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1. INTRODUCTION 
 

Some regions around the world are more 
prone to the formation of the greatest and most 
destructive natural atmospheric phenomena. The 
preferential regions for these powerful atmospheric 
disturbances are located in the tropical ocean basins as 
indicated in Figure 1. Moreover, depending on the place 
of their formation they can be named as hurricane, 
typhoon or tropical cyclones. However, for simplicity 
they will be referred here as hurricanes. Their 
occurrence obeys empirical atmospheric and oceanic 
conditions which permit their formation and 
maintenance. These peculiar regions in the tropics 
support favorable environmental conditions to trigger 
hurricanes, which includes: 1) Sea Surface Temperature 
(SST) above 26.5ęC extending up to 50 m depth, 2) high 
values of humidity followed by low level mass 
convergence, 3) pre-existing atmospheric disturbance 
and 4) low values of wind shear (bellow 8 m/s). From 
this particular atmospheric state, the pre-existing 
disturbance could intensify until reaching the energy 
scale of hurricanes and maintain itself by its own 
internal energy. The energy scale of hurricanes is 
related to their destructive power and related wind 
speed, see Simpson (1974). The South Atlantic Ocean 
(SAO) is not a preferred region of hurricane formation 
since SST and wind shear values do not conform to the 
established traditional criteria for hurricane 
development. Climatologically, the values of SST in the 
SAO basin are lower than 26ęC and wind shear values 
are too high to maintain the cumulus tower around the 
hurricane eye. According to the criteria to form and 
support hurricanes, these two environmental conditions 
are not sufficient to allow hurricane formation and its 
own maintenance. Nevertheless, the appearance of 
hurricane Catarina in the western SAO basin in March 
2004 and its late landfall in the Santa Catarina province 
of Brazil puzzled the scientific community and put the 
traditional criteria of hurricane formation under scrutiny. 

Hurricane Catarina was formed at 
approximately 26ęS over relatively warm waters on the 
20th of March. It initiated as a cold core classical 
extratropical cyclone embedded in a cold front, 
undergoing tropical transition three days later and 
reaching category I hurricane strength under combined 
unusual conditions of low wind shear and strong mid-to-
high latitude blocking (Pezza and Simmonds ,2005; 
Pezza and Simmonds ,2006, Pezza et al., 2008). 
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According to Pezza and Simmonds (2005), 
which put the Hurricane Catarina in perspective with 
climate change, low values of wind shear combined with 
high SST climatological values close to the hurricane 
formation favored the occurrence of tropical transition 
leading later to the hurricane growth. Their results 
suggest that the persistence of unusual large scale 
conditions of weak wind shear and strong mid-to-high 
latitude blocking was the most important mechanism 
triggering hurricane Catarina. The authors believe that 
more extreme events like Catarina could occur on the 
eastern Brazil coast again if the combined effects of 
favorable heat fluxes over the ocean and the right 
dynamic conditions are established. This could be more 
likely during the extreme positive phase of the Southern 
Annular Mode (SAM). 

 

 
Figure 1: Global distribution of observed 

occurrence of tropical cyclones, transitioning and hybrid 
cyclones related to the energy scale according to Saffir-
Simpson hurricane intensity scale. The isolated track on 
South Atlantic basin refers to life cycle of hurricane 
Catarina in March 2004 (Font: 
http://www.metsul.com/secoes/visualiza.php?cod_subse
cao=30&cod_texto=366). 

 
Based on traditional synopitic weather maps, a 

suit of robust diagnostic tools and a conceptual model of 
tropical transition, McTagart_Cowan et al., (2006) give 
more dynamical details about the environmental 
conditions associated to the Catarina lifecycle (from a 
precursor until Catarina’s demise over Santa Catarina 
State). The authors point out to the relative importance 
of the split jet and the low shear region to the Catarina 
development. As Catarina was embedded in the 
blocking region it was steered to the west due to the 
easterlies generated by the meridional temperature 
gradient inversion. It further underwent tropical 
transition, intensifying inside an environment of deep 
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weak wind shear and anomalously cool waters (under 
25ęC) and hitting the Brazilian coast. 

The principal aim here is provide a new and 
alternative understanding of coupled dynamic-
thermodynamic conditions associated to tropical 
transition in general. The new perspective on how an 
extratropical cyclone undergoing tropical transition 
becomes a hurricane I force is given from the Lorenz’s 
energetics view point applied to hurricane Catarina, as 
proposed by Veiga et al., 2008. 
 

2. ENERGY CONVERSIONS 
 

A traditional and compact form of presenting 
energy computations is suggested by Lorenz (1955; 
1967), where the potential energy, which is available to 
be converted into kinetic energy of motion, can be 
portioned into zonal available potential energy (AZ), the 
energy associated to the zonal averaged state, and 
eddy available potential energy (AE), the energy related 
to the departure from the zonal mean state (or energy in 
non-asymmetric flow). The kinetic energy can be treated 
similarly as potential energy, i.e., the kinetic energy of 
the flow can be separated into its zonal (KZ) and eddy 
(KE) parts. 

In the energy cycle of Lorenz, AZ and AE are 
produced by generation processes named GZ and GE 
(generation of AZ and AE), while energy terms are 
connected by conversion terms, as indicated in Figure 
4f. 

Following to Munch (1965) the energy budget 
equations for an open atmospheric system are given as: 
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In an open area of the atmosphere the energy 

budget is complicated by the inclusion of nonzero 
boundary transports of potential and kinetic energy. To 
take account of these, Muench (1965) included four new 
components of the energy budgets representing the 
transport of AZ, AE, KZ and KE (BAZ, BAE, BKZ and 
BKE, respectively) to or out the boundaries. In addition, 
Munch (1965) considers the appearance of KZ and KE 
within the volume of the limited area associated with the 
work produced at its boundaries (BʌZ and BʌE, 
respectively). The last term in both the KZ and KE 
equations, namely DZ and DE, denote the dissipation of 
KZ and KE, respectively, by subgrid processes. 

The last two terms in equations 1a and 1b can be 
combined and computed in form of residuals, with the 
incorporation of calculation errors eKZ and eKE in the 
form: 
 

KZDZZBRKZ ef +-=   2a 
 

KEDEEBRKE ef +-=   2b 
 

In similar manner, the intrinsic errors resulting 
from the numerical estimations for the other terms in 1c 
and 1d are also included in the estimate of the 
generation terms: 

 
AZGZRGZ e+=    3a 

 
AEGERGE e+=    3b 

 
Detailed mathematical expressions for all the 

components of the energy budget, as described by 
equations 1a to 1d are presented in Reiter (1969). Here 
the Lorenz diagram (energy cycle) is presented in that 
the conversion terms are always positive, with the 
arrows indicating the direction of the fluxes. 

 
3. DATA AND METHODOLOGY 
 
3.1 Input data and area of analysis 
 
Gridded analysis data from the National Centers 

for Environmental prediction (NCEP) Global Forecasting 
System (GFS) at 1ę grid regular spacing is used to the 
energy budget computation. It consists of the horizontal 
wind components (u and v), air temperature (T) and 
omega vertical velocity (ɤ). The data is available each 
0600 UTC during the period 21 to 29 March 2004 for 
standard isobaric levels (1000-100 hPa). The domain of 
our study extends from 33ę and 55ęW and 19ę and 36ęS, 
which is referred as the “Catarina Box” (CB). This 
domain is sufficiently large to include the trough 
component of the blocking system that facilitated 
Catarina’s development (Pezza and Simmonds, 2005; 
McTaggart-Cowan et al., 2006). The results also hold if 
the ECMWF operational data is used, leaving us 
confident that the analysis is robust. 

Most data sets underestimated Catarina’s central 
pressure even at 0.5ęĬ0.5ę resolution, although 
capturing very well its life cycle and overall structure 
(Pezza and Simmonds, 2005). This underestimation is 
not of great relevance for our analysis because we 
diagnose the large scale energy budget, which is 
portrayed independently from the vortex. While such 
approach does not allow us to directly associate the 
energy conversions with processes at the vortex’s scale, 
it conveys key information as to environmental forcing 
mechanisms, quantitatively demonstrating the 
environment’s participation. Although we do not discuss 
details at the mesoscale level, eddy momentum and 
heat flux convergence are a likely process in which 
energy can be transported from the environment into the 
vortex (Molinari and Volaro, 1989). For details on 
satellite photos and the rare loop trajectory described 
during Catarina’s transition the reader is referred to 
Figures 1 and 2 of Pezza and Simmonds (2005). 
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4. RESULTS  
 

4.1 Vertical Profile of Energy Components and 
Conversion Terms 
 

The vertical profiles of the area-averaged eddy 
(KE), zonal (KZ) kinetic energy, conversion from: AZ to 
AE (CA), AE to KE (CE) and KE to KZ (CK), for the 
period 21-29 March 2004 are shown in Figure 2, with 
the approximate phases of Catarina indicated at the 
bottom of each panel (i.e., extratropical cyclone - EC, 
tropical transition - TT, Category I hurricane - CatI and 
landfall - LF). It is observed that both the eddy and the 
zonal kinetic energy are maximized in the upper levels, 
with three well-defined peaks of KE occurring during the 
end of the 21st, from the 24th to the 25th and after the 
28th. The zonal kinetic energy KZ is larger before the 
23rd of March, with a sharp decrease on the 24th and a 
small increase after the 27th, one day before landfall. 
The environmental reduction in the kinetic energy during 
Catarina’s maturation is associated with the blocking 
system shown by Pezza and Simmonds (2005) and 
McTaggart-Cowan et al. (2006). 

The behavior of the baroclinic (Figures 2c and 
2d) and barotropic (Figure 2e) conversion terms is very 
revealing. The terms CA and CE show a clear maximum 
on the middle of 21st, followed by a sharp decline after 
22nd. As baroclinic conversion is related to vertical heat 
transport in the atmosphere (Lorenz, 1967; Reiter, 
1969), an efficient mechanism for the changes above is 
through latent heat release, which is primarily 
associated with the generation of eddy available 
potential energy. Although there are other mechanisms 
involved, this process may indirectly explain why CE 
exhibited a maximum between 300 and 400 hPa during 
the beginning of the analysis when a clear frontal 
structure was still seen over the domain (Pezza and 
Simmonds, 2005). 

On the other hand, the predominantly negative 
sign of CK (source of KE), in the presence of moderate 
baroclinic conversion due to the low meridional 
temperature gradient, during Catarina’s maturation 
suggests that the environment became favorable for 
barotropic eddy growth (equation 1b). A possible 
mechanism for this environmental influence is via 
horizontal transport of momentum triggered by the 
blocking system. Although it is not the aim here to 
explore how the energy is transferred from the 
environment to the vortex, we hypothesize that a likely 
mechanism is the participation of the jet structure 
associated with the block’s trough component in 
providing the vortex with a source of barotropic energy. 
On the day when Catarina reached its maximum 
intensity (28th) it is observed that there is a second peak 
of barotropic conversion. This suggests that the system 
acquired energy from the environment and re-
intensified. After Catarina reached the Brazilian coast 
the environment was prone to extract eddy energy, as 
can be seen from positive values of CK (sink of KE). 
 
 
 

 

 

 
Figure 2: Time-pressure sections of (a) KE, (b) 

KZ, (c) CE, (d) CA, (e) CK and (f) CZ for the period 21-
29 March 2004. Relevant periods associated with 
Catarina’s lifecycle are indicated near the horizontal axis 
as: EC (Extratropical Cyclone); TT (Tropical Transition); 
CatI (Category I hurricane) and LF (Landfall). The units 
are 105 J/m2 (100 hPa)-1 (Figures 1a-b) and W/m2 (100 
hPa)-1 (Figures 1c-f). 
 

4.2 Time Series of Energy and Conversion 
Terms 

The role of the baroclinic and barotropic 
conversion terms during Catarina’s lifecycle can be 
seen in an integrated sense from Figure 3 which shows 
the time series of the energy, conversion and boundary 
flux terms (equations 1a-1d) integrated between 925 
and 100hPa over the CB for the period 21-29 March. 
Figure 3a shows that the kinetic energy terms KE and 
KZ dominate over the available potential energy terms. 
A strong peak of KE is followed by a maximum of KZ 
between the 21st and 22nd, suggesting large conversions 
of potential energy into kinetic energy during the early 
phases of Catarina. The environment later evolved into 
a state in which both KE and KZ substantially 
decreased. Maximum values of the environmental’s KE 
(Figure 3a) during the early stage of Catarina lifecycle is 
due to the positive values of CE, while decreasing in 
values of KE after 22th is related to the balance between 
CK (acting as a source of KE) (Figure 3b) and BKE 
(acting as a sink of KE), see Figure 3c. According to 
Figure 3c, higher values of boundary flux are observed 
before 23th of March, with exception of the BKE which 
extends until 25th of March. Until 25th of March BKE acts 
as sink of KE which can explain the progressive 
declining of KE during this period. Reducing of KZ after 
23th of March is due to the fact that CK and BKZ act as 
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a sink of KZ. After 25th of March, fluxes of AE and AZ 
(BAE and BAZ) have a moderate role in the contribution 
of AE and AZ. 

 

 

 
Figure 3: Time series of vertically integrated 

(925-100 hPa) (a) energy (AE, AZ, KE and KZ), (b) 
conversion (CA, CE, CK and CZ), and (c) boundary 
fluxes (BKE, BKZ, BAE and BAZ) terms for the period 
21-29 March 2004. The relevant periods during 
Catarina’s lifecycle are indicated as in Figure 2. Units 
are in 105 J/m2 (Figure 3a) and W/m2 (Figures 3b-c). 

 
The apparent paradox that KE reached a 

minimum during the period of maximum intensity of 
Catarina is a feature of the environment, and should not 
be confused with a lack of KE associated with the 

rotation of the vortex. During this period the environment 
became predominantly barotropic, as given by a 
maximum in KZ and by the behavior of the conversion 
terms discussed next (figure 3b). This feature is 
indicative of changes in the trough component of the 
blocking system, as the block was losing intensity while 
Catarina matured, as shown by McTaggart-Cowan et al. 
(2006). Further tests showed that this behavior is 
unchanged by the choice of dataset and the size of the 
CB used for the calculations, proving to be a robust 
feature. 

The baroclinic conversion terms CA and CE 
show a sharp maximum on the 21st followed by an 
increase in CK (negative) on the following day. From 
Figure 2 of Pezza and Simmonds (2005) the peaks 
described above coincide with the period when the track 
underwent an abrupt anticyclonic loop, characterizing 
the beginning of the TT. This shows that Catarina’s 
transition was associated with marked dynamic changes 
in the atmosphere’s energetics in that a strong 
baroclinic period preceded a hybrid, predominantly 
barotropic state. After Catarina reached category I in the 
Saffir-Simpson hurricane scale the term CK started 
increasing reaching a second peak in 28th of March 
when Catarina hit Santa Catarina State. After 25th of 
March both CA and CE terms are near zero suggesting 
that the hurricane developed in a barotropic 
environmental condition. As discussed in more detail 
below, those abrupt energy changes created an 
environment in which the system could slowly increase 
its angular momentum, acting together with processes 
at the vortex’s scale. 

 
4.3 Volume-Integrated Energy 
 
The vertically integrated time-mean energy cycle 

for Catarina’s life cycle is illustrated by the Lorenz 
diagram in figure 4. Figure 4f shows the schematic of 
the Lorenz diagram here adopted, as discussed in 
section 2 and it must be used by the reader as a 
reference guide to the energy cycle. Figure 4a shows 
the period of greater baroclinic conversion (March 21 00 
UTC until 22 00 UTC) when Catarina was still driven by 
the westerlies and clearly frontal. For that particular 
period the conversion terms CA and CE were notably 
dominant, showing that the eddy kinetic energy KE was 
growing at the expense of the available potential 
energies in a highly baroclinic way. This means that the 
atmospheric system embedded in this area during this 
period was prone to intensify via baroclinic processes 
(meridional temperature gradient –high wind shear- and 
mass vertical overturning). The barotropic conversion 
term CK shows only a moderate contribution towards 
increasing the zonal kinetic energy (In this case CK act 
as a sink of KE). The boundary fluxes are generally 
moderate, indicating gain in the zonal potential energy 
and losses for the other terms, while the combined 
pressure work and dissipation estimates are small. The 
estimated generation term RGE also presents a 
significant input to AE, which may be suggestive of large 
horizontal temperature gradient which yields latent heat 



 5

release associated with the frontal structure seen over 
the CB. 

A significant change in the energy cycle takes 
place for March 23th at 12UTC (when Catarina had 
already underwent TT), with the baroclinic conversion 
terms CE and CA becoming very small (Figure 4b). 
During this phase the barotropic conversion term CK 
becomes much larger, giving the most significant 
contribution to the cycle in terms of the relative 
importance amongst the conversion terms. This result 
also holds when the residuals for the combined 
pressure work and friction terms (RKZ and RKE) and 
the generation terms are considered. The diagram 
further indicates that there is a large quantity of KE 
being reduced by dissipation processes. In theory, 
dissipation processes are related to the production of 
heat (Wiin-Nielsen and Tsing-Chang, 1993) and 
formation of small scale convection (Kung and Smith, 
1974). 

The fact the RKE is large does not compromise 
the physical interpretation on the importance of the 
predominantly barotropic nature of the conversions 
during the TT phase. In summary, even with the 
uncertainties intrinsic in the calculations, and losses at 
the boundaries, there is a robust distinction between the 
baroclinic and barotropic phases, making a strong case 
for an environmental control associated with Catarina’s 
transition. 

Figure 4c shows the box diagrams averaged for 
the period March 22nd 00 UTC – March 26th 06 UTC 
representing TT phase during Catarina’s evolution. It is 
observed that during TT the environment was 
predominantly barotropic with moderate baroclinic 
conversion. Another feature observed during the TT 
phase is that even CA (indirectly), CE and CK 
contributing positively to increase KE, it continues to 
decrease. The decreasing rate of KE is a result of the 
balance between budget terms in the KE equation. 
Notably the reduction of KE by divergence of kinetic 
energy (BKE) in the borders of the CB is more 
significant than the production of energy in the subgrid 
scale (RKE). 

The environment then evolved into conditions in 
which there was an alternation between the relative 
dominance of the baroclinic (Figure 4a) and the 
barotropic (Figure 4b) conversions, with a predominantly 
barotropic energy flow creating the ideal conditions for 
Catarina’s maturation with the completion of the tropical 
transition (Figure 4c). 

Figure 4d shows the box diagrams averaged for 
the period March 26th 00UTC – March 28th 12UTC 
representing the mature phase when Catarina had 
hurricane strength. It is noticeable that all terms of the 
Lorenz cycle are small, suggesting that there was no 
major energy interplay at the environmental scale. This 
is in agreement with the maturation and decay of the 
blocking system, where the vortex itself had already 
achieved an independent energy balance and was not 
relying on the environment anymore for the extraction of 
energy. 
 
 

 

 

 
Figure 4: Volume integrated energy terms for the period 
of (a) 2100 - 2200 UTC, (b) 2200 - 2606 UTC, (c) 2606 - 
2900 UTC, (d) for the day 2118 UTC and (e) for the day 
2312 UTC. Panel (f) shows the energy cycle here 
adopted as a reference guide. Units are in 105 J/m2 and 
W/m2, respectively, for energy and conversion terms. 
See text for further details 
 

5. CONCLUSION 
 

Quantitative aspects of the energetics of 
Hurricane Catarina’s life cycle have been investigated. 
Catarina became a landmark as the first documented 
hurricane in the SA, but its hybrid nature generated 
controversy as to how the system should be classified. 
Although previous analyses had shown that Catarina’s 
tropical transition was linked to the appearance of an 
upper level warm core and its maturation into hurricane 
strength a few days before landfall, our energy analysis 
based on the Lorenz diagram shows that the most 
significant transition occurred as a sudden and profound 
dynamic change in the environmental energy cycle 
during the early stages of Catarina’s development. This 
abrupt change coincided with the system being cut-off 
from the westerlies and describing an anticyclonic 
reversal loop on its trajectory. 

Although the major environmental changes 
shown here cannot be seen as the tropical transition 
itself, they created the ideal conditions to allow the 
completion of Catarina’s TT a few days later, when the 
environment was predominantly barotropic. The 
environmental energy conversions associated with the 
Lorenz cycle presented in this work are not transmitted 
to the vortex in a direct sense, but they are in 
agreement with the importance of the blocking in 
facilitating the transition, offering a new insight into what 


