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2.a.1 Introduction
Sea Surface Temperatures (SSTs) warmer than 26.5oC and Environmental Vertical Wind Shear (EVWS,
defined as the magnitude of the difference between the 200 and 850 hPa vector winds) lower than 8 m/s
offer ideal conditions for Tropical Cyclone (TC) development. Thus it has been accepted that hurricanes
could not form over the South Atlantic Ocean due to the very intense climatological vertical wind shear
and not sufficiently warm SST. However, on March 28, 2004 the cyclone Catarina hit the southern region
of Brazil (State of Santa Catarina). This was the first documented time when a system reaching a
category I hurricane strength made landfall anywhere in the South Atlantic basin. This is not to say that
a phenomenon like the Catarina Hurricane had not existed in the past, but there is very strong evidence
that at least during the satellite era this is unprecedented.
A few important questions arise after March 2004. First, what Catarina really was and how should we
refer to it? Second, was Catarina a result of natural climate variability only, or could it also be related to
climate change due to anthropogenic influences?
2.a.2 Synoptic History
Observations of the Catarina event include satellite-based Dvorak and Hebert-Poteat technique
intensity estimates from the Tropical Analysis and Forecast Branch (TAFB) of the Tropical Prediction
Center (TPC) in Miami, Florida, the Satellite Analysis Branch (SAB) in Washington, DC, and AFWA.
Microwave satellite imagery from NOAA polar-orbiting satellites, the NASA Tropical Rainfall Measuring
Mission (TRMM), the NASA QuikSCAT, the NASA Aqua, and Defense Meteorological Satellite Program
(DMSP) satellites were also useful in tracking the cyclone. Operational analysis of the global
forecasting centers also indicate the structure of the system although their generally rather coarse
resolution impairs a detailed analysis of the structure of the system.
The origin of the phenomena goes back to about 8 days before the cyclone hit the coast. An intense
cold front was followed by the formation of a low pressure system at about 22oS. This development
was a typical baroclinic cyclogenesis caused by an upper-level trough (Fig. 2.a.1) interacting with a
surface frontal system, with satellite imagery showing features typical of that mode of development
(Fig.2.a.2). The Catarina Cyclone trajectory was derived from the University of Melbourne automatic
tracking algorithm showing the central locations every 06 hours (Fig. 2.a.3), based on the high
resolution ECMWF analysis (0.5o), and the maximum SSTs (oC) for the period between 20 and 28
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March. On 23 March, the upper-level trough was cutting off from the westerlies to form an upper-level
low (Fig. 2.a.1). This resulted in the surface low turning west-northwestward, characterizing a comma
cloud system (Fig. 2.a.2d and Fig. 2.a.3) embedded in a baroclinic environment, a common feature in
this region during autumn and spring according to Bonatti and Rao (1987). Early attempts to classify
this weather system also included a polar low event because in the early stages of development it
produced a typical comma cloud pattern, sometimes observed, for instance, over the Mediterranean
Sea (Reale and Atlas, 2001) where they sometimes resemble tropical cyclones with the eye structure
and relatively shallow convection compared to the tropical standards. However, the NASA QuikSCAT
instrument indicated up to 18 ms-1 winds associated with the surface low (Figure not shown), and
convection first developed near the surface low center. The system was quite strong compared to other
comma systems observed in the region.
Central convection increased on 24 March and the comma cloud shape became very well defined (Fig.
2.a.2f). Operational services looked more closely at the situation because there were several
indications that it was an anomalous system. Comma clouds in this area usually slowly displace
east/southeastward. However, this particular system was moving north-westward at this time (Fig 2.a.3).
The U. S. Air Force Weather Agency (AFWA) in Omaha, Nebraska made the first subtropical cyclone
intensity estimates using the Hebert-Poteat (1975) technique. The AFWA estimated that the cyclone
became a subtropical storm around 00 UTC 25 March about 900 km from the coast at 28oS (Fig. 2.a.2g)
although at that time the system still had the typical characteristics of the comma systems, according to
the Center for Weather Forecasting and Climate Research (CPTEC) bulletin. Catarina turned
westward later that day with development continuing. The convection wrapped around a formative
eye near 00 UTC 26 March (Fig. 2.a.2i), with the eye becoming embedded in a convective overcast by
15 UTC that day (Fig. 2.a.2j).
The westward displacement of Catarina indicates that it followed an optimum path to avoid strong
vertical wind shear. Northward and southward of the vortex wind shear would have destroyed its
vertical structure and the system would dissipate (Nakano and Nakajima, 2004). Sea surface
temperatures, on the other hand, were higher on the coast where the warm current of Brazil developed
a tongue of warm waters.
The classification of the vertical structure of the system, based on the Hart (2003) system
(http://moe.met.fsu.edu/cyclonephase/) with the 1o resolution NCEP/AVN analysis and the AMSU
soundings processed at CIRA are shown in Figure 2.a.4. The vertical cross section of the NCEP/AVN
high resolution operational analysis (0.5o) is shown in Figure 2.a.5. Figure 2.a.5 indicates the
intrusion of warm air at the top of the troposphere on 23 March and that the low level warm core is very
narrow. Figure 2.a.5 also shows the diabatic heating derived from the NCEP high resolution analysis.
Maximum heating at the earlier stages (Fig. 5c) seems deeper than at the final stage (Fig. 2.a.5d) when
convective heating reached about 25-30oCday-1 at a 800 hPa.
Coarser operational analysis failed to properly identify the inner warm core as can be seen in Figure
2.a.4a (based on the NCEP/AVN 1o resolution analysis). Similar analysis based on other operational
analysis (e.g., the Canadian Meteorological Service) also failed to identify the inner warm structure of
the system (figure not shown). Figure 2.a.6 shows the AMSU-derived azimuthally-averaged
temperature anomalies for the pre-Catarina low near 21 UTC 23 March (courtesy of the Cooperative
Institute for Research in the Atmosphere/CIRA at Colorado State University). Clearly, the warm core is
restricted to the upper troposphere/lower stratosphere. Figure 2.a.6 shows a cold-core cyclone in the
middle levels (6-7 km), with a large and strong warm-core signature at 14-16 km. This is consistent
with a baroclinic cyclone, with cold air in the middle levels and warm anomalies at high levels due to a
lowered tropopause associated with the upper-level trough (Fig. 2.a.1). At this time, Hart classification
applied to the Advanced Microwave Sounding Unit (AMSU) sounding (Fig. 2.a.4b) classified the system
as moderately warm core because of the analysis is restricted to the 900-600hPa and 600-300hPa
layers, where the temperature anomalies were not well defined in the early stages. The AMSU
soundings indicated significant warming of the lower and middle levels on 26 March compared to the
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structure shown in Figure 2.a.6. It also shows a smaller, but more intense, warmer core now
concentrated over the center of the cyclone. This anomaly is at 10-12 km, or about the height of the
tallest observed convective tops. These signatures are more characteristic of that of a tropical
cyclone, and intensity estimates (Brueske and Velden 2003) based on the AMSU-measured warm core
indicated Catarina was of hurricane strength by March 26. Based on this and high resolution analyses
of temperatures from the AMSU and the NCEP/AVN 100 km resolution analysis, it is estimated that
Catarina completed its transformation to a narrow warm core system around 12 UTC 26 March.
Only high resolution analysis were able to properly identify the inner structure of the core. Figure 2.a.4b
suggests that a rapid transition to moderately warm core took place on 23 March. Bonatti and Rao
(1987) indicates that comma cloud systems in this region tend to follow a similar evolution of the inner
thermal structure. However, the Catarina Cyclone continued to evolve into the tropical transition (TT),
contrary to the typical situation of the comma systems. While Catarina may be unique in the South
Atlantic, this type of evolution is often seen in the North Atlantic, as typified by Hurricane Epsilon
(Franklin 2006).
Catarina continued to move westward on 26 March between the cut-off low to the north and a
mid/upper-level anticyclone to the south (Fig. 2.a.3). This was followed by a west-southwestward
motion the next day. The cyclone maintained a well-defined eye with Dvorak (1984) tropical cyclone
intensity estimates of 38-45 ms-1 during this time. It turned west-southwestward on 27 March, and this
motion brought the center to the coast of Brazil near 29oS at the Santa Catarina coast at about 05 UTC
28 March (Fig. 2.a.2 and Fig. 2.a.3).
As the warm core formed, Catarina also developed some anticyclonic outflow, which is another aspect
of a ‘classic’ tropical cyclone. Figure 2.a.7 shows upper-level satellite-derived winds produced by the
Cooperative Institute for Meteorological Satellite Studies (CIMSS) at the University of Wisconsin for
1800 UTC 27 March. Note the wind barbs in the cyan (greenish-blue) color to the south and
southeast of Catarina representing winds between 100-250 hPa. These winds are radially outward
from the center south of the cyclone, then turn anticyclonically to become westerlies to the southeast of
Catarina
Satellite imagery showed cooling of the convective cloud tops in the last few hours before landfall on 28
March, suggesting that Catarina was strengthening as it reached the coast. This may have been due
to passage over the tongue of warmer sea surface temperatures just offshore of the landfall area
(Figure 2.a.3) associated with the Brazil current. Catarina continued generally west-northwestward
after landfall, moving into the higher terrain of southeastern Brazil where it dissipated late on 28 March
(Fig. 2.a.2).
An analysis of the precipitation associated with Catarina was performed by Pereira and Lima (2006).
They show the satellite daily maximum rainfall estimates between 23 and 29 March obtain with
CMORPH (Joyce et al., 2004). The daily maximum precipitation associated with Catarina was fairly
constant and above 100 mm day-1 except on 25 and 29 March.
During and after Catarina, questions were raised regarding how convective the clouds surrounding the
eye actually were. Convective cloud tops over the Amazon areas of Brazil often reach heights of 20
km, while those in Catarina were much lower in the 6-12 km range as shown by convention satellite
imagery and radar cross sections from the TRMM satellite. Figure 2.a.5 also suggests that the
maximum convective heating level was significantly lower than the typical values found in the tropical
sector of South America (although at some stages, such as in Fig. 2.a.5c when it reached 200 hPa with
peak values between 600 and 500 hPa). High resolution imagery at landfall indicates the development
of an intense convective system in the center of the eye and on the southeastward corner of the eye
wall (Fig. 2.a.8). These convective cells were detected by the automatic tracking system available at
CPTEC (Machado and Laurent 2004). The cell at the eye center may have been triggered by the
interaction with the abrupt raise in the local topography (Figure 2.a.3). There are several indications
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of tornadoes and microbursts associated with the intense convective cells near at the center of the eye
and at the eye wall as reported by observers and based on the damage produced by the storm.
Additionally, a TRMM radar cross section on 27 March (Fig. 2.a.9) also shows convective towers
extending above the ‘bright band’ melting/freezing level, particularly to the left of the eye on the figure.
These data show the presence of convective clouds in the cyclone. The map of lighting strikes (figure
not shown) indicates the absence of electrical activity associated with Catarina particularly in the eye
wall, though convective cells had a vertical structure that indicated the presence of ice crystals (Pereira
and Lima, 2006). It might be related to the kind of cloud condensation nuclei (CCN) available over the
ocean (salt). Some electrical activity was observed over the continent in association to a convective
band to the Northwest of Catarina. It is likely that the relatively low convective heights are due to the
lowered tropopause associated with the upper level trough (Fig. 2.a.1). Such suppression of the cloud
tops has been seen in similar North Atlantic storms (e. g., Hurricane Epsilon). Epsilon also formed
and spent much of its life over SSTs of 23C. The most likely reason is that the cold environment of the
parent baroclinic system creates sufficient vertical instability to drive convection even over the relatively
cool water. Emanuel (1999) indicates that these SSTs were sufficient to support a storm of hurricane
strength given the relatively cool air temperatures present.
The only ground truth for the intensity of Catarina was a few surface observations in the landfall area.
Figure 10 shows hourly data at São Bento (28o 36’S, 49o 33’W, 135 m), just north of eye at landfall)
between the 26th and the 28th of March 2004 (local time) of station pressure (elevation 135 m) and 10 m
height wind speed (Pezza and Simmonds, 2006). This meteorological station was the closest available
to the region where the eye made landfall, being about 40 km directly to the north of the eye at that time.
Accounts from the landfall area described a perfect eye passage (Reynaldo Haas, personal
communication), with the winds blowing very strongly just before a period of calm, followed immediately
by a second round of strong winds that gradually died away.
At Torres, about 60 km from the center of the storm, pressure drop of the order of 10 hPa in 6 hr was
observed at a station of the Brazilian National Institute of Meteorology (figure not shown). Assuming
axisymmetry and the observed propagation speed of the eye and using the gradient wind
approximation, winds of the order of 25-30 m/s are compatible with the observed pressure drop.
2.a.3 Role of Blocking and Vertical Shear
In a recent study, McTaggart-Cowan et al. (2006) investigate the initiation and development of
Hurricane Catarina from a diagnostic perspective. They show that an anomalously persistent dipole
blocking episode over the western South Atlantic Ocean (Fig. 2.a.11) is responsible for reducing the
climatologically high shear values in the area to a level suited for tropical cyclogenesis that follows a
tropical transition (TT) pathway triggered by a weak extratropical cyclone (WEC) (Davis and Bosart
2004). The dipole block is maintained by repeated injections of high (low) potential vorticity air from
the central South Pacific Ocean into the ridge (trough) component of the blocking structure over a
period of 13 days leading up to and during Catarina (Fig. 2.a.1). et al. (2006) performed a theoretical
analysis of the group velocity of rotational waves in the environment associated with Catarina. They
show that the relative vorticity stretching and secondly in importance is the planetary vorticity stretching.
The planetary vorticity advection does not contribute in this case.
The dipole blocking pattern is shown to play three distinctly beneficial roles in the development and
maintenance of Catarina as a tropical vortex. Initially, the cooler upper level (defined in the study as
the dynamic tropopause, 2 PVU surface) air in the trough component of the block reduces the bulk
column stability over a broad area off the Brazilian coast. This is reflected by potential intensity values
(Bister and Emanuel 2002) that are well above climatological norms for the region, despite the relatively
(and anomalously) cool sea surface temperatures that do not exceed 25oC during Catarina’s lifecycle
(Fig. 2.a.3). Furthermore, the weak, anomalous easterly flow at upper levels allows convection to
organize without the deleterious impact of strong vertical shear. These combined destabilizing and
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shear reduction effects are sufficient to allow a precursor disturbance moving southeastward beneath
the block from the South American continent to begin a TT process.
Pezza and Simmonds (2005) recently explored some aspects of the large scale circulation which may
be related to the development of Catarina. The Environmental Vertical Wind Shear (EVWS) is defined
as the magnitude of the difference between the 200 and 850 hPa vector winds (in m/s). A shear index
was defined as the average of the EVWS between 35 and 60oW along the 30oS latitude. This domain is
representative of the midlatitude environment in the environs of Catarina’s track. Figure 12 shows the
anomaly of the EVWS magnitude averaged for the period 23rd – 28th March for the South American
sector. A pronounced negative anomalous shear region between 25 and 40oS and 35 and 60oW is
observed lying just to the south of the cyclone track, with a shear anomaly of -20 m/s next to the place
where the system made landfall. The negative 15 m/s shear anomaly roughly corresponds to mean
values below the ideal threshold of 8 m/s. The vortex itself may have exerted only a very limited
influence in the EVWS given the small scale of the Catarina and the fact that the anomalies presented a
well defined large scale pattern and were present before the TT started, with negative anomalies
prevailing in all longitudes around 30oS suggesting a blocking pattern to the south.
A blocking-like index (B) was defined as the average geopotential anomaly in the area between 47.5 and
55oS and 20 and 60oW by Pezza and Simmonds (2005). From a dynamic point of view it is expected that
when this index is high the westerlies will be weaker than normal at midlatitudes in the South American
sector, therefore being associated with less large scale baroclinicity (also depending on the static
stability) and physically consistent with the TT (Hart, 2003; Davis and Bosart, 2003). However, the
association between the blocking index and the shear is not direct because the former pertains to
conditions at higher latitudes. The temporal series were calculated for the 1979-2004 period, when the
NCEP/DOE reanalysis II dataset offers a reliable climatology to put Catarina in perspective with the
natural variability in the last 25 years (Figure 2.a.13).
For the unfiltered data, the minimum EVWS index during Catarina was 7.0 m/s (only +1.8 m/s for the
u-component) and the maximum B index corresponded to +181 geopotential meters. Further indicating
the extreme and large scale nature of the circulation anomalies leading up to the event, Pezza and
Simmonds (2005) have also found that the 5-point average of the B index during Catarina was exceeded
for only 0.62% of the record of all Marchs 1979-2004.
This shows that from a climatological point of view the blocking-like pattern at mid-to-high latitudes was
very intense. In addition the low EVWS phase which started seven days after the blocking peak was
exceptionally long, with almost five consecutive days with below 12 m/s EVWS index during the whole
time (06 hourly data) in a region subjected to high climatological shears (25.7 ± 8.8 m/s for the EVWS
index). Only 0.40% of the total unfiltered six-hourly sample exhibited an EVWS index below the
minimum during Catarina (0.25% for the filtered data presented in Fig 13), but such condition was only
seen during March 1993 when the blocking index did not show any significant positive anomaly.
Although the temporal variability in both series is high, the combination of a B index higher than
Catarina followed by a wind shear lower than Catarina is not found anywhere else in the record,
indicating unprecedented conditions for the whole 1979-2004 period. It’s physically consistent to expect
that these very anomalous large scale conditions favored the occurrence of the TT, generating the
sufficiently low EVWS in the period of the year when the climatological SST is maximum and relatively
close to the hurricane threshold, and in the present case when a previously high relative vorticity
environment was present over the surrounding area given by the passage of a cold front.

2.a.4 Large-Scale Perspective
The first 4 months of 2004 were characterized by significant anomalies in the global circulation. In
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particular, the intraseasonal variability was particularly strong. Anomalous strong upward sensible and
latent heat transfer off the southeastern coast of Brazil was also observed since January (Figures not
shown). However, SST was slightly colder than normal. Thus, it is clear that the air temperature at the
surface was rather cold. In fact, January 2004 was one of the coldest in 25 years due to the prevailing
SE flow associated with a South Atlantic Convergence Zone to the north of its normal position as
indicated in Figure 2.a.14 (OLR global anomalies). January 2005 was also exceptionally rainy in NE
Brazil as a result of the northward migration of the South Atlantic Convergence Zone - SACZ
(Climanalise, February 2004). Table 2.a.1 shows the number of cases of cyclogenesis off the SE coast
of Brazil based on the NCEP reanalysis. The minimum and maximum number observed in the
climatological analysis of Gan and Rao (1991) is shown in the last column. It is clear that the first three
months of 2004 were quite active in terms of cyclogenesis. Thus, in spite of the relatively cold water,
the air was anomalous cold and the heat and moisture transfer from the ocean to the atmosphere were
stronger than normal (as seen in Pereira and Lima, 2006).

Observed 2004

Gan & Rao

(NCEP)

(1991)

January

6

7,3

February

10

7,2

March

8

8,0

Table 2.a.1 Number of observed cyclogenesis in 2004 according to the NCEP reanalysis of the SE
coast of Brazil and climatological occurrences (minimum and maximum, respectively , based on Gan
and Rao (1991).
Figure 2.a.15 shows the time series and the real part of the wavelet spectra of the : Madden Julian
Oscillation (Fig. 2.a.15a), Southern Oscillation (Fig. 2.a.15b) and Antarctic Oscillation (Fig. 15c). They
all show significant activity in the intraseasonal band during the February-April period. Large
amplitude of the intraseasonal activity is also observed in the PNA, PSA and NAO patterns (figures not
shown). The SST temperature in the South Atlantic near 32oS also indicated exceptionally high
amplitude of the intraseasonal oscillation thus reflecting changes in the atmospheric and oceanic
circulation. Thus, it is quite clear that anomalous large scale circulation was observed well before the
Catarina event in association with an exceptionally strong intraseasonal oscillation.
2.a.5 Downscaling Experiments
Numerical simulations with the mesoscale model RAMS and the Brazilian version BRAMS
(www.cptec.inpe.br/brams) were performed to identify the impacts of horizontal resolution, initial
condition, convective parameterization, Atlantic SST during the period 23-28 March 2004. A series
of extended conference papers were published by the Brazilian Meteorological Society
(www.sbmet.org.br) in 2004 (Silva Dias et al. 2004; Menezes and Silva Dias, 2004; Silva et al. 2004;
Gevaerd et al. 2004). Most of these experiments were based on the NCEP operational 1o resolution
analysis that was available at the time. The mesoscale model was provided with the NCEP analysis
as initial and boundary conditions. The higher resolution played a significant role in improving the
description of the intensity and the trajectory of the system. Better results were obtained with resolution
at least of the order of 8km. However, most of these simulations did not reproduce the observed
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intensity of the low pressure as it approached land (pressure of the order of 1000 hPa instead of
approximately 980 hPa). Figure 2.a.16 shows the predicted precipitation with a 8km resolution BRAMS
simulation. The model able to reproduce realistic features of the rain bands and the precipitation rates
are compatible with the TRMM derived information (Pereira and Lima, 2006). However, the 10m winds
are much weaker than the NASA QuikSCAT estimates.
Changes in the convective parameterization were also not successful in improving the lowest pressure
and wind intensity at the center of the storm. Higher resolution SST improved the intensification of the
system as it approached the coast. However, the high resolution SST data has a small cold bias with
respect to the course resolution data. Changes of the order of 1 to 2o C in the SST improved the
simulation but the low pressure was still well above the observed value. The high resolution
simulations consistently predicted higher cloud tops than observed and therefore the vertical gradient
of the diabatic heating close to the surface was relatively small. This is a required condition for large
pressure drop at the surface when diabatic heating plays a significant role in the development of deep
storms. A set of experiments on the sensitivity of the central pressure on perturbations in the vertical
shape of the diabatic heating was recently performed at the University of São Paulo and the results
presented by Silva Dias et al (2005) at an special event organized by the Brazilian Meteorological
Society in association with the National Institute of Meteorology (INMET) and the Center for Weather
Forecasting and Climate Research (CPTEC) (Workshop on the Catarina Event, June 2005,
http://www.sbmet.org.br/publicacoes/informativo/2005_07/index.html). Sensitivity to domain size was
also explored. Figure 2.a.17 shows the minimum pressure at the center of the cyclone (2.a.17a),
maximum 10m wind intensity (2.a.17b) and perturbed trajectories (2.a.17c). It is clear that the vertical
shape of the heating profile has the largest impact. In fact, in some cases the cyclone trajectory veers
to the north, towards warmer waters, eventually reaching the Rio de Janeiro coast. The best
trajectories and low pressure simulation were attained with moderate changes in the heating shape.
Domain size did not have a significant impact in the evolution of the cyclone.
The change in the heating profile is equivalent to the procedure adopted by the GFDL model (Bender
and Marchock, 2004) forecasts of hurricanes. The GFDL model was able to reproduce many
important features of the system, including its path, with great accuracy (not shown). This specific
model initialization is based on the creation of a synthetically created vortex based on parameters
provided to the model that places a warm anomaly in the eye of the vortex. This very interesting and
“unorthodox” modeling approach and the dynamical understanding of how to drop the low pressure
through latent heating can be applied to probable future events as well as in any other model to spin up
the system and explore possible scenarios of the future evolution.
2.a.6 Previous Cases
As with any ‘first ever’ event, the question arises as to whether storms similar to Catarina have
occurred before. Prior to 2004, the only known tropical cyclone in the South Atlantic was a system of
tropical depression- or perhaps minimal tropical-storm strength in April 1991 (McAdie and Rappaport
1991) in the eastern part of the basin. An older example was a system in January 1970, where satellite
imagery shows a cyclone with an eye well behind a cold front apparently embedded in cold-air clouds.
The tropical nature (or lack thereof) of this system requires more investigation. If possible, a
concerted effort should be made to track down similar system in the past using satellite imagery and
synoptic data. However, such a search will likely be hindered by the lack of geostationary satellite
coverage of the South Atlantic prior to 1966.
However, there were two other systems in 2004 that attracted interest – a possible tropical storm near
15S 37W on 18-21 January and a possible hybrid cyclone off on southeastern Brazil on 15-16 March.
On 15 May 2004 another well defined eye like structure formed off the southern coast of Brazil (figure
not shown). But the system was weaker and rapidly displaced southeastward. It is quite clear that the
large-scale conditions were more conducive than usual to possible subtropical or tropical transitions in
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this area in 2004.
Since Catarina, other examples of possible tropical or subtropical cyclones have been noted in real
time or found in the past. One case at least somewhat similar to Catarina occurred off of southeastern
Brazil on 22-23 February 2006, when a baroclinic cyclone briefly developed an eye and impressive
banding in radar data. Questions remain as to how tropical this system was, as it never fully
separated from the westerlies or from its parent baroclinic zone. Another cyclone with warm core
structure formed along the South Atlantic Zone between 11 and 17 March 2006. This particular
system followed a southward trajectory but numerical guidance often indicated an westward migration.
McTaggart-Cowan et al. (2006) focuses on other long-lived dipole blocking episodes in the western
South Atlantic Ocean (six such episodes are found in the NCEP/NCAR Reanalysis for 1971-2001). The
authors find that these events are frequently correlated with the development of severe weather. Of
the six events identified in the analog study, two contained wave-like patterns rather than true blocks,
two were too weak to halt the progression of systems towards the southeast, one resulted in the
development of a strong equivalent barotropic vortex, and one led to a subtropical development.
Combining these findings with their analysis of Hurricane Catarina’s development, the authors suggest
that tropical cyclogenesis in the area is strongly modulated by the presence of intense and persistent
dipole blocking events.
2.a.7 Casualty and Damage Statistics
According to the State of Santa Catarina Civil Defense (information available at the site www., in an
area with approximately 400,000 inhabitants and 154,000 buildings, 23 cities were severely damaged.
Over 33,000 people lost their homes and 40,000 buildings were severely damaged. Roof damage in
some cities reached about 95% of the houses. Four persons lost their lives and 7 people disappeared
in small boats along the coast. Agriculture damage reached about US$40 million mostly in rice fields
(25%), corn (90%) and banana (70%), with 25, 90 and 70%, respectively, production loss in the area
affected by the storm. A large number of industries were affected (approximately 1800) and their
activities were interrupted for up to a month. Approximately 8600 people lost their jobs as a result of the
damages in the industrial and commercial sectors. Roads were blocked and had to be repaved. The
State of Rio Grande do Sul, just to the south of Santa Catarina, was also hit by severe winds. About
31,000 people were affected in Rio Grande do Sul along the northern coast and 4500 houses were
damaged. A total of about 80% of the schools interrupted classes for up to 15 days.
2.a.8 Forecast and Warning Discussion
Due to the scarcity of tropical cyclones in the South Atlantic, there is no formal World Meteorological
Organization (WMO) tropical cyclone program for the area and no formal warning responsibilities.
Thus, when Catarina formed, the various warning agencies involved had to organize a response rather
quickly.
The formation of Catarina was first formally noted by the satellite analysts at AFWA. They notified the
National Hurricane Center (NHC) of the storm’s existence on 25 March, as well as informing other parts
of the tropical cyclone community. The NHC, in turn, contacted the Marine Meteorological Service of
the Brazilian Navy Hydrographic Service via e-mail and telephone, as they were the WMO-specified
agency in charge of marine forecasts for the area. They in turn, contacted the “Centro Integrado de
Meteorologia e Recursos Hidricos” for the State of Santa Catarina, who contacted the NHC directly for
additional information. These channels remained open through the remainder of the life of the
cyclone.
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Most procedures used by the NHC for North Atlantic tropical cyclones were activated for Catarina.
The TAFB, SAB, and AFWA provided satellite intensity estimates, while the Naval Research Laboratory
in Monterey, California activated its web site for the collection and distribution of microwave satellite
imagery. The CIMSS activated its web site for the collection and distribution of satellite-derived
winds and the products derived from them. The NHC ran its suite of hurricane track model guidance
on Catarina, including the Geophysical Fluid Dynamics Laboratory (GFDL) model, a high-resolution
regional model specifically designed for tropical cyclone forecasting. This was made possible by
programmers at the NHC, GFDL in Princeton, New Jersey, and the National Centers for Environmental
Prediction in Washington, DC. The results of the model runs were communicated to the
meteorologists in Brazil
Global models provided reasonable forecasts of the large-scale characteristics of the Catarina event.
However, the global model forecasts underestimated the intensity of the system and the forecasted
trajectory varied significantly depending on the model and on the initial perturbation in the ensemble
forecasting (Silva Dias et al. 2004). Figure 2.a.18 shows the a comparison of the 48 hour precipitation
forecast valid at 28 March 2004 at 00 UTC produced by the CPTEC global model
(http://www.cptec.inpe.br/prevnum/ exp_global.shtml) at the resolution of the global ensemble forecast
(T126), an experimental ensemble resolution (T170), the operational high resolution global forecast
(T254) and an experimental high resolution global forecast (T515). These results are discussed by
Bonatti et al. (2006). It is clear that increased resolution plays a significant role in the positioning of
the rain area and its intensity. The very high resolution (equivalent to approximately 27km at the latitude
of the storm ) was actually able to forecast the total accumulation quite reasonably. However, pressure
gradients and wind were severely underestimated (not more than about 15m/s) at landfall. Regional
models run by the weather services with horizontal resolutions between 20 and 40 km were also unable
to accurately forecast the development of the vortex and its westward movement. The central
pressure in most of the forecasts remained above 1000 hPa. The operational CPTEC ETA model at the
time with horizontal resolution of 40km (Figure 2.a.19) also under-estimated the intensity of the low
pressure during the life cycle of the storm. Only under 90h forecast lead time were the forecasts able to
properly capture the trajectory of the system. NCEP operational forecasts with the global model were
also available at the time for operational use with higher resolution. These forecasts also
underestimated the intensity of the system and there was significant discrepancy concerning the
trajectory and the final stage, before landfall (Silva Dias et al. 2004). The GFDL model (Bender and
Marchock, 2004) forecasted many important features of the hurricane, including its path, with great
accuracy (not shown) due to the initialization approach.
Conceptual models such as the one
proposed by Conway (1997), qualitatively adapted for the Southern Hemisphere, can be very useful
in conjunction with satellite and other remote sensing data such as weather radars.
The initial forecasts were based on model outputs and climatology with less emphasis to satellite data
and conceptual models. Hurricane Catarina indicated an urgent need for more specific training
programs, observing platforms and procedures to analyze and to forecast unusual and highly
destructive weather systems
2.a.9 Catarina and Global Warming
At this stage there is no agreement as to whether Catarina is or is not related to climate change. Pezza
and Simmonds (2005) suggested the former possibility in linking Catarina with a very unusual large
scale pattern which had a character very similar to the highly significant observed increase in the
positive phase of the most important mode of circulation in the Southern Hemisphere, the Southern
Annular Mode (SAM) (Cai et al, 2005). However, more research is clearly needed.
However, the problem seems to be significantly more complex than a simply direct change in the wind
shear pattern over the region. Recent research has also shown that there has been a very significant
increase in the positive phase of the SAM (Marshall, 2003) which has been attributed partially to ozone
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losses (Thompson and Solomon, 2002, Cai, 2006) and to an increase in greenhouse gases (Fyfe et al
1999).
If global warming is changing the SAM (Cai et al 2006) it could then indirectly change the hurricane
formation in the South Atlantic Ocean via the possible links described above, even without directly
making the SSTs over the South Atlantic significantly warmer, as seen during March 2004. Although this
may be still speculative, it is also physically consistent with the slight negative trend (though not
statistically significant) in the wind shear for the area of interest to the south of where Catarina was
formed.
2.a.10 Recommendations
Hurricane Catarina represents a major mark in South America meteorology since it prompted the
weather services to keep an open perspective on the different types of weather systems Earth’s system
can produce on a time of fast climatic changes.
Important scientific and operational questions arose after March 2004. First, what Catarina really was
and how should we refer to it? Second, was Catarina a result of natural climate variability only, or could
it also be related to climate change due to anthropogenic influences? There is speculation on the
relationship between Catarina and global climate change. Since the record of tropical and subtropical
cyclones in the South Atlantic is somewhere between incomplete and non-existent, this will likely
remain speculation for now. However, Haarsma et al (1993) showed results of global climate
modeling suggesting that South Atlantic tropical cyclones could occur – or increase in frequency – in a
world with doubled atmospheric CO2. Finally, from an operational point of view, what should be done to
improve the predictability of this type of weather system?
There remains a question of what should be done if storms like Catarina occur again. It appears
unlikely that such storms will become a frequent enough occurrence to warrant developing the
elaborate WMO-organized program present in other basins. Holland (2005) recommended that the
National Institute of Meteorology (INMET) of Brazil train a group of forecasters in the methods of
tropical cyclone analysis and forecasting, so when an event like Catarina occurs again these
forecasters will be able to put aside their normal duties and forecast the cyclone. While the final form
of a potential tropical cyclone warning service for the South Atlantic remains unresolved, efforts are
underway between the TPC and INMET for such training to occur.
The special workshop on the Catarina event held in June 2005 at the Center for Weather Forecasting
and Climate Research in Brazil, organized by the Brazilian Meteorological Society to the following
recommendations:
•
Organize an Alert Center for Severe Storms, nationally distributed with experts that can be
called to advice the operational forecasting centers in emergency situations;
•
Investment in capacity building for transferring meteorological information to the media;
•
Incentives for the exchange of specialized personnel between national and international
institutions with expertise on the analysis and prediction of intense cyclones;
•
Improve the observational system in the ocean (increasing the number of observational buys)
and over land (improving the reliability of the regular operation and dissemination of the information
provided by the weather radar system);
•
Improve the data dissemination system and training in the use of Remote Sensing Techniques
applied to the monitoring of intense cyclones;
•
Improve the frequency of geoestacionary satellite data information in the Southern Hemisphere
either through the development of national programs or in association with the NOAA and the European
Satellite Agency;
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•
Articulated solution with WMO should be sought in order to improve the personnel training and
dissemination of the information.
In addition, the workshop recommended that in spite of the hybrid structure of the cyclone, if another
case arises in the future, it is recommended that the systems be called “hurricane” when the estimated
wind speed falls in the category I. This recommendation is based on the fact that the public perception
that this type of event is significantly different from the regular extratropical and subtropical lows that
regularly reach the southern part of Brazil .
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Figure 2.a.1

300 hPa geopotential height from March 20 to 31, 2004 at 12h intervals.
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Figure 2.a.2
GOES Infrared imagery for the Catarina cyclone in March 2004: a) 03 UTC 22 March,
b) 15 UTC 22 March, c) 03 UTC 23 March, d) 15 UTC 23 March, e) 03 UTC 24 March, f) 15 UTC
24 March, g) 03 UTC 25 March, h) 15 UTC 25 March, i) 00 UTC 26 March, j) 15 UTC 26 March, k)
15 UTC 27 March and l) 15 UTC 28 March.

343

Figure 2.a.3 Catarina Hurricane trajectory in perspective with the surrounding maximum Sea Surface
Temperatures (SSTs). The South American sector is showing: I) 2 km resolution topography plotted for
elevations above 500 m, with darker yellow tones indicating elevations above 1500 m; II) Tropical
cyclone Catarina’s trajectory as derived from the University of Melbourne automatic tracking algorithm
showing the central locations every 06 hours and III) Maximum SSTs (oC) for the period between the 20th
and the 28th of March. The date and hour (UTC) are indicated next to the trajectory for some selected
periods. From Pezza and Simmonds (2005)
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Figure 2.a.4
Vertical structure of the Catarina Cyclone based on: (a) AVN (1o resolution analysis)
and (b) AMSU soundings ((http://moe.met.fsu.edu/cyclonephase/).
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Figure 2.a.5 Vertical cross section of vorticity (shaded) and vertical motion (contour) and relative
humidity (shaded) and potential temperature (contour) at the latitude of the strom center on (a) 26
March 12 UTC and (b) 27 March 2004, 12 UTC. The white line indicates the longitude of the storm
center. (from Bonatti et al. 2006)
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Figure 2.a.6
AMSU-derived azimuthally-averaged temperature anomalies for the pre-Catarina low
near 2100 UTC 23 March 2004. Image courtesy of the Cooperative Institute for Research in the
Atmosphere (CIRA) at Colorado State University.
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Figure 2.a.7 Upper-level winds derived from GOES-12 imagery near Catarina at 1800 UTC 27
March. Image courtesy of CIMSS.
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Figure 2.a.8 High resolution GOES infrared imagery at land fall. Convective development is seen
right at the center of the system. Another intense convective cell is observed in the southeastward
sector of the eye wall. (contribution of Dr. Conrado Conforte)
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Figure 2.a.9 Radar cross section from the TRMM satellite at 11 UTC 27 March 2004. Image
courtesy of NASA.
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Figure 2.a.10 Time evolution of hourly measurements of pressure (right hand scale) and wind (in
red, left hand scale) between 26 and 29 March and station level pressure (in blue, right hand scale)
from the 26th of March at 0:00 local time to March 29th at 00:00 local time for São Bento (28o 36’S, 49o
33’W, 135 m). (From Information Center of Environmental Resources and Hydrometeorology of the
State of Santa Catarina in Brazil –http://ciram.epagri.rct-sc.br). (from Pezza and Simmonds 2006)
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Figure 2.a.11 Histogram of western South Atlantic dipole blocking duration in the NCEP/NCAR
Reanalysis from 1971-2001. Dipole blocking is defined as anomalously low 500 hPa heights in the
equatorward box of the inset combined with anomalously high heights in at least two of the three
poleward boxes. (Adapted from McTaggart-Cowan 2006.)
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Figure 2.a.12 Environmental Vertical Wind Shear (200/850 hPa) anomaly (m/s) averaged over the
23rd – 28th March 2004 period. The whole Catarina’s trajectory as seen in Figure 3 is also indicated.
The –15 m/s wind shear anomaly near the southern Brazilian coast approximately corresponds to an
average wind shear value of 8 m/s, which is the ideal threshold for EVWS in hurricanes. From Pezza
and Simmonds (2005).
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Figure 2.a.13 Time series of the blocking index B at 700 hPa and the Environmental Vertical Wind
Shear (EVWS) index for all March months during 1979-2004. The horizontal red line indicates the
maximum B index reached five days prior to Catarina’s genesis (upper arrow), and the blue line
indicates the minimum wind shear reached during the Tropical Transition phase (lower arrow). A 1-2-1
time filter was applied twenty times in order to eliminate the very high frequency variations. Data plotted
every six hours. From Pezza and Simmonds (2005)
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Figure 2.a.14 Outgoing longwave anomalies (OLR) in January (a), February (b) and March (c) of
2004. (data from CPTEC homepage: www.cptec.inpe.br ).
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Figure 2.a.15 Time series and real part of the wavelet spectrum of: (a) amplitude of a measure of the
Madden Julian Oscillation at 40oW, (b) Southern Oscillation Index, (c) Antarctic Annular Oscillation.
(Contribution of Marcelo Schneider).
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Figure 2.a.16 Precipitation rate (mm/3h) obtained with the downscaling of the NCEP operational 1o
analysis to a 8 km grid with BRAMS. Wind speed in ms-1. (Silva Dias et .al 2005).
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Figure 2.a.17 Sensitivity of the mesoscale downscaling (8km) of the NCEP analysis to changes in the
vertical profile of the heating (intensification and change of the vertical gradient) and domain size
(larger and smaller domains).
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Figure 2.a.18 Accumulated precipitation at 27 March, 2004 at 00 UTC based on the CPTEC global
model forecast at T126 (resolution of the operational ensemble forecasting), T170 (experimental
ensemble forecasting); T253 (operational global model forecast) and T515 (experimental high
resolution global forecast). (from Bonatti et al. 2006)
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Figure 2.a.19 Regional operational forecasts produced by the Center for Weather Forecasting and
Climate Research/CPTEC with the ETA model at 40km horizontal resolution. Pressure at sea level is
shown in contour lines (hPa), wind in vectors and precipitation in shading. (from Silva Dias et al.
2005)
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