation to the northeast of the
perturbation. According to (1), VD, depends on the
mean absolute vorticity and the divergence of the per-
turbation wind. Negative values of this term are asso-
ciated with convergence of perturbation wind at low
levels (not shown), rising motion at the middle tropo-
sphere, and divergence of perturbation wind at upper
levels (Figs. 6a,b). Rising motion seems to be induced
by a combined effect of maximum cyclonic vorticity
advection aloft (Figs. 6¢,d) and warm advection at mid-
levels (Figs. 6ef) (Bluestein 1992). Weak downslope
motion due to orographic forcing was found on the lee
side of the Andes about 30°S (not shown); however, no
significant local vorticity change due to that effect was
meaningful [in agreement with Colle and Mass (1995)
for the Rocky Mountaing].

At day —1 (Fig. 5b), the cyclonic-vorticity pertur-
bation propagates much slower northeastward while it
continues growing. In addition, aregion of anticyclonic
vorticity is intensifying over central and north Argen-
tina, associated with the penetration of the anticyclonic
center from the Pacific Ocean (Fig. 2c). VD, (Fig. 5f)
remains the most significant contributor, not only to the
cyclonic vorticity development, but also for the anti-
cyclonic vorticity generation on the lee side of the An-
des.

Owing to mass continuity, ascending motion over
southern Brazil and sinking motion over central Argen-
tina (Fig. 6b) occur over regions of low-level conver-
gence and divergence, respectively (figures not shown).
At upper levels, ageostrophic winds oriented parallel to
the wave train horizontal direction and diverging east
of the troughs (Fig. 6¢) are noticeable (Lim and Wallace
1991). By day —1, sinking motion is associated with
maximum anticyclonic vorticity advection aloft (Fig. 6f)
and cold advection at lower levels (Fig. 6i), whilerising
motion is associated with cyclonic vorticity advection
aloft that is partially offset by cold temperature advec-
tion at the middle troposphere. Under the quasigeo-
strophic theory, the vertical-motion field and associated
divergent horizontal wind field may be considered as
the atmospheric hongeostrophic response to the quasi-
geostrophic forcing produced by both differential vor-

—

Fic. 2. Composites of (a)—(d) geopotential height perturbations and temperature perturbations at 850 hPa and (e)—(h) geopotential height
perturbations and vorticity perturbations at 300 hPa from day —3 to day O for NO GEADA composites. (a)—(d) Contour interval is 10 m,
shading interval 1°C. (e)—(h) Contour interval is 15 m and shading interval is1 X 10-° s . Negative contours shown with dashed lines and

the zero contour is omitted.
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Fic. 5. Composites of (a)—(b) vorticity perturbations, (c)—(d) vorticity advection term VA, and (e)—(f) divergence term VD, at 850-hPa
from day —2 to day —1 for NO GEADA composites. Contour interval is (a), (b) 0.35 X 10-°s7%, (c)—(f) 0.75 X 10-5>s ~* day—*. Negative
contours shown with dashed lines; the zero contour is omitted. Notice that cyclonic (anticyclonic) vorticity perturbations have negative
(positive) values in the SH. Furthermore, negative (positive) VA ,, and VD, contours contribute to local increments of cyclonic (anticyclonic) vorticity.

Shades represent vorticity perturbation values larger than 0.3 X 1075 s7* (dark shading) and smaller than —0.3 X 10-° s* (light shading).

ticity advection and temperature advection. Inthissense,
both vertical-motion and divergence fields are known
as the secondary circulation and they occur at the same
time as the geostrophic disturbance (Bluestein 1992).
At day O (not shown), both anticyclonic and cyclonic
perturbations maximize and then they weaken while
they propagate eastward.

c. Diagnosis of the thermodynamic energy equation

The right-hand-side terms of Eq. (2) were computed
in order to identify the mechanismsresponsiblefor local
temperature perturbation changes at 850 hPa for NO
GEADA composites. It was found that the advective
terms TA,,, TA,, and TA, and the adiabatic term AT,
were the most significant.

At day —2, temperature fluctuation becomes a min-
imum over South America (Fig. 2), temperature-per-

turbation change (as evaluated by a centered difference)
at 850 hPa is negative over central and northeast of
Argentina (Fig. 7a). Cold horizontal temperature ad-
vection (defined as the sum of terms TA,,, TA,, and
TA,) occurs over central and northwestern Argentina
(Fig. 748). Adiabatic cooling takes place over east and
northeast of Argentina (Fig. 7b) and hence both terms
act together to cool the lower troposphere (Fig. 7c). At
day 0, temperature-perturbation change is negative over
southern Brazil and is associated with cold horizontal
temperature advection (Fig. 7d) and adiabatic cooling
(Fig. 7e). At the sametime, positive temperature change
occurs over central Argentina in conjunction with adi-
abatic warming, due to the strong subsidence that takes
place at the |eading edge of the anticyclonic perturbation
(Fig. 2d). This effect is partially offset by the persistent
cold horizontal temperature advection that takes place
over the continent.
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Figures 7g- show the advective terms TA,, TA,,
and TA, at day O in order to evaluate their individual
relevance. As TA, is mostly dominated by —v’dT/dy,
cold temperature advection takes place over the region
of southerly flow that is maximum east of Argentina
(Fig. 79). TA ., depends upon —uaT'/ox at middle and
high latitudes and is responsible for an eastward tem-
perature advection. Nevertheless, on the lee side of the
Andes, —vdT'/dy becomesthe major contributor to TA
due to the equatorward flow increase associated with
the anticyclone entrance (Fig. 7h). The TA, field isin
qualitative agreement with Fig. 2d, producing strong
cold advection over Uruguay and southern Brazil (Fig.
7).

5. GEADA composites
a. Structure

Figures 8a—d display the tempora evolution of the
composite fields of 850-hPa geopotential height and

temperature perturbations for GEADA composites. As
in section 4a, day 0 will be referred to as the time that
REEOF 4 reaches a maximum. In addition, for GEADA
composites, day 0O is in the mean, the day previous to
the occurrence of afreezing event over southern Brazil.

At the beginning of the sequence (Fig. 8a, day —3),
an intensifying anticyclonic perturbation slowly enters
the continent from the Pacific Ocean at around 42°S.
Downstream, there are two cyclonic perturbations
evolving. One of them is centered at 55°S, 20°W with
a very weak signal over eastern Brazil (hereafter be
referred as CP1). The temporal evolution of CP1 during
the previous days has already produced temperature de-
cay over central and southern Brazil. The other cyclonic
perturbation exhibits a center in 60°S, 55°W at day —2
(Fig. 8b; hereafter will be referred as CP2). It is no-
ticeable that while the anticyclone and CP2 are present
in NO GEADA composites (Fig. 2) confirming a long-
wave pattern (Fortune and Kousky 1983), CP1 is not
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discernible there. By that time, the evolution of CP1
and CP2 over the continent results in an extended area
of negative temperature perturbations that covers the
whole continent below 20°S. At day —1 (Fig. 8c), CP2
penetrates very deeply into South America, while be-
hind, the anticyclonic perturbation surrounds the moun-
tains moving rapidly equatorward along the lee slopes
of the Andes. The associated equatorward meridional
heat fluxes strongly introduce cold air into subtropical
and tropical regions above 20°S while in NO GEADA
they do not go farther than 30°S (Fig. 2c¢). During the
next day (Fig. 8d) CP2 moves slowly northeastward
while it intensifies. The anticyclonic perturbation con-
tinues growing on the lee, although its center is still
located at the west coast of South America without a
significant change of latitude. By this time, coldest tem-
peratures cover southern Brazil, Uruguay, and east of
Argentina, with aminimum of around —7°C, contrasting
with the —3°C attained in the NO GEADA composites
(Fig. 2d). Also, a strong zonal geopotential gradient
between 70°S and 50°S is observed, which contributes
to the intensity of the cold surge (Fig. 8d). On the other
hand, this gradient appears markedly weaker in NO
GEADA analog fields (Fig. 2d). By day + 1 (not shown),
the area of minimum temperature perturbation moves
farther north maintaining the same intensity, while it
starts to weaken the next day.

The temporal evolution of the composite fields of
geopotential-height and vorticity perturbations at 300
hPa depict the anticyclonic perturbation over the Pacific
Ocean moving very slowly eastward along 40°S (Figs.
8e-h). At day —3, three main cyclonic perturbationsare
evident (Fig. 8e), one located at 40°S, 40°W, associated
with the decaying CP1 over southeastern Brazil, a sec-
ond center located at 50°S, 75°W, associated with en-
tering CP2 from the southwest, and a third cyclonic
perturbation at subtropical latitudes near 25°S, 75°W
(hereafter, as SCP) that moves very slowly from the
Pacific Ocean to the east. In contrast, in the NO GEADA
case, a single cyclonic perturbation is noticeable (Fig.
2€). During the following day, the individual movement
of both SCP (eastward) and CP2 (northeastward) make
the corresponding geopotential height perturbations
merge into a single meridionally extended pattern with
a northwest—southeast horizontal tilt (Fig. 8f ). Figure 9
shows that despite the small number of freezing events
considered here, the pattern described above is statis-
tically significant and exhibits very low case-to-case
variability. The cyclonic perturbation maximizes over
the coast of Uruguay and south of Brazil by day O (Fig.
8h) while the anticyclonic perturbation, still over the
South Pacific Ocean, continues growing. During thefol-
lowing days (not show), both perturbations start to de-
cay.

The analysis of the vertical structure of the cold surge
for GEADA composites reveals that early stages are
characterized by upper-level northerly winds at sub-
tropical latitudes (Fig. 10a), maximizing 10° farther
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Fic. 9. Case-to-case standard deviation of 300-hPa geopotential
height perturbations for GEADA composites at day —2. Contour
interval is 15 m. Shades represent statistical significance of 95% of
the 300-hPa geopotential height perturbationsfor GEADA composites
at day —2.

north than in NO GEADA composites (Fig. 3a). South-
erly winds cover the entire troposphere to the south,
with weak topographic channeling at lower levels (Fig.
10a). Due to the simultaneous presence of CP1, CP2,
and SCP that characterize GEADA composites, thetem-
perature perturbation field isvery extended meridionally
with positive values aloft and cold air below. At mature
stage of the cold-surge event (Fig. 10b), a damming of
southerly winds is observed at tropical latitudes, reach-
ing the equator. In addition, at subtropical latitudes, the
temperature vertical structureis characterized by coldest
temperatures located near surface and extended up to
300 hPa, while above, warm temperatures get maximum
at 200 hPa. This strong vertical temperature contrast is
not present in NO GEADA composites (Fig. 3b). On
the other hand, in both composites, a poleward vertical
tilt of the temperature perturbation and strong southerly
winds at the upper troposphere are evident (Figs. 3b,
10b).

The presence of the subtropical cyclonic perturbation
in the early stages of the cold surge of GEADA com-
posites also affects the subtropical jet location, as seen
in total upper-level wind circulation fields (Fig. 11).
Particularly, at day —2 (Fig. 11a), the region of maxi-
mum winds associated with the subtropical jet over
South America concentrates along 27°S, that is almost
10° lat to the north of the corresponding maximum for
NO GEADA (Fig. 4a). In addition, a confluence zone
is observed at the jet entrance around 70°W. According
to Schultz et al. (1998), the thermally direct circulation
that takes place in the confluence jet-entrance region
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favors subsidence at middle latitudes, contributing to
the anticyclone enhancement. Two days later (Fig. 11b),
the region of maximum winds has moved eastward, al-
though still located farther north (Fig. 4b). In agreement,
the subtropical high over the Atlantic Ocean gets weak
(not shown), thus facilitating the equatorward propa-
gation of frontal systems into tropical regions.

b. Diagnosis of the vorticity equation

Figure 12 exhibits 850-hPa vorticity-perturbation
fields for the GEADA case and the corresponding com-
posites of the VA ,, and VD, terms of Eg. (1). Asshown
in section 4c for NO GEADA composites, local vari-
ations of 850-hPa vorticity perturbations are mostly ex-
plained by these two terms.

At day —2 (Fig. 12a) a region of cyclonic vorticity,
associated with CP2 (Fig. 8b), extends from 35°S, 65°W
to 50°S, 50°W while the region of cyclonic vorticity
associated with the weakening CP1 is located around
30°S, 40°W. The entrance of the anticyclonic-vorticity
perturbation from the South Pacific Ocean along 50°S
is also evident. The next day (Fig. 12b), CP2 moves
rapidly to the northeast and becomes organized asaband
from 15°S, 60°W to 50°S, 40°W. Meanwhile, the anti-
cyclonic vorticity perturbation moves and grows along
the lee side of the Andes. In fact, south of 40°S (Figs.
12d,e), VA, contributes to the eastward perturbation
propagation. The divergence term VD, locally generates
cyclonic vorticity over subtropical South America and
southwestern Atlantic Ocean (Figs. 12g,h), through the
convergence of perturbation wind at low levels. In as-
sociation, a secondary circulation is established at day
—2 (Fig. 13a) with an ascending branch over east of
Argentina and Uruguay, poleward ageostrophic flow at
upper levels, and a well-defined descending branch over
Patagonia. This circulation with a conspicuous merid-
ional orientation contributes to intensify the equator-
ward flow at low levels (not shown) and it is not present
in NO GEADA case (Fig. 5d). Rising motion over east
of Argentina (Fig. 13a) occurs in conjunction with a
maximum of cyclonic vorticity advection aloft (Fig.
13d) and warm advection over northern and central Ar-
gentina (Fig. 13g) both associated with the upper-level
SCP (Figs. 8e,(f). Therefore, it seems that SCP (only
present in GEADA composites) is an important con-
tributor to the secondary circulation that enables cold-
air intrusion at tropical latitudes. In addition, the de-
scending branch of the secondary circulation over the
Patagonia (Fig. 13a) is associated with anticyclonic vor-
ticity advection aloft (Fig. 13d) and cold advection at
the middle troposphere (Fig. 13g) that also favors the
surge of cold air. From day —1 to day O (Figs. 12b,c),
both the vorticity center associated with CP2 and the
anticyclonic perturbation behind, progress very slowly
northeastward, while both keep growing mainly due to
the divergence term VD, (Figs. 12h,i). The secondary
circulation exhibits a southwest—northeast orientation
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(Figs. 13b,c), consistent with the northeastward prop-
agation of the wave pattern. Also, rising motion weak-
ens at subtropical latitudes, while an intensification of
the sinking motion over central Argentina occurs. In
association, the anticyclone perturbation intensifies over
eastern Argentina and southern Brazil at day +1 (figure
not shown).

c. Diagnosis of the thermodynamic energy equation

The occurrence of freezing temperatures over the
crop-growing areas of southern Brazil has strong impact
on the economy of the region. In that sense, thermo-
dynamic processes will be analyzed in this section, in
order to evaluate the relevance on local temperature
changes over southern Brazil, of both short-wave pat-
terns (CP2 and SCP) that characterize GEADA cases.
The right-hand-side terms of Eqg. (2) were computed and
then averaged over the box shown in Fig. 8d. It isworth
noting that this box includes ailmost all the meteorol og-
ical station locations considered by Algarbe and Cav-
alcanti (1988) to determine freezing-episode dates. As
in section 4c, advective terms TA ,,, TA,, and TA, and
the adiabatic term AT, were the most relevant in ex-
plaining local changes of temperature perturbation.

The temperature difference between day —2 and day
—1 exhibits a local cooling up to 300 hPa, while weak
local warming is observed aloft (Fig. 14a). Figure 14c
shows that at day —2 low-level cooling is associated
with horizontal cold advection that is partially offset by
a very weak warming produced by the adiabatic term
(Fig. 14d). On the other hand, upper-level warming is
asssociated with horizontal warm advection that is par-
tially compensated by adiabatic cooling. At day —1, the
presence of SCP promotes intense rising motion over
the area (Fig. 13b). Consecuently, adiabatic cooling
takes place up to 300 hPa (Fig. 14d) in conjunction with
cold air advection at the low and middle troposphere,
leading to strong vertical cooling between day —1 and
day O (Fig. 14a). Also by that time, maximum warming
happens in the upper troposphere due to both advective
and adiabatic terms. Temperature changes between day
0 and +1 (the day prior to the freezing event) remain
near zero with the exception of the surface, which still
shows cooling. Also, the greatest cold advection is ob-
served at lower and upper levels with minimum values
at 500 hPa while adiabatic warming occurs along the
entire troposphere in agreement with the anticyclonic
entrance. After day +1 the low and middle troposphere
exhibit local warming while upper-troposphere cooling
happens.

6. Discussion and final conclusions

The structural and dynamical processes of winter syn-
optic-scale waves associated with cold surges over
South America were documented in this paper. It has
been shown in preceding sections that the REEOF tech-
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nique is capable of extracting well-defined regional pat-
terns from 850-hPa meridional-wind perturbation fields
over South America. Patterns display all the character-
istics of midlatitude synoptic-scale waves similar to
those discussed by Berbery and Vera (1996) for the
Southern Hemisphere and Lim and Wallace (1991) and
Chang (1993) for the Northern Hemisphere. In the vi-
cinity of South America, waves behave very differently
in the lower and middle troposphere. Upper-level waves
propagate northeastward as they cross the Andes evolv-
ing in a manner consistent with the concept of Rossby
wave dispersion. While, at lower levels, waves tend to
conform to the shape of the mountain range, which co-
incides with the fact that the first eigenmode of topo-
graphic Rossby waves exhibits a spatial scale compa-
rable to that of the terrain (Hsu 1987). In agreement
with Colle and Mass (1995), however, we found that
cold surges do not seem to be due to the generation of
rotationally trapped waves, instead they result from the
interaction between a synoptic-scale wave and the orog-
raphy.

Both GEADA and NO GEADA composites are char-
acterized by along-wave pattern consisting of acyclonic
perturbation over South America and an anticyclonic
perturbation behind over the southern Pacific Ocean.
However, distinct synoptic-scale patterns associated
with major cold-air outbreaks (GEADA composites)
have been found that seem to play an important role
during the early stages.

Four days before the freezing episode occurs over
southern Brazil, the circul ation associated with GEADA
composites shows a long-wave pattern (Fig. 8) similar
to that documented by Fortune and Kousky (1983) as
a precursor to freezesin Brazil. It is characterized by a
strong anticyclonic perturbation over the southeastern
Pacific Ocean and a cyclonic perturbation (denoted as
CP1) over southeastern South America. Two additional
features are also present during the early stages of GEA-
DA composites: a cyclonic perturbation (CP2) entering
South America from subpolar latitudes and an upper-
level cyclonic perturbation (SCP) evolving in the vi-
cinity of the Andes at subtropical latitudes (Figs. 8e,f).
Fortune and Kousky (1983) formerly identified the sub-
polar short-wave trough as an additional precursor of
GEADA composites. Additionally, we found that the
strongest cold-air invasions into South Americatropical
regions strongly depend on the presence of an upper-
level subtropical cyclonic perturbation (SCP) as it fol-
lows.

As shown in section 5a, the presence of this sub-
tropical upper-level feature is associated with alocation
of the subtropical jet stream farther north over South
America. As a consequence, the subsidence region as-
sociated with the descending branch of the Hadley type
cell moves equatorward, thus facilitating the propaga-
tion of frontal systems into the Tropics. Results from
sections 5b and 5c¢ revealed that during the early stages
of the freezing episode upper-level SCP produces in-
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tensified rising motion at subtropical and tropical lati-
tudes. Rising motion is associated with a well-defined
secondary circulation with ageostrophic poleward flow
at upper levels and a descending branch over central
Argentina. This configuration promotes the rapid and
equatorward penetration of the subpolar short-wave
trough (CP2) and also produces temperature decrease
over southern Brazil.

The simultaneous presence of two short waves at dif-
ferent latitude bands is not rare in the Southern Hemi-
sphere winter. Berbery and Vera (1996) have shown that
during austral winter, synoptic-scale waves propagate
over the South Pacific Ocean along two main paths.
While fast waves propagate along the subpolar jet lat-
itudes, slower waves propagate along the subtropical jet
latitudes. Furthermore, while the formers are mostly up-
per-level features, the latter have a more equivalent-
barotropic structure. Synoptic experience reveals that
occasionally both features can merge into a single syn-
optic-scale pattern with a long meridional extension.
However, after a while, they might split again into two
separated systems due to differences of phase velocity.

Theinteraction between subtropical and subpolar per-
turbationsis particularly interesting over South America
although it is not well known yet. While over the west-
ern and central South Pacific Ocean activity tends to be
trapped inside both subtropical and subpolar jet streams,
in the vicinity of the Andes wave equatorward propa-
gation ispossible (Berbery et a. 1992). Results obtained
in this paper provide an insight into the role that such
interactions may have on cold surges over tropical South
America. In fact, it is proposed that strong cold surge
occurrence results from the interaction between a sub-
polar cyclonic perturbation that meridionally propagates
to the equator, and an eastward upper-level cyclonic
perturbation located at subtropical latitudes. In this
sense, this work suggests that it would be helpful to
explore the role of this type of interaction on other me-
teorological phenomena over South America.
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