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Abstract16

This study presents a climatological assessment of the Lorenz Energy Cycle17

(LEC) applied to South Atlantic cyclones, using a Semi-Lagrangian framework.18

Over 6,700 cyclones were identified from ERA5 reanalysis (1979–2020), and LEC19

components were computed and averaged across four objectively defined life cycle20

phases: incipient, intensification, mature, and decay. Results reveal a coherent21

energy transfer structure: baroclinic conversions dominate during intensification,22

while barotropic conversions peak during the mature phase and reach magni-23

tudes 2–3 times larger than baroclinic counterparts. Diabatic generation of eddy24

available potential energy plays a secondary but relevant role, particularly dur-25

ing intensification, occasionally surpassing baroclinic contributions. Eddy kinetic26

energy imports are most significant during the early phases, reinforcing devel-27

opment. Despite substantial variability among systems, an EOF analysis shows28

that most cyclones share a common energy structure, with variability mani-29

festing as amplification or suppression of specific pathways. The leading EOFs30

are linked to di!erences in cyclone intensity, genesis region, and seasonality.31

Among the most intense systems, distinct clusters emerge with varying energetic32
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configurations, some dominated by baroclinic processes, others by barotropic con-33

versions or enhanced diabatic generation. These findings demonstrate that South34

Atlantic cyclones encompass a spectrum of dynamical behaviors and can be clas-35

sified based on their energy cycle characteristics. This study provides the first36

large-sample application of the Semi-Lagrangian LEC to extratropical cyclones37

in the South Atlantic and highlights the importance of barotropic processes in38

their development. The results o!er a robust framework for interpreting cyclone39

energetics and establish a comprehensive baseline for classifying these systems.40

Keywords: Cyclone energetics, Baroclinic conversion, Barotropic conversion, Latent41
heat release, South Atlantic cyclones42
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1 Introduction51

Cyclones play a crucial role in the Earth’s climate system by redistributing heat,52

moisture, and momentum across di!erent regions. These dynamic weather systems,53

contribute to the global energy balance by transferring energy from the tropics to54

higher latitudes. Understanding cyclone behavior is essential for improving climate55

projections and assessing future climate change impacts. In South America, surface56

cyclones influence precipitation regimes across the continent (Reboita et al., 2010,57

2018; de Souza et al., 2022) often contributing to extreme rainfall events (e.g., de Souza58

and da Silva, 2021; de Souza et al., 2024), and are associated with severe meteoro-59

logical hazards such as intense winds (Cardoso et al., 2022; de Souza and da Silva,60

2021), high sea waves (da Silva et al., 2025; Gramcianinov et al., 2023), and storm61

surges along coastal areas (Leal et al., 2023; Tecchio et al., 2024). These extreme62

events can have profound socioeconomic impacts, including damage to coastal infras-63

tructure, disruptions to port operations, and interruptions in oil and gas exploration.64

This is particularly critical in the southeastern region of South America, where large65

metropolitan areas, such São Paulo, Rio de Janeiro and Buenos Aires are located, as66

well as the Port of Santos, the largest in Latin America.67

The Lorenz Energy Cycle (LEC) is a valuable framework for understanding the68

conversion and flow of energy within the atmosphere, particularly in relation to synop-69

tic and large-scale processes (Lorenz, 1967). It divides the atmospheric energy budget70

into four main reservoirs: kinetic and available potential energy, both for zonal (mean71
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flow) and eddy components. Lorenz (1955) formulated the concept of available poten-72

tial energy (APE), building upon Margules (1903) concept of energy based on the73

hypothetical adiabatic redistribution of atmospheric mass. The LEC serves as a foun-74

dational tool for quantifying and understanding atmospheric dynamics, by tracking75

energy transformations and explaining how these forms of energy are generated by76

adiabatic processes and dissipated by friction.77

Substantial e!orts have been made to estimate the LEC components for the global78

circulation (e.g., Muench, 1965; Wiin-Nielsen, 1968; Hu et al., 2004; Li et al., 2007;79

Oort, 2018), to assess its projected changes under climate change scenarios (e.g.,80

Hernández-Deckers and von Storch, 2010; Veiga and Ambrizzi, 2013; Pan et al., 2017;81

Michaelides, 2021), and to explore its relationship with phases of the El Niño–Southern82

Oscillation (Gutierrez et al., 2009). The LEC framework has also been applied in a83

range of contexts, from idealized baroclinic wave simulations (Kirshbaum et al., 2018;84

Rantanen et al., 2019), to rotating annulus experiments (Young, 2014), and even to85

the atmospheres of other planets (e.g., Read et al., 2020). In contrast, studies exam-86

ining the LEC in relation to cyclonic systems are more limited and primarily consist87

of case studies. These have typically focused on tropical (Brennan and Vincent, 1980;88

Veiga et al., 2008), subtropical (Michaelides, 1987; Dias Pinto et al., 2013; Pezza et al.,89

2014; Cavicchia et al., 2018), and extratropical cyclones (Michaelides, 1992; Wahab90

et al., 2002; Bulic, 2006; Pezza et al., 2010; Dias Pinto and Rocha, 2011). Noteworthy91

contributions include the work of Black and Pezza (2013), which investigated explosive92

cyclones across all major ocean basins over a 32-year period and identified a univer-93

sal signature of explosive cyclogenesis, and Okajima et al. (2021), which quantified94

the contribution of migratory cyclones to global energetics, highlighting their role in95

accelerating westerly winds worldwide.96

Although the original formulation by Lorenz (1967) was intended for global-scale97

studies, analyzing specific atmospheric regions is valuable for understanding the mech-98

anisms driving the development of individual systems, such as cyclones, and the energy99

conversions throughout their life cycle. The initial framework for such regional analy-100

sis was introduced by Muench (1965), who studied Northern Hemisphere stratospheric101

circulation during winter. Subsequent formulations by Dutton and Johnson (1967),102

Vincent and Chang (1973), and Smith (1980) refined the approach, but it was only103

with Brennan and Vincent (1980) that a generalized set of equations, including both104

eddy and zonal components of kinetic and APE for limited regions in the troposphere,105

was established. However, cyclones are mobile systems that often traverse large regions106

(Hoskins and Hodges, 2002; de Souza et al., 2024, e.g.). Since these studies employ the107

LEC within an Eulerian framework, the computational domains required to analyze108

cyclone energetics can become quite large (Black and Pezza, 2013, e.g.), potentially109

incorporating other atmospheric features (e.g., migratory anticyclones, upper-level110

troughs, large convective systems), which limits the interpretation of results.111

In this context, Michaelides et al. (1999) developed a Semi-Lagrangian framework112

for analyzing cyclone energetics, where the computational domain is movable. This113

approach minimizes the impact of neighboring circulations on the system’s energy114

dynamics by employing a regional computational domain that follows the cyclone115
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track. In the present study, we present a LEC climatology applied to cyclonic sys-116

tems using such a framework, as well as the first LEC climatology (considering both117

Eulerian and Semi-Lagrangian frameworks) for cyclones in the Southwestern Atlantic.118

Over 6,700 cyclones with genesis in the Southwestern Atlantic region are analyzed,119

and their energy cycles are divided into distinct life cycle phases: incipient, intensifica-120

tion, mature, and decay. This division allows for a more comprehensive understanding121

of the energy flows and the dynamical mechanisms acting across each phase of the122

cyclone’s life cycle.123

2 Materials and methods124

2.1 Data125

For both the cyclone tracking and energetics computations, we employed the fifth-126

generation reanalysis from the European Centre for Medium-Range Weather Forecasts127

(ECMWF), known as ERA5 (Hersbach et al., 2020). ERA5 data are produced using128

the Integrated Forecasting System (IFS) Cy41r2, which assimilates a wide range of129

observations, including satellite and in-situ measurements. It provides global coverage130

of numerous atmospheric, ocean-wave, and land-surface parameters at a horizontal131

resolution of approximately 31 km (0.25°). In this study, we utilized data from all 37132

pressure levels, ranging from 1000 hPa to 1 hPa, with a temporal interval of three133

hours.134

The cyclone tracks used in this study were obtained from the ”Atlantic Extratrop-135

ical Cyclone Tracks Database” (Gramcianinov et al., 2020). This database tracks the136

central relative vorticity of cyclones at the 850 hPa level (𝐿850) using the TRACK algo-137

rithm (Hodges, 1994, 1995) and the method outlined by Hoskins and Hodges (2002).138

This algorithm has been employed in previous studies to assess cyclone climatologies139

in the South Atlantic region (Gramcianinov et al., 2019, 2020; de Souza et al., 2024).140

The database covers the period from 1979 to 2020 and spans the entire Atlantic Ocean141

within the spatial domain of 15→S–55→S and 75→W–20→E. The use of ERA5, instead of142

other reanalysis datasets, is justified by its higher spatial resolution, which improves143

cyclone detection in regions with complex orography and temperature gradients, such144

as the SESA region (Gramcianinov et al., 2020). A detailed description of the tracking145

methodology can be found in Gramcianinov et al. (2020).146

The cyclone tracking procedure employed multiple criteria to ensure accurate147

cyclone detection. These criteria required cyclones to have a duration of at least148

24 hours and a minimum displacement of 1000 km, consistent with previous South149

Atlantic cyclone climatologies (Sinclair, 1995; Gramcianinov et al., 2019). Systems150

that spent over 80% of their life cycle over continental regions were excluded from151

the analysis to avoid counting thermal lows and lee troughs (e.g. Crespo et al., 2021).152

Notably, although the TRACK algorithm’s calibration and sensitivity are focused on153

extratropical cyclones — the majority of systems in this region (Marrafon et al., 2022)154

— the methodology does not explicitly exclude subtropical or tropical cyclones.155

To focus on the Southwestern Atlantic Ocean, only cyclones with genesis near the156

South American coast, specifically within the ARG, LA-PLATA, and SE-BR genesis157
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regions (Gramcianinov et al., 2019; de Souza et al., 2024), were included. After apply-158

ing these selection criteria, the database initially comprised a total of 7931 cyclones.159

The spatial distribution of these genesis regions and the cyclone track density for all160

selected systems are presented in Figure 1. Among these 7931 cyclones, 4445 originated161

in ARG (56.0%), 1870 in LA-PLATA (23.6%), and 1616 in SE-BR (20.4%).162

However, due to data availability issues during the download process from the163

ERA5 database, not all cyclones could be considered in this study, resulting in a164

reduced total of 6789 cyclones. These issues were related to the ERA5 API instability165

during the second half of 2023 and the first half of 2024, when ECMWF was migrat-166

ing its data infrastructure and updating its API services. As a result, slow transfers167

and repeated interruptions caused incomplete or failed downloads, despite multiple168

attempts. This led to some cyclones being excluded from the analysis. The remaining169

dataset still includes a su”ciently large number of systems for robust analysis and170

generalization of the results. Of the 6789 cyclones, 4015 originated in ARG (59.1%),171

1288 in LA-PLATA (18.9%), and 1486 in SE-BR (21.8%). The reduction corresponds172

to a 14.4% decrease in the number of cyclones, with region-specific reductions of 9.7%173

for ARG, 31.1% for LA-PLATA, and 8.0% for SE-BR.174

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 10
6
𝐿𝑀

2
per month.

2.2 Lorenz Energy Cycle Computation175

For computing the LEC, we used the the open-source Python application LorenzCy-176

cleToolKit (de Souza et al., 2024). The energy budget equations for the zonal and177

eddy forms of APE and kinetic energy are then expressed as:178

𝑀𝑁𝑁

𝑀𝑂
= 𝑃𝑁𝑁 ↑ 𝑄𝑁 ↑ 𝑄𝑂 + 𝑅𝑁 (1)

𝑀𝑁𝑃

𝑀𝑂
= 𝑃𝑁𝑃 ↑ 𝑄𝑃 + 𝑄𝑂 + 𝑅𝑃 (2)
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𝑀𝑆𝑁

𝑀𝑂
= 𝑃𝑆𝑁 + 𝑄𝑁 ↑ 𝑄𝑄 + 𝑃ω𝑁 ↑ 𝑇𝑁 (3)

𝑀𝑆𝑃

𝑀𝑂
= 𝑃𝑆𝑃 + 𝑄𝑃 + 𝑄𝑄 + 𝑃ω𝑃 ↑ 𝑇𝑃 (4)

In these equations, the atmospheric energy reservoirs are separated into zonal and179

eddy components of available potential energy (𝑁𝑁 , 𝑁𝑃) and kinetic energy (𝑆𝑁 , 𝑆𝑃).180

Energy conversions between reservoirs are represented by the following terms: 𝑄𝑂, the181

conversion between zonal and eddy available potential energy (𝑁𝑁 ↓ 𝑁𝑃); 𝑄𝑃 , the182

conversion from eddy available potential energy to eddy kinetic energy (𝑁𝑃 ↓ 𝑆𝑃);183

𝑄𝑄 , the barotropic conversion from eddy kinetic energy to zonal kinetic energy (𝑆𝑃 ↓184

𝑆𝑁); and 𝑄𝑁 , the conversion from zonal available potential energy to zonal kinetic185

energy (𝑁𝑁 ↓ 𝑆𝑁). The generation of available potential energy (𝑅) and dissipation of186

kinetic energy (𝑇) are indicated by subscripts 𝑈 and 𝑉 , such that 𝑅𝑁 and 𝑅𝑃 represent187

the generation of zonal and eddy available potential energy, while 𝑇𝑁 and 𝑇𝑃 denote188

the dissipation of zonal and eddy kinetic energy, respectively. The boundary flux189

terms, 𝑃𝑁𝑁 , 𝑃𝑁𝑃 , 𝑃𝑆𝑁 , and 𝑃𝑆𝑃 , represent the import/export of available potential190

energy and kinetic energy across the computational domain boundaries. Additionally,191

the terms 𝑃ω𝑁 and 𝑃ω𝑃 appear alongside 𝑄𝑁 and 𝑄𝑃 , respectively, as both arise from192

deriving the kinetic energy balances. According to Muench (1965), these terms are193

challenging to interpret physically, but indicate processes generating kinetic energy194

resulting from work performed at the boundaries of the computational domain. The195

complete mathematical formulation of these terms can be found in the Appendix.196

In these formulations, a global reference state is used to define the APE, meaning197

that the computed APE represents the contribution of local APE to global energetics198

(Smith, 1980). As a result, it does not account for regional variability, which can199

introduce bias in the APE computation (see Novak and Tailleux (2018) for a thorough200

discussion). Despite the limitations of this methodology, the formulations by Muench201

(1965) and Brennan and Vincent (1980) still provide a valuable framework due to their202

simplicity, robustness, and ability to yield consistent, interpretable results, enabling203

direct analysis of the dynamic processes driving cyclones development (Dias Pinto204

and Rocha, 2011; de Souza et al., 2025, e.g.). Moreover, while using a local APE205

definition (Novak and Tailleux, 2018, e.g.) o!ers more precise results, it often comes206

with higher computational costs and does not provide the same level of direct, practical207

interpretability.208

Following the methodologies of Brennan and Vincent (1980); Michaelides (1987);209

Veiga et al. (2008); Pezza et al. (2010); Dias Pinto and Rocha (2011), the program was210

set to compute the generation, dissipation and boundary pressure work terms (𝑃ω𝑁211

and 𝑃ω𝑃) as residuals, defined as:212

𝑊𝑆𝑁 = 𝑃ω𝑁 ↑ 𝑇𝑁 + 𝑋𝑄𝑁 (5)
𝑊𝑆𝑃 = 𝑃ω𝑃 ↑ 𝑇𝑃 + 𝑋𝑄𝑃 (6)
𝑊𝑅𝑁 = 𝑅𝑁 + 𝑋𝑅𝑁 (7)
𝑊𝑅𝑃 = 𝑅𝑃 + 𝑋𝑅𝑃 (8)
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Where 𝑋 account for numerical errors in the computation procedures. The set of213

budget equations becomes, then:214

𝑀𝑁𝑁

𝑀𝑂
= ↑𝑄𝑂 ↑ 𝑄𝑁 + 𝑊𝑅𝑁 + 𝑃𝑁𝑁 (9)

𝑀𝑁𝑃

𝑀𝑂
= 𝑄𝑂 ↑ 𝑄𝑃 + 𝑊𝑅𝑃 + 𝑃𝑁𝑃 (10)

𝑀𝑆𝑁

𝑀𝑂
= 𝑄𝑄 + 𝑄𝑁 + 𝑃𝑆𝑁 + 𝑊𝑆𝑁 (11)

𝑀𝑆𝑃

𝑀𝑂
= ↑𝑄𝑄 + 𝑄𝑃 + 𝑃𝑆𝑃 + 𝑊𝑆𝑃 (12)

A complete depiction of the LEC, with arrows indicating positive energy fluxes,215

is presented in Figure 2. This figure also highlights three primary energetic pathways216

(baroclinic instability, barotropic conversion, and latent heat release) which will be217

discussed throughout the text.218

Here, we used a Semi-Lagrangian framework (Michaelides et al., 1999), aiming to219

minimize interactions with other non-related circulations while capturing the main220

structure of the cyclone. A 15→ ↔ 15→ computational domain centered at the cyclone’s221

central position, obtained from the TRACK database, was created for each time step.222

Given the impracticality of manually selecting an appropriate domain size for each223

cyclone in the dataset, a fixed size was employed. The choice of a 15→ ↔ 15→ computa-224

tional domain is justified as it is large enough to capture the e!ective radius of most225

cyclonic systems (Rudeva and Gulev, 2007). The e!ective cyclone radius is defined as226

a measure of cyclone size, determined by establishing a coordinate system centered227

on the cyclone and measuring the distance at which the radial pressure gradient first228

falls to zero. This domain size also is large enough for accommodating the cyclone’s229

synoptic structure (e.g. Gramcianinov et al., 2019).230

2.3 Analysis Methods231

A key challenge in computing the LEC for large datasets lies in the variable life232

durations of cyclones. Averaging energy values across an entire life cycle can obscure233

distinct dynamical processes tied to di!erent stages of cyclone development, while234

technical limitations exist in dissecting the life cycle into distinct periods. For example,235

Black and Pezza (2013) averaged cyclone energetics over periods of 48 hours before236

explosive cyclogenesis, during explosive deepening, and for 24 and 72 hours after it.237

However, cyclone life cycles can range from less than 24 hours to over 10 days (Trigo,238

2006; Reboita et al., 2010; Gramcianinov et al., 2019), presenting significant physical239

limitations to such approaches.240

To address these issues, we employed Cyclophaser, an open-source Python package241

designed to detect cyclone life cycle phases (de Souza et al., 2025). This program uses242

time series of relative vorticity at the system’s central position and its first derivative243

to identify intensification, mature, and decay phases based on peaks and valleys in244
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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-245

tion approach as de Souza et al. (2024). After computing the LEC for each system,246

Cyclophaser was used to identify the life cycle phases for all analyzed cyclones, fol-247

lowed by the computation of mean LEC values for each phase. This approach facilitates248

the investigation of dynamical mechanisms specific to each development phase. For249

example, distinct energy fluxes are expected to dominate during the intensification250

and decay phases, particularly near the cyclone center. As shown by de Souza et al.251

(2024), approximately 60% of the analyzed cyclones follow a classical life cycle, consist-252

ing of incipient, intensification, mature, and decay phases, while over 95% display at253
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least one intensification phase. A comprehensive description of the detection method-254

ology, as well as spatial distributions and phase-specific statistics such as duration,255

displacement, speed, and intensity, can be found in de Souza et al. (2024).256

To understand the dominant LEC variability patterns within the TRACK dataset,257

we performed an Empirical Orthogonal Function (EOF) analysis (Fukuoka, 1951;258

Lorenz, 1956) using the Python open-source library pyEOF (Zheng, 2021). This analy-259

sis reduces the dimensionality of the dataset, retaining the most significant variability,260

and is particularly useful for uncovering underlying structures and patterns in com-261

plex environmental data. Typically, each EOF represents a spatial pattern, while the262

associated time series, or principal component (PC), describes the temporal evolution263

of that pattern. However, in this study, each EOF reflects a mode of variability derived264

from all LEC terms, using their average values computed separately for each cyclone265

life cycle phase (incipient, intensification, mature, and decay). Consequently, the PCs266

represent the variation across individual cyclones rather than temporal evolution, and267

therefore are not displayed individually, as they do not depict any meaningful tem-268

poral or spatial feature. Performing EOF analyses separately for each life cycle phase269

enabled a detailed investigation of the variability in cyclone energetics across distinct270

stages of cyclone development, as well as throughout the entire energy cycle.271

To associate cyclones with predominant EOFs, we first project each cyclone’s ener-272

getics onto the PCs obtained from an EOF analysis. This allows us to represent each273

system in terms of its contribution to the dominant modes of variability. Next, we274

classify cyclones into EOF(+) and EOF(-) groups, identifying systems where at least275

one PC reaches extreme values. Specifically, EOF(+) corresponds to cyclones where276

at least one PC exceeds the 90th percentile (q90), indicating a strong positive pro-277

jection onto a specific mode. Meanwhile, EOF(-) are cyclones for which at least one278

PC is below the 10th percentile (q10), indicating strong negative projection onto a279

specific mode. For each cyclone meeting these criteria, we determine its predominant280

EOF as the one corresponding to the PC with the highest absolute value. This ensures281

that each system is classified based on the mode that most strongly characterizes its282

structure and dynamics.283

To determine the LEC patterns of the most intense systems, we first selected only284

the cyclones in which the maximum central vorticity at 850 hPa exceeded the 90th285

percentile of the dataset. Subsequently, we applied the K-Means algorithm to the PCs286

of these intense cyclones to investigate whether distinct energetic characteristics could287

be identified among them. This clustering analysis was not performed on all cyclones,288

as sensitivity tests indicated that applying it to the full dataset resulted in groups289

that di!ered mainly in intensity rather than exhibiting distinct energetic behaviors290

(not shown); thus, intensity-based selection was necessary.291

K-Means is an unsupervised learning algorithm that partitions data into 𝑆 clus-292

ters by minimizing intra-cluster variance while maximizing separation between groups293

based on sample similarity (MacQueen et al., 1967; Hartigan and Wong, 1979). The294

optimal number of clusters was determined using the Elbow Method, which identifies295

the most suitable number of clusters by plotting the within-cluster sum of squares for296

di!erent values of 𝑆 and locating the ”elbow point,” where the rate of decrease slows,297

indicating a balance between model complexity and performance. For this analysis, we298
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employed the K-Means implementation from the scikit-learn Python package (Hao299

and Ho, 2019) and used the yellowbrick package for the Elbow Method (Bengfort300

and Bilbro, 2019).301

3 Results302

3.1 Climatological Features303

The exploratory statistical metrics for all LEC terms, presented as averages across the304

entire cyclone lifecycle, are shown in Table 1, while their probability density functions305

(PDFs) are provided in Figure 3. Notably, all terms related to the zonal jets (𝑆𝑁 ,306

𝑃𝑆𝑁 , and 𝑆𝑄𝐿
𝑆𝑇

) frequently exhibit statistical metrics one order of magnitude higher307

than their eddy counterparts within the same group (𝑆𝑃 , 𝑃𝑆𝑃 , and 𝑆𝑄𝑀
𝑆𝑇

), indicating308

significantly greater energy amount concentrated on the jet streams. Although the309

energy budgets were computed with the generation and dissipation terms calculated310

as residuals, the generation terms can be directly computed using ERA5 data. There-311

fore, their probability density functions (PDFs) are also shown for a more physically312

based analysis (Figure 3e). Furthermore, the comparison between the directly com-313

puted generation values and those estimated by residual computation provides a useful314

metric for evaluating the accumulation of errors in LEC computation procedure. The315

dissipation terms were not directly computed in the present study.316

All the energy terms (Kz, Az, Ae, and Ke, Figure 3a) exhibit right-skewed distri-317

butions. Among these, 𝑁𝑁 shows the largest variability, as reflected in its long-tail318

distribution, standard deviation (std), interquartile range (IQR), and range (defined319

as the di!erence between maximum and minimum values), compared to 𝑁𝑃 and 𝑆𝑃 ,320

peaking at approximately 4 ↔ 105 𝑌 𝑍↑2. Conversely, 𝑁𝑃 presents the lowest variabil-321

ity, peaking near 1↔105 𝑌 𝑍↑2, closer to its mean value. The kinetic energy terms, 𝑆𝑁322

and 𝑆𝑃 , display similar distributions, with 𝑆𝑁 peaking near 20 ↔ 105 𝑌 𝑍↑2 and 𝑆𝑃323

peaking near 2 ↔ 105 𝑌 𝑍↑2.324

For the conversion terms, 𝑄𝑁 , 𝑄𝑄 , and 𝑄𝑃 exhibit high variability, in contrast325

to 𝑄𝑂. The former terms display long-tail distributions, peaking near zero, ↑1, and326

2𝑎 𝑍↑2, respectively, while 𝑄𝑂 presents a narrow distribution with a sharp peak near327

its mean value, close to zero (Figure 3b). The 𝑄𝑁 probability density function (PDF),328

along with the mean and quantile values, and its mean value being close to the median,329

indicate an overall tendency for both 𝑁𝑁 ↗ 𝑆𝑁 and 𝑆𝑁 ↗ 𝑁𝑁 conversions. However,330

the positive mean and median values suggest a predominant 𝑁𝑁 ↗ 𝑆𝑁 pathway.331

For 𝑄𝑂 and 𝑄𝑃 , the metrics presented in Table 1 indicate a consistent tendency for332

positive conversions, corresponding to 𝑁𝑁 ↗ 𝑁𝑃 ↗ 𝑆𝑃 (baroclinic chain), but with333

more modest 𝑁𝑁 ↗ 𝑁𝑃 conversions than 𝑁𝑃 ↗ 𝑆𝑃 . In the case of the 𝑄𝑄 term334

(barotropic conversion term), the metrics indicate a predominant negative conversion,335

i.e., 𝑆𝑁 ↗ 𝑆𝑃 , although the positive Q75 value suggests the occurrence of events336

where 𝑆𝑃 ↗ 𝑆𝑁 conversions also take place.337

For the boundary terms, 𝑃𝑁𝑃 and 𝑃𝑆𝑁 exhibit similar distributions, as do 𝑃𝑁𝑁338

and 𝑃𝑆𝑃 (Figure 3c). The terms 𝑃𝑁𝑃 and 𝑃𝑆𝑃 display narrow distributions, peaking339

near zero, whereas 𝑃𝑁𝑁 and 𝑃𝑆𝑁 show nearly symmetrical long-tail distributions.340

Although for all four terms, both positive (influx) and negative (outflux) energy fluxes341
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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 di!erence between the

maximum and minimum values. The units for the energy terms (𝑂𝐿 , 𝑂𝑀 , 𝑄𝐿 ,

and 𝑄𝑀) are 10
5
𝑈 𝑀

↑2
and 𝑉 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

𝑊ω𝑁 63.87 49.25 128.05 -9.12 132.35 141.47 1419.08

𝑊ω𝑃 39.66 31.19 126.50 -28.84 109.47 138.32 1353.99

Gz -0.31 -0.17 2.66 -1.39 0.81 2.21 68.74

Ge 1.17 0.56 3.14 -0.26 2.21 2.46 58.39
𝑁𝑂𝑃

𝑁𝑄 -0.07 -0.14 4.46 -2.04 1.68 3.71 106.39
𝑁𝑂𝑅
𝑁𝑄 -0.23 -0.10 1.92 -0.85 0.51 1.35 48.19
𝑁𝑆𝑃

𝑁𝑄 1.59 0.75 13.38 -5.33 8.15 13.48 251.24
𝑁𝑆𝑅
𝑁𝑄 0.28 0.12 3.18 -1.13 1.58 2.71 61.50

RGz -2.17 -1.00 7.60 -5.22 1.56 6.78 220.06

RKz 12.56 8.69 40.49 -8.68 32.71 41.39 561.24

RGe 2.10 1.20 5.15 -0.40 4.21 4.61 97.25

RKe -7.59 -4.63 10.62 -11.48 -1.04 10.43 138.42

occur, as indicated by their negative Q25 and positive Q75 values, the peak near342

zero for 𝑃𝑁𝑃 and 𝑃𝑆𝑁 suggests that boundary energy fluxes are typically low in343

most cases. In contrast, for 𝑃𝑁𝑁 , the peak near 2𝑎 𝑍↑2 indicates an overall tendency344

for energy influx, while for 𝑃𝑆𝑃 , the peak near ↑2𝑎 𝑍↑2 points to a predominant345

tendency for energy outflux. Meanwhile, the boundary pressure work terms (𝑃ω𝑈 and346

𝑃ω𝑉) exhibit significantly higher values compared to the other boundary terms, with347

both presenting nearly symmetric distributions (Figure 3d). These terms show tail348

distributions exceeding ±200𝑎 𝑍↑2, indicating substantial variability. The physical349

interpretation of these terms is discussed in Section 4.1.350

Overall, both generation terms (𝑅𝑁 and 𝑅𝑃) present nearly symmetrical distribu-351

tions centered near zero (Figure 3e), suggesting that in most cases, either the zonally352

averaged diabatic heating (𝑅𝑁) and the zonal deviations (𝑅𝑃) are low, or the atmo-353

spheric stability is high. However, there are instances where this behavior is amplified354

(𝑅 < 0) or reversed (𝑅 > 0). In contrast, the generation residual terms (𝑊𝑅𝑁 and355

𝑊𝑅𝑃) display distinct characteristics. The 𝑊𝑅𝑁 term is left-skewed, with a long-tail356

distribution and higher variability compared to 𝑅𝑁 , as indicated by its lower Q25357
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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 (𝑂𝐿 , 𝑂𝑀 , 𝑄𝐿 , and 𝑄𝑀)

are in 10
5
𝑈 𝑀

↑2
, and in 𝑉 𝑀

↑2
for the remaining terms. Terms related to 𝑄𝐿 are divided by 10 (*)

to account for their order of magnitude di!erence, which would otherwise distort the visualization.

and higher Q75 and IQR values (Table 1). Additionally, 𝑊𝑅𝑁 exhibits more nega-358

tive mean and median values than 𝑅𝑁 , suggesting a bias toward processes such as359

diabatic cooling at lower latitudes and/or heat distribution mechanisms that reduce360

zonal temperature gradients, such as cyclonic activity. On the other hand, 𝑊𝑅𝑃 is361

more symmetrical than 𝑊𝑅𝑁 , though it still shows higher variability compared to362

𝑅𝑃 , as evidenced by its lower Q25 and higher Q75 and IQR values. Moreover, 𝑊𝑅𝑃363

exhibits higher mean and median values than 𝑅𝑃 , indicating a bias toward overesti-364

mating the eddy e!ects on latent heat release and meridional temperature gradients.365

Therefore, the residuals suggest that the computed LEC increases the contribution366

of eddy motions to the atmospheric energy cycle through enhanced meridional heat367

transport, reducing zonal temperature gradients and enhancing convective activity368

within cyclone frontal structures.369

Similar to the generation residual terms, each dissipation residual term displays370

distinct distributions (Figure 3e). The PDF for 𝑊𝑆𝑁 mirrors that of 𝑊𝑅𝑃 , showing371

modest variability. Its negative Q25 values indicate instances of net dissipation of372

𝑆𝑁 . However, the high positive mean, median, Q75, and IQR values suggest that in373

most cases, there is a net increase of 𝑆𝑁 related to this term, possibly due to the374

high 𝑃ω𝑈 value. In contrast, 𝑊𝑆𝑃 shows high variability with a left-skewed, long-tail375
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distribution. Both its Q25 and Q75 are negative, indicating that dissipation of 𝑆𝑃376

frequently occurs.377

3.2 Mean Energy Values Across Life Cycle Phases378

The use of the CycloPhaser program allowed for the application of an objective cri-379

terion to dissect the cyclones into distinct life cycle phases, enabling an investigation380

of their energy cycles across these phases (Figure 4). Our analysis revealed that the381

mean energy flow directions rarely change across phases, although the magnitude of382

each term varies. However, the high standard deviation values indicate that energy383

fluxes frequently deviate from their mean direction.384

The 𝑁𝑁 budget term exhibits mean positive values during the incipient phase,385

which turn negative during the intensification and mature phases, becoming positive386

again during the decay phase. The mean 𝑆𝑁 budget values are positive throughout387

all phases except during the mature phase. In contrast, the 𝑁𝑃 budget remains neg-388

ative across the entire lifecycle, while the 𝑆𝑃 budget is positive during the incipient389

and intensification phases but turns negative during the mature and decay phases.390

However, it is important to note that the large variability observed in these terms indi-391

cates that numerous individual cases deviate significantly from these mean behaviors,392

including instances of opposite signs or substantially greater magnitudes.393

Across the di!erent cyclone phases, the mean behavior suggests that both baro-394

clinic and barotropic conversions remain active, continuously providing energy to the395

eddies, while the adiabatic contribution from the 𝑅𝑃 term is variable throughout the396

lifecycle. There is a marked enhancement of baroclinic conversions from the incipi-397

ent to intensification phase, which then decrease in magnitude during the mature and398

decay phases. Conversely, barotropic conversion peaks during the mature phase, sur-399

prisingly with a higher magnitude than the 𝑁𝑃 ↗ 𝑆𝑃 conversion. The behavior of400

the baroclinic chain is mirrored by the 𝑅𝑃 term, which begins with negative values401

and, during the intensification phase, reaches a higher magnitude than the 𝑄𝑂 term.402

The large variability observed in these energy conversion terms indicates that multiple403

cyclone configurations likely exist, where either baroclinic or barotropic conversions404

dominate, or where both pathways coexist with varying intensities. Furthermore, the405

variability of the 𝑅𝑃 term suggests that, in some systems, adiabatic heating plays a406

significant role in cyclonic development, while in others, diabatic cooling hinders the407

development. The 𝑅𝑁 term remains negative throughout the entire life cycle, with408

progressively decreasing values.409

Throughout the life cycle, the mean values indicate imports of 𝑁𝑁 , which decrease410

in the mature phase but rise again during the decay phase. The mean 𝑃𝑁𝑃 values411

exhibit a bimodal behavior, being positive during the incipient and intensification412

phases but turning negative during the mature and decay phases, though with negli-413

gible mean values in the latter. However, the large variability observed suggests that414

for individual cyclones, imports and exports of 𝑁𝑁 and 𝑁𝑃 can di!er substantially415

from these mean patterns, with some systems potentially exhibiting more pronounced416

or negligible boundary flux contributions.417

Across all phases, the 𝑊𝑆𝑁 term stands out with the highest mean values, also418

displaying the greatest variability, as indicated by the high standard deviation values.419
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This could be influenced by the 𝑃ω𝑈 term, as mentioned in the previous section. The420

𝑃𝑆𝑁 term also presents high mean values and variability across all phases, suggesting421

a compensatory e!ect for the excess energy from the 𝑊𝑆𝑁 term. Lastly, the mean 𝑊𝑆𝑃422

values are negative across all phases, peaking during the mature phase, indicating423

significant dissipation in this phase and presenting similar values during the incipient424

and decay phases.425

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 ( 𝑈 𝑀
↑2

), with arrows showing the direction of energy flow (𝑉 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 Analysis426

To better characterize the substantial variability observed in the LEC terms, we per-427

formed an Empirical Orthogonal Function (EOF) analysis to identify distinct energetic428

configurations throughout the cyclone lifecycle. The first EOF accounts for 28.3% of429

the total variance, followed by the second and third EOFs with 11.0% and 10.9%,430

respectively. The fourth to eighth EOFs contribute progressively less (8.2%, 7.4%,431

5.9%, 5.2%, and 4.4%), with the first four modes explaining 58.4% of the total vari-432

ance and the first eight reaching 81.3%. These results highlight the dominant patterns433

of variability, with diminishing contributions beyond the initial modes. This study434

focuses on the first four EOFs. Although EOFs can be interpreted in terms of both435

positive and negative contributions, we limit our analysis to the positive phase for436

simplicity.437

Each cyclone can be described as a linear combination of the EOFs, with the corre-438

sponding principal components (PCs) indicating how strongly each mode contributes439

to the system’s energetic structure. Consequently, the importance of a given EOF440

varies from system to system. The energy fluxes associated with each EOF represent441

deviations from the climatological mean (Figure 4), either reinforcing or weakening442

specific energy pathways. In this way, each EOF reflects the amplification or atten-443

uation of a characteristic energy transfer pattern within the LEC. In section 3.4, we444

examine cyclones that project strongly onto each EOF individually.445

Figure 5 illustrates the Lorenz Energy Cycle (LEC) terms associated with EOF446

1. Across all life cycle phases, there is a consistent enhancement of moist baroclinic447

conversions, characterized by the positive values of the 𝑁𝑁 ↗ 𝑁𝑃 ↗ 𝑆𝑃 conver-448

sions, in conjunction with an enhancement of the 𝑅𝑃 term. Furthermore, there is an449

increase in the 𝑆𝑁 ↗ 𝑆𝑃 conversion (𝑄𝑄 becomes more negative), particularly during450

the mature and decay phases. These variations largely reinforce the mean behavior451

observed across the cyclone’s life cycle. In addition, 𝑁𝑁 imports are enhanced, while a452

negative tendency is observed in its budget and generation terms. Conversely, the 𝑆𝑁453

boundary, budget, and residual terms show a positive tendency. Lastly, the 𝑄𝑁 term454

presents a weak positive signal during the incipient and decay phases, and a negative455

tendency during the intensification and mature phases.456

During the incipient (Figure 6A) and intensification phases (Figure 6B), EOF 2457

displays an overall weakening of the 𝑄𝑂 term, in contrast to EOF 1. Additionally, there458

is a reduction in barotropic conversions, indicating a 𝑆𝑃 ↗ 𝑆𝑁 tendency, alongside a459

weakening of 𝑆𝑃 imports. This reduction is compensated by an enhancement in 𝑁𝑃460

imports, which appears to be the primary mechanism driving the increase in the 𝑄𝑃461

term. In the mature phase (Figure 6C), the the signal for 𝑁𝑃 imports reverses in sign,462

and an enhancement of the moist baroclinic chain occurs, accompanied by a slight463

increase in 𝑆𝑁 ↗ 𝑆𝑃 conversions and a more pronounced increase in 𝑆𝑃 imports.464

During the decay phase (Figure 6D), both the moist baroclinic chain and 𝑆𝑁 imports465

show a negative tendency. However, the enhanced barotropic conversions, coupled466

with a weakening of dissipation (positive tendency for 𝑊𝑆𝑃), result in a slight yet467

positive tendency in 𝑆𝑃 , suggesting a slower dissipation process.468

For EOF 3 (Figure 7), the role of the moist baroclinic chain diminishes in eddy469

development. This is evident from the weakening of the 𝑄𝑃 and 𝑅𝑃 terms across the470
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Fig. 5 Lorenz Energy Cycle (LEC) terms for the first Empirical Orthogonal Function (EOF 1)

across di!erent life cycle phases: (A) incipient, (B) intensification, (C) mature, and (D) decay.

incipient (Figure 7A), intensification (Figure 7B), and mature (Figure 7C) phases,471

although the 𝑄𝑂 term shows a slight enhancement during these phases. As a result, we472

can expect a weaker development for the incipient phase, indicated by the reduced 𝑆𝑃473

budget. However, during the intensification and mature phases, the dominant source474

of energy shifts to barotropic conversions. During the decay phase (Figure 7D), the475

marginal enhancement of the 𝑄𝑃 term is driven by a slight increase in the 𝑅𝑃 term476

and, more importantly, by an enhancement of 𝑁𝑃 imports. Although this works in477

conjunction with increased 𝑆𝑃 imports, the simultaneous enhancement of 𝑆𝑃 ↗ 𝑆𝑁478

conversions leads to the dissipation of eddies.479
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Fig. 6 Lorenz Energy Cycle (LEC) terms for the second Empirical Orthogonal Function (EOF 2)

across di!erent 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-480

ens, as do the 𝑆𝑃 imports, while the barotropic conversions are enhanced. As the481

system progresses to the intensification phase (Figure 8B), the barotropic conversion482

signal becomes neutral, and the weakening of the baroclinic chain lessens, accompa-483

nied by a strengthening of 𝑁𝑃 imports. In the mature phase (Figure 8C), both the484

baroclinic chain and the 𝑁𝑃 and 𝑆𝑃 imports are slightly enhanced. However, the485

barotropic conversions reverse, signaling 𝑆𝑃 ↗ 𝑆𝑁 conversions, indicating a transfer486

of energy from eddy kinetic energy to zonal kinetic energy. In the decay phase (Figure487

8D), the signal of baroclinic conversions returns to its initial weakened state and 𝑁𝑃488

imports are reduced, while 𝑆𝑃 are enhanced. Although the 𝑆𝑃 ↗ 𝑆𝑁 conversions489
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Fig. 7 Lorenz Energy Cycle (LEC) terms for the third Empirical Orthogonal Function (EOF 3)

across di!erent life cycle phases: (A) incipient, (B) intensification, (C) mature, and (D) decay.

are enhanced, they are counterbalanced by the 𝑆𝑃 imports, leading to a slower eddy490

dissipation (higher tendency for 𝑆𝑃 the budget).491

Here we present a summary of the energy pathways that were enhanced for each492

EOF, indicating the increased contribution to cyclone development (i.e., 𝑆𝑃 increases).493

During EOF1, both the moist baroclinic and barotropic chains are enhanced, with494

increased imports of 𝑆𝑃 during the incipient and intensification phases. For EOF2,495

cyclone development is characterized by the enhancement of the 𝑃𝑁𝑃 ↗ 𝑁𝑃 ↗ 𝑆𝑃496

chain during the incipient and intensification phases, followed by an increase in 𝑆𝑃497

imports during the mature phase. For EOF3, during the incipient phase, there is an498

enhancement of 𝑆𝑃 imports, which is followed by an increase in barotropic conversions499
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Fig. 8 Lorenz Energy Cycle (LEC) terms for the fourth Empirical Orthogonal Function (EOF 4)

across di!erent life cycle phases: (A) incipient, (B) intensification, (C) mature, and (D) decay.

during the intensification and mature phases. For EOF4, barotropic conversions are500

enhanced during the incipient phase, with nearly neutral baroclinic and barotropic501

conversions during intensification, and an enhanced baroclinic chain along with 𝑆𝑃502

imports during the mature phase. During cyclone decay, EOF1 shows an enhancement503

in dissipation, EOF2 and EOF4 present an enhancement in exports of 𝑆𝑃 , and EOF3504

exhibits an increase in 𝑆𝑃 ↗ 𝑆𝑁 conversions.505

3.4 Systems Statistics506

In this section, as the characteristics of the systems associated with each EOF are ana-507

lyzed, the EOF signal becomes relevant, necessitating a distinction between systems508
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related to positive EOF signals — EOF(+) — and negative EOF signals — EOF(-),509

respectively. EOF1 accounts for the largest number of cyclones among the first four510

EOFs for both EOF(+) and EOF(-). For EOF(+), it is followed by EOF2, EOF3,511

and EOF4, while for EOF(-), it is followed by EOF3, EOF2, and EOF4, respectively512

(Figure S1a). The track densities for the cyclones associated with EOF(+) are pre-513

sented in Figure 9, while those for EOF(-) are shown in Figure 10. For EOF1(+),514

the track density maximum extends from SE-BR and LA-PLATA toward the ARG515

region, highlighting the significant contribution of systems originating in the former516

regions compared to the latter, as also indicated in Figure 11a. In contrast, for the517

remaining EOFs(+), the track density maximum is located near the ARG region, as518

most systems originate there. An exception is observed in EOF3(+), where the track519

density maximum extends northeastward due to the increased contribution of SE-BR520

systems to this EOF.521

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 10
6

km
2

per month. The dashed

rectangles mark the genesis regions shown in Figure 1.

Meanwhile, EOFs(-) exhibit a more variable behavior. EOF1(-) displays two track522

density maxima: one near SE-BR and another near ARG, as fewer systems originate523

from LA-PLATA for this EOF (Figure 11c). EOF2(-) is predominantly influenced by524

ARG systems, whereas EOF3(-) shows an increased contribution from LA-PLATA525

systems, with a primary track density maximum near ARG and a secondary maximum526

over the La Plata River mouth. Lastly, EOF4(-) presents a track density maximum527

between LA-PLATA and SE-BR, reflecting the increased relative contribution of528

systems from these regions to this EOF.529

Despite these regional di!erences in track density maxima, all EOFs exhibit a530

common pattern of cyclone tracks extending southeastward across the South Atlantic.531

Some systems display exceptional mobility, reaching as far as 150→E. This behavior532

aligns with the typical lifecycle of cyclonic systems originating near the South Amer-533

ican coast, where cyclones generally develop near the coastal region, mature as they534
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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
6
𝐿𝑀

2
per month. The track

density unit is cyclones per 10
6

km
2

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.,535

2024).536

As shown in Figure 11b, EOF1(+) and EOF4(+) systems predominantly orig-537

inate during JJA, while EOF2(+) and EOF3(+) genesis events are more evenly538

distributed across the seasons. For EOFs(-), EOF1(-) systems occur mainly during539

DJF, whereas EOF4(-) systems are more frequent during DJF and MAM. In contrast,540

EOF2(-) and EOF3(-) systems are predominantly observed during JJA and SON541

(Figure 11d). The seasonal distribution of EOF2(+) and EOF3(+) systems aligns542

with the expected behavior, as ARG systems are well-distributed throughout the year543

(Gramcianinov et al., 2019; Crespo et al., 2021). However, for the remaining EOFs,544

the observed behavior suggests that seasonal variations are linked to changes in the545

systems’ energetics.546

3.5 Groups of Intense Systems547

While the previous sections examined the LEC for all cyclonic systems in the South548

Atlantic — analyzing both the mean behavior and its associated variability through549

EOF analysis — this section focuses on the energetic groups associated with the most550

intense cyclones in the dataset. The K-Means algorithm was applied to the first eight551

PCs of the selected cyclones, identifying five distinct LEC groups, as determined by552

the Elbow Method. Following the cluster identification analysis, the energetic char-553

acteristics of the systems were reconstructed, with the mean behavior for each group554

represented in Figure 12.555

Comparing the energy fluxes of the clusters with the climatological mean com-556

puted across all cyclones provides insight into the mechanisms that distinguish these557

systems as the most intense (Figure 12). Cluster 1 exhibits a strong enhancement of558

the moist baroclinic chain, particularly in the 𝑄𝑂 and 𝑅𝑃 terms, as well as increased559
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Fig. 11 Genesis proportion and seasonal occurrences of EOFs. (A) Genesis proportion for EOF(+),

(B) Seasonal occurrences for EOF(+), (C) Genesis proportion for EOF(-), and (D) Seasonal occur-

rences for EOF(-). The colors represent di!erent genesis regions (ARG, LA-PLATA, SE-BR) in (A)

and (C), while in (B) and (D), the colors correspond to seasonal distributions (DJF, MAM, JJA,

SON).

barotropic conversion, with both 𝑄𝑂 and 𝑄𝑄 contributing comparably to the 𝑆𝑃 bud-560

get. However, imports of 𝑆𝑃 are below average. Cluster 2 shows modest increases561

across all baroclinic and barotropic terms, with the highest 𝑆𝑃 imports among all clus-562

ters. Cluster 3 displays similar proportions to Cluster 1 for 𝑄𝑂, 𝑄𝑃 , and 𝑄𝑄 , though563

with slightly lower values. However, it presents the highest 𝑅𝑃 among all clusters,564

and unlike Cluster 1, it exhibits positive but below-average 𝑆𝑃 imports. Cluster 4 fea-565

tures the weakest energy conversions overall, despite showing nearly doubled values566

for baroclinic and barotropic terms relative to the full-sample average, while still pre-567

senting below-average 𝑆𝑃 imports. Across all clusters, the residual term is not strictly568

proportional to the 𝑆𝑃 budget: Cluster 1, for instance, shows the highest 𝑊𝑆𝑃 despite569

having a lower 𝑆𝑃 budget than Clusters 2 and 3. This suggests that, although dissi-570

pation likely dominates the residual magnitude, contributions from subgrid processes571

and numerical errors cannot be ruled out.572

Figure 13 displays the track density for all clusters. For all clusters, the track573

density maxima extend from a region near the southeastern South American coast,574

between 30→𝑏 and 50→𝑏, propagating southeastward toward the Antarctic region. Clus-575

ter 2 and 3 present tracks more concentrated near the continent, related to their lower576

mean duration (Figure S2). In contrast, Cluster 1 presents a track maxima spread577
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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→𝑉 to near 10→𝑉 . Meanwhile, Cluster 4 presents a maxima near the con-578

tinent and other near Antarctica. While the track density maxima near LA-PLATA579

and SE-BR are associated with the incipient and intensification phases of these sys-580

tems, the maxima near Antarctica correspond to their decay phase (de Souza et al.,581

2024). The relatively small displacement of these systems indicate that they might be582

related to explosive cyclogenesis and in fact, among explosive cyclogenesis in South583

America, evidence suggests a great contribution from LA-PLATA (Andrade et al.,584

2024, 2025), however, further investigation is needed to confirm this.585

Clusters 1 and 2 are more frequent during JJA, while clusters 3 is more frequent586

during SON and Cluster 4 presents a more uniform distribution. For all clusters, the587

percentage of systems with genesis in LA-PLATA, in comparison with all systems in588

the dataset (18.9%), indicates this region as related to the development of intense589

systems, as previously noted by Gramcianinov et al. (2019). Also, the observed sea-590

sonality aligns with the expectated behavior for LA-PLATA region (Crespo et al.,591

2021). The low frequency for SE-BR is also expected, as these systems are gener-592

ally weaker (Gramcianinov et al., 2019; de Souza et al., 2024). Although subtropical593

cyclones are most frequent at SE-BR and during DJF (Evans and Braun, 2012; Gozzo594

et al., 2014), the low prevalence of these systems in our dataset prevent them for595

skewing the results.596
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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 SON597

and Cluster 4 shows no strong seasonality. In all clusters, the proportion of cyclones598

originating in LA-PLATA exceeds its baseline occurrence in the full dataset (18.9%),599

reinforcing the region’s role in the development of intense systems, as noted by Gram-600

cianinov et al. (2019). The seasonal distributions are also consistent with prior findings601

for the LA-PLATA region (Crespo et al., 2021). The low frequency of cyclones form-602

ing in SE-BR is expected, as these tend to be weaker (Gramcianinov et al., 2019;603

de Souza et al., 2024). Although subtropical cyclones are most frequent over SE-BR604

during DJF (Evans and Braun, 2012; Gozzo et al., 2014), their limited presence in605

this intense-cyclone subset prevents them from significantly influencing the results.606

4 Discussion607

4.1 Key Features608

The LEC diagrams (Figure 4) indicate that the mean energetic behavior is preserved609

across distinct life cycle phases. However, the high variability shown in Figure 3 reveals610

a wide range of behaviors among South Atlantic cyclones. While this section focuses611

on the mean energy cycle, it is important to recognize that energy budget terms serve612

primarily as a starting point. The energy conversions and fluxes o!er more robust613

insight into the dynamical processes governing cyclone development. In addition to614

the phase-specific diagrams, a schematic of the mean Lorenz Energy Cycle for all615

systems is shown in Figure 15, facilitating comparison across phases and highlighting616

dominant pathways.617
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Fig. 14 Characteristics of the five clusters (A–E) identified among the most intense cyclones in the

dataset. (A) Number of cyclones per cluster, (B) maximum intensity (defined as maximum central

relative vorticity at 850 hPa), (C) seasonal distribution of occurrences, and (D) genesis region count.

In (C), colors represent di!erent seasons (DJF, MAM, JJA, SON), while in (D), colors correspond

to genesis regions (ARG, LA-PLATA, SE-BR).

The 𝑁𝑁 term increases during the early phases due to persistent influxes across618

the boundaries (𝑃𝑁𝑁 > 0), rather than local generation (𝑅𝑁). As baroclinic conver-619

sions intensify, the 𝑁𝑁 budget becomes negative during the intensification and mature620

phases, before returning to positive in the decay phase. This evolution suggests that 𝑁𝑁621

variations are not driven by latitudinal diabatic heating contrasts. A similar pattern622

was reported by Dias Pinto and Rocha (2011), although their methodology excluded623

the incipient phase due to the use of sea-level pressure for cyclone tracking, instead624

of relative vorticity at 850 hPa (Sinclair, 1994; Hoskins and Hodges, 2002).625

For 𝑆𝑁 , a general increase is observed except during the mature phase, when strong626

barotropic conversion (𝑆𝑁 ↗ 𝑆𝑃) coincides with negative 𝑄𝑁 values. This indicates627

descending motion at warmer latitudes and ascending motion at colder latitudes as the628

cold front reaches the equatorward side of the cyclone and the warm front reaches the629

poleward side. Notably, 𝑃𝑆𝑁 and 𝑊𝑆𝑁 present high magnitudes: the former suggests630

export of zonal kinetic energy (e.g., jet stream outflow), while the latter aggregates631

dissipation, boundary pressure work (𝑃ω𝑈), subgrid transfers, and numerical errors.632

As the Semi-Lagrangian framework does not account for changes in the back-633

ground energetics along a moving domain, part of the apparent time evolution in634

𝑁𝑁 and 𝑆𝑁 may simply reflect the cyclone’s poleward drift (de Souza et al., 2024).635
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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 (𝑆/𝑆𝑇) 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 an636

increase in 𝑁𝑁 (Novak and Tailleux, 2018; Liu et al., 2024). Because the zonally inte-637

grated 𝑆𝑁 reaches its climatological maximum near 60° S (Novak and Tailleux, 2018;638

Liu et al., 2024), 𝑆𝑁 should decrease for storms that originate over ARG and migrate639

poleward, but increase for those formed in SE-BR or LA-PLATA . In practice, how-640

ever, both reservoirs evolve irregularly and non-monotonically, indicating that intrinsic641

cyclone dynamics, rather than passive domain advection, control the local energetics,642

corroborating Federer et al. (2025).643
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The 𝑁𝑃 budget is negative throughout the life cycle, with minimal values during644

the incipient and intensification phases. This reflects a highly active and e”cient645

baroclinic chain. Energy is transferred from 𝑁𝑁 via 𝑄𝑂, and from 𝑁𝑃 to 𝑆𝑃 via 𝑄𝑃 ,646

driven by meridional heat transport and vertical motions in frontal zones. During647

intensification, 𝑅𝑃 becomes positive, associated with convective heating along the cold648

front (e.g., Govekar et al., 2011). Simultaneously, radiative heating in the warm sector649

due to long-wave absorption from mid- to high-level clouds (Lau and Crane, 1997;650

Keshtgar et al., 2023), combined with latent heat release from intense precipitation651

during this phase (McErlich et al., 2023), enhances 𝑅𝑃 . As the system matures and652

convection weakens, 𝑃𝑁𝑃 reverses (export), and the 𝑁𝑃 budget sharply decreases.653

During decay, with disorganized frontal structures and weak diabatic forcing, 𝑁𝑃654

returns to near-zero budget values.655

The 𝑆𝑃 reservoir increases during incipient and intensification phases, as baro-656

clinic, barotropic, and boundary fluxes supply energy. In the mature phase, barotropic657

conversion peaks, but weakening of baroclinic forcing and reversal of boundary fluxes,658

along with increased 𝑊𝑆𝑃 , lead to a net energy loss. During the decay phase, dimin-659

ishing energy inputs and rising exports further reduce 𝑆𝑃 . Although 𝑊𝑆𝑃 includes660

numerical errors and the 𝑃ω𝑉 term, the trend suggests dominant dissipative processes,661

in line with Smith (1980).662

Both 𝑃ω𝑁 and 𝑃ω𝑃 were directly computed and yielded large values (Table 1,663

Figure 3d). These terms, representing pressure work by zonal and meridional winds664

at the domain boundaries, are highly sensitive to small errors in the geopotential field665

(Brennan and Vincent, 1980). Despite quality control in ERA5, some inconsistencies666

may persist, and since the LECTK tool does not apply preprocessing filters, such667

errors likely propagate into the diagnostics. Future work should examine the physical668

interpretation of 𝑃ω terms and the causes of their anomalous magnitudes, as they are669

seldom reported in literature.670

4.2 Cyclone Groups671

Substantial variability in the dataset, as revealed by the EOF analysis, is largely cap-672

tured by EOF1(+) and EOF1(–), which together represent nearly 40% of all systems.673

EOF1(+) is linked to stronger cyclones, while EOF1(–) corresponds to weaker ones674

(Supplementary Figure S1b), indicating a bi-modal structure in cyclone intensity. This675

suggests that ”day-to-day” systems tend to follow distinct energetic regimes. Tradi-676

tional cyclone climatologies over the South Atlantic tend to group all cyclones together677

(Sinclair, 1994; Hoskins and Hodges, 2005; Reboita et al., 2010; Gramcianinov et al.,678

2019, e.g.,). In contrast, the results presented here suggest that these systems exhibit679

distinct behaviors and may therefore be categorized into separate groups.680

These intensity di!erences manifest in their energy cycles and physical characteris-681

tics. Figure 16 presents schematic LECs for the four leading EOF(+) groups. EOF1(+)682

displays a consistent enhancement across all energy pathways, while EOF1(–) shows683

a reduction. These di!erences extend to cyclone mobility: EOF1(+) systems follow684

the South Atlantic storm track (Hoskins and Hodges, 2005; Gramcianinov et al.,685

2019), whereas EOF1(–) systems remain more confined near the South American686
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coast (Figure 10a), particularly within the ARG and SE-BR regions (Figure 11d), and687

exhibit lower translational speeds (Figure S1).688

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 (𝑆/𝑆𝑇) symbols are proportional to the absolute

magnitude of each term.

EOF2–EOF4 describe less frequent cyclone types. EOF2(+), EOF3(–), and689

EOF4(–) are associated with relatively stronger systems, while their counterparts cor-690

respond to weaker ones (Figure S1b). EOF2(+) is notable for lacking enhancements691

in baroclinic/barotropic conversions or 𝑆𝑃 imports during early phases. EOF3(–) and692

EOF4(–), in contrast, display a pronounced intensification of the 𝑅𝑃 ↗ 𝑁𝑃 ↗ 𝑆𝑃693
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chain, especially during the incipient and intensification phases. These patterns indi-694

cate that despite a shared dominant energy structure, South Atlantic cyclones express695

diverse configurations in their development. This variability is further reflected in dif-696

ferences in genesis region and seasonality (Figure 11), with EOF1(+) and EOF3(–)697

dominating among the most intense systems (Supplementary Figure S3).698

For intense cyclones (above the 90th percentile in central vorticity), genesis is most699

frequent in LA-PLATA and during JJA—consistent with earlier studies identifying700

this region as favorable for strong development (Reboita et al., 2010; Gramcianinov701

et al., 2019; Crespo et al., 2021). These systems are primarily linked to moist baroclinic702

instability (Figure 12), particularly under the influence of a strong upper-level jet in703

austral winter. Meanwhile, SE-BR systems are less frequent, especially during DJF,704

when baroclinicity in that region is weaker (Gramcianinov et al., 2019; Crespo et al.,705

2021).706

Among the four LEC-based clusters, Cluster 4 contains the largest number of707

systems but the lowest maximum central vorticity, making it the weakest group.708

Importantly, all clusters show enhanced LEC terms relative to the overall mean, rein-709

forcing the connection between stronger energy fluxes and cyclone intensity. These710

findings support the robustness of the Semi-Lagrangian framework and highlight the711

existence of distinct energetic regimes. Even within the subset of intense cyclones,712

considerable diversity in energy cycle structures persists, indicating that multiple713

pathways can lead to strong cyclogenesis in the South Atlantic.714

4.3 Mechanisms of Energy Transfer715

Throughout this study, barotropic conversions (𝑄𝑄 ) emerged as a key mechanism716

for cyclone development in the South American region. While extratropical cyclones717

are traditionally associated with baroclinic instability (Bjerknes and Solberg, 1922;718

Charney and Eliassen, 1964; Hoskins and Valdes, 1990), our results show that moist719

baroclinic processes dominate during the intensification phase, whereas barotropic720

conversions peak during the mature stage (Figure 4). Notably, 𝑄𝑄 magnitudes are721

nearly three times larger than those of 𝑄𝑂, suggesting a stronger contribution from722

zonal kinetic energy to eddy development than from meridional temperature gradients.723

Despite LEC-based studies dating back decades, few have examined South Atlantic724

cyclones, limiting direct comparisons. Case studies on tropical systems emphasize the725

𝑅𝑃 ↗ 𝑁𝑃 ↗ 𝑆𝑃 chain and barotropic conversions (Brennan and Vincent, 1980;726

Veiga et al., 2008), while subtropical systems show mixed roles for both baroclinic and727

barotropic conversions (Michaelides, 1987; Dias Pinto et al., 2013; Pezza et al., 2014;728

Cavicchia et al., 2018). For extratropical systems, energy pathways vary: some are729

baroclinically dominated (Dias Pinto and Rocha, 2011; Black and Pezza, 2013), others730

barotropically (Michaelides, 1992; Dias Pinto and Rocha, 2011), and some combine731

both with varying degrees of 𝑆𝑃 import (Wahab et al., 2002; Bulic, 2006; Pezza et al.,732

2010). Thus, although the relevance of barotropic instability in extratropical cyclones733

is not novel, this work provides the first large-sample LEC analysis for the South734

Atlantic, o!ering a consolidated view of this behavior. These findings are consistent735

with recent studies that link storm track intensification in the Southern Hemisphere to736

enhanced barotropic growth (Chemke et al., 2022), associate storm growth time with737
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barotropic conversion (Hadas and Kaspi, 2025), and identify barotropic conversions738

from 𝑆𝑁 to 𝑆𝑃 within storm track regions (Liu et al., 2024).739

It is also important to emphasize that, while previous studies investigated the LEC740

using an Eulerian framework, this study employed a Semi-Lagrangian framework. This741

approach has the advantage of isolating the energetics strictly related to the target742

system. However, the extent to which this methodology di!ers from the Eulerian743

framework in representing the magnitude and direction of energy fluxes has not been744

extensively assessed, apart from one study by Michaelides et al. (1999). Also, the745

extent to which our findings generalize to other regions remains uncertain. Given the746

stronger jets and meridional wind gradients in the Southern Hemisphere (e.g., Swart747

et al., 2019; Jain et al., 2023; Savita et al., 2023), barotropic conversions may be more748

pronounced in the South Atlantic than in the North Atlantic—a hypothesis requiring749

further study.750

Another distinction is found in the decay phase. While most previous studies report751

𝑆𝑃 ↗ 𝑆𝑁 conversions during cyclone decay (e.g., Dias Pinto and Rocha, 2011; Veiga752

et al., 2008; Pezza et al., 2014), this pattern was not observed here. In our analysis,753

the decay phase, the longest for these systems (de Souza et al., 2024), is averaged over754

multiple timesteps and features 𝑄𝑄 values that gradually shift from strongly negative755

in the mature phase to near neutral at the end of the lifecycle (Figures 4C and S4). This756

suggests that barotropic conversion continues to sustain the system during decay, until757

dissipation dominates. Prior use of large Eulerian domains may have underestimated758

𝑄𝑄 , as seen in Black and Pezza (2013), where 𝑄𝑄 remains positive across all phases.759

Some limitations of our approach must be acknowledged. Although the Semi-760

Lagrangian framework follows the cyclone’s trajectory, it does not account for regional761

variations in background APE and kinetic energy. This may influence 𝑁𝑁 , 𝑆𝑁 , and762

their boundary terms as the system moves through varying energy environments.763

Furthermore, the LEC formulation relies on a global reference state for APE. In764

contrast, the local APE framework proposed by Novak and Tailleux (2018) defines765

APE relative to each air parcel’s individual reference state. While this approach can766

yield additional insights—such as the potential for cyclones to locally generate APE767

(Federer et al., 2024), the overall global energy fluxes remain consistent between the768

global and local formulations (Liu et al., 2024). Moreover, the modest 𝑃𝑁𝑁 values769

observed here (Figure 4) may be partially explained by APE transport from the polar770

upper troposphere, as shown for the North Atlantic storm tracks by Federer et al.771

(2025).772

5 Summary and Conclusions773

In this study, we examined the Lorenz Energy Cycle (LEC) for 7,531 cyclonic systems774

originating in the Southwestern Atlantic, presenting what is, to the best of our knowl-775

edge, the first comprehensive climatology of cyclones’ energy cycles in this region. A776

notable exception is the work by Black and Pezza (2013), which focused solely on777

explosive cyclones and used large fixed domains, contrasting with the Semi-Lagrangian778

approach adopted in this study. While studies such as Smith (1980) provide valuable779

reviews of the energetics of extratropical cyclones, focusing on broad averages and780
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generalized mechanisms, and case studies have explored the dynamics of specific sys-781

tems (Pezza et al., 2014; Dias Pinto and Rocha, 2011; Cavicchia et al., 2018, e.g.),782

our study adopts a climatological approach. Specifically, we track the energy cycles of783

individual cyclones across distinct life cycle phases, o!ering a more detailed investiga-784

tion of the unique physical mechanisms that drive energy conversions in this region.785

Furthermore, the use of the Cyclophaser program to dissect the life cycles of cyclones786

has enabled a novel investigation of the energy cycle across di!erent developmental787

stages, providing deeper insights into the variability and dynamism of these systems.788

The results presented here demonstrate that, for most cyclonic systems in the789

South Atlantic, a clear pattern of energy flow is evident. This pattern is characterized790

by both barotropic and baroclinic conversions providing energy for eddy develop-791

ment and is preserved throughout the cyclone life cycle phases, despite variations in792

magnitude. Barotropic conversions tend to be 2 to 3 times larger in magnitude than793

baroclinic conversions, with the former peaking during the mature phase and the794

latter during the intensification phase. The generation of eddy potential energy and795

the imports of eddy kinetic energy play secondary roles. The former peaks during796

the intensification phase and remains positive through the mature and decay phases,797

while the latter occurs primarily during the incipient (cyclogenesis) and intensification798

phases.799

Despite the high variability among the systems, the EOF analysis indicates that,800

in most cases, the main behavior is preserved. This variability is instead expressed as a801

strengthening and/or weakening of specific energy pathways, indicating that cyclonic802

development in the South Atlantic region can be attributed to distinct dynamical803

processes, as supported by the literature. Consequently, it is possible to hypothesize804

that these systems can be grouped into distinct types based on their characteristics805

and energy cycles. This heterogeneity is also evident among the most intense systems.806

For these systems, distinct groups exhibit varying relative contributions of energy from807

barotropic and baroclinic chains, as well as di!erences in eddy generation of APE and808

imports of eddy kinetic energy. Although most of these intense systems originate in the809

LA-PLATA region, the variability in the relative proportions of genesis regions among810

the di!erent clusters is reflected in their energy cycles and mean characteristics.811

The goal of this study was to investigate the energy cycle of cyclones in the South812

Atlantic region using a Semi-Lagrangian approach. As a pioneering study of this kind,813

several questions have emerged throughout its development. For instance, previous814

studies for this region have assessed the distinct synoptic and dynamical conditions815

related to cyclogenesis in the three primary genesis regions, as well as the seasonal816

variability in their development (Gramcianinov et al., 2019; Crespo et al., 2021). A817

distinction in the energy cycles among these genesis regions, along with their sea-818

sonal variability, would therefore be valuable. Additionally, given the prominence of819

barotropic conversions as an energy source for cyclone development, the question820

arises as to whether barotropic instability is truly occurring near the cyclone center.821

de Souza (2024) proposed a framework for classifying cyclones into distinct groups822

based on their energy cycles. In an upcoming study, this method will be applied to823

address these questions and further investigate these topics.824
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Appendix825

Mathematical expressions used for the calculation of the Lorenz Energy Cycle (LEC),826

adopting the notation from Michaelides (1987).827

Firstly, we define the zonal mean of a variable 𝑐, between longitudes 𝑑1 and 𝑑2:828

[𝑐]𝑋 =
1

𝑑2 ↑ 𝑑1

∫
𝑋1

𝑋2
𝑐𝑒𝑑 (13)

The eddy component of this variable is its deviation from the zonal mean:829

(𝑐)𝑋 = 𝑐 ↑ [𝑐]𝑋 (14)
The domain mean of the variable 𝑐, defined over the computational domain830

bounded by longitudes 𝑑1 and 𝑑2, and latitudes 𝑓1 and 𝑓2, is given by:831

[𝑐]𝑋𝑌 =
(

1
𝑑2 ↑ 𝑑1

) (
1

sin 𝑓2 ↑ sin 𝑓1

) ∫
𝑋1

𝑋2
𝑐𝑔𝑕𝑖𝑓𝑒𝑑𝑒𝑓 (15)

Similarly, we define the deviation of the zonal mean from the domain mean:832

( [𝑐]𝑋)𝑌 = [𝑐]𝑋 ↑ [𝑐]𝑋𝑌 (16)
From the definitions above, the four energy components used in the LEC833

computation are defined as follows:834

𝑁𝑁 =
∫

𝑍𝑇

𝑍𝑄

( [(𝑗)𝑋])2
𝑌
]𝑋𝑌

2[𝑘]𝑋𝑌
𝑒𝑙 (17)

𝑁𝑃 =
∫

𝑍𝑇

𝑍𝑄

[(𝑗)2
𝑋
]𝑋𝑌]

2[𝑘]𝑋𝑌
𝑒𝑙 (18)

𝑆𝑁 =
∫

𝑍𝑇

𝑍𝑄

[[𝑚]2
𝑋
+ [𝑛]2

𝑋
]𝑋𝑌

2𝑜 𝑒𝑙 (19)

𝑆𝑃 =
∫

𝑍𝑇

𝑍𝑄

[(𝑚)2
𝑋
+ (𝑛)2

𝑋
]𝑋𝑌

2𝑜 𝑒𝑙 (20)

where 𝑙 is the atmospheric pressure, with subscripts 𝑝 and 𝑂 denoting the lower835

(base) and upper (top) pressure boundaries of the atmosphere, respectively. 𝑗 repre-836

sents temperature, 𝑜 is the acceleration due to gravity, and 𝑚 and 𝑛 are the zonal and837

meridional wind components, respectively. The static stability parameter 𝑘 is defined838

as:839

𝑘 =
[
𝑜𝑗

𝑔𝑍
↑ 𝑙𝑜

𝑊

𝑀𝑗

𝑀𝑙

]
𝑋𝑌

(21)

where 𝑔𝑍 is the specific heat at constant pressure, and 𝑊 is the ideal gas constant840

for dry air.841

The four conversion terms are defined as follows, integrating over the atmospheric842

column from the base (𝑙𝑎) to the top (𝑙𝑇) pressures:843
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𝑄𝑁 =
∫

𝑍𝑇

𝑍𝑄

↑[
(
[𝑗]𝑋)𝑌 ( [𝑞]𝑋

)
𝑌
]𝑋𝑌

𝑊

𝑜𝑙
𝑒𝑙 (22)

𝑄𝑃 =
∫

𝑍𝑇

𝑍𝑄

↑[(𝑗)𝑋(𝑞)𝑋]𝑋𝑌
𝑊

𝑜𝑙
𝑒𝑙 (23)

𝑄𝑂 =
∫

𝑍𝑇

𝑍𝑄

↑
(

1
2𝑟𝑘

[
(𝑛)𝑋(𝑗)𝑋

𝑀 ( [𝑗]𝑋)𝑌
𝑀𝑓

]
𝑋𝑌

+ 1
𝑘

[
(𝑞)𝑋(𝑗)𝑋

𝑀 ( [𝑗]𝑋)𝑌
𝑀𝑙

]
𝑋𝑌

)
𝑒𝑙 (24)

𝑄𝑄 =
∫

𝑍𝑇

𝑍𝑄

1
𝑜
*+
,
[
cos 𝑓
𝑟

(𝑚)𝑋(𝑛)𝑋
𝑀

𝑀𝑓

( [𝑚]𝑋
cos 𝑓

)]
𝑋𝑌

+
[
(𝑛)2

𝑋

𝑟

𝑀 [𝑛]𝑋
𝑀𝑓

]
𝑋𝑌

+
[
tan 𝑓

𝑟
(𝑚)2

𝑋
[𝑛]𝑋

]
𝑋𝑌

+
[
(𝑞)𝑋(𝑚)𝑋

𝑀 [𝑚]𝑋
𝑀𝑙

]
𝑋𝑌

+
[
(𝑞)𝑋(𝑛)𝑋

𝑀 [𝑛]𝑋
𝑀𝑙

]
𝑋𝑌

)
𝑒𝑙

(25)

where 𝑟 is the Earth’s radius and 𝑞 is the vertical velocity in isobaric coordinates.844

The APE generation and K dissipation terms are defined as:845

𝑅𝑁 =
∫

𝑍𝑇

𝑍𝑄

[( [𝑠]𝑋)𝑌 ( [𝑗]𝑋)𝑌]𝑋𝑌
𝑔𝑍 [𝑘]𝑋𝑌

𝑒𝑙 (26)

𝑅𝑃 =
∫

𝑍𝑇

𝑍𝑄

[(𝑠)𝑋(𝑗)𝑋]𝑋𝑌
𝑔𝑍 [𝑘]𝑋𝑌

𝑒𝑙 (27)

𝑇𝑁 = ↑
∫

𝑍𝑇

𝑍𝑄

1
𝑜
[[𝑚]𝑋 [𝑡𝑋]𝑋 + [𝑛]𝑋 [𝑡𝑌]𝑋]𝑋𝑌𝑒𝑙 (28)

𝑇𝑃 = ↑
∫

𝑍𝑇

𝑍𝑄

1
𝑜
[(𝑚)𝑋(𝑡𝑋)𝑋 + (𝑛)𝑋(𝑡𝑌)𝑋]𝑋𝑌𝑒𝑙 (29)

Here, 𝑡𝑋 and 𝑡𝑌 represent the zonal and meridional frictional components,846

respectively, and 𝑠 is the diabatic heating term, computed as a residual from the847

thermodynamic equation:848

𝑠

𝑔𝑍
=

𝑀𝑗

𝑀𝑂
↑ ↘𝑢𝑏 · ↘≃𝑍𝑗 ↑ 𝑏𝑍𝑞 (30)

where ↑↘𝑢𝑏 · ↘≃𝑍𝑗 represents the horizontal advection of temperature and 𝑏𝑍849

approximates the static stability, given by:850

𝑏𝑍 ⇐ ↑𝑗
𝑣

𝑀𝑣

𝑀𝑙
(31)

where 𝑣 is the potential temperature.851

The boundary terms are given by:852
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BAZ = 𝑔1

∫
𝑍2

𝑍1

∫
𝑐2

𝑐1

1
2[𝑘]𝑋𝑈

(
2 ( [𝑗]𝑋)𝑐 (𝑗)𝑋𝑚 +

(
[𝑗]𝑋𝑈

2

𝑐

𝑚

)
𝑋2

𝑋1

↔ 𝑒𝑤𝑒𝑙 + 𝑔2

∫
𝑍2

𝑍1

1
2[𝑘]𝑋𝑐

(
2 [(𝑛)𝑋(𝑗)𝑋]𝑋 ( [𝑗]𝑋)𝑐 cos 𝑤 + ([𝑗]𝑋)2

𝑐
[𝑛]𝑋 cos 𝑤


𝑐2

𝑐1
𝑒𝑙

↑ 1
2[𝑘]𝑋𝑐

(
[2(𝑞)𝑋(𝑗)𝑋]𝑋 ( [𝑗]𝑋)𝑐 +


[𝑞]𝑋 ( [𝑗]𝑋)2

𝑐


𝑋𝑈


𝑍2

𝑍1
(32)

BAE = 𝑔1

∫
𝑍2

𝑍1

∫
𝑐2

𝑐1

1
2[𝑘]𝑋𝑐


𝑚(𝑗)2

𝑋


𝑋2
𝑋1

𝑒𝑤𝑒𝑙

+ 𝑔2

∫
𝑍2

𝑍1

1
2[𝑘]𝑋𝑐

( 
(𝑗)2

𝑋
𝑛

𝑋

cos 𝑤
 𝑈2

𝑐1
𝑒𝑙 (33)

↑
( 
𝑞(𝑗)2

𝑋


𝑋𝑐

2[𝑘]𝑋𝑐

) 𝑍2

𝑍1

BKZ = 𝑔1

∫
𝑍2

𝑍1

∫
𝑐2

𝑐1

1
2𝑜

(
𝑚

𝑚2 + 𝑛2 ↑ (𝑚)2

𝑋
↑ (𝑛)2

𝑋

 𝑋2

𝑋1

↔ 𝑒𝑤𝑒𝑙 + 𝑔2

∫
𝑍2

𝑍1

1
2𝑜

( 
𝑛 cos 𝑤


𝑚2 + 𝑛2 ↑(𝑚)2

𝑋
↑ (𝑛)2

𝑋

 
𝑐2
𝑐1

𝑒𝑙 (34)

↑
(

1
2𝑜


𝑞

𝑚2 + 𝑛2 ↑ (𝑚)2

𝑋
↑ (𝑛)2

𝑋

 
𝑋𝑐

)
𝑍2

𝑍1

BKE = 𝑔1

∫
𝑍2

𝑍1

∫
𝑐2

𝑐1

1
2𝑜

(
𝑚

(𝑚)2

𝑋
+ (𝑛)2

𝑋

 𝑋2

𝑋1
𝑒𝑤𝑒𝑙

+ 𝑔2

∫
𝑍2

𝑍1

1
2𝑜

( 
𝑛 cos 𝑤


(𝑚)2

𝑋
+ (𝑛)2

𝑋

 
𝑋


𝑐2

𝑐1
𝑒𝑙 (35)

↑
(

1
2𝑜


𝑞

(𝑚)2

𝑋
+ (𝑛)2

𝑋

 
𝑋𝑐

)
𝑍2

𝑍1

where 𝑔1 = ↑ [𝑟 (𝑑2 ↑ 𝑑1) (sin 𝑤2 ↑ sin 𝑤1)]↑1 , 𝑔2 = ↑[𝑟 𝑥 (sin 𝑤2 ↑ sin 𝑤1)]↑1.853

Lastly, the terms 𝑃ω𝑈 and 𝑃ω𝑉 are given by:854

BωZ =𝑔1

∫
𝑍2

𝑍1

∫
𝑐2

𝑐1

1
𝑜

(
[𝑛]𝑋 ( [ω]𝑋)𝑐


𝑋2

𝑋1
𝑒𝑤𝑒𝑙

+ 𝑔2

∫
𝑍2

𝑍1

1
𝑜

(
cos 𝑤[𝑛]𝑋 ( [ω]𝑋)𝑐


𝑐2

𝑐1
𝑒𝑙 (36)

↑ 1
𝑜

( 
( [𝑞]𝑋)𝑐 ( [ω]𝑋)𝑐


𝑋𝑈


𝑍2

𝑍1

BωE =𝑔1

∫
𝑍2

𝑍1

∫
𝑐2

𝑐1

1
𝑜

(
(𝑚)𝑋(ω)𝑋𝑉

)
𝑋2
𝑋1

𝑒𝑤𝑒𝑙

34



+ 𝑔2

∫
𝑍2

𝑍1

1
𝑜

( 
(𝑛)𝑋(ω)𝑋𝑉


𝑋

cos 𝑤

𝑐2

𝑐1
𝑒𝑙 (37)

↑ 1
𝑜

(
[(𝑞)𝑋(ω)𝑋]𝑋𝑈


𝑍2

𝑍1
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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 (km h
↑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.

Fig. S3 Stacked time series of the first four principal components (PC1–PC4) for each intense

cyclone (𝑑850,max > 𝑒99). 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 𝑓-axis lists the individual cyclones (sorted arbitrarily), while the 𝑔-axis gives the PC amplitude

(dimensionless).
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Fig. S4 Median barotropic-conversion term (𝑕𝑊) at the start (blue) and end (red) of the decay

phase, with the error bars representing the inter-quartile range.
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