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Abstract

This study presents a climatological assessment of the Lorenz Energy Cycle
(LEC) applied to South Atlantic cyclones, using a Semi-Lagrangian framework.
Over 6,700 cyclones were identified from ERA5 reanalysis (1979-2020), and LEC
components were computed and averaged across four objectively defined life cycle
phases: incipient, intensification, mature, and decay. Results reveal a coherent
energy transfer structure: baroclinic conversions dominate during intensification,
while barotropic conversions peak during the mature phase and reach magni-
tudes 2-3 times larger than baroclinic counterparts. Diabatic generation of eddy
available potential energy plays a secondary but relevant role, particularly dur-
ing intensification, occasionally surpassing baroclinic contributions. Eddy kinetic
energy imports are most significant during the early phases, reinforcing devel-
opment. Despite substantial variability among systems, an EOF analysis shows
that most cyclones share a common energy structure, with variability mani-
festing as amplification or suppression of specific pathways. The leading EOFs
are linked to differences in cyclone intensity, genesis region, and seasonality.
Among the most intense systems, distinct clusters emerge with varying energetic
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configurations, some dominated by baroclinic processes, others by barotropic con-
versions or enhanced diabatic generation. These findings demonstrate that South
Atlantic cyclones encompass a spectrum of dynamical behaviors and can be clas-
sified based on their energy cycle characteristics. This study provides the first
large-sample application of the Semi-Lagrangian LEC to extratropical cyclones
in the South Atlantic and highlights the importance of barotropic processes in
their development. The results offer a robust framework for interpreting cyclone
energetics and establish a comprehensive baseline for classifying these systems.

Keywords: Cyclone energetics, Baroclinic conversion, Barotropic conversion, Latent
heat release, South Atlantic cyclones
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1 Introduction

Cyclones play a crucial role in the Earth’s climate system by redistributing heat,
moisture, and momentum across different regions. These dynamic weather systems,
contribute to the global energy balance by transferring energy from the tropics to
higher latitudes. Understanding cyclone behavior is essential for improving climate
projections and assessing future climate change impacts. In South America, surface
cyclones influence precipitation regimes across the continent (Reboita et al., 2010,
2018; de Souza et al., 2022) often contributing to extreme rainfall events (e.g., de Souza
and da Silva, 2021; de Souza et al., 2024), and are associated with severe meteoro-
logical hazards such as intense winds (Cardoso et al., 2022; de Souza and da Silva,
2021), high sea waves (da Silva et al., 2025; Gramcianinov et al., 2023), and storm
surges along coastal areas (Leal et al., 2023; Tecchio et al., 2024). These extreme
events can have profound socioeconomic impacts, including damage to coastal infras-
tructure, disruptions to port operations, and interruptions in oil and gas exploration.
This is particularly critical in the southeastern region of South America, where large
metropolitan areas, such Sao Paulo, Rio de Janeiro and Buenos Aires are located, as
well as the Port of Santos, the largest in Latin America.

The Lorenz Energy Cycle (LEC) is a valuable framework for understanding the
conversion and flow of energy within the atmosphere, particularly in relation to synop-
tic and large-scale processes (Lorenz, 1967). It divides the atmospheric energy budget
into four main reservoirs: kinetic and available potential energy, both for zonal (mean
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flow) and eddy components. Lorenz (1955) formulated the concept of available poten-
tial energy (APE), building upon Margules (1903) concept of energy based on the
hypothetical adiabatic redistribution of atmospheric mass. The LEC serves as a foun-
dational tool for quantifying and understanding atmospheric dynamics, by tracking
energy transformations and explaining how these forms of energy are generated by
adiabatic processes and dissipated by friction.

Substantial efforts have been made to estimate the LEC components for the global
circulation (e.g., Muench, 1965; Wiin-Nielsen, 1968; Hu et al., 2004; Li et al., 2007;
Oort, 2018), to assess its projected changes under climate change scenarios (e.g.,
Hernandez-Deckers and von Storch, 2010; Veiga and Ambrizzi, 2013; Pan et al., 2017;
Michaelides, 2021), and to explore its relationship with phases of the El Nifio-Southern
Oscillation (Gutierrez et al., 2009). The LEC framework has also been applied in a
range of contexts, from idealized baroclinic wave simulations (Kirshbaum et al., 2018;
Rantanen et al., 2019), to rotating annulus experiments (Young, 2014), and even to
the atmospheres of other planets (e.g., Read et al., 2020). In contrast, studies exam-
ining the LEC in relation to cyclonic systems are more limited and primarily consist
of case studies. These have typically focused on tropical (Brennan and Vincent, 1980;
Veiga et al., 2008), subtropical (Michaelides, 1987; Dias Pinto et al., 2013; Pezza et al.,
2014; Cavicchia et al., 2018), and extratropical cyclones (Michaelides, 1992; Wahab
et al., 2002; Bulic, 2006; Pezza et al., 2010; Dias Pinto and Rocha, 2011). Noteworthy
contributions include the work of Black and Pezza (2013), which investigated explosive
cyclones across all major ocean basins over a 32-year period and identified a univer-
sal signature of explosive cyclogenesis, and Okajima et al. (2021), which quantified
the contribution of migratory cyclones to global energetics, highlighting their role in
accelerating westerly winds worldwide.

Although the original formulation by Lorenz (1967) was intended for global-scale
studies, analyzing specific atmospheric regions is valuable for understanding the mech-
anisms driving the development of individual systems, such as cyclones, and the energy
conversions throughout their life cycle. The initial framework for such regional analy-
sis was introduced by Muench (1965), who studied Northern Hemisphere stratospheric
circulation during winter. Subsequent formulations by Dutton and Johnson (1967),
Vincent and Chang (1973), and Smith (1980) refined the approach, but it was only
with Brennan and Vincent (1980) that a generalized set of equations, including both
eddy and zonal components of kinetic and APE for limited regions in the troposphere,
was established. However, cyclones are mobile systems that often traverse large regions
(Hoskins and Hodges, 2002; de Souza et al., 2024, e.g.). Since these studies employ the
LEC within an Eulerian framework, the computational domains required to analyze
cyclone energetics can become quite large (Black and Pezza, 2013, e.g.), potentially
incorporating other atmospheric features (e.g., migratory anticyclones, upper-level
troughs, large convective systems), which limits the interpretation of results.

In this context, Michaelides et al. (1999) developed a Semi-Lagrangian framework
for analyzing cyclone energetics, where the computational domain is movable. This
approach minimizes the impact of neighboring circulations on the system’s energy
dynamics by employing a regional computational domain that follows the cyclone
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track. In the present study, we present a LEC climatology applied to cyclonic sys-
tems using such a framework, as well as the first LEC climatology (considering both
Eulerian and Semi-Lagrangian frameworks) for cyclones in the Southwestern Atlantic.
Over 6,700 cyclones with genesis in the Southwestern Atlantic region are analyzed,
and their energy cycles are divided into distinct life cycle phases: incipient, intensifica-
tion, mature, and decay. This division allows for a more comprehensive understanding
of the energy flows and the dynamical mechanisms acting across each phase of the
cyclone’s life cycle.

2 Materials and methods
2.1 Data

For both the cyclone tracking and energetics computations, we employed the fifth-
generation reanalysis from the European Centre for Medium-Range Weather Forecasts
(ECMWF), known as ERA5 (Hersbach et al., 2020). ERA5 data are produced using
the Integrated Forecasting System (IFS) Cy41r2, which assimilates a wide range of
observations, including satellite and in-situ measurements. It provides global coverage
of numerous atmospheric, ocean-wave, and land-surface parameters at a horizontal
resolution of approximately 31 km (0.25°). In this study, we utilized data from all 37
pressure levels, ranging from 1000 hPa to 1 hPa, with a temporal interval of three
hours.

The cyclone tracks used in this study were obtained from the ”Atlantic Extratrop-
ical Cyclone Tracks Database” (Gramcianinov et al., 2020). This database tracks the
central relative vorticity of cyclones at the 850 hPa level (£g50) using the TRACK algo-
rithm (Hodges, 1994, 1995) and the method outlined by Hoskins and Hodges (2002).
This algorithm has been employed in previous studies to assess cyclone climatologies
in the South Atlantic region (Gramcianinov et al., 2019, 2020; de Souza et al., 2024).
The database covers the period from 1979 to 2020 and spans the entire Atlantic Ocean
within the spatial domain of 15°S—55°S and 75°W—-20°E. The use of ERA5, instead of
other reanalysis datasets, is justified by its higher spatial resolution, which improves
cyclone detection in regions with complex orography and temperature gradients, such
as the SESA region (Gramcianinov et al., 2020). A detailed description of the tracking
methodology can be found in Gramcianinov et al. (2020).

The cyclone tracking procedure employed multiple criteria to ensure accurate
cyclone detection. These criteria required cyclones to have a duration of at least
24 hours and a minimum displacement of 1000 km, consistent with previous South
Atlantic cyclone climatologies (Sinclair, 1995; Gramcianinov et al., 2019). Systems
that spent over 80% of their life cycle over continental regions were excluded from
the analysis to avoid counting thermal lows and lee troughs (e.g. Crespo et al., 2021).
Notably, although the TRACK algorithm’s calibration and sensitivity are focused on
extratropical cyclones — the majority of systems in this region (Marrafon et al., 2022)
— the methodology does not explicitly exclude subtropical or tropical cyclones.

To focus on the Southwestern Atlantic Ocean, only cyclones with genesis near the
South American coast, specifically within the ARG, LA-PLATA, and SE-BR genesis
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regions (Gramcianinov et al., 2019; de Souza et al., 2024), were included. After apply-
ing these selection criteria, the database initially comprised a total of 7931 cyclones.
The spatial distribution of these genesis regions and the cyclone track density for all
selected systems are presented in Figure 1. Among these 7931 cyclones, 4445 originated
in ARG (56.0%), 1870 in LA-PLATA (23.6%), and 1616 in SE-BR (20.4%).

However, due to data availability issues during the download process from the
ERAS5 database, not all cyclones could be considered in this study, resulting in a
reduced total of 6789 cyclones. These issues were related to the ERA5 API instability
during the second half of 2023 and the first half of 2024, when ECMWF was migrat-
ing its data infrastructure and updating its API services. As a result, slow transfers
and repeated interruptions caused incomplete or failed downloads, despite multiple
attempts. This led to some cyclones being excluded from the analysis. The remaining
dataset still includes a sufficiently large number of systems for robust analysis and
generalization of the results. Of the 6789 cyclones, 4015 originated in ARG (59.1%),
1288 in LA-PLATA (18.9%), and 1486 in SE-BR (21.8%). The reduction corresponds
to a 14.4% decrease in the number of cyclones, with region-specific reductions of 9.7%
for ARG, 31.1% for LA-PLATA, and 8.0% for SE-BR.

70°W  50°W  30°W 10°W 10°E  30°E 50°E  70°E  90°E 110°E 130°E 150°E 170°E

0.1 1 2 5 8 10 15 20 30 40 50 70 100 130

Fig. 1 Cyclone track density for all systems analyzed in this study, highlighting the cyclogenesis
regions near the South American coast (ARG, LA-PLATA, and SE-BR). The track density unit is
cyclonic centers per 108 km? per month.

2.2 Lorenz Energy Cycle Computation

For computing the LEC, we used the the open-source Python application LorenzCy-
cleToolKit (de Souza et al., 2024). The energy budget equations for the zonal and
eddy forms of APE and kinetic energy are then expressed as:

dA
a—tZ=BAZ—CZ—cA+GZ (1)
dA
a—thBAE—CE+CA+GE (2)
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In these equations, the atmospheric energy reservoirs are separated into zonal and
eddy components of available potential energy (Az, Ag) and kinetic energy (Kz, Kg).
Energy conversions between reservoirs are represented by the following terms: C4, the
conversion between zonal and eddy available potential energy (Az < Ag); Cg, the
conversion from eddy available potential energy to eddy kinetic energy (Ag < Kg);
Ck, the barotropic conversion from eddy kinetic energy to zonal kinetic energy (Kg <
K7); and Cz, the conversion from zonal available potential energy to zonal kinetic
energy (Az < Kz). The generation of available potential energy (G) and dissipation of
kinetic energy (D) are indicated by subscripts Z and E, such that Gz and G g represent
the generation of zonal and eddy available potential energy, while Dz and Dg denote
the dissipation of zonal and eddy kinetic energy, respectively. The boundary flux
terms, BAz, BAg, BKz, and BKg, represent the import/export of available potential
energy and kinetic energy across the computational domain boundaries. Additionally,
the terms B®z and B®g appear alongside Cz and Cg, respectively, as both arise from
deriving the kinetic energy balances. According to Muench (1965), these terms are
challenging to interpret physically, but indicate processes generating kinetic energy
resulting from work performed at the boundaries of the computational domain. The
complete mathematical formulation of these terms can be found in the Appendix.

In these formulations, a global reference state is used to define the APE, meaning
that the computed APE represents the contribution of local APE to global energetics
(Smith, 1980). As a result, it does not account for regional variability, which can
introduce bias in the APE computation (see Novak and Tailleux (2018) for a thorough
discussion). Despite the limitations of this methodology, the formulations by Muench
(1965) and Brennan and Vincent (1980) still provide a valuable framework due to their
simplicity, robustness, and ability to yield consistent, interpretable results, enabling
direct analysis of the dynamic processes driving cyclones development (Dias Pinto
and Rocha, 2011; de Souza et al., 2025, e.g.). Moreover, while using a local APE
definition (Novak and Tailleux, 2018, e.g.) offers more precise results, it often comes
with higher computational costs and does not provide the same level of direct, practical
interpretability.

Following the methodologies of Brennan and Vincent (1980); Michaelides (1987);
Veiga et al. (2008); Pezza et al. (2010); Dias Pinto and Rocha (2011), the program was
set to compute the generation, dissipation and boundary pressure work terms (B®y
and B®p) as residuals, defined as:

RK; =Bdz — Dy +exz (5)
RKg = BOp — Dp + exr (6)
RGz =Gy +€eGz (7)
RGg =Gg +€GE (8)
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Where € account for numerical errors in the computation procedures. The set of
budget equations becomes, then:

6% =—-Cy-Cz+RGz+BAy (9)
%:CA—CE+RGE+BAE (10)
6(% = Cx +Cz + BKz + RKy, (11)
6(% = —Ck +Cg + BKg + RKg (12)

A complete depiction of the LEC, with arrows indicating positive energy fluxes,
is presented in Figure 2. This figure also highlights three primary energetic pathways
(baroclinic instability, barotropic conversion, and latent heat release) which will be
discussed throughout the text.

Here, we used a Semi-Lagrangian framework (Michaelides et al., 1999), aiming to
minimize interactions with other non-related circulations while capturing the main
structure of the cyclone. A 15° x 15° computational domain centered at the cyclone’s
central position, obtained from the TRACK database, was created for each time step.
Given the impracticality of manually selecting an appropriate domain size for each
cyclone in the dataset, a fixed size was employed. The choice of a 15° X 15° computa-
tional domain is justified as it is large enough to capture the effective radius of most
cyclonic systems (Rudeva and Gulev, 2007). The effective cyclone radius is defined as
a measure of cyclone size, determined by establishing a coordinate system centered
on the cyclone and measuring the distance at which the radial pressure gradient first
falls to zero. This domain size also is large enough for accommodating the cyclone’s
synoptic structure (e.g. Gramcianinov et al., 2019).

2.3 Analysis Methods

A key challenge in computing the LEC for large datasets lies in the variable life
durations of cyclones. Averaging energy values across an entire life cycle can obscure
distinct dynamical processes tied to different stages of cyclone development, while
technical limitations exist in dissecting the life cycle into distinct periods. For example,
Black and Pezza (2013) averaged cyclone energetics over periods of 48 hours before
explosive cyclogenesis, during explosive deepening, and for 24 and 72 hours after it.
However, cyclone life cycles can range from less than 24 hours to over 10 days (Trigo,
2006; Reboita et al., 2010; Gramcianinov et al., 2019), presenting significant physical
limitations to such approaches.

To address these issues, we employed Cyclophaser, an open-source Python package
designed to detect cyclone life cycle phases (de Souza et al., 2025). This program uses
time series of relative vorticity at the system’s central position and its first derivative
to identify intensification, mature, and decay phases based on peaks and valleys in
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Fig. 2 Representation of the Lorenz Energy Cycle (LEC), with arrows denoting positive energy
fluxes. The figure also indicates three main energetic pathways: baroclinic instability (purple),
barotropic conversion (green), and latent heat release (red), which will be addressed in detail in the
following sections.

the vorticity and its derivative. In this study, we adopted the same life cycle detec-
tion approach as de Souza et al. (2024). After computing the LEC for each system,
Cyclophaser was used to identify the life cycle phases for all analyzed cyclones, fol-
lowed by the computation of mean LEC values for each phase. This approach facilitates
the investigation of dynamical mechanisms specific to each development phase. For
example, distinct energy fluxes are expected to dominate during the intensification
and decay phases, particularly near the cyclone center. As shown by de Souza et al.
(2024), approximately 60% of the analyzed cyclones follow a classical life cycle, consist-
ing of incipient, intensification, mature, and decay phases, while over 95% display at
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least one intensification phase. A comprehensive description of the detection method-
ology, as well as spatial distributions and phase-specific statistics such as duration,
displacement, speed, and intensity, can be found in de Souza et al. (2024).

To understand the dominant LEC variability patterns within the TRACK dataset,
we performed an Empirical Orthogonal Function (EOF) analysis (Fukuoka, 1951;
Lorenz, 1956) using the Python open-source library pyEOF (Zheng, 2021). This analy-
sis reduces the dimensionality of the dataset, retaining the most significant variability,
and is particularly useful for uncovering underlying structures and patterns in com-
plex environmental data. Typically, each EOF represents a spatial pattern, while the
associated time series, or principal component (PC), describes the temporal evolution
of that pattern. However, in this study, each EOF reflects a mode of variability derived
from all LEC terms, using their average values computed separately for each cyclone
life cycle phase (incipient, intensification, mature, and decay). Consequently, the PCs
represent the variation across individual cyclones rather than temporal evolution, and
therefore are not displayed individually, as they do not depict any meaningful tem-
poral or spatial feature. Performing EOF analyses separately for each life cycle phase
enabled a detailed investigation of the variability in cyclone energetics across distinct
stages of cyclone development, as well as throughout the entire energy cycle.

To associate cyclones with predominant EOFs, we first project each cyclone’s ener-
getics onto the PCs obtained from an EOF analysis. This allows us to represent each
system in terms of its contribution to the dominant modes of variability. Next, we
classify cyclones into EOF(+) and EOF(-) groups, identifying systems where at least
one PC reaches extreme values. Specifically, EOF(+) corresponds to cyclones where
at least one PC exceeds the 90th percentile (q90), indicating a strong positive pro-
jection onto a specific mode. Meanwhile, EOF(-) are cyclones for which at least one
PC is below the 10th percentile (q10), indicating strong negative projection onto a
specific mode. For each cyclone meeting these criteria, we determine its predominant
EOQOF as the one corresponding to the PC with the highest absolute value. This ensures
that each system is classified based on the mode that most strongly characterizes its
structure and dynamics.

To determine the LEC patterns of the most intense systems, we first selected only
the cyclones in which the maximum central vorticity at 850 hPa exceeded the 90th
percentile of the dataset. Subsequently, we applied the K-Means algorithm to the PCs
of these intense cyclones to investigate whether distinct energetic characteristics could
be identified among them. This clustering analysis was not performed on all cyclones,
as sensitivity tests indicated that applying it to the full dataset resulted in groups
that differed mainly in intensity rather than exhibiting distinct energetic behaviors
(not shown); thus, intensity-based selection was necessary.

K-Means is an unsupervised learning algorithm that partitions data into K clus-
ters by minimizing intra-cluster variance while maximizing separation between groups
based on sample similarity (MacQueen et al., 1967; Hartigan and Wong, 1979). The
optimal number of clusters was determined using the Elbow Method, which identifies
the most suitable number of clusters by plotting the within-cluster sum of squares for
different values of K and locating the "elbow point,” where the rate of decrease slows,
indicating a balance between model complexity and performance. For this analysis, we
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employed the K-Means implementation from the scikit-learn Python package (Hao
and Ho, 2019) and used the yellowbrick package for the Elbow Method (Bengfort
and Bilbro, 2019).

3 Results

3.1 Climatological Features

The exploratory statistical metrics for all LEC terms, presented as averages across the
entire cyclone lifecycle, are shown in Table 1, while their probability density functions
(PDFs) are provided in Figure 3. Notably, all terms related to the zonal jets (Kz,
BK7, and %) frequently exhibit statistical metrics one order of magnitude higher

than their eddy counterparts within the same group (Kg, BKg, and %), indicating
significantly greater energy amount concentrated on the jet streams. Although the
energy budgets were computed with the generation and dissipation terms calculated
as residuals, the generation terms can be directly computed using ERA5 data. There-
fore, their probability density functions (PDFs) are also shown for a more physically
based analysis (Figure 3e). Furthermore, the comparison between the directly com-
puted generation values and those estimated by residual computation provides a useful
metric for evaluating the accumulation of errors in LEC computation procedure. The
dissipation terms were not directly computed in the present study.

All the energy terms (Kz, Az, Ae, and Ke, Figure 3a) exhibit right-skewed distri-
butions. Among these, Az shows the largest variability, as reflected in its long-tail
distribution, standard deviation (std), interquartile range (IQR), and range (defined
as the difference between maximum and minimum values), compared to Ag and Kg,
peaking at approximately 4 x 10° J m~=2. Conversely, A presents the lowest variabil-
ity, peaking near 1x 10° Jm~2, closer to its mean value. The kinetic energy terms, Kz
and Kg, display similar distributions, with K, peaking near 20 x 10° Jm~2 and Kg
peaking near 2 x 10° J m=2.

For the conversion terms, Cz, Ck, and Cg exhibit high variability, in contrast
to C4. The former terms display long-tail distributions, peaking near zero, —1, and
2W m~2, respectively, while C4 presents a narrow distribution with a sharp peak near
its mean value, close to zero (Figure 3b). The Cz probability density function (PDF),
along with the mean and quantile values, and its mean value being close to the median,
indicate an overall tendency for both Az — K7 and K; — Az conversions. However,
the positive mean and median values suggest a predominant Az — Kz pathway.
For C4 and Cg, the metrics presented in Table 1 indicate a consistent tendency for
positive conversions, corresponding to Az — Agp — Kg (baroclinic chain), but with
more modest Ay — Apg conversions than Ag — Kg. In the case of the Cg term
(barotropic conversion term), the metrics indicate a predominant negative conversion,
i.e., Kz — Kg, although the positive Q75 value suggests the occurrence of events
where Kg — Kz conversions also take place.

For the boundary terms, BAr and BK; exhibit similar distributions, as do BAz
and BKg (Figure 3c). The terms BAg and BKg display narrow distributions, peaking
near zero, whereas BAz and BKz show nearly symmetrical long-tail distributions.
Although for all four terms, both positive (influx) and negative (outflux) energy fluxes

10
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Table 1 Summary Statistics of Lorenz Energetics Components, computed as
averages across the entire cyclone lifecycle: mean, median, standard deviation
(std), 25th percentile (Q25), 75th percentile (Q75), interquantile range (IQR),
and range. The IQR measures the range within which the central 50% of the
values fall, while the range is computed as the difference between the
maximum and minimum values. The units for the energy terms (Az, Ag, Kz,
and Kg) are 10° J m~2 and W m~2 for the remaining terms.

Term Mean Median Std Dev Q25 Q75 IQR Range

Az 5.55 4.68 3.71 2.77 7.49 4.72 36.46
Ae 1.62 1.24 1.20 0.77 2.09 1.32 11.07
Kz 28.55 26.19 15.10 17.34 37.12 19.78 114.55
Ke 3.70 2.95 2.62 1.92 4.63 2.71 24.81
Cz 0.52 0.38 4.85 -1.96 2.92 4.89 86.70
Ca 0.93 0.46 1.57 0.02 1.44 1.41 19.78
Ck -3.56 -1.63 9.51 -5.77 0.47 6.24 206.43
Ce 3.84 2.47 4.92 0.63 5.84 5.21 54.74
BAz 3.54 2.03 7.67 -0.67 6.67 7.34 175.05
BAe 0.58 0.16 4.40 -1.13 2.02 3.15 75.72
BKz -7.93 -5.53 31.75 -23.75 7.83 31.58 445.63
BKe 0.47 0.08 8.59 -2.73 3.22 5.95 146.87

BoZ 63.87 49.25 128.05 -9.12 13235 141.47  1419.08
BOE 39.66 31.19 126.50 -28.84 109.47 138.32 1353.99

Gz 031 -017 266 -1.39 0.8l 221  68.74
Ge 1.17 0.56 314 026 221 246  58.39
o -0.07 -0.14 446  -2.04 168  3.71  106.39
2e 023 -0.10 192 -0.8 051 135  48.19
o 1.59 0.75 13.38 533 815 1348  251.24
e 0.28 0.12 318 113 158 271 6150
RGz  -217  -1.00 760  -522 156 6.78  220.06
RKz  12.56 8.69 4049  -8.68 3271 4139  561.24
RGe  2.10 1.20 515  -0.40 421 461  97.25
RKe  -7.59  -4.63 10.62 -11.48  -1.04 1043  138.42

occur, as indicated by their negative Q25 and positive Q75 values, the peak near
zero for BAg and BKz suggests that boundary energy fluxes are typically low in
most cases. In contrast, for BAz, the peak near 2W m~2 indicates an overall tendency
for energy influx, while for BKg, the peak near —2W m~2 points to a predominant
tendency for energy outflux. Meanwhile, the boundary pressure work terms (B®Z and
BO®E) exhibit significantly higher values compared to the other boundary terms, with
both presenting nearly symmetric distributions (Figure 3d). These terms show tail
distributions exceeding +200 W m~2, indicating substantial variability. The physical
interpretation of these terms is discussed in Section 4.1.

Overall, both generation terms (Gz and Gg) present nearly symmetrical distribu-
tions centered near zero (Figure 3e), suggesting that in most cases, either the zonally
averaged diabatic heating (Gz) and the zonal deviations (Gg) are low, or the atmo-
spheric stability is high. However, there are instances where this behavior is amplified
(G < 0) or reversed (G > 0). In contrast, the generation residual terms (RGz and
RGE) display distinct characteristics. The RGz term is left-skewed, with a long-tail
distribution and higher variability compared to Gz, as indicated by its lower Q25
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Fig. 3 Probability density function (PDF) plots for distinct Lorenz Energetics terms, computed as
averages across the entire cyclone lifecycle: (A) energy, (B) conversion, (C) boundary, (D) pressure
work, (E) generation and residual, and (F) budget terms. The x-axis represents the energy values,
while the y-axis represents density counts. The units for the energy terms (Az, Ag, Kz, and Kg)
are in 10° J m~2, and in Wm™2 for the remaining terms. Terms related to Kz are divided by 10 (*)
to account for their order of magnitude difference, which would otherwise distort the visualization.

and higher Q75 and IQR values (Table 1). Additionally, RG, exhibits more nega-
tive mean and median values than Gz, suggesting a bias toward processes such as
diabatic cooling at lower latitudes and/or heat distribution mechanisms that reduce
zonal temperature gradients, such as cyclonic activity. On the other hand, RGg is
more symmetrical than RGz, though it still shows higher variability compared to
GE, as evidenced by its lower Q25 and higher Q75 and IQR values. Moreover, RGg
exhibits higher mean and median values than Gg, indicating a bias toward overesti-
mating the eddy effects on latent heat release and meridional temperature gradients.
Therefore, the residuals suggest that the computed LEC increases the contribution
of eddy motions to the atmospheric energy cycle through enhanced meridional heat
transport, reducing zonal temperature gradients and enhancing convective activity
within cyclone frontal structures.

Similar to the generation residual terms, each dissipation residual term displays
distinct distributions (Figure 3e). The PDF for RKz mirrors that of RGg, showing
modest variability. Its negative Q25 values indicate instances of net dissipation of
Kz. However, the high positive mean, median, Q75, and IQR values suggest that in
most cases, there is a net increase of Kz related to this term, possibly due to the
high B®Z value. In contrast, RKg shows high variability with a left-skewed, long-tail
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distribution. Both its Q25 and Q75 are negative, indicating that dissipation of Kg
frequently occurs.

3.2 Mean Energy Values Across Life Cycle Phases

The use of the CycloPhaser program allowed for the application of an objective cri-
terion to dissect the cyclones into distinct life cycle phases, enabling an investigation
of their energy cycles across these phases (Figure 4). Our analysis revealed that the
mean energy flow directions rarely change across phases, although the magnitude of
each term varies. However, the high standard deviation values indicate that energy
fluxes frequently deviate from their mean direction.

The Az budget term exhibits mean positive values during the incipient phase,
which turn negative during the intensification and mature phases, becoming positive
again during the decay phase. The mean K7 budget values are positive throughout
all phases except during the mature phase. In contrast, the Ag budget remains neg-
ative across the entire lifecycle, while the Kg budget is positive during the incipient
and intensification phases but turns negative during the mature and decay phases.
However, it is important to note that the large variability observed in these terms indi-
cates that numerous individual cases deviate significantly from these mean behaviors,
including instances of opposite signs or substantially greater magnitudes.

Across the different cyclone phases, the mean behavior suggests that both baro-
clinic and barotropic conversions remain active, continuously providing energy to the
eddies, while the adiabatic contribution from the Gg term is variable throughout the
lifecycle. There is a marked enhancement of baroclinic conversions from the incipi-
ent to intensification phase, which then decrease in magnitude during the mature and
decay phases. Conversely, barotropic conversion peaks during the mature phase, sur-
prisingly with a higher magnitude than the Ay — Kg conversion. The behavior of
the baroclinic chain is mirrored by the Gg term, which begins with negative values
and, during the intensification phase, reaches a higher magnitude than the C4 term.
The large variability observed in these energy conversion terms indicates that multiple
cyclone configurations likely exist, where either baroclinic or barotropic conversions
dominate, or where both pathways coexist with varying intensities. Furthermore, the
variability of the Gg term suggests that, in some systems, adiabatic heating plays a
significant role in cyclonic development, while in others, diabatic cooling hinders the
development. The Gz term remains negative throughout the entire life cycle, with
progressively decreasing values.

Throughout the life cycle, the mean values indicate imports of Az, which decrease
in the mature phase but rise again during the decay phase. The mean BAg values
exhibit a bimodal behavior, being positive during the incipient and intensification
phases but turning negative during the mature and decay phases, though with negli-
gible mean values in the latter. However, the large variability observed suggests that
for individual cyclones, imports and exports of Az and Ag can differ substantially
from these mean patterns, with some systems potentially exhibiting more pronounced
or negligible boundary flux contributions.

Across all phases, the RK; term stands out with the highest mean values, also
displaying the greatest variability, as indicated by the high standard deviation values.
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This could be influenced by the B®Z term, as mentioned in the previous section. The
BK7 term also presents high mean values and variability across all phases, suggesting
a compensatory effect for the excess energy from the RK, term. Lastly, the mean RKg
values are negative across all phases, peaking during the mature phase, indicating
significant dissipation in this phase and presenting similar values during the incipient

and decay phases.
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Fig. 4 Mean values and standard deviation of the limited-area Lorenz Energy Cycle (LEC) terms
for each life cycle phase : incipient (A), intensification (B), mature (C), and decay (D). Each box
represents an energy component (J m~2), with arrows showing the direction of energy flow (W m~2).
The numbers adjacent to the arrows indicate the magnitude and direction of the energy flux, with
green indicating positive values and red indicating negative values
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3.3 Empirical Orthogonal Function Analysis

To better characterize the substantial variability observed in the LEC terms, we per-
formed an Empirical Orthogonal Function (EOF) analysis to identify distinct energetic
configurations throughout the cyclone lifecycle. The first EOF accounts for 28.3% of
the total variance, followed by the second and third EOFs with 11.0% and 10.9%,
respectively. The fourth to eighth EOFs contribute progressively less (8.2%, 7.4%,
5.9%, 5.2%, and 4.4%), with the first four modes explaining 58.4% of the total vari-
ance and the first eight reaching 81.3%. These results highlight the dominant patterns
of variability, with diminishing contributions beyond the initial modes. This study
focuses on the first four EOFs. Although EOFs can be interpreted in terms of both
positive and negative contributions, we limit our analysis to the positive phase for
simplicity.

Each cyclone can be described as a linear combination of the EOFs, with the corre-
sponding principal components (PCs) indicating how strongly each mode contributes
to the system’s energetic structure. Consequently, the importance of a given EOF
varies from system to system. The energy fluxes associated with each EOF represent
deviations from the climatological mean (Figure 4), either reinforcing or weakening
specific energy pathways. In this way, each EOF reflects the amplification or atten-
uation of a characteristic energy transfer pattern within the LEC. In section 3.4, we
examine cyclones that project strongly onto each EOF individually.

Figure 5 illustrates the Lorenz Energy Cycle (LEC) terms associated with EOF
1. Across all life cycle phases, there is a consistent enhancement of moist baroclinic
conversions, characterized by the positive values of the A — Arp — Kg conver-
sions, in conjunction with an enhancement of the Gg term. Furthermore, there is an
increase in the Kz — Kg conversion (Ckx becomes more negative), particularly during
the mature and decay phases. These variations largely reinforce the mean behavior
observed across the cyclone’s life cycle. In addition, Az imports are enhanced, while a
negative tendency is observed in its budget and generation terms. Conversely, the K
boundary, budget, and residual terms show a positive tendency. Lastly, the Cz term
presents a weak positive signal during the incipient and decay phases, and a negative
tendency during the intensification and mature phases.

During the incipient (Figure 6A) and intensification phases (Figure 6B), EOF 2
displays an overall weakening of the C4 term, in contrast to EOF 1. Additionally, there
is a reduction in barotropic conversions, indicating a K — Kz tendency, alongside a
weakening of Kg imports. This reduction is compensated by an enhancement in Ag
imports, which appears to be the primary mechanism driving the increase in the Cg
term. In the mature phase (Figure 6C), the the signal for Ag imports reverses in sign,
and an enhancement of the moist baroclinic chain occurs, accompanied by a slight
increase in Kz — Kg conversions and a more pronounced increase in Kg imports.
During the decay phase (Figure 6D), both the moist baroclinic chain and Kz imports
show a negative tendency. However, the enhanced barotropic conversions, coupled
with a weakening of dissipation (positive tendency for RKg), result in a slight yet
positive tendency in Kg, suggesting a slower dissipation process.

For EOF 3 (Figure 7), the role of the moist baroclinic chain diminishes in eddy
development. This is evident from the weakening of the Cg and Gg terms across the
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across different life cycle phases: (A) incipient, (B) intensification, (C) mature, and (D) decay.

incipient (Figure 7A), intensification (Figure 7B), and mature (Figure 7C) phases,
although the C4 term shows a slight enhancement during these phases. As a result, we
can expect a weaker development for the incipient phase, indicated by the reduced Kg
budget. However, during the intensification and mature phases, the dominant source
of energy shifts to barotropic conversions. During the decay phase (Figure 7D), the
marginal enhancement of the Cg term is driven by a slight increase in the Gg term
and, more importantly, by an enhancement of Ag imports. Although this works in
conjunction with increased Kg imports, the simultaneous enhancement of Kg — Kz
conversions leads to the dissipation of eddies.
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Fig. 6 Lorenz Energy Cycle (LEC) terms for the second Empirical Orthogonal Function (EOF 2)
across different life cycle phases: (A) incipient, (B) intensification, (C) mature, and (D) decay.

During the incipient phase (Figure 8A) of EOF 4, the moist baroclinic chain weak-
ens, as do the Kg imports, while the barotropic conversions are enhanced. As the
system progresses to the intensification phase (Figure 8B), the barotropic conversion
signal becomes neutral, and the weakening of the baroclinic chain lessens, accompa-
nied by a strengthening of Ag imports. In the mature phase (Figure 8C), both the
baroclinic chain and the Ag and Kg imports are slightly enhanced. However, the
barotropic conversions reverse, signaling Kg — Kz conversions, indicating a transfer
of energy from eddy kinetic energy to zonal kinetic energy. In the decay phase (Figure
8D), the signal of baroclinic conversions returns to its initial weakened state and Ag
imports are reduced, while Kg are enhanced. Although the K — Kz conversions
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Fig. 7 Lorenz Energy Cycle (LEC) terms for the third Empirical Orthogonal Function (EOF 3)
across different life cycle phases: (A) incipient, (B) intensification, (C) mature, and (D) decay.

are enhanced, they are counterbalanced by the Kg imports, leading to a slower eddy
dissipation (higher tendency for Kg the budget).

Here we present a summary of the energy pathways that were enhanced for each
EOF, indicating the increased contribution to cyclone development (i.e., Kg increases).
During EOF1, both the moist baroclinic and barotropic chains are enhanced, with
increased imports of Kg during the incipient and intensification phases. For EOF2,
cyclone development is characterized by the enhancement of the BAr — A — Kg
chain during the incipient and intensification phases, followed by an increase in Kg
imports during the mature phase. For EOF3, during the incipient phase, there is an
enhancement of Kg imports, which is followed by an increase in barotropic conversions
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Fig. 8 Lorenz Energy Cycle (LEC) terms for the fourth Empirical Orthogonal Function (EOF 4)
across different life cycle phases: (A) incipient, (B) intensification, (C) mature, and (D) decay.

during the intensification and mature phases. For EOF4, barotropic conversions are
enhanced during the incipient phase, with nearly neutral baroclinic and barotropic
conversions during intensification, and an enhanced baroclinic chain along with Kg
imports during the mature phase. During cyclone decay, EOF1 shows an enhancement
in dissipation, EOF2 and EOF4 present an enhancement in exports of Kg, and EOF3
exhibits an increase in Kg — Kz conversions.

3.4 Systems Statistics

In this section, as the characteristics of the systems associated with each EOF are ana-
lyzed, the EOF signal becomes relevant, necessitating a distinction between systems
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related to positive EOF signals — EOF(4) — and negative EOF signals — EOF(-),
respectively. EOF1 accounts for the largest number of cyclones among the first four
EOFs for both EOF(+4) and EOF(-). For EOF(+), it is followed by EOF2, EOF3,
and EOF4, while for EOF(-), it is followed by EOF3, EOF2, and EOF4, respectively
(Figure Sla). The track densities for the cyclones associated with EOF(+) are pre-
sented in Figure 9, while those for EOF(-) are shown in Figure 10. For EOF1(+),
the track density maximum extends from SE-BR and LA-PLATA toward the ARG
region, highlighting the significant contribution of systems originating in the former
regions compared to the latter, as also indicated in Figure 11a. In contrast, for the
remaining EOFs(+), the track density maximum is located near the ARG region, as
most systems originate there. An exception is observed in EOF3(+), where the track
density maximum extends northeastward due to the increased contribution of SE-BR
systems to this EOF.
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Fig. 9 Cyclone track density for the systems associated with EOFs(+): (A) EOF1, (B) EOF2, (C)
EOF3, and (D) EOF4. The track density unit is cyclones per 106 km? per month. The dashed
rectangles mark the genesis regions shown in Figure 1.

Meanwhile, EOFs(-) exhibit a more variable behavior. EOF1(-) displays two track
density maxima: one near SE-BR and another near ARG, as fewer systems originate
from LA-PLATA for this EOF (Figure 11c). EOF2(-) is predominantly influenced by
ARG systems, whereas EOF3(-) shows an increased contribution from LA-PLATA
systems, with a primary track density maximum near ARG and a secondary maximum
over the La Plata River mouth. Lastly, EOF4(-) presents a track density maximum
between LA-PLATA and SE-BR, reflecting the increased relative contribution of
systems from these regions to this EOF.

Despite these regional differences in track density maxima, all EOFs exhibit a
common pattern of cyclone tracks extending southeastward across the South Atlantic.
Some systems display exceptional mobility, reaching as far as 150°E. This behavior
aligns with the typical lifecycle of cyclonic systems originating near the South Amer-
ican coast, where cyclones generally develop near the coastal region, mature as they
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Fig. 10 Cyclone track density for the systems associated to EOFs(-): (A) EOF1, (B) EOF2, (C)
EOF3 and (D) EOF4. The track density unit is cyclonic centers per 10% km? per month. The track
density unit is cyclones per 108 km? per month. The dashed rectangles mark the genesis regions
shown in Figure 1.

propagate southeastward, and decay closer to the Antarctic region (de Souza et al.,
2024).

As shown in Figure 11b, EOF1(+4) and EOF4(+) systems predominantly orig-
inate during JJA, while EOF2(+) and EOF3(+) genesis events are more evenly
distributed across the seasons. For EOFs(-), EOF1(-) systems occur mainly during
DJF, whereas EOF4(-) systems are more frequent during DJF and MAM. In contrast,
EOF2(-) and EOF3(-) systems are predominantly observed during JJA and SON
(Figure 11d). The seasonal distribution of EOF2(+) and EOF3(+) systems aligns
with the expected behavior, as ARG systems are well-distributed throughout the year
(Gramcianinov et al., 2019; Crespo et al., 2021). However, for the remaining EOFs;
the observed behavior suggests that seasonal variations are linked to changes in the
systems’ energetics.

3.5 Groups of Intense Systems

While the previous sections examined the LEC for all cyclonic systems in the South
Atlantic — analyzing both the mean behavior and its associated variability through
EOF analysis — this section focuses on the energetic groups associated with the most
intense cyclones in the dataset. The K-Means algorithm was applied to the first eight
PCs of the selected cyclones, identifying five distinct LEC groups, as determined by
the Elbow Method. Following the cluster identification analysis, the energetic char-
acteristics of the systems were reconstructed, with the mean behavior for each group
represented in Figure 12.

Comparing the energy fluxes of the clusters with the climatological mean com-
puted across all cyclones provides insight into the mechanisms that distinguish these
systems as the most intense (Figure 12). Cluster 1 exhibits a strong enhancement of
the moist baroclinic chain, particularly in the C4 and Gg terms, as well as increased
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barotropic conversion, with both C4 and Ck contributing comparably to the Kg bud-
get. However, imports of Kg are below average. Cluster 2 shows modest increases
across all baroclinic and barotropic terms, with the highest Kg imports among all clus-
ters. Cluster 3 displays similar proportions to Cluster 1 for C4, Cg, and Cg, though
with slightly lower values. However, it presents the highest Gg among all clusters,
and unlike Cluster 1, it exhibits positive but below-average Kg imports. Cluster 4 fea-
tures the weakest energy conversions overall, despite showing nearly doubled values
for baroclinic and barotropic terms relative to the full-sample average, while still pre-
senting below-average Kg imports. Across all clusters, the residual term is not strictly
proportional to the Kg budget: Cluster 1, for instance, shows the highest RKg despite
having a lower Kg budget than Clusters 2 and 3. This suggests that, although dissi-
pation likely dominates the residual magnitude, contributions from subgrid processes
and numerical errors cannot be ruled out.

Figure 13 displays the track density for all clusters. For all clusters, the track
density maxima extend from a region near the southeastern South American coast,
between 30°S and 50°S, propagating southeastward toward the Antarctic region. Clus-
ter 2 and 3 present tracks more concentrated near the continent, related to their lower
mean duration (Figure S2). In contrast, Cluster 1 presents a track maxima spread
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Fig. 12 (A) Mean values and standard deviations of the limited-area Lorenz Energy Cycle (LEC)
terms for all analyzed systems. Panels (B-F) illustrate the reconstructed LEC for the five clusters
identified among the most intense cyclones in the dataset, defined as systems with maximum central
relative vorticity at 850 hPa exceeding the 90th percentile.

from near 60°E to near 10°E. Meanwhile, Cluster 4 presents a maxima near the con-
tinent and other near Antarctica. While the track density maxima near LA-PLATA
and SE-BR are associated with the incipient and intensification phases of these sys-
tems, the maxima near Antarctica correspond to their decay phase (de Souza et al.,
2024). The relatively small displacement of these systems indicate that they might be
related to explosive cyclogenesis and in fact, among explosive cyclogenesis in South
America, evidence suggests a great contribution from LA-PLATA (Andrade et al.,
2024, 2025), however, further investigation is needed to confirm this.

Clusters 1 and 2 are more frequent during JJA, while clusters 3 is more frequent
during SON and Cluster 4 presents a more uniform distribution. For all clusters, the
percentage of systems with genesis in LA-PLATA, in comparison with all systems in
the dataset (18.9%), indicates this region as related to the development of intense
systems, as previously noted by Gramcianinov et al. (2019). Also, the observed sea-
sonality aligns with the expectated behavior for LA-PLATA region (Crespo et al.,
2021). The low frequency for SE-BR is also expected, as these systems are gener-
ally weaker (Gramcianinov et al., 2019; de Souza et al., 2024). Although subtropical
cyclones are most frequent at SE-BR and during DJF (Evans and Braun, 2012; Gozzo
et al., 2014), the low prevalence of these systems in our dataset prevent them for
skewing the results.
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Fig. 13 Cyclone track density for the five clusters (A-E) identified among the most intense cyclones
in the dataset. These systems are defined as those with maximum central relative vorticity at 850 hPa
exceeding the 90th percentile. The dashed rectangles mark the genesis regions shown in Figure 1.

Clusters 1 and 2 are more frequent during JJA, while Cluster 3 peaks in SON
and Cluster 4 shows no strong seasonality. In all clusters, the proportion of cyclones
originating in LA-PLATA exceeds its baseline occurrence in the full dataset (18.9%),
reinforcing the region’s role in the development of intense systems, as noted by Gram-
cianinov et al. (2019). The seasonal distributions are also consistent with prior findings
for the LA-PLATA region (Crespo et al., 2021). The low frequency of cyclones form-
ing in SE-BR is expected, as these tend to be weaker (Gramcianinov et al., 2019;
de Souza et al., 2024). Although subtropical cyclones are most frequent over SE-BR
during DJF (Evans and Braun, 2012; Gozzo et al., 2014), their limited presence in
this intense-cyclone subset prevents them from significantly influencing the results.

4 Discussion

4.1 Key Features

The LEC diagrams (Figure 4) indicate that the mean energetic behavior is preserved
across distinct life cycle phases. However, the high variability shown in Figure 3 reveals
a wide range of behaviors among South Atlantic cyclones. While this section focuses
on the mean energy cycle, it is important to recognize that energy budget terms serve
primarily as a starting point. The energy conversions and fluxes offer more robust
insight into the dynamical processes governing cyclone development. In addition to
the phase-specific diagrams, a schematic of the mean Lorenz Energy Cycle for all
systems is shown in Figure 15, facilitating comparison across phases and highlighting
dominant pathways.
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Fig. 14 Characteristics of the five clusters (A-E) identified among the most intense cyclones in the
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The Az term increases during the early phases due to persistent influxes across
the boundaries (BAz > 0), rather than local generation (Gz). As baroclinic conver-
sions intensify, the Az budget becomes negative during the intensification and mature
phases, before returning to positive in the decay phase. This evolution suggests that Az
variations are not driven by latitudinal diabatic heating contrasts. A similar pattern
was reported by Dias Pinto and Rocha (2011), although their methodology excluded
the incipient phase due to the use of sea-level pressure for cyclone tracking, instead
of relative vorticity at 850 hPa (Sinclair, 1994; Hoskins and Hodges, 2002).

For Kz, a general increase is observed except during the mature phase, when strong
barotropic conversion (Kz — Kg) coincides with negative Cz values. This indicates
descending motion at warmer latitudes and ascending motion at colder latitudes as the
cold front reaches the equatorward side of the cyclone and the warm front reaches the
poleward side. Notably, BKz and RKz present high magnitudes: the former suggests
export of zonal kinetic energy (e.g., jet stream outflow), while the latter aggregates
dissipation, boundary pressure work (B®Z), subgrid transfers, and numerical errors.

As the Semi-Lagrangian framework does not account for changes in the back-
ground energetics along a moving domain, part of the apparent time evolution in
Az and Kz may simply reflect the cyclone’s poleward drift (de Souza et al., 2024).
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Fig. 15 Schematic representation of the mean Lorenz Energy Cycle (LEC) for all analyzed cyclones
in the South Atlantic, combining information from all life cycle phases. Arrows represent energy fluxes
between reservoirs, with colors indicating the life cycle phases. The arrow thicknesses and symbol sizes
for the balance terms (8/dt) are proportional to the absolute magnitude of each term, as presented
in Figure 4.

Such drift carries the system into latitudes of larger background APE, implying an
increase in Az (Novak and Tailleux, 2018; Liu et al., 2024). Because the zonally inte-
grated Kz reaches its climatological maximum near 60°S (Novak and Tailleux, 2018;
Liu et al., 2024), Kz should decrease for storms that originate over ARG and migrate
poleward, but increase for those formed in SE-BR or LA-PLATA . In practice, how-
ever, both reservoirs evolve irregularly and non-monotonically, indicating that intrinsic
cyclone dynamics, rather than passive domain advection, control the local energetics,
corroborating Federer et al. (2025).
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The Ag budget is negative throughout the life cycle, with minimal values during
the incipient and intensification phases. This reflects a highly active and efficient
baroclinic chain. Energy is transferred from Az via Ca, and from Ag to Kg via Cg,
driven by meridional heat transport and vertical motions in frontal zones. During
intensification, G g becomes positive, associated with convective heating along the cold
front (e.g., Govekar et al., 2011). Simultaneously, radiative heating in the warm sector
due to long-wave absorption from mid- to high-level clouds (Lau and Crane, 1997;
Keshtgar et al., 2023), combined with latent heat release from intense precipitation
during this phase (McErlich et al., 2023), enhances Gg. As the system matures and
convection weakens, BAg reverses (export), and the Ag budget sharply decreases.
During decay, with disorganized frontal structures and weak diabatic forcing, Ag
returns to near-zero budget values.

The Kg reservoir increases during incipient and intensification phases, as baro-
clinic, barotropic, and boundary fluxes supply energy. In the mature phase, barotropic
conversion peaks, but weakening of baroclinic forcing and reversal of boundary fluxes,
along with increased RKg, lead to a net energy loss. During the decay phase, dimin-
ishing energy inputs and rising exports further reduce Kg. Although RKg includes
numerical errors and the BOFE term, the trend suggests dominant dissipative processes,
in line with Smith (1980).

Both B®z and BOg were directly computed and yielded large values (Table 1,
Figure 3d). These terms, representing pressure work by zonal and meridional winds
at the domain boundaries, are highly sensitive to small errors in the geopotential field
(Brennan and Vincent, 1980). Despite quality control in ERAS, some inconsistencies
may persist, and since the LECTK tool does not apply preprocessing filters, such
errors likely propagate into the diagnostics. Future work should examine the physical
interpretation of B® terms and the causes of their anomalous magnitudes, as they are
seldom reported in literature.

4.2 Cyclone Groups

Substantial variability in the dataset, as revealed by the EOF analysis, is largely cap-
tured by EOF1(+) and EOF1(-), which together represent nearly 40% of all systems.
EOF1(+) is linked to stronger cyclones, while EOF1(-) corresponds to weaker ones
(Supplementary Figure S1b), indicating a bi-modal structure in cyclone intensity. This
suggests that "day-to-day” systems tend to follow distinct energetic regimes. Tradi-
tional cyclone climatologies over the South Atlantic tend to group all cyclones together
(Sinclair, 1994; Hoskins and Hodges, 2005; Reboita et al., 2010; Gramcianinov et al.,
2019, e.g.,). In contrast, the results presented here suggest that these systems exhibit
distinct behaviors and may therefore be categorized into separate groups.

These intensity differences manifest in their energy cycles and physical characteris-
tics. Figure 16 presents schematic LECs for the four leading EOF(+) groups. EOF1(+)
displays a consistent enhancement across all energy pathways, while EOF1(—) shows
a reduction. These differences extend to cyclone mobility: EOF1(+) systems follow
the South Atlantic storm track (Hoskins and Hodges, 2005; Gramcianinov et al.,
2019), whereas EOF1(-) systems remain more confined near the South American
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Fig. 16 Schematic representation of the mean Lorenz Energy Cycle (LEC) for cyclones associated
with the four four leading positive Empirical Orthogonal Functions (EOF1(+) to EOF4(+)). Arrows
represent energy fluxes between reservoirs, with colors indicating life cycle phases. The thickness
of each arrow and the size of the balance terms (d/9t) symbols are proportional to the absolute
magnitude of each term.

689 EOF2-EOF4 describe less frequent cyclone types. EOF2(+), EOF3(-), and
o0 EOF4(-) are associated with relatively stronger systems, while their counterparts cor-
sn respond to weaker ones (Figure S1b). EOF2(+) is notable for lacking enhancements
%2 in baroclinic/barotropic conversions or Kg imports during early phases. EOF3(-) and
003 EOF4(-), in contrast, display a pronounced intensification of the Gg — Ag — Kg
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chain, especially during the incipient and intensification phases. These patterns indi-
cate that despite a shared dominant energy structure, South Atlantic cyclones express
diverse configurations in their development. This variability is further reflected in dif-
ferences in genesis region and seasonality (Figure 11), with EOF1(+4) and EOF3(-)
dominating among the most intense systems (Supplementary Figure S3).

For intense cyclones (above the 90th percentile in central vorticity), genesis is most
frequent in LA-PLATA and during JJA—consistent with earlier studies identifying
this region as favorable for strong development (Reboita et al., 2010; Gramcianinov
et al., 2019; Crespo et al., 2021). These systems are primarily linked to moist baroclinic
instability (Figure 12), particularly under the influence of a strong upper-level jet in
austral winter. Meanwhile, SE-BR systems are less frequent, especially during DJF,
when baroclinicity in that region is weaker (Gramcianinov et al., 2019; Crespo et al.,
2021).

Among the four LEC-based clusters, Cluster 4 contains the largest number of
systems but the lowest maximum central vorticity, making it the weakest group.
Importantly, all clusters show enhanced LEC terms relative to the overall mean, rein-
forcing the connection between stronger energy fluxes and cyclone intensity. These
findings support the robustness of the Semi-Lagrangian framework and highlight the
existence of distinct energetic regimes. Even within the subset of intense cyclones,
considerable diversity in energy cycle structures persists, indicating that multiple
pathways can lead to strong cyclogenesis in the South Atlantic.

4.3 Mechanisms of Energy Transfer

Throughout this study, barotropic conversions (Cx) emerged as a key mechanism
for cyclone development in the South American region. While extratropical cyclones
are traditionally associated with baroclinic instability (Bjerknes and Solberg, 1922;
Charney and Eliassen, 1964; Hoskins and Valdes, 1990), our results show that moist
baroclinic processes dominate during the intensification phase, whereas barotropic
conversions peak during the mature stage (Figure 4). Notably, Cx magnitudes are
nearly three times larger than those of C4, suggesting a stronger contribution from
zonal kinetic energy to eddy development than from meridional temperature gradients.

Despite LEC-based studies dating back decades, few have examined South Atlantic
cyclones, limiting direct comparisons. Case studies on tropical systems emphasize the
Gg — Ap — Kg chain and barotropic conversions (Brennan and Vincent, 1980;
Veiga et al., 2008), while subtropical systems show mixed roles for both baroclinic and
barotropic conversions (Michaelides, 1987; Dias Pinto et al., 2013; Pezza et al., 2014;
Cavicchia et al., 2018). For extratropical systems, energy pathways vary: some are
baroclinically dominated (Dias Pinto and Rocha, 2011; Black and Pezza, 2013), others
barotropically (Michaelides, 1992; Dias Pinto and Rocha, 2011), and some combine
both with varying degrees of Kr import (Wahab et al., 2002; Bulic, 2006; Pezza et al.,
2010). Thus, although the relevance of barotropic instability in extratropical cyclones
is not novel, this work provides the first large-sample LEC analysis for the South
Atlantic, offering a consolidated view of this behavior. These findings are consistent
with recent studies that link storm track intensification in the Southern Hemisphere to
enhanced barotropic growth (Chemke et al., 2022), associate storm growth time with
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barotropic conversion (Hadas and Kaspi, 2025), and identify barotropic conversions
from Kz to Kg within storm track regions (Liu et al., 2024).

It is also important to emphasize that, while previous studies investigated the LEC
using an Eulerian framework, this study employed a Semi-Lagrangian framework. This
approach has the advantage of isolating the energetics strictly related to the target
system. However, the extent to which this methodology differs from the Eulerian
framework in representing the magnitude and direction of energy fluxes has not been
extensively assessed, apart from one study by Michaelides et al. (1999). Also, the
extent to which our findings generalize to other regions remains uncertain. Given the
stronger jets and meridional wind gradients in the Southern Hemisphere (e.g., Swart
et al., 2019; Jain et al., 2023; Savita et al., 2023), barotropic conversions may be more
pronounced in the South Atlantic than in the North Atlantic—a hypothesis requiring
further study.

Another distinction is found in the decay phase. While most previous studies report
Kg — Kz conversions during cyclone decay (e.g., Dias Pinto and Rocha, 2011; Veiga
et al., 2008; Pezza et al., 2014), this pattern was not observed here. In our analysis,
the decay phase, the longest for these systems (de Souza et al., 2024), is averaged over
multiple timesteps and features Ck values that gradually shift from strongly negative
in the mature phase to near neutral at the end of the lifecycle (Figures 4C and S4). This
suggests that barotropic conversion continues to sustain the system during decay, until
dissipation dominates. Prior use of large Eulerian domains may have underestimated
Ck, as seen in Black and Pezza (2013), where Cx remains positive across all phases.

Some limitations of our approach must be acknowledged. Although the Semi-
Lagrangian framework follows the cyclone’s trajectory, it does not account for regional
variations in background APE and kinetic energy. This may influence Az, Kz, and
their boundary terms as the system moves through varying energy environments.
Furthermore, the LEC formulation relies on a global reference state for APE. In
contrast, the local APE framework proposed by Novak and Tailleux (2018) defines
APE relative to each air parcel’s individual reference state. While this approach can
yield additional insights—such as the potential for cyclones to locally generate APE
(Federer et al., 2024), the overall global energy fluxes remain consistent between the
global and local formulations (Liu et al., 2024). Moreover, the modest BAz values
observed here (Figure 4) may be partially explained by APE transport from the polar
upper troposphere, as shown for the North Atlantic storm tracks by Federer et al.
(2025).

5 Summary and Conclusions

In this study, we examined the Lorenz Energy Cycle (LEC) for 7,531 cyclonic systems
originating in the Southwestern Atlantic, presenting what is, to the best of our knowl-
edge, the first comprehensive climatology of cyclones’ energy cycles in this region. A
notable exception is the work by Black and Pezza (2013), which focused solely on
explosive cyclones and used large fixed domains, contrasting with the Semi-Lagrangian
approach adopted in this study. While studies such as Smith (1980) provide valuable
reviews of the energetics of extratropical cyclones, focusing on broad averages and
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generalized mechanisms, and case studies have explored the dynamics of specific sys-
tems (Pezza et al., 2014; Dias Pinto and Rocha, 2011; Cavicchia et al., 2018, e.g.),
our study adopts a climatological approach. Specifically, we track the energy cycles of
individual cyclones across distinct life cycle phases, offering a more detailed investiga-
tion of the unique physical mechanisms that drive energy conversions in this region.
Furthermore, the use of the Cyclophaser program to dissect the life cycles of cyclones
has enabled a novel investigation of the energy cycle across different developmental
stages, providing deeper insights into the variability and dynamism of these systems.

The results presented here demonstrate that, for most cyclonic systems in the
South Atlantic, a clear pattern of energy flow is evident. This pattern is characterized
by both barotropic and baroclinic conversions providing energy for eddy develop-
ment and is preserved throughout the cyclone life cycle phases, despite variations in
magnitude. Barotropic conversions tend to be 2 to 3 times larger in magnitude than
baroclinic conversions, with the former peaking during the mature phase and the
latter during the intensification phase. The generation of eddy potential energy and
the imports of eddy kinetic energy play secondary roles. The former peaks during
the intensification phase and remains positive through the mature and decay phases,
while the latter occurs primarily during the incipient (cyclogenesis) and intensification
phases.

Despite the high variability among the systems, the EOF analysis indicates that,
in most cases, the main behavior is preserved. This variability is instead expressed as a
strengthening and/or weakening of specific energy pathways, indicating that cyclonic
development in the South Atlantic region can be attributed to distinct dynamical
processes, as supported by the literature. Consequently, it is possible to hypothesize
that these systems can be grouped into distinct types based on their characteristics
and energy cycles. This heterogeneity is also evident among the most intense systems.
For these systems, distinct groups exhibit varying relative contributions of energy from
barotropic and baroclinic chains, as well as differences in eddy generation of APE and
imports of eddy kinetic energy. Although most of these intense systems originate in the
LA-PLATA region, the variability in the relative proportions of genesis regions among
the different clusters is reflected in their energy cycles and mean characteristics.

The goal of this study was to investigate the energy cycle of cyclones in the South
Atlantic region using a Semi-Lagrangian approach. As a pioneering study of this kind,
several questions have emerged throughout its development. For instance, previous
studies for this region have assessed the distinct synoptic and dynamical conditions
related to cyclogenesis in the three primary genesis regions, as well as the seasonal
variability in their development (Gramcianinov et al., 2019; Crespo et al., 2021). A
distinction in the energy cycles among these genesis regions, along with their sea-
sonal variability, would therefore be valuable. Additionally, given the prominence of
barotropic conversions as an energy source for cyclone development, the question
arises as to whether barotropic instability is truly occurring near the cyclone center.
de Souza (2024) proposed a framework for classifying cyclones into distinct groups
based on their energy cycles. In an upcoming study, this method will be applied to
address these questions and further investigate these topics.
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Appendix

Mathematical expressions used for the calculation of the Lorenz Energy Cycle (LEC),
adopting the notation from Michaelides (1987).
Firstly, we define the zonal mean of a variable X, between longitudes 4; and As:

1 4
X1, = XdA 13
(X bﬁhﬁz (13)

The eddy component of this variable is its deviation from the zonal mean:

(X)2 = X - [X]4 (14)
The domain mean of the variable X, defined over the computational domain
bounded by longitudes 4; and A2, and latitudes ¢; and ¢2, is given by:

o= () (g ) [ essiras

Ao — A1 ] \singg —singy | J,,
Similarly, we define the deviation of the zonal mean from the domain mean:

([XJg = [X]a - [X]ag (16)
From the definitions above, the four energy components used in the LEC
computation are defined as follows:

Az = /p rpb —([(QT[);]])i]wd (17)

Ag = /ptpb %]];:]dp (18)
T2 o2

Kzzf: W@ (19)

Kp = /p lpb W@ (20)

where p is the atmospheric pressure, with subscripts b and ¢ denoting the lower
(base) and upper (top) pressure boundaries of the atmosphere, respectively. T repre-
sents temperature, g is the acceleration due to gravity, and u and v are the zonal and
meridional wind components, respectively. The static stability parameter o is defined
as:
o [ﬁ _ Iﬁa_T] (21)
cp ROp|, o
where ¢, is the specific heat at constant pressure, and R is the ideal gas constant
for dry air.
The four conversion terms are defined as follows, integrating over the atmospheric
column from the base (pp) to the top (p;) pressures:
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Pb
Cs = /P el e = ap (22)
Pb
Cr = /,, T @ale gﬁp dp (23)
e A([T1a)g 1 ([T g
Ca= -/p, - (— [( )a(T)a 96 ]w +— [(w)/z(T)/l—ap qu) dp  (24)

/P 1 [cos¢( () ([ ],1)] %3[\1]4
g\l a 0 \eose a 99 |,

(25)
tan ¢ d[v]a
[ (u)3[v]a (w)/l(u)/l ] [( )a(v)a ] )dp
16 op lag
o where a is the Earth’s radius and w is the vertical velocity in isobaric coordinates.
85 The APE generation and K dissipation terms are defined as:
Pb T
Gy = / [([ql)a(L ]/l)d)]/lqbdp (26)
Pt [ ]/l¢
P T
Gp = / [(61)/1( )/I]M)d (27)
P cplolag
Pb 1
Dz = —/ g[[”]/l[F/l]/l + [V]alFglalagdp (28)
Pt
Po
Dp = —/ g[(u)A(F/l)/l + (Ma(Fp)alagdp (29)
Pt
846 Here, F; and Fy represent the zonal and meridional frictional components,

a7 respectively, and ¢ is the diabatic heating term, computed as a residual from the
as  thermodynamic equation:

oT
L2 Yy VT -Sw (30)
cp Ot
849 where —Vp - %,,T represents the horizontal advection of temperature and S,
g0 approximates the static stability, given by:

T 06
Sp=—— 31
851 where 6 is the potential temperature.
852 The boundary terms are given by:
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BAE = ¢ /pz /902 M(T)A i
P1 J¢1
e /171 2[0'],1¢, ([(T)/lv]/lcos ‘P) dp )
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| 2ol

P2 $2 1 A2
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P2 1 )
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1 p2
(5 bl 2 - - il

P2 »2 1 A2
BKE = ¢; / 1 / g (@3 023]) ) dear
P2 1 2

+c2 /m g ([v COS @ [(u)?, + (v)g]]ﬂ): dp (35)

1 9 9 P2
5 ot~ )

where ¢1 = —[a (12 — A1) (singa —sin1)] ™1, co = —[a x (sin ga — sin 1)]
Lastly, the terms B®Z and BOE are given by:

B®Z =c, /,:2 [oné([v]a([éla)w)jj dedp
p2 1 2
rer [ 72 (comelobi@10,)” dp (36)

(Il (oL, ], )"
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Fig. S1 Statistics for the cyclones classified as EOF(+) (red) and EOF(-) (blue). (A) Cyclone
counts; (B) maximum intensity, expressed by the minimum central relative vorticity at 850 hPa;
(C) total life-cycle duration (days); and (D) mean translational speed (kmh™1).
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Fig. S2 Boxplot of the total life cycle duration (in days) for the four clusters (1-4) identified among
the most intense cyclones in the dataset.
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Fig. S3 Stacked time series of the first four principal components (PC1-PC4) for each intense
cyclone ({850, max > q99). Positive values are plotted upward and negative values downward, so the
coloured bars represent the signed contribution of each EOF mode to the energetics of every system.
The x-axis lists the individual cyclones (sorted arbitrarily), while the y-axis gives the PC amplitude
(dimensionless).
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Fig. S4 Median barotropic-conversion term (Ci) at the start (blue) and end (red) of the decay
phase, with the error bars representing the inter-quartile range.
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