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ABSTRACT

In this study we examine the space and time distributions of tornado events in Santa
Catarina state, located in southern Brazil, based on reports obtained from a data set of
27 years of damage assessment files from Santa Catarina’s Civil Defense System. We
also evaluate the vulnerability of the local residents to such weather phenomenon. For
the period analyzed, we found that tornadoes occurred in Santa Catarina almost every
year, with higher frequency of events being characterized during Spring and Summer.
Despite that, no proactive disaster-mitigation procedures exist in Santa Catarina to
prepare the society to deal with such hazardous weather events, such that the
vulnerability of the local society to tornadoes is relatively high. Because no disaster-
mitigation measure associated with weather phenomena is complete without an efficient
warning system, we aso conducted a preliminary meteorological analysis of a well
documented tornado episode reported in Santa Catarina on 3 January 2005. We found
that the tornadic thunderstorm developed in an atmospheric condition that displayed
some characteristics usually observed in mid-latitude-type severe weather
environments. However, further analysis is necessary to characterize all mechanisms
that led to the tornado formation, including local topography.
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1. INTRODUCTION

The State of Santa Catarina (SC), located in southern Brazil (within the latitudes of
26,0° Sand 29,5° S), is prone to the occurrence of various severe weather phenomena,
such as damaging winds, hailstorms, floods, flash floods, and even tornadoes.

Amongst the most frequent phenomena that cause natural disaster in Santa Catarina are
floods with 1,215 occurrences in a period de 21 years. The other kinds of extreme
phenomena in this same period occurred at 1/3 of the frequency of the floods
(Herrmann, 2001). In this scenario, the people of Santa Catarina are familiar with
floods, principaly in the areas hit frequently, there being in some municipalities
structural and non-structural (warning Systems) preventative measures in order to
minimize the impact caused by these kinds of natural hazards.

According to the United Nations Development Program (UNDP, 2004), vulnerability is
associated with the level of exposure and fragility of a social system with regard to a
natural hazard. One of the variables that contribute to determining the degree of
vulnerability is the population’s coping and adaptive capacity to natural hazards. Other
variables are also considered, such as a lack of reserves, and low economic levels; the
absence of social support mechanisms and weak social organizations; fragile buildings
(houses, barns, etc), and the fragility of the ecosystem, amongst others. Thus,
vulnerability is reduced in more developed areas with urban planning and specific
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efforts to mitigate the disaster losses, such as disaster preparedness and early warning
systems (UNDP, 2004).

Given this concept of vulnerability, Santa Catarina has differentiated degrees of
vulnerability in regard to the type of natural hazard, physical and social exposure,
resilience, and post-event response (Cross, 2001). Whilst for phenomena such as floods
there is social, economic, environmental and technological preparedness in various
regions of the state, exactly the opposite istrue in regard to other natural hazards.

One of the phenomena which are totally unknown by the majority of the Santa Catarina
popul ation are tornadoes. They are defined by a fast-rotating misocyclone, accompanied
by aviolently rotating column of air in contact with the ground, and normally observed
as pendent from a cumulonimbus cloud (Fujita, 1981). Doswell (2001) says that the
tornado is the air in movement (winds) and not the cloud that constitutes the
phenomenon, and these winds must be strong enough to cause destruction on the
surface. Besides being one of the most violent atmospheric disturbances, these
phenomena are normally accompanied by intense precipitation, hailstorms and gales.
The State of Santa Catarina has favorable conditions for the occurrence of tornadoes.
The region’s climate is characterized by frequent passages of frontal systems, mesoscale
convective systems, isolated instabilities which bring about intense precipitation,
hailstorms, gales and tornadoes (Marcelino, 2003). Brooks et al. (2003) have shown
that the Southern region of Brazil isone of the most favorable areas on the planet for the
occurrence of tornado storms. Various episodes of tornadoes and waterspouts have been
documented in Santa Catarina by Marcelino et a. (2005) and Marcelino (2005) since
the 19706, with significant social and economical impacts to human activities.

With the main goal of improving our knowledge on the subject of tornadoes in Brazil,
the objective of this study is to analyze the space and time distributions of tornadoes in
Santa Catarina, and to assess how vulnerable is our society to these atmospheric
phenomena. A brief case study is aso conducted, addressing the meteorological
conditions associated with a recent tornado event in the city of Criciima, on 3 January
2005.

2. OVERVIEW OF ATMOSPHERIC CONDITIONS CONDUCIVE TO TORNADOES

As discussed in Doswell and Bosart (2001), the onset of intense deep convection in the
atmosphere depends, fundamentally, on the existence of three main synoptic scale
elements: moisture availability, convective instability and rising motion (i.e., a source of
lift for the air parcels). Atmospheric patterns strongly associated with tornado
development are labeled by Doswell and Bosart as “synoptically evident patterns’,
which include situations of strong synoptic forcing that favor the build-up of convective
potential energy, with strong mid- to upper-level winds, and substantial vertical wind
shear. These synoptically evident patterns are typical of mid-latitude tornadic events
that, in some cases, can be identified up to a few days in advance with respect to the
initiation of the severe weather episode, indicating a prospect for enhanced
predictability. Some atmospheric features accompanying such synoptic-scale patterns
include a pool of cold air at mid- and upper levels (below the tropopause; usually
associated with a migrating trough), alayer of dry air from low- to mid-levels (i.e., from
3 to 5 km of altitude), and the presence of moisture in the lower troposphere (e.g.,
Johnson and Mapes, 2001). When these features are present at the same time, the
atmosphere becomes highly unstable and, thus, prone to strong vertical motion and to
severe thunderstorms (if a source for lift becomes available).

It is evident that, in addition to the patterns mentioned above, several other atmospheric
processes can play a relevant role in the triggering of deep severe convection (that can



occasionally become tornadic). One of these processes is the coupling of lower and
upper level atmospheric flows, such as jet streams and jet streaks, which can be an
important process in setting up the stage for the development of severe thunderstorms,
as described in Uccellini and Johnson (1979).

Orographic effects aso contribute to the development of deep convection (including
severe convection), by providing efficient lift for the air parcels and enhancing potential
convective instability in localized areas. This subject was discussed, for example, by
Costa et a. (2001), who addressed the role played by the strong interaction of the
synoptic-scale flow and the slopes of the Alps in the formation of tornadic storms in
Italy.

More recent studies have shown that southern Brazil is among the regions in the world
where synoptic conditions favorable for the development of severe convective storms
are occasionally found, which include thunderstorms capable of producing hailstones of
considerable size, damaging winds and tornadoes (e.g., Brooks et al., 2003; Nascimento,
2005). Some authors also include storms capable of producing high precipitation
amounts as severe storms (Mills and Colquhoun 1998). In one of these recent studies,
Brooks et al. (2003) conducted a three-year globa *“climatological” analysis of
atmospheric conditions conducive to severe weather. To that end, they computed, for
the entire world (using data from 1997 to 1999), atmospheric parameters used for
tornado forecasting in the United States of America. The results suggest that the
subtropics of South America (including southern Brazil) is, potentialy, the third-most
favorable region on the planet for the occurrence of severe storms and the second for
tornadic storms.

There is more than one reason why southern Brazil is included in the areas prone to
severe weather. First, it is influenced by some very active meteorological systems such
as migratory baroclinic systems responsible for inducing surface cyclogenesis and
providing the vertical wind shear necessary for severe convection (Doswell and Bosart
2001). The activity of frontal systems makes this region susceptible to swift weather
changes during the entire year. Second, moisture from the Amazon basin is efficiently
transported polewards (i.e., to the subtropics) by the presence of southerly low-level jets
during the South American warm season (e.g., Berri and Inzunza 1993). This process
provides moisture to the region, which also contributes to the destabilization of the
atmosphere. In fact, as identified by Marcelino (2003), the existence of this low-level
flow associated with upper-level westerlies and with difluence of the zona flow in the
upper troposphere, favors the occurrence of tornadic thunderstorms and waterspout-
producing storms in Santa Catarina.

Another consequence of the low level moisture advection is that southern Brazil is
affected by strong mesoscale convective systems that form over Paraguay and northern
Argentina during the warm season. Some of these develop into long-lived mesoscale
convective complexes (MCCs), especialy during spring, and are responsible for
important rain accumulation (sometimes causing flash floods) and occasional
occurrence of strong surface winds (especially over western portions of Santa Cataring;
Monteiro, 2001). Thus, the existence of different convective systems developing under
synoptic and mesoscale circulations that are, sometimes, conducive to severe weather
explains why southern Brazil is also a tornado-prone area.

The complex configuration of Santa Catarina’s topography also contributes to the
formation and /or enhancement of convective activity in virtue of the efficient lifting
mechanism provided by the foothills and mountains. Costa et al. (2001), for Italy, and
Marcelino (2003), for Santa Catarina, have found that the locations surrounded by hills
and mountains are more prone to the occurrence of tornadic storms, mostly because



those are the regions where convective initiation is more likely to occur for their regions
of study.

3. SPATIAL-TEMPORAL DISTRIBUTION OF TORNADOES IN SANTA CATARINA

According to Marcelino et a. (2005) and Marcelino (2005) 45 episodes of tornadoes,
possible tornadoes and waterspouts were registered in the Santa Catarina territory in the
period from 1976 to 2003. In this period, this phenomenon caused approximately US$
9,300,000 worth of damage. In Figure 1 the occurrence of tornadoes can be observed
over these 27 years. The average annual occurrence of tornadoes for this period was
approximately two episodes.
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Figure 1 — Annual frequency of tornadoesin SC in the period from 1976 to 2003.

The progressive increase in the registering of tornadoes in Santa Catarina is probably
related to the greater quantity of data and information on these phenomena in recent
years. In this way, even in the years when there was an absence of tornadoes, the
hypothesis that they had occurred cannot be discarded. This is due to the lack of data
and information on the phenomenon and / or the low intensity of the damage to be
recorded on the governmental and non-governmental organ’s registers. Besides this, the
great lack of knowledge and confusion between tornadoes and gales led many events to
be erroneoudly registered as gales (Marcelino et a. 2005).

In Figure 2 the seasonal distribution of the occurrence of tornadoes can be seen,
highlighting the seasons of summer (January and February) and spring (September,
October and November) as those most favorable for the occurrence of the phenomenon.
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Figure 2 —Monthly distribution of tornadoesin SC in the period from 1976 to 2003.
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The summer period in Santa Catarina is characterized by elevated temperatures and
humidity. One of the atmospheric systems which most brings about extreme
atmospheric phenomena in this period are isolated convective systems. These storms
form as the result of daytime heating, bringing about convective instabilities generally
in the late afternoon period. In the springtime, other atmospheric systems contribute
significantly to the generation of tornadoes, such as mesoscale convective systems and
transient frontal systems. Mesoscale Convective Complexes (MCC) are areas of
instabilities which form in Paraguay and northern Argentina (the Chaco region) and
move towards the Atlantic Ocean going through the whole state of Santa Catarina
causing intense rain, hailstorms, gales and tornadoes (Silva Dias, 1996). Despite being
more intense and frequent in the winter, the cold fronts can ill come with elevated
intensity in the spring. When these cold fronts come, associated with the MCCs, they
form dSituations that are even more favorable to extreme events such as tornadoes
(Marcelino, 2003).

The spatial distribution of the tornadoes on Santa Catarina territory can be observed in
Figure 3. Tornadoes were registered in al the mesoregions of the state, the following
municipalities being prominent: Xanxeré, Floriandpolis, Canoinhas, Itapoa, Joinville,
Penha, Picarras, Maravilha, Laguna and Foquilhinha. These municipalities had a greater
number of registrations of phenomenon alied to greater vulnerability in regard to the
state’s municipalities, based on demographic density.
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Figure 3 — Spatial distri buti‘on of tornadoeé in SCinthe périod from 1976 to 2003.

4. POPULATION’S UNPREPAREDNESS FOR THE OCCURRENCE OF TORNADOES IN SANTA
CATARINA

The population’s unpreparedness for the occurrence of tornadoes can be seen in the
records in periodicals and news on these events. Various examples can be cited which



show the lack of knowledge on the part of the population and the governmental and
nongovernmental organizations that are responsible for the post-event response.

In Figure 4, different denominations given to tornadoes can be observed and there
follow some examples: the tornado in the municipality of Maravilha in October 1984
was called a “hurricane” in the local newspaper; the tornado in S&o Joaquim was called
a “gale” (most common error); the tornado in the municipality of Meleiro in February
1996 was called, by the Jornal da Manhé& newspaper and by the residents which saw the
phenomenon a “typhoon” and “whirlwind”; the one in Picarras was also called a
“whirlwind” by a resident who was struck; the tornado which occurred in Joinville in
January 1999 was aso caled a “whirlwind’; the tornado which occurred in
Forquilhinhain November 1999 was the first episode with the registering of afunnel by
a photograph and even so this phenomenon was considered by the ANoticia newspaper
tobea“gale’.

Besides society’s lack of knowledge, another factor, which contributes to the increase in
vulnerability, is the lack of suitable equipment to monitor and better understand the
dynamic of the tornadoes, such as radars and meteorologically adequate stations to
subsidize the diagnoses and prognoses of this phenomenon. The current equipment is
not sufficient to make a more detailed forecast (on a mesoscale), which phenomena such
as tornadoes require.
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Tornado in February 1996 in Meleiro. In na localidade de Sanga Grande
the newspaper it was reported a “gale”. - o

Source: Jornad da Manhg 02/29/96,
Criciima/SC.

Tornado in  November 1999 in
Forquilhinha. Reported correctly as a
tornado. Source: Di&io Catarinense,
11/25/99, Floriandpolis/SC.

Tornado in  November 1999 in
Forquilhinha. It was reported in the
newspaper incorrectly as a “gae’.
Source: ANoticia, 11/25/99, Joinville,
Santa Catarina/SC.

Figure 4 — Different denominations designated to tornadoes in SC.

Besides this, there is a lack of awareness in the population to know how to act at times
in which these phenomena occur. This awareness is extremely effective with regard to
avoiding fatalities. Making a population aware reduces a place's vulnerability. Some
training courses have been held to achieve this attitude on natural hazards so there is a
reduction in the vulnerability of the most-hit regions.

The building also contribute to increasing vulnerability, as in general they do not have
shelters, are built without considering possible tornadoes, and most are made of wood



and have aroof that is not very resistant. The most vulnerable roofs were those covered
by 6 mm concrete and asbestos fiber (CAF) tiles. This type of tile is readily forms
projectiles during a tornado, being capable of considerably increasing the number of
people injured.

5. CASE STUDY: TORNADOESIN CRICIUMA

On 3" January 2005 there were two tornadoes in the municipality of Cricitima, in the
south of the State of Santa Catarina (Figure 5). The first hit principaly the
neighborhood of Vila Manaus, a central area of the municipality. The second tornado,
which appeared approximately thirty minutes after the end of the first one, hit the
neighborhoods Metropol and Colonial, in the area adjacent to the central are of
Criciuma.
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Figure 5 — Localization of Criciuma municipality.

The southern messoregion of Santa Catarina is made up of a coastal plain with fenland,
near the steep slopes of the Serra Geral Mountain Range, which have average altitudes
of around 1,000 m. The proximity to the sea (maritimity), the presence of fenland areas,
and of the Atlantic Forest, contributes to the increase in humidity rates seen in the
region. Besides this, the presence of the Serra Geral favors the upward vertical
movements (orographic effect), which with the elevated rates of humidity and heat,
generate favorable conditions for the formation of local convective storms, associated or
not with other atmospheric systems on a regional scale, such as cold fronts. Besides
these characteristics, the municipality of Criciima presents peculiarities that contribute
further to the formation of tornadoes; that is, it presents areas of lowland surrounded by
hills. On a local scale, this also favors the elevated rates of humidity and temperature,
also important for the formation of tornadic storms (Marcelino, 2003; Costa et al. 2001).



a) Preliminary synoptic analysis

In this section we conduct a preliminary meteorological analysis of the 3 January 2005
Criciima tornadoes. This analysis does not intend to be a thorough and detailed
description of the mesoscale environment in which the tornado-producing thunderstorm
developed (to be described elsewhere), but provides a general overview of the synoptic
conditions in which the tornadoes occurred.

The meteorological conditions prevailing during the hours preceding the tornadic event
and close to the time of the event will be examined with the aid of Figures 6 and 7,
respectively. The panels show a close up view over southern Brazil (Rio Grande do Sul,
Santa Catarina and Parana states) of the 12 UTC analysis (Figure 6) and 6-h forecasts
valid at 18 UTC (Figure 7) for several meteorological variables from the Eta/Centro de
Previsdo do Tempo e Estudos Climéticos (Eta/CPTEC) operational regional model for 3
January 2005, with loca time corresponding to UTC time minus 3-h (not taking into
account daylight-savings time).

Figure 6a indicates the general atmospheric conditions at the surface in the morning
hours of 3/Jan/2005. A low-pressure system with a well defined cyclonic circulation
was |located over Paraguay, being, in part, the manifestation of the Chaco Low (Seluchi
et al 2003). A trough was also observed over the southern tip of Rio Grande do Sul
coast line, and winds prevailed from the north over the entire continental southern
Brazil. Over the South Atlantic, moderately strong west-to-east pressure gradient was
established, with northeast surface winds along the Brazilian shore. This low-level flow
from the South Atlantic contributed to an important along-shore moisture convergence
in Santa Catarina state, as depicted in Figure 6b.
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Figure 6 — Eta/lCPTEC model analysis valid for 3/Jan/2005 at 12 UTC. Vectors are:
1000 hPa winds in a, b and f; winds at 850 hPa, 500 hPa and 250 hPa in c, d and e,
respectively. Contours are: (a) sea level pressure indicated at 1 hPa intervals; (b)
moisture divergence at 2~ 10° g kg™ s intervals (dotted lines are negative values); (c)
surface specific humidity at 1 g kg™ intervals (only values above 18 g kg™ are shown);
(d) 500 hPa geopotential height at 20 m intervals; (¢) wind magnitude at 5 m s*
intervals (values above 15 m s* are shaded); (f) CAPE at 500 J kg™ intervals (values
above 1000 J kg™ are shaded). A reference 20 m s* wind vector is indicated below each
panel, and the closed circle indicates location of the tornado occurrence.

The 850 hPa circulation displayed a southerly component over Brazil, playing an
important role in transporting low-level moisture poleward from the low-latitudes of
South America (Figure 6c¢). This was a relevant mechanism for destabilizing the
atmosphere in southern Brazil. Also at 850 hPa was possible to identify a cyclonic
circulation over Paraguay.

At mid-levels (Figure 6d), a trough was present over the western portion of southern
Brazil, associated with a migratory baroclinic system, giving further (potential) support
for setting up the stage for thunderstorm development along and ahead of the surface
trough in south Brazil. Such synoptic-scale systems provide large scale ascent at mid-
levels that contributes to further destabilization of the atmosphere. In fact, the existence
of mid-level forcing associated with baroclinic systems is often one of the mechanisms
present on the onset of mid-latitude-type severe convection (e.g., Doswell and Bosart,
2001). Comparing Figs. 6a and 6d, an important directional wind shear in the vertical is
also distinguishable along the coast of Rio Grande do Sul.

At the upper-levels (Figure 6€), the baroclinic wave was also well characterized with a
trough located at approximately 56° W and a 25 m s “jet streak” positioned over Rio
Grande do Sul. Strong divergence (not shown) was evident at the equatorward entrance
of this feature, over extreme western Santa Catarina state. Regarding potential
convective instability, Figure 6f depicts the corresponding convective available
potential energy (CAPE) field. Higher values of CAPE (above 1000 J kg™) were
analyzed over Argentina and Rio Grande do Sul, with no significant values over Santa
Catarina at thistime.

Figure 7 shows the 6-hr model forecast from Eta-CPTEC, valid at approximately the
time when the tornadic thunderstorm developed in Santa Catarina. Because it is a
forecast, these fields are examined in a qualitative sense and, whenever possible, are
compared with available observations. Figure 7a shows that, during the afternoon hours,
the surface pressure gradient tightened over the South Atlantic (compare with Figure
6a), not only inducing stronger surface flow but also promoting further veering of the



winds along Santa Catarina’s shore. In fact, METAR observations from Florianépolis
(located north-northeast from Criciima, at the Santa Catarina coast) reported winds
veering from east-northeast at 1 pm local time, to east winds at 4 pm, verifying the
model forecast for wind direction. This synoptic-scale evolution may have played arole
in providing an environment supportive of the tornadic storm, as described latter. Over
the continent, the pressure dropped over southern Brazil, being, in part, a response to the
mid-level migratory system. The localized pressure ridge devel oped over Rio Grande do
Sul state is probably a mesoscale response to the model-generated precipitation over
that area (not shown), inducing alocalized mesohigh.

Sea-level pressure (hPa) 1000 hPa moistur e divergence (g kg™ s?)
and 10-m wind vectors (m s and 10-m wind vectors (m s%)
(a) (b)
850 hPa wind vectors 500 hPa geopotential height (m)
and surface specific humidity (g kg™) and wind vectors (m s?)

(© (d)

250 hPawind vectors and magnitude (m s™) CAPE (J kg™ and 10-m wind vectors (m s™)
e

Figure 7 — As in Figure 6, but model forecast valid for 18 UTC. In (c) the contour
interval is2 g kg™,
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The predicted moisture divergence field (Figure 7b) displayed substantially negative
values (i.e.,, moisture convergence) over Criciima (indicated by a closed circle),
highlighting the existence of a very important surface forcing for thunderstorm
development. The moisture convergence in Criciima, aready present at 12 UTC
(Figure 6b), persisted in the 6-hr model forecast. The interaction between the
southwesterly winds from the South Atlantic and the local topography around Criciima
(reasonably well represented in the model, not shown) seems to be the main mechanism
leading to such feature.

At 850 hPa (Figure 7c), the predicted wind field still showed strong component from the
north, maintaining moist advection over southern Brazil. The predicted surface specific
humidity reached 22 g kg™ over Rio Grande do Sul state. METAR observations from
Porto Alegre and Santa Maria (Rio Grande do Sul) reported moderately high dew point
temperatures during that afternoon, reaching 22° C. Over eastern Santa Catarina state,
however, the predicted moisture fields were not as high, especially over higher terrain.
Cricima, however, is located only 46 m above sea level, such that the local
environment could be moister than that predicted by the Eta model. For example,
METAR observations from Floriandpolis, at sea level, reported dew point temperatures
reaching 24° C that afternoon.

The 500 hPa flow (Figure 7d) showed the advancing trough (now a couple of degrees
further east with respect to the 12 UTC analysis), with geopotential heights being up to
40 m lower than that analyzed 6 h before. Thus, surface pressure drop was expected just
to the east of the mid-level trough, being in agreement with the analysis of Figure 7a
conducted earlier. Mid-level winds were not particularly strong over southern Brazil,
reaching 12 m s* just off the northern coast of Rio Grande do Sul state. However, the
predicted vertical wind shear did increase over southern Santa Catarina. Figure 8
compares the 0-to-8 km hodograph obtained from the 12 UTC model analyses and 18
UTC model forecast for the grid point nearest to Cricima. The predicted 18 UTC
hodograph is clearly longer than the corresponding one from 12 UTC, indicating an
increase in vertical wind shear. It is also possible to identify the more veered 10-m
winds at 18 UTC (forecast), indicating more directional shear available at low levels,
despite not very strong deep wind shear magnitude. In addition, the 18 UTC hodograph
from surface to 3 km (700 hPa) displays more curvature, suggesting the development of
a synoptic environment more favorable for severe thunderstorms (Doswell, 1991), at
least from a purely kinematic standpoint.
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12 UTC Eta-CPTEC 18 UTC Eta-CPTEC
(a) model analysis (b) model forecast

u(m/s) u(m's)
Figure 8 — Eta-CPTEC 0-8 km hodographs for the grid-point located at 28,6° S and
49,4° W (grid point nearest to Criciima). In (a) and (b) the square indicates the tip of
the 10-m wind vector (the starting point of the hodograph), followed by the circles
referring to levels 1000 hPa, 925 hPa, 900 hPa, 850 hPa, 800 hPa, 750 hPa, 700 hPa,
650 hPa, 600 hPa, 550 hPa, 500 hPa, 450 hPa, 400 hPa and 350 hPa (triangle).
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At 250 hPa the upper-level trough is evident (Figure 7d), with winds reaching 20 m s*
over southern Brazil. It is interesting that, in the 18 UTC forecast, Criciima is under a
region of weak upper-level convergence (not shown), which is less supportive for
thunderstorm formation. Further scrutiny is necessary to examine whether the model
forecast is verified against observations (for example, satellite-derived winds). The
tornadic thunderstorm did develop, however, just downstream of the advancing mid-
and upper-level trough, which typically is a location favorable for convective storm
development.

Finally, Figure 7f depicts the CAPE distribution at 18 UTC. High CAPE values (above
3000 J kg™) were predicted for east central Argentina, with only moderate values for
southern Brazil. Over Criciima region, the Eta model predicted an increase of CAPE (in
comparison to the 12 UTC analysis), up to at least 1000 J kg™, indicating a clear trend
for destabilization of the atmosphere, as expected. This CAPE magnitude, however,
might ill be an underestimation if we recal that METAR observations from
Florianopolis reported surface dew point temperatures higher than the predicted ones
around 18 UTC. With higher surface dew point temperatures, CAPE isincreased for the
same given temperature profile, which might just be the case over Cricima that
afternoon where relatively strong moisture convergence was present or predicted (Figs.
6b and 7b).

Analysis of satellite and radar imagery (not shown) displays an explosive development
of the convective cell that produced the tornadoes, suggesting the existence of very
strong updrafts which are often (but not always) observed in high CAPE environments.
This result also highlights the important limitations of analyzing CAPE field aone
when characterizing severe thunderstorm environments, especially CAPE computed
from model output.

From a qualitative standpoint, the Eta model did capture the general increase in vertical
wind shear and convective instability over southern Santa Catarina state from 12 UTC
to 18 UTC, as well as the presence of low-level moisture convergence and of a mid-
level baroclinic system over southern Santa Catarina, all features being supportive of
the onset of mid-latitude-type severe convection. For a more quantitative analysis of this
case, however, further examination of in-situ and remote observations and of other
regional models (as well as additional numerical smulations) isimperative.

The 03 January 2005 case represents what seems to be a typical example of tornadic
thunderstorm development in a subtropical region, displaying at least some
characteristcs of tornadic environments observed at higher-latitudes.

b) Description and classification of the tornadoes

According to the observations and field data collected by the geoscientists of the
Natural Disaster Research Group (GEDN), the first tornado began at approximately
14:40 hours in the grounds of the Southern Santa Catarina State University (UNESC),
with intensity FO. Afterwards, it moved NE-SW in the direction of the Vila Manaus
neighborhood, going to F1. On arriving in this neighborhood it intensified to F2. At this
moment there was more severe damage, which lasted around seven minutes.
Afterwards, the tornado returned to the intensities F1 and FO, dissipating at
approximately 15:10 hours.

It is stressed that this tornado did not touch the ground continuously. However, when
the funnel did not touch the ground it remained at some meters of altitude (10 -15 m)
ripping off the whole roofs of several houses (suction effect). According to these
characteristics this tornado was classified as F2.
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Regarding the damage, the first tornado caused the destruction of roofs, the partial and
total destruction of houses and sheds, wood non-engineering houses were lifted up and
moved by the winds (left their foundations); roofs were thrown tens of meters; many
projectiles were thrown approximately 150m. Projectiles were found stuck in trees and
the ground; trees with roots were thrown (50m), as well as various trees being blown
down, twisted and broken; several people were injured and there was one death. Some
residents were hung upside down, hanging on to doors. In the Vila Manaus
neighborhood four houses were totally destroyed, 40 partialy destroyed and 30
damaged (roof material failure). Several people were injured, principally due to
projectiles (tiles and pieces of wood) that were thrown by the winds.

The second tornado began at approximately 15:30 hours near the Maina river as an FO,
moving SE-NW. On reaching the Metropol neighborhood, it intensified to F1 causing
more severe damage. Afterwards it moved to the Colonial neighborhood as an F1, going
on to an FO near the hill near this neighborhood. This tornado dissipated at 15:45 hours.
As happened with in the first case, this tornado also did not touch the ground
continuously. The most severe damage was when the funnel touched the ground, but
even not touching the ground it ripped off roofs when it leapt. This tornado was
classified asan F1.

The damage done by the second tornado was concentrated in the Metropol and Colonial
neighborhoods, ripping off roofs and causing the partial destruction of roofs on
buildings, as well as the destruction of more fragile structures like garages, huts and
corrals; severa (eucalyptus) trees were broken and twisted, many were knocked down
and several tree twigs were broken. A car was thrown off the road, hitting awall. Many
projectiles were thrown, flying projectiles injured several people, and some animals
disappeared. The neighborhoods most affected by the storm were Metropol and
Colonial.

5. FINAL REMARKS

Previous studies have documented the occurrence of tornadoes in Santa Catarina state,
located in southern Brazil. Tornado reports in Santa Catarina tend to be geographically
biased to some regions where the development of thunderstorms seems to be favored. In
these regions, tornadoes can be reported more than once a year. Because of the lack of
awareness of the existence of such meteorologica phenomena in their region and the
lack of an adequate proactive disaster-mitigation procedure designed to deal with such
hazardous weather events, the local population is vulnerable to tornadoes.

Because no disaster-mitigation measure associated with weather phenomenais complete
without an efficient warning system, we conducted a preliminary meteorological
analysis of awell documented tornado episode reported in Santa Catarina on 3 January
2005. We found that the tornadic thunderstorm developed in an atmospheric condition
that displayed some features usually observed in mid-latitude-type severe weather
environments. These features included the presence of a migratory baroclinic system
over southern Brazil (with the tornadic storm developing east of the 500 hPa trough),
low-level moisture advection realized by southerly winds, strong low-level moisture
convergence in the region where the storm developed, and existence of directional
vertical wind shear. However, further analysis is necessary to characterize all
mechanisms that led to the tornado formation, including local topography.

It is worth stressing that the better understanding of the environments in which
tornadoes occur in southern Brazil is important not only for weather forecasting, but
also for climate change assessments and planning for disaster mitigation procedures. For
example, the recent assessment conducted by Met Office (2004), regarding the
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atmospheric response to a rise in average surface temperature, indicated that the
southern and southeastern sectors of Brazil will experience an increase in the activity of
strong synoptic-scale storms (e.g., stronger extratropiocal cyclones). Can thisincrease in
the activity of synoptic-scale storms be translated into more frequent occurrence of
severe local storms and tornadoes in southern Brazil? This question can only be
answered if the synoptic conditions in which tornadoes are formed in Brazil are well
characterized.
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