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Abstract This paper presents a new vision on the cold
and cool events that affect the tropical region of South
America, considering the dynamics and the energetics
of wave train propagation associated with these systems.
Through a composite analysis of meridional winds at
300 hPa for cold (T < 0 °C) and cool (0 °C < T < 2.5 °C)
air incursions affecting tropical latitudes and causing frost
are studied. The cold events observed in tropical latitudes
are associated with a single Rossby wave pattern propa-
gating over the Pacific Ocean which drives the low level
anticyclone from the southwest of the continent to low lati-
tudes. This propagation involves a southern circulation due
to the meridional wind penetration and consequently cold
air advection causing temperatures to drop below 0 °C.
During cool events a subtropical wave train propagating
through the Pacific Ocean is observed, which merges before
the event with a wave coming from the subpolar latitudes
of the South Atlantic Ocean. The zonal propagation leads
to the entrance of the anticyclone from the west of the con-
tinent, and it is strengthened together with the meridionaly
extended cyclone located upstream. This configuration
causes southerly wind advection over central-southeastern
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Brazil and consequently causes the temperature decrease.
The energetics shows that the cold events kinetic energy
maxima are more intense than those of cool events. For the
cold events three maxima are observed, the first (K1) and
the third (K3) maxima are developed by baroclinic conver-
sion and ageostrophic flux convergence and the second one
(K2) by ageostrophic flux convergence. For the cool events
two maxima are found, the first maximum (K4) developed
by baroclinic conversion and the second one by ageos-
trophic flux convergence.
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1 Introduction

Cold surges from mid-latitudes in some occasions can
produce an important drop in temperature and conse-
quent frost in tropical latitudes as studied by Schutz et al.
(1998) in Central America and by Fortune and Kousky
(1983) in South America. These events have a substantial
impact in the agricultural lands of subtropical and tropical
latitudes. Two notable examples in Brazil were the frosts
which occurred in the Sao Paulo state of Brazil during May
1979 and July 1981, both studied by Fortune and Kousky
(1983). In this study, a long-wave pattern amplifying over
the South Pacific three or 5 days before the freeze event
occurred was observed as being a precursor. Marengo et al.
(2002) show that the large amplitude upper-level trough
in middle latitudes, which extends into the tropics, is one
of the major features of the cold situation. These waves
embedded in westerly flow are an example of wintertime
tropical-extratropical interactions leading to cooling in
southeastern South America. Pezza and Ambrizzi (2005)
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also suggest that the well-defined large-scale wave pat-
terns that can be monitored over the Pacific Ocean up to
several days in advance, suggesting a polar connection
linking the southeast of Australia with southwestern South
America during the preliminary stage. In this sense, Miil-
ler et al. (2008) and Miiller (2010) demonstrate that wave
trains excited by anomalous convections situated in specific
oceanic regions and in adequate basic states may propagate
across the Pacific Ocean and reach South America with the
appropriate phase, creating the local favorable condition
which thereby cools the continent.

Marengo et al. (1997) while studying a cool surge
occurred in 26 June 1994 in southeastern Brazil, proposed
that this event could be associated with an intense positive
feedback mechanism between an upper and lower tropo-
sphere flow near the Andes prior to the coldest day. An
intense trough is produced in the lee side of the Andes due
to the low-level cold advection associated with southerlies
along the eastern flank of the mountains. On the other hand
this trough contributes to generate cold advection along
the eastern flank of the Andes, which produces substan-
tial temperature drops and deepens the upper level trough.
This intensification produces an increase in the cyclonic
vorticity advection, which would tend to produce sea level
pressure drops underneath. This near-surface low pressure
area would eventually contribute to the southeastern Brazil
cooling due to the associated southerly winds.

Based on the synoptic climatology of surface cyclone
and anticyclone tracks associated with frosts in Sao Paulo,
Brazil, Pezza and Ambrizzi (2005) showed that there is a
preferential trajectory for these systems during frost events.
The authors point out that during the previous days to the
frost event there were southerly wind anomalies over the
southern tip of South America formed due to the geos-
trophic balance between the developing migratory anticy-
clone near the southern Chilean coast and the extratropical
cyclone over the Atlantic. With the increase of the surface
pressure over the southern part of the continent due to the
wind anomalies, more air mass is accumulated at the north-
west of the high-pressure cell associated with the Andes
blocking effect. As a result, the wind velocity and the Cori-
olis effect are reduced, and a southerly ageostrophic wind
component and cold air advection towards lower latitudes
at the lee side of the Andes are generated, with the conse-
quent displacement of the anticyclone centre to the north
towards the region of maximum cold advection (Gan and
Rao 1994; Seluchi et al. 1998; Garreaud 2000).

Among the several precursor conditions for freez-
ing, one of the most important is the amplification of the
upper lever wave with a ridge over the west coast and a
trough over South America. Fortune and Kousky (1983)
observed in Hovmoller ridge—trough diagrams that group-
velocity propagation of wave energy from the mid-Pacific
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contributed to part of the unusual amplification of the
cold trough in South America. Similar results were found
by Krishnamurti et al. (1999) in their study on the major
freeze events throughout southeastern Brazil. They
observed downstream amplification of the wave train prior
to the freeze event. During the period of frost they found
synoptic-scale features centered on zonal wave number 9
receiving energy from lower wave numbers (such as zonal
wave numbers via barotropic triad interactions). After the
period of the freeze, the baroclinic conversion dominated.

The aim of our study is to identify the difference
between the wave train behavior during cool and cold
events throughout the tropical region of South America
and to verify if the downstream amplification observed by
Krishamurti et al. (1999) is associated with agestrophic flux
convergence. To attain this goal we explore the energet-
ics of the wave propagation associated with cold and cool
surges in the tropical latitude of South America. This study
intends to help forecasters to predict cold events following
the evolution of propagation wave patterns in the Southern
Hemisphere.

2 Event selection criteria, data and methodology

Sao Paulo meteorological station (23.7°S, 46.6°W), located
in a green area in the southern part of Sdo Paulo City, is used
as representative of tropical latitudes. Following the clas-
sification by Pezza and Ambrizzi (2005, hereafter PAOS)
from May to September of 1950-2000, the frost events are
identified according to the minimum temperature as cold
events (T < 0 °C) and cool events (0 °C < T < 2.5 °C). For
each frost event type (Table 1), composites of meridional
wind anomaly in 300 hPa are analyzed in order to study the
wave train propagation during the days before the event, as
well as composites of 500 hPa geopotential and the terms
of Eq. 1 in order to study the energetics, employing the
6-hourly gridded data from NCEP/NCAR reanalysis (Kal-
nay et al. 1996). The daily anomalies are calculated with

Table 1 Cold and cool surges in Sdo Paulo city from 1950 to 2000
(adapted from Pezza and Ambrizzi 2005)

Cold frost events Cool frost events

1953/07/05 1955/08/02 1975/07/18 1951/07/06 1953/07/11

1962/07/07

1963/08/06 1964/09/04
1965/07/12

1968/05/17 1969/07/11
1972/07/09

1975/07/07 1979/07/18
1981/06/20

1988/06/06 1993/08/12
1994/06/27

1979/06/01 1990/07/29 2000/07/17
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Fig. 1 Vertically averaged eddy kinetic energy (m? s~>—shaded) and the cube (continue line) for a K1 on Day —3, b K2 on Day —2, ¢ K3 on

Day —0.5, d K4 on Day —2 and e K5 Day —0.5

respect to the mean value of the period May to September
1950-2000, and the results are tested for statistical signifi-
cance with the Student’s ¢ test.

The energetics of the frost event composites is stud-
ied through the eddy kinetic energy (K’) equation (Eq. 1)
developed by Orlanski and Katzfey (1991) and modified by
Chang (2000):

oK’ 7 ! gy (T -
—=—-V.VK - V.V ¢ —waoa —V.|V3.V3|V
9t a 3

_)/ _)/ %/ a / 8 / g/
+ V. (ViV3)V = Sk - —o/¢/ + RES (1)
ap ap

where V is the horizontal wind, the o the specific density,
¢ the geopotential height and w the vertical wind compo-
nent in pressure coordinates. In this equation, the overbar
denotes a 91-day time mean centered on the Day 0, and the
prime the deviation from the average. The subscript “3” in
vectors and operators indicates 3-dimensional, while the
subscript “a” represents the ageostrophic wind component.

In Eq. 1 the term on the left hand is the local change
of K’ with time. On the right hand the first term repre-
sents the K’ flux convergence (KFC), the second term rep-
resents the ageostrophic flow convergence (AFC), known
as the Downstream Development (DSD) term, and the
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Fig. 2 Meridional wind composites anomaly (ms~") from Day —5 to
Day 0 at 300 hPa, corresponding to cold events. Positive (negative)
contours are shown in solid (dashed) lines every 2 m s~ The shaded

third term is the baroclinic conversion (BRC). The fourth
and fifth terms represent the barotropic conversion (BRT)
because they are associated with the horizontal wind
shear. The sixth and seventh terms are associated with
the vertical flow convergence of energy. The term RES
contains mechanisms not explained by the Eq. 1, such as
diabetic heating, friction and mountain effects and other
things such as errors introduced by numerical methods.
The advantage of studying the energetics using Eq. 1 is
that it contains the most important processes for the for-
mation, maintenance and dissipation of the disturbances,
such as baroclinic instability, barotropic instability and
DSD.

Averaging Eq. 1 over a volume results in the following
equation (Chang 2000):
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where the symbol (} indicates the volume integral
and [] the surface integrals evaluated either at the top
(subscript T, taken to be the 100 hPa here), or at the bot-
tom (subscript B taken to be the surface pressure) of the

volume; and the subscript “v” represents the volume
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Fig. 3 Meridional wind composites anomaly (m s~!) from Day —5
to Day 0 at 300 hPa, corresponding to cool events. Positive (negative)
contours are shown in solid (dashed) lines every 2 m s~'. The shaded

displacement velocity. The terms of Eq. 2 have the same
interpretation that in Eq. 1, except the two terms rep-
resenting the vertical flux convergence of energy. The
sixth to ninth terms are interpreted as the vertical flux of
energy through the lower boundary (B) to the top (T) of
the atmosphere. The tenth term represents the energy flux
due to the movement of the volume integration, while
the last term is the change in the energy due to the vari-
ation of the mass in the volume. The time change term
was computed in two ways: in the first one a centered
time difference was applied between the previous 6 h and
the subsequent 6 h (OKT). In the second one, all terms
in Eq. 2 were summed, except for the RES term (CKT).
The RES term was determined as the difference between
these two tendencies. To apply this equation, a cube was
defined around each kinetic energy maximum (see black

120 140E 160E 180 160W 140% 120% 100 BOW GOW 40W 20%

areas indicate regions with 95 % statistical significance according to
a Student’s test

box in Fig. 1). The cube was displaced step by step to
follow the maximum propagation of kinetic energy. Verti-
cal levels used for the vertical integration were from the
first isobaric level located above the ground used in the
reanalysis to the 100 hPa level.

3 Diagnosis of wave train propagation

3.1 Cold frost events

The composites of the Sdo Paulo cold frosts presented in
Table 1 are depicted in Fig. 2 which shows the 300 hPa
meridional wind field anomalies from Day —5 to Day 0

when the cold event occurs. From this figure it can be seen
a well-defined single wave propagation pattern along the
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Fig. 4 Meridional wind anomalies (m s~') at 300 hPa for the Day previous to a cold event a 31/05/79 and the cool event b 26/06/94 and ¢
6/7/75. Positive (negative) contours are shown in solid (dashed) lines every 2 m s

Pacific Ocean with statistically significant (95 %) anomaly
values. The anomalies become more intense during the days
preceding the event at least from 120°E to the east. This
configuration is similar to the cases of less persistent gen-
eralized frost events in the Wet Pampas in central-southern
South America obtained by Miiller and Berri (2007) and
resembles typical Rossby wave train propagation pattern for
cold air irruptions widely studied in the literature (Fortune
and Kousky 1983; Marengo et al. 1997; Garreaud 2000;
Marengo et al. 2002; among others). After Day —3 the sta-
tistically significant anomalies over the South American
region have a slow northeastward displacement. At low-lev-
els, the atmospheric pattern is characterized by a cold front
following a southwest-northeast trajectory with post frontal
anticyclone entering the continent at high latitudes (figure
not shown). From a synoptic classification of sequence pat-
terns of sea level pressure and 500 hPa geopotential heights
associated with cold waves over S@o Paulo City, Escobar
(2007) found that this is the first pattern of rotated principal
component analysis which explains 29.3 % of the variance.
In mid levels, the circulation associated to this pattern con-
sists of an intense ridge in the Pacific Ocean, close to the
Chilean coast, and a trough extending from the inner part
of the continent to the South Atlantic Ocean, as shown by
PAO5 and Escobar (2007), among others. The orientation
of the upper-level flow between the ridge and the trough is
almost from south to north, that contributes to incursions
of migratory systems in low levels from southern South
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America to central-western and southeastern Brazil, as the
evolution of a cold wave over South America (i.e., Garreaud
2000; Marengo et al. 1997).

3.2 Cool frost events

Figure 3 depicts the same anomaly field as Fig. 2, but for
the cool events (Table 1). A propagation pattern along the
subtropical Pacific Ocean is observed in days prior to the
event, but with smaller anomaly values during the pre-
frost days than cold events, which is coherent with the fact
that cool events are less intense than cold events. Another
short wave pattern, although not statisticaly significant, is
observed in sub-polar latitudes on the previous day, which
contributes to the cool events, as shown by Fortune and
Kousky (1983) and Vera and Vigliarolo (2000) for freezing
episodes over southern Brazil.

From Day —5 to Day —3 a positive 300 hPa meridi-
onal wind anomaly is observed to the west of the continent
(Fig. 3) being less intense and slightly displaced northward
with respect to the corresponding cold events that have a
well configured wave pattern since 5 days previous to the
event (Fig. 2). On the leeward side of the positive anomaly
there is a northeasterly negative wind anomaly, extending to
the northeast of the continent, which is part of the subtropi-
cal wave train, and another anomaly, although not signifi-
cant, of the same sign located towards the southeast of the
continent over the Antarctica peninsula (Day —4). These
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ted are 2, 7, 15 and 25 x 10> m?> s> Day_l]. The vectors represent
the ageostrophic flux. ¢ vertically averaged BRC term [continuous

anomalies merge in a unique anomaly that strengthens dur-
ing the following days reaching similar values as those of
the cold events (Fig. 3). Some authors showed this charac-
teristic associated with the extreme temperature events in
the southeast of Brazil. Fortune and Kousky (1983) and Vera
and Vigliarolo (2000) showed a short wave trough at higher
latitudes that reaches the subtropics and facilitates the cold
air outbreak into the South Atlantic Ocean and thus leading
to frosts over southern Brazil. Additionally, Vera and Vigli-
arolo (2000) found that the strongest cold-air invasions into
South America tropical regions strongly depend on the pres-
ence of an upper level subtropical cyclonic perturbation.
In this way, PAOS highlights the fundamental role of the
cyclone off the Brazilian coast as a dynamic mechanism for
the formation of frosts in southeastern Brazil.

It is proper to do an analogy with the results of Miiller
and Berri (2007, 2012) for the most persistent frost days in
central-northern Argentina, for which they showed that the
wave patterns driven by the corresponding jets were coupled
to the west of the continent, windward to the Andes Moun-
tains. Therefore, both wave train phases, subtropical and

(positive) and dashed thin (negative) lines, contour interval 2 x 1072
m? s72 Day~!, zero omitted] and d vertically averaged BRT term
[continuous (positive) and dashed thin (negative) lines, contour inter-
val 2 x 1072 m? s72. Day ™!, zero omitted]. Vertically averaged eddy
kinetic energy (m? s~2) is shaded in all panels

sub-polar, coincided prior to the event, continuing with zonal
propagation even after the event. Similar to what is shown
here, two wave trains couple before the event but in this case
on the east of the continent, leeward to the Andes Moun-
tain, and then continue to follow a more zonal propagation
in comparison with cold events, although the sub-polar wave
train is statistically no confident. In the same way as shown
by Miiller and Ambrizzi (2007) for the basic state leading to
a higher frequency of frosts occurrence in the Wet Pampa.
From a synoptic point of view, this upper-level wave
pattern is associated with the passage of a cold front with
a predominantly zonal trajectory in low levels and with an
intense low pressure system in the south—southeast part
of the continent (figure not shown), as obtained by Esco-
bar (2007) in the third EOF mode of the synoptic patterns
of cold waves in the region of Sao Paulo. The main char-
acteristic of this circulation pattern is the rapid west-east
movement of the post frontal anticyclone (Escobar 2007)
entering the continent at lower latitudes when compared to
the cold frost events. This allows the cold air mass to be
preserved in its eastward trajectory, which contributes to its
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having a southern wind along the lee side of the Andes, and
in keeping with its continental characteristics which favor
an intensified nocturnal radiative loss, which in effect will
lead to lower minimum temperatures.

3.3 Individual events

In order to clarify the patterns obtained from the cold and
cool composite analysis, some individual events are dis-
cussed here. Figure 4a shows the Day —1 propagation pat-
tern associated with a cold event which took place in Sdo
Paulo on June Ist, 1979, where only one wave train at
300 hPa, propagating from the Pacific towards the Atlan-
tic Ocean, was able to affect a large part of the continent.
Figures 4b, c give two examples of cool events which took
place on June 27th, 1994 and July 7th, 1975, respectively.
One should notice that the propagation patterns at 300 hPa
are quite similar to those of the composites of Fig. 3, sug-
gesting that the latter captures many of the features of the
individual cases. These examples show the wave train
zonal propagation which in previous days appears divided
in two (figures not shown), one at subtropical latitudes and
the other propagating along polar latitudes. On the day
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previous to the event, they merge into only one pattern
over the Atlantic Ocean, which is responsible for the sur-
face cooling observed on the following morning in tropical
latitudes.

4 Energtics of wave train propagation
4.1 Cold frost events

The vertical integrated kinetic energy evolution for the
cold event composite (Figs. 5, 6, 7, 8, 9, 10, 11) shows
many energy maxima around the western Southern Hemi-
sphere on Day —5 (Fig. 5a). The kinetic energy maximum
at 115°W—40°S (K1) is associated with a 500 hPa trough
upstream (Fig. 5a) and the 300 hPa meridional wind nega-
tive anomaly (Fig. 2a) that propagates slowly to the east,
associated with the cold frost event. On Day —4, other
energy maximum (K2) developed downstream of K1 at
78°W—-40°S (Fig. 6a). Both maxima are associated with the
ridge over the eastern South Pacific, where K1 is upstream
of the 500 hPa ridge axis and K2 downstream. On Day —2,
other energy maximum (K3) developed over the South
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Atlantic close to the southern Brazil coast (40°W-37°S)
(Fig. 8a). These three maxima continued to be stationary
until Day —1 (Fig. 9a) when K1 dissipated and the K2 and
K3 maintained their magnitude. On this day, these two
energy centers are associated with a trough located to east
of the coast of southern Brazil. On Day 0 (Fig. 10a), K2
is very weak and K3 begins the decaying phase, persisting
over the South Atlantic until Day +1 (Fig. 11a).

It can be seen that K1 had positive BRC and BRT on
Days —5 (Fig. 5c, d, respectively), being the baroclinic
more intense. On the other hand, the AFC term had posi-
tive contribution (importing energy) in the northern sector
of K1 and negative (exporting energy) in the southern sec-
tor of K1, but one can see that more energy was imported
than exported.

On Day —4, BRC continues to dominate the region of
K1 (Fig. 6¢) and AFC is acting positively only in the north-
western sector of K1, while it isnegative over the rest of
the maximum and divergence of this flux domains almost
of the K1 region (Fig. 6b). The barotropic term has posi-
tive values around the central sector of K1 and negative in
northern and southern sector. For K2 on this day, there is
no significant baroclinic contribution throughout the K2
region (Fig. 6¢) but convergence of ageostrophic fluxes in

the southwestern sector of this energy maximum and diver-
gence in northeastern (Fig. 6b) is observed. On the other
hand, BRT has a negative contribution throughout the cen-
tral-western sector and a positive one throughout the north-
ern and southern sectors. In this case, the main mechanism
to the initial development of K2 is the AFC. The reason for
this development is the fact that kinetic energy imported
upstream is higher than the energy exported downstream.

On Day —3 the situation for K1 is very similar to that of
Day —4, but the convergence of ageostrophic flux is higher
than on Day —4 exactly in the region of K1. On the other
hand, divergence of this flux dominates large regions of K1.
In K2 the convergence of ageostrophic flux in the western
sector and divergence in northeastern sector become larger
than on Day 4. Other AFC center is formed downstream of
K2 (Fig. 7b) where K3 develops on Day —2 (Fig. 8a). The
baroclinic term is positive in the large area of K2 (Fig. 7¢c)
and the barotropic term shows positive and negative con-
version (Fig. 7d), so that these conversions intensify K2 on
Day —2.

During Day —2 (Fig. 8) there are positive baroclinic
contributions to the K1 region (Fig. 8c), convergence of
ageostrophic flux in the northwest sector of K1, export of
kinetic energy along the remainder area of K1 (Fig. 8b),

@ Springer



10

G. V. Miiller et al.

Fig. 8 AsFig. 5 for Day —2

and positive and negative BRT (Fig. 8d). This situa-
tion contributes to K1 and becomes weak over southern
of South America on Day —1 (Fig. 9a). For the K2 on
Day —2, the BRC is positive (Fig. 8c), BRT is negative
in western sector and positive in eastern sector (Fig. 8d),
so BRT does not contribute to weaken or intensify this
energy center. Kinetic energy is imported by AFC in the
western boundary of K2 and exported downstream to K3
in most of the K2 area (Fig. 8b), so more K’ is exported
than imported by this term, contributing to weaken K2.
Throughout the most part of the K3 region negative
barotropic contribution is observed (Fig. 8d) along with
negative and positive baroclinic contribution (Fig. 8c)
and positive values of AFC, although there is divergence
of ageostrophic flux in the southern sector (Fig. 8b).
This situation contributes to intensify K3 on Day —1
(Fig. 9a).

On Day —1 (Fig. 9), K1 is very weak despite the exist-
ence of positive baroclinic conversion. Over the K2 region
high positive values of BRC and divergence of ageo-
strophic flux are observed. At the same time over the K2
area there are positive and negative contributions of BRT,
and AFC and baroclinic terms have values of the same
order but with opposite signs. Nevertheless, K2 weakens,
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which suggests that other dissipative processes also con-
tribute to the decrease of the K2 magnitude.

During Day 0 (Fig. 10) K3 is intense with positive baro-
clinic and negative and positive BRT. The AFC has posi-
tive (northern sector) and negative (southern sector) values.
On Day +1 (Fig. 11) K3 is weak although there is positive
baroclinic conversion.

The time evolution of K’ as well as AFC, BRC, BRT
and KFC conversion terms integrated through the volume
represented by the box in Fig. la—c for the kinetic energy
maxima K1, K2 and K3 are shown in Figs. 12, 13 and 14,
respectively. The other Eq. 2 terms are not shown in these
figures because they are small, although they are used to
calculate the RES term. For K1 (Fig. 12) one can see that
K’ is increasing from Day —5 to Day -3 (positive OKT).
After these days, K’ decreases (negative OKT), reaching
its minimum on Day —1, when it increases again. During
the first K’ intensification phase of K1, the AFC and KFC
are initially positive but with opposite tendency, while BRC
is increasing and AFC is negative. Comparing the K’ with
BRC term evolution one can see that both show the same
behavior, although BRC reaches its maximum about 12 h
later. After Day —4 at 0600 UTC, AFC is negative, mean-
ing that kinetic energy is being exported out of the region
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Fig. 11 As Fig. 5 for Day +1
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Fig. 12 Temporal evolution of volume-averaged a K’ (solid
line), OKT (open circles), CKT (closed circles) and RES (dotted-

dashed line) (left panel), b KFC (open circles) BRC (closed cir-

K1. The BRT term is positive until Day —1 at 0600 UTC
but its contribution is small compared to the BRC term.
The RES term is negative all the time, meaning that other
dissipative mechanisms could have been acting, such as
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friction and other diabatic effects. As the KFC term only
contributes to displace the K’ center because it is associ-
ated with advective flux (Chang 2000), it is not important
regarding the intensification of the waves. Thus, the BRC
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instability is the most important mechanism to increase the
kinetic energy in K1, while AFC exports K’ to K2.

K2 develops from Day —5 to Day —4 and during Day
—5, the region of K2 has a positive contribution from
BRC and AFC terms (Fig. 13b), although BRC reduces
its values while AFC increases. During the maximum
intensification of K2 (from Day —4 at 12 UTC until Day
—2) the BRC term grows reaching its maximum value
at the same time that K’ reaches its maximum. On the
other hand, the AFC term is maximum from Day —4 to
Day —3, and during Day —3 AFC decayes, reaching its
minimum on Day —1. The BRT term is negligible until
Day —2, after which the BRT conversion has a negative
contribution. As in the case of K1, in K2 the RES term
is also negative throughout almost the entire period, but
in this case the RES is small at the initial phase. After
Day —2 it becomes increasingly negative, meaning that

(b)
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during this period other dissipative mechanisms could
have been present. Thus, AFC has an important role in
the initial phase of K2 development and BRC conver-
sion after Day —3. The K2 development is similar to the
Downstream Baroclinic Development (DSBD) theory
proposed by Orlanski and Sheldon (1995). In this theory
an upper level wave develops by receiving K’ from an
upstream wave, and when this wave intensifies at sur-
face, cyclones can form. The wind circulation associated
with this cyclone contributes to intensify the baroclinic
zone, after which the cyclone intensifies by baroclinic
conversion.

Over the region where K3 develops, a minimum value
of K’ is present on Day —4 that reaches a maximum on
Day —2 at 1800 UTC (Fig. 14). During this period, the
BRC term has a positive contribution, but after Day —3 at
1200 UTC this term increases its contribution reaching a
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maximum on Day —1. K’ is imported in K3 region by the
AFC term since Day —4 until Day —1, but its contribution
is smaller than that of the BRC term, which is negative after
Day —3, meaning that K’ is converted to basic state kinetic
energy. In this case RES is also negative, although in a dif-
ferent way than in the case of K2 since RES has large nega-
tive values at the initial phase and then they become small
after Day —2.

The evolution of K1 and K3 is similar to the 1B and
1C trough studied by Chang (2000) and to the cyclogen-
esis type B of Piva et al. (2010) which during their initial
growth phase, the baroclinic and the convergence of ageo-
strophic flux make a contribution, and the decay phase is
dominated by ageostrophic flux divergence mainly in KI.
The evolution of K2 coincides with the results of Orlan-
ski and Sheldon (1995) who observed that baroclinic wave
developments are frequently associated with the conver-
gence of ageostrophic flux, i.e., the development of this
wave is extracting energy from upstream mature perturba-
tions rather than from the mean flow, while in the decay
phase the divergence of ageostrophic flux dominates,
although for K2 there could other important dissipating
mechanisms.

4.2 Cool frost events

In contrast to the cold frost event composites, the vertical
integrated kinetic energy evolution for the cool event com-
posite (Figs. 15, 16, 17, 18, 19, 20) shows only three energy
maxima around the western Southern Hemisphere on Day
—4 (Fig. 15a). These maxima are less intense than in the
cold frost composites and just one K4 maximum energy
located at the Chilean coast around 40°S, downstream of
an intense 500 hPa ridge over South Pacific around 95°W
and upstream of a weak 500 hPa trough over Argentina, is
associated with the cool frost over Sao Paulo State. K4 has
positive and weak BRC (Fig. 15¢), and the divergence of
ageostrophic flux is also observed at the east and west of
this center (Fig. 15b).

On Day —3 (Fig. 16), the wave (the ridge and the
trough) amplifies and K4 intensifies and expands to the
east over central region of Argentina (Fig. 16a). The baro-
clinic conversion increases over the K4 region (Fig. 16c),
and positive AFC (Fig. 16b) and negative BRT (Fig. 16d)
are present to the west of K4. A region of negative AFC
is developing in the area downstream of the convergence
region of this flux and another region of positive AFC is

@ Springer



16

G. V. Miiller et al.

€0 v T

— T i Te—
5450

|~ 15— o
T — ! —

| ———s400

505 {5340~

F————5280

5220

120W 100W

180 160W 140W 120w 100W 80w 80w 40W 20W

180 160W 140W 120w 100W 80w 50w 40W 20w

150

Fig. 18 As Fig. 15 for Day —1

formed in the area downstream of the ageostrophic flux
divergence region.

The K4 and the wave continue propagating to the east,
and on Day —2 (Fig. 17a) they are over the central-east
region of Argentina. During this eastward displacement K4
and the trough intensifies, in association with large values
of baroclinic conversion (Fig. 17¢). Part of the energy of
K4 is exported to east by the ageostrophic flux as one can
see the large area of intense divergence of this flux over the
K4 region (Fig. 17b). A region of positive AFC to the east
of K4 continues developing. Over this region, the kinetic
energy is increasing and a new energy maximum (K5)
is observed, which is also associated, to the West, with a
small positive baroclinic conversion and, to the South, with
negative baroclinic conversion (Fig. 17c¢).

During Day —1, K4 is very weak and is associated with
ageostrophic flux divergence (Fig. 18b) and positive baro-
clinic conversion (Fig. 18c). On the other hand, K5 is inten-
sifying by AFC and positive baroclinic conversion. On this
day, three secondary kinetic energy maxima appear, one
to the South of the K5 and another two over the Pacific
Ocean, one around 110°W-63°S and the other one around
145°W-55°S.
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On Day 0, K5 continues to be intense, associated with
positive baroclinic conversion (Fig. 19¢), and positive
(western sector) and negative (eastern sector) values of
AFC (Fig. 19b). On Day +1, K5 is far from the continent,
weak and associated with positive baroclinic conversion
(Fig. 20c) and ageostrophic flux divergence (Fig. 20b).
During this period, barotropic contribution is small and
normally negative such as for K4 and as for K5.

The time evolution of K’ and the conversion terms inte-
grated through the volume (Figs. 21, 22) represents by the
box showed in Fig. 1d, e for the kinetic energy maximum
K4 and K35, respectively, shows that K4 intensifies prior to
Day —4 until Day —2 (positive OKT), when it reaches its
maximum value. During this period K4 develops basically
by baroclinic conversion because the BRT term has a very
small contribution and the AFC just extracts K’ from K4
(Fig. 21). In decay phase (after Day —2) the ageostrophic
flux continued extracting K’ and the BRC term reduces its
positive contribution. On the other hand K5 develops from
Day —4 at 1200 UTC to Day —1 (positive OKT) by AFC
and baroclinic positive conversion, although it decays by
ageostrophic flux divergence (Fig. 22). The BRT term is
small during all the period. As in the cold frost composite,
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the RES term is negative, although in this composite the
negative K4 and K5 values are small.

5 Discussion and conclusions

Through the composite analysis of cold and cool frost
events which affect the tropical latitudes of South America,
the differences in the propagation patterns which drive the
atmospheric circulation were investigated. Considering the
dynamics and the energetics of the wave train propagation
associated to such events, the observed differences related
to the intensity of the cold air incursion are discussed.

The cold events are associated with a single wave pat-
tern with propagation along the Pacific Ocean and moving
towards South America, with an arc-like trajectory which
ends in the Atlantic Ocean. This is the classical trajectory
followed by the most intense events reaching these latitudes
and they have been extensively documented. However, this is
not the only type of propagation that can lead to a frost. The
cool events are associated with a subtropical wave pattern
that propagates along the Pacific Ocean, which merges with
another wave, although not significant, coming from polar
latitudes of the western Atlantic Ocean before the event,

140W 120W 100W 80W 80w 40w 200

similar to what Vera and Vigliarolo (2000) showed, and then
continues to the east in a basically zonal propagation.

The differences in the wave propagation patterns
between the two types of events analyzed here may explain
their observed intensity. Cool events are associated with
zonal patterns which move the low level anticyclone from
the southwest of the continent (located further north than
the cold events) to tropical latitudes. This anticyclone
is strengthened together with the meridionaly extended
cyclone located upstream. This configuration causes south-
erly wind advection over all the central-southeast Brazil,
and consequently the observed temperature decrease at
tropical latitudes. This system is less intense than in the
cold events, which is consistent with the results presented
by Pezza and Ambrizzi (2005) showing that wind at low
levels for the cool frost events has half the intensity over
the continent than that of the composites of cold frost
events. The results obtained reflect what was described
by the propagation patterns. Therefore, in the cold (cool)
events it is observed a meridional (zonal) trajectory leeward
to the Andes Mountain, particularly for the surface anticy-
clone. This meridional trajectory is resulted by the inter-
action between the topographic wave and the anticyclone
(Gan and Rao 1994).
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The energetics shows some important difference

between the cold and cool frost events. For the cold events
the energy maxima are more intense than in cool events.
Three kinetic energy maxima (K1, K2 and K3) are observed
to be associated with the wave that causes the cold event.
The initial phase of K1 and K3 maxima is associated with
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baroclinic conversion and ageostrophic flow convergence,
while K2 is only with ageostrophic flow convergence. The
decay phase of these three maxima is associated with ageo-
strophic flow divergence, although other dissipating mecha-
nisms could be acting to weaken these energy maxima. In
some of the days of these kinetic energy maxima, the RES
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term has the same order of magnitude than the individual
terms. Part of the RES term error is because of the errors
introduced by numerical methods and sub-grid fluxes, but
as it is always negative, some dissipative mechanisms (that
are not present in the equation) could also be acting, such
as diabatic heating and friction. Garreaud and Fuenzalida
(2007), based on numerical results, concluded that diabatic
heating associated with latent heat release plays an impor-
tant role in the upper tropospheric cyclonic vortex dissipa-
tion when this system is over Eastern South Pacific Ocean.
As the RES term has the same order of magnitude than the
individual terms just during some days, it means that dur-
ing these days dissipative mechanisms were present. The
RES term was most of the time negative, indicating that
other kinetic energy dissipation mechanism is not present
in the equation. The inclusion of friction would probably
reduce the CKT term, making it more approximated to the
OKT term, and eventually reducing the RES term to one
order of magnitude smaller than the main forcing terms.
The decay phase of these two maxima is associated with
ageostrophic flux divergence.

For the cool events, two maxima of kinetic energy (K4
and K5) are observed with the wave that causes the frost
event. The K4 formation and intensification phases are
associated with baroclinic conversion and K5 with ageos-
trophic flux convergence and baroclinic conversion. The
decay phase of these two maxima is associated with ageo-
strophic flux divergence. For these two maxima, the RES
term is smaller than the individual terms, but it is negative
as it occurred with the cold events kinetic energy maxima.

Thus, in both types of frost events, the intensification of
the wave is associated with ageostrophic flux convergence.
Our results are in agreement with Krishnamurti et al.
(1999) results for the major frost events that have occurred
over southeastern Brazil, when downstream amplification
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of the wave train prior to the frost event, associated with
ageostrophic flux convergence, is observed.
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