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ABSTRACT

Extratropical cyclones are weather phenomena with significant energy transfer between
the surface (over the ocean or on land) and the atmosphere. Studies using cyclone tracks
in the South Atlantic have proven more difficult, particularly in a localized context. By
complementing a first-order observation record with a modern reanalysis dataset, this
study reveals the general characteristics of cyclones that develop in the Lee regions of the
Andes and those that develop near the Atlantic coast. The resulting comparative
climatologies reveal that cyclone development in these separate contexts is driven by
topography, local atmospheric circulations, and basin-scale climate oscillations. Through
the analysis were noted an inter-decadal variation in the frequencies between lee and coast
cyclogenesis, where lee cases seem to have an anticorrelated behavior compared to
coastal cases, and cross-basin ocean temperature differences may trigger that behavior.

The mechanism causing the lee and coastal cyclogenesis variations is discussed.

Keywords: EXTRATROPICAL CYCLONES, CYCLONE TRACK, SYNOPTIC
CHARTS, SOUTH ATLANTIC CYCLONE TRACK, BRAZILIAN NAVY



RESUMO

Ciclones extratropicais sdo fenbmenos climaticos com significativa transferéncia de
energia entre a superficie (sobre o oceano ou na terra) e a atmosfera. Estudos usando
rastreamento de ciclones no Atlantico Sul tém se mostrado mais dificeis, particularmente
em um contexto localizado. Ao complementar o historico de observagdes de primeira
ordem com um conjunto de dados de reandlise moderno, este estudo revela as
caracteristicas gerais dos ciclones que se desenvolvem nas regides a sotavento dos Andes
e aqueles que se desenvolvem perto da costa do oceano Atlantico Sul. As climatologias
comparativas resultantes revelam que o desenvolvimento de ciclones nesses contextos é
impulsionado pela topografia, circulagdes atmosféricas locais e oscilagbes climaticas na
escala na costa oceénica. Atraves da analise foi observada uma variagdo interdecadal nas
frequéncias entre a ciclogénese a sotavento da montanha e litoral, onde os casos a
sotavento da montanha parecem ter um comportamento anti correlacionado em
comparagdo com 0s casos costeiros, e diferencas de temperatura oceédnica entre as bacias
oceanicas podem desencadear esse comportamento. O mecanismo que causa as variagoes

da ciclogénese costeira e a sotavento é discutido.

Palavras-chave: ~CICLONES EXTRATROPICAIS, RASTREAMENTO DE
CICLONES, CARTAS SINOTICAS, RASTREAMENTO DE CICLONES DO
ATLANTICO SUL, MARINHA DO BRASIL
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1. INTRODUCTION

1.1 PROBLEM CHARACTERIZATION

Both the understanding and assessment of the path traveled by a cyclone, which
is referred to here as cyclone tracks, has become a usual tool when it comes to analyzing
meteorological data due to the deleterious effects that cyclones may cause not only on the
human population but also the economy. A cyclone track may create storm propagation
areas, as well intense rainfall, thus influencing areas that generate strong winds over the
ocean and wave formation, which can result in waves or even storm tides on the coast.
On the other hand, anticyclone tracks act directly in situations of atmospheric blockages
resulting in changes in the rain regime and drought periods (Rodrigues and Woollings,
2017). Changes in these tracks caused by extreme climatic phenomena have a great
influence on regional climate (Blender & Schubert, 2000; Pezza & Ambrizzi, 2000).

South America’s climatic regime is intertwined with the interactions between air
mass from different properties and its movement. During the Winter season, cold air
masses tend to become stronger in higher latitudes due to the decrease in incident solar
radiation. Together with atmospheric circulation at medium and high levels, cold air
masses may move or not to low latitudes, and these influence the occurrence of adverse
weather conditions, such as excessive snow, rain, and south wind (Blender & Schubert,
2000; Fortune & Kousky, 1983; Kousky, 1979).

Fortune &Kousky (1983) and Pezza & Ambrizzi (2000) listed cyclonic behavior
and its effects in different regions of Brazil, generally correlating them with precipitation
and damage rates on the country's agrarian economy. However, production and
transportation of mineral resources, exploitation of fishing resources, as well as tourism
are also activities that were affected by adverse conditions. It is crucial to carry out studies
related to the adverse climatic conditions and the potential damages to the South
American continent. Synoptic analysis such as those of Gan & Rao (1999), Innocentini
& Caetano Neto (1996), Reboita et al. (2009), Pianca et al. (2010), and Fuentes et al.
(2013), list cyclonic tracks in Brazil with effects on ocean waves but are usually focused

on specific events or even in strict areas of the coast.



In addition to the state of the sea, cyclogenesis in the South Atlantic promotes a
strong influence on the flow of precipitation on the South American continent, where
cyclonic circulation associated with fronts and anticyclonic is the result of the exchange
of ocean/atmosphere energy and thus modulate the climate regime on land. Situations of
heavy rain (Bernardino et al., 2018; Carvalho et al., 2002; Nielsen et al., 2016) or
atmospheric blockages (Pezza & Simmonds, 2005; Pinto et al., 2013; Rodrigues &
Woollings, 2017; Sinclair, 1996a; Woollings et al., 2018) are influenced not only by

cyclonic circulation but also by a variety of factors associated with it.

Caetano Neto et al. (1996) and Candella (1997) point out in their works that the
assessment of climatic interactions in extreme cases is paramount so that we can have a
better understanding of events regarding them, and especially when there is loss of life

and/or heritage.

1.2 MONITORING SYSTEMS

The general atmospheric circulation is used to determine a basic status of
reference of the atmospheric status, therefore being the result of the relationship between
mass conservation, pressure forces, and surface thrust, analyzed by means of a rotating
reference. Atmospheric observations include in situ analysis, which is estimated by
satellites, of atmospheric variables such as wind’s speed, pressure, temperature, and
humidity. However, there is no observation system that can provide said atmospheric
variables with the same spatial and temporal coverage (satellite data has 375 to 750 m of
resolution). Due to low spatial coverage observations, numerical models are a rather good
alternative for the assessment of future behavior (and past) of the dynamics regarding
ocean/atmosphere interactions. Andreoli et al. (2008) affirm in their analysis that,
whenever there is a consistent set of observations in situ, it reflects positively on the

quality of the analysis fields and modeled predictions.

The description regarding rotational movements of winds and storms is dated as
of 1835 (Redfield, 1841). Bjerknes (1919) described the formation of cyclones whilst in
movement, and afterward, Bjerknes and Solberg (1922) described their cycle and

structure. McDonald (1935) has described the life cycle of a hurricane in chronological



order, thus collecting information that subsequently was used to predict their behavior

and destructive impacts.

Boffi (1949) argued the influence of the Andes Mountains in the atmospheric
circulation to the Southern Hemisphere by means of synoptic charts to do so. Afterward,
Taljaard (1967) described the frequency and the atmospheric behavior, as well as the
preferable route of cyclones and anticyclones also based upon synoptic charts. Until the
1970’s, there was little spatial coverage for oceans in the Southern Hemisphere; however,
at this time, a digital collection was created. With the evolution of satellite images,
broader spatial coverage could be achieved, and statistical analysis of cyclone behavior
began to take shape (Troup and Streten, 1972). Such studies originated from the need of
understanding cyclonic behavior and were (and are) paramount for the analysis and
planning to reduce disasters arising from the passage of such systems (Farber, 1987;
Minor, 1983; Morss et al., 2005).

The evolution of climatic analysis and the search to predict cyclonic behavior
has progressed in a relatively accelerated way; the broad development of numerical
models and statistical schemes has become an essential tool in the understanding of
cyclonic behavior for the Southern Hemisphere, as can be seen in the scheme proposed
by Murray and Simmonds (1991). The scheme proposed by them involved a comparison
of pressures with neighboring points, where the calculation of a minimum means pressure
value around the analyzed center allowed to neglect weaker systems, thus guaranteeing
the analysis of cyclonic vorticity. However, such a scheme did not present a good
response to the South Atlantic because it would not efficiently identify low-pressure

systems that originated in the South American continent.

Sinclair (1994) presented a climatology for cyclones in the Southern
Hemisphere, adapting automatic schemes such as those of de Murray and Simmonds
(1991b) and analyzing not only the minimum internal and external pressure but also the
geostrophic vorticity. Hoskins and Hodges (2005) used vorticity, mean pressure at sea
level, geopotential height, and surface temperature to adapt the scheme proposed by
Hodges (1999, 1995) to the Southern Hemisphere. As far back as 2009, Ulbrich et al.
bought 14 models and concluded that some results differ among themselves, even though
it used the same set of data, that is due to the variety of approaches, which varies between
identification and intensity tracking methods. That is, depending on the perspective and

physical parameters that are being used in the analysis, the results may differ among



themselves.

Reboita et al. (2010b) used a model that carried out the analysis in regional
scales, adapting the scheme proposed by Sinclair and getting satisfactory results when
it came to identifying cyclones. Despite automatic schemes to track cyclones and
anticyclones (e.g., Simmonds et al., 2012; Sinclair, 1996b, 1994b; Sinclair et al., 1997)
are widely used, such models have shown great uncertainty for pressure values that
ranged from 1010 and 1020 hPa, where, in some cases, some models could not

differentiate between centers of high or low pressure (Pezza and Ambrizzi, 2003a).

Lionello et al. (2016) compared 14 cyclonic tracking methods for the
Mediterranean region, and in such comparison, the schemes devised by Murray and
Simmonds (1991) and Sinclair (1994) were included. The results achieved by Lionello et
al. (2016) were assertive in relation to the computed position of the system and pressure
differential. However, they differed in relation to “weak” and “slow” cyclones,
underestimating the totality of events that occur in the Southern Hemisphere, reinforcing
the need for care when carrying out the analyzes. Another relevant factor is the spatial
resolution of the data used because the higher the resolution, the greater the precision and

quality of the analysis.

Gramcianinov et al. (2019) used in their analysis two different reanalysis data
applied to the scheme proposed by Hodges (1995) identifying the cyclones using relative
vorticity. Like Gramcianinov, (Crespo et al., 2021) reinforce in their analysis the basic
climatology related to cyclogenesis in the South Atlantic, identifying as main

cyclogenetic regions the southeast and south coastal regions of the continent.

The identification and understanding of cyclones over time are necessary to
identify a trend and the influence of climate modulators in their behavior. Cavallo and
Noy (2009) published a survey relating the main causes of natural disasters (including the
passage of cyclones/hurricanes) to indirect short and long-term impacts on the economy,
highlighting the approach addressed by Minor (1983), Farber (1987), and Yuan et
al.(2020) and many others: the knowledge about the behavior and demand of extreme
events are necessary to prepare for the possible impacts, in addition to reducing the risk

of disasters.



1.3 RISK ASSESSMENT FOR EXTREME CLIMATIC EVENTS

Upon analyzing the people’s vulnerability in relation to natural disasters, there
shall be prioritized efforts to better up the early alerts of extreme weather events
(Marengo, 2009). The need for climatic studies, in addition to assessment, monitoring,
classification, and forecast of weather adverse conditions, are closely connected to

deleterious effects on the people, financial losses, and loss of human lives.

The National Hurricane Center (NHC), a program that is part of the National
Oceanic & Atmospheric Administration (NOAA), has created a database! with
information dated as of 1872, summarizing news and development of analysis regarding
the most important events related to tropical cyclones in the United States of America.
McDonald (1935), for instance, describes the passage of a hurricane through Florida
(USA), its development and intensification, in addition to describing the trail of
destruction and losses left not only by its passage but also by the side effects to it. It is
worth mentioning that tropical cyclones are more intense and have more diversified
characteristics when compared to extratropical cyclones; however, the potentially

destructive effect of the latter should not be underestimated (Reboita et al., 2018).

Studies on extreme events are more frequent for regions such as the Northern
Hemisphere or Asia, where related effects to it happening is more impactful, destructive,
noticeable, and possibly harmful, due to impacts related to loss of life (Frank & Husain,
1971; Rappaport, 2000), in addition to financial impacts (Cinco et al., 2016; Esteban et
al., 2010; Irish & Resio, 2010). Mayhorn & McLaughlin (2014) reinforce in their
research that the understanding, as well as communication of the risks associated with

extreme events, do help to prevent unnecessary damages and losses.

Developing country populations and lower socioeconomic classes are more
susceptible to financial impacts after a period/event of extreme events Heinen et al.
(2019). And for there to be the identification and application of efficient risk
recovery/reduction solutions, it is necessary to invest more in studies that assess impacts

resulting from extreme events (Sahani et al., 2019).

In Brazil, cyclones of great intensity are not usual; thus, the attention and

INHC - National Hurricane Center: Monthly Weather Review - Annual Summaries of North Atlantic
Storms, 1872-2011 <https://www.aoml.noaa.gov/general/lib/libl/nhclib/mwreviews/mwreviews.html>.
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prevention that such events get are not the same as in other countries/continents
(McTaggart-Cowan et al., 2006; Pezzi et al., 2016); however, this does mean that such

passages do not result in negative impacts (Catto et al., 2019; Pezza a& Simmonds, 2005).

According to WMO (2012), the identification of these events is essential so that
effective strategies for risk management can be developed. For this to happen, historical
and real-time observations must be available, that is, in addition to information on
vulnerability and exposure (Resio and Irish, 2015), past events, and modeling of future
conditions. Irish & Resio (2010) state that to assess the impacts caused by a cyclone, a

study of the history of events and their effects must be carried out.

It is worth considering that an alert system for the risk of extreme climatic events
(intense winds, storm surge, heavy rain, hail, flood, drought, etc.) is an interdisciplinary
system, which involves the care with past information, with the language used with the
population and with their perception of the risks associated with the events (Morrow et
al., 2015; Morss et al., 2008, 2005; Ramdn-Valencia et al., 2019).

The magnitude of a disaster is not only dependent on the intensity of an extreme
event but also on the effectiveness of mitigating actions. The occurrence of such events
may not be prevented, but its impact on the community can be reduced should accurate
information be provided to the people in a timely manner (Doong et al., 2012). The
evolution in the warning system is directly connected to the reduction in death and
damages. However, these warnings must be associated with continuous monitoring, risks
analysis, dissemination, and communication to avoid false alarms (Rogers & Tsirkunov,
2010).

In addition to improved communication of events, alert systems, and information
that gets to the population, the evolution of climatic monitoring systems has been widely
encouraged (Morrow et al., 2015). Morss et al. (2017) highlight that, when well
disseminated, such information helps the population in their process of recognizing

extreme events and their associated risks, as well as the guide in protective actions.

Climate monitoring in Brazil is carried out by different centers, such as: o Centro
de Previsdo de Tempo e Estudos Climéticos (CPTEC) (Brazilian Center for Weather
Forecasting and Climate Studies), which is part of the Instituto Nacional de Pesquisas
Espaciais (INPE) (Brazilian National Institute for Space Research), and the Centro de
Hidrografia da Marinha (CHM) (Brazilian Navy Hydrographic Center), of the Marinha



do Brasil (MB) (Brazilian Navy). The latter is responsible for monitoring sea and weather
conditions and for the dissemination of warnings for such conditions. Despite issued
warnings being more directed to the country’s shoreline, the MB publishes synoptic charts
highlighting cyclones, anticyclones, and any instability in the atmosphere that may affect

the country.

1.4 PURPOSE

This study has as its main purpose to analyze the preferred track of cyclones that
act on the South Atlantic, considering the difficulty that automatic tracking systems show

when it comes to rapidly detect fast and small cyclones.

Specifically, this study aims to perform a statistical analysis of cyclonic events
for the South Atlantic using reanalysis data, in addition to synoptic charts issued by the
MB, seeking to identify cyclogenetic regions and understand cyclonic genesis behavior

over time. To do this, we seek:

¢ identify cyclonic events that occurred between the period 1979 and 2020.
e recognize similarities between the used datasets.

e point out the preferred area of cyclogenesis of these events.

e distinguish seasonal behavior related to the genesis of such systems.

e distinguish the differences between cyclogenetic areas as an order of time.

e discern the climatic influences on the genesis of such systems

2 METHODS AND MATERIALS

21 AREA

This present study was carried out for the South Atlantic region (SA) (Figure 1).
Specifically, the chosen area is between the coordinates 10°S and 45°S latitude and 0°W
to 90°W longitude since a greater number of transient and semi-stationary cyclones may

come to be observed directly interfere in the climatology of Brazil.



It is a wide region that has distinct climatological characteristics and a vast ocean
area, which influences the genesis, maintenance, and cyclolysis (or lysis) of cyclones and
anticyclones. This region is influenced by the Intertropical Convergence Zone (equatorial
region), the Upper Subtropical and polar regions, in addition to the Northwestern
Argentinean Low and the Chaco Low (Boffi, 1949; Dereczynski & Menezes, 2015;
Kousky & Gan, 1981; Ribeiro et al., 2016). The South American continent has an
orography that favors the presence of Low-Level Jets, which influence both the

cyclogenesis (Gozzo et al., 2014) and the precipitation regime (Liebmann et al., 2004).
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Figure 1: Study area located in the western sector of the South Atlantic Ocean and the analyzed area, highlighted in
black dotted lines. The diagram below shows a map with the pressure differential at medium sea level using data from
ERA5 (Copernicus Climate Change Service 2017), a synoptic chart issued by the Brazilian Navy, and the satellite
image used by EOSDIS Worldview (NASA 2020) for the position of the study area. All images were generated for June
1, 2020.

South America has particularities that make it unique, where a large part of the
cyclones formed in its region occurs in a terrestrial environment. Even though the east
face of Brazil is “facing” the sea, the western part of the country has a border with the
Argentine Northwest, the North of the Paraguay-Bolivian Chaco, and the east of the
Andes, which due to its orographic formation presents a vast area prone to low-pressure
zones. The South Pacific Anticyclone influences this area. Due to its orography and



proximity to the Andes, it has a higher incidence of transient systems, more evident during
the southern summer (Falco et al., 2019; Seluchi & Garreaud, 2012; Seluchi & Saulo,
2012).

Gan & Rao (1994), in their studies, demonstrate the influence of the topography
in the mountain range in the pressure field, where the wave flow coming from the Pacific,
when “meeting” the mountains, has an anticyclonic behavior at the top due to the
geopotential height and temperature, and when descending to the continent, the
movement tends to be cyclonic due to the heating of the atmospheric column. Later, Gan
& Rao (1996), using synoptic charts, determined that the topography has a favorable
effect on cyclogenesis during Spring and Winter if it happens to the leeward of the

mountain.

2.2 OCEANOGRAPHIC AND ATMOSPHERIC CHARACTERISTICS

The ocean acts as a climate regulator on the planet due to its ability to redistribute
heat across the globe by absorbing part of the solar radiation and releasing that heat
through evaporation. Such redistribution depends on different factors for it to occur: heat
exchange between the ocean and the atmosphere, the flow of the wind through its surface,
the planetary vorticity, in addition to the currents and sub currents associated with
different water masses and salinity concentrations (Koszalka & Stramma, 2019; Nobre &

Shukla, 1996; Pezzi et al., 2016). This heat exchange affects the sea surface temperature.

Among the factors that contribute to the maintenance of the sea surface
temperature (SST) and the interaction (or heat exchange) between the atmosphere and the
ocean, it can be highlighted ocean currents and the transport of this heat and mass.
Superficially, the maintenance of temperature in the South Atlantic Ocean occurs through
ocean-atmosphere interactions, in which the South Atlantic Subtropical Gyre stands out
(Silveira et al., 2000).

Specifically, the South Atlantic Ocean (Figure 2) is characterized on its surface
by the Subtropical Gyre of the South Atlantic, being maintained concomitantly by the
geostrophic circulation and the action of the winds on its surface, being very similar in
shape and extension to the subtropical atmospheric gyre that sits on it. The gyre reaches

depths of 500 to 100m, with decreasing speeds (Cirano et al., 2006; Garzoli & Simionato,



1990a; Peterson & Stramma, 1991; Silveira et al., 2000).
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Figure 2: Simplified diagram of the graphic representation of currents and ocean circulation for the West sector of the
South Atlantic, adapted from Peterson & Stramma (1991). The scheme was structured in an image that shows the
variation of the sea surface temperature in °C using data from ERA5 and considering the day 06/01/2020 at 6 pm.

The South Atlantic Subtropical Gyre is bounded on its western edge by the Brazil
Current (BC), a Western Boundary Current originating from the bifurcation of the South
Equatorial Current around 10°S, with relatively warm waters that lose heat as it flows
South along with the break of Brazil's continental shelf, to the region of the Brazil-
Malvinas Confluence (BMC). It is a low-intensity current when compared to other
Western Boundary Currents (Campos et al., 2000; Peterson & Stramma, 1991; Silveira et
al., 2000). Gozzo et al. (2014) point out in their analysis that the hot water of BC, together
with the influence of the Andes, is one of the mechanisms responsible for the cyclogenesis

of subtropical cyclones.

In the Southwest of the South Atlantic, a contiguous area to the coast of
Argentina, near latitude 38°S, the Brazil-Malvinas Confluence occurs. BMC is positioned
in an area where there is an intense passage of storms. It’s an area that faces the meet
between a warm current (BC) and a cold one (MC) (stramma 1991). Besides that, this
region is an area that interacts with the air mass from the continent, generating
temperature instability which results in the induction of fronts, cold and hot air masses,
and transient systems that are being conducted from the Southern and Pacific oceans to
the South Atlantic Ocean (Campos et al., 1999; Pezzi et al., 2016).

The BMC is considered one of the most energetic regions of the South Atlantic,

10



being the result of a confluence between the Brazil Current (BC) and the Malvinas
Current (MC) (Chelton et al., 1990). On the one hand, BC arises from lower latitudes with
temperatures higher than 20°C, on the other hand, the MC arises from higher latitudes,
but it is a current with temperatures lower than 16°C, and it becomes less saline with the
contribution of the Rio da Prata estuary (Evans & Braun, 2012; Garzoli & Simionato,
1990b). Click or tap here to enter text.

Palmeira et al. (2015), using climate models, show the relationship between the
SST and the depth of the oceanic mixture layer, concentrating their analysis close to the
coast of Brazil and the BMC. In addition to that, they also observed in their study that the
passage of low pressures resulted in a narrowing of the layer and that in these cases, the
temperature showed an elevation even if slight. Cataldi et al. (2010) identified the
occurrence of positive SST anomalies in the BMc region that result in the intensification

of transient low-pressure systems.

Dong et al. (2011) suggest in their work that the convergence of heat occurs
through interoceanic exchanges, where the heat supply of the Indian Ocean is about twice
that of the Pacific Ocean, playing a unique role in transporting heat to the South Atlantic
Ocean. Forget, and Ferreira (2019) reinforces that the Atlantic Ocean, as well as the
Pacific Ocean, play a unique role in the distribution of heat across the equator despite the
lack of symmetry between the Northern and Southern hemispheres where the South

Atlantic Ocean has a larger oceanic area.

The presence of the wind changes the origin of the heat that flows into the
Atlantic, thus establishing a heat transport connection between the Atlantic and the Indo-
Pacific around the southernmost portion of Africa. Without the wind as a force, heat
transport flows to the Atlantic from the circumpolar channel along the East Coast of South
America (Corell et al., 2008).

Sterl & Hazeleger (2003) concluded that SST anomalies are generated through
the interaction between atypical winds and atmospheric pressure, where changes in the
latent heat flow are caused by changes in wind speed and abnormal advection of
atmospheric heat. Reboita et al. (2019) identified that the heating of SST contributes to
both the formation and intensification of cyclones due to the increase in turbulent heat
flows from the sea to the atmosphere. Chan et al. (2001) claim that in addition to ocean
conditions, the atmosphere is a determining factor in the generation and intensification of

cyclones and that oceanographic and atmospheric factors may not be independent of each
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other.

Studies as presented by (Venegas et al., 1996), Pezza and Ambrizzi (2003),
Pezzaetal. (2007), and Bombardi et al. (2014) suggested in their work a close relationship

between SST anomalies and cyclone intensity and frequency occurrences.

The atmosphere is highly sensitive to interactions with the sea surface, and its
movement is directly connected to its response to atmospheric pressure due to the heat
exchange between the surface and atmosphere, whether it be aquatic or continental. The
air tends to move from regions of higher pressure to regions of lower pressure in search
of homogeneity. The SST, evaporation rate, planetary vorticity (Coriolis Force), among

others, are influencing factors in this movement Lutgens and Tarbuck (2016).

The South Atlantic is bordered in its Western portion by South America, in the
Eastern portion by the African continent, and flanked by the Pacific, Indian, and Antarctic
Oceans. In addition, it receives influences from said areas in its currents and heat
transport, as well as ocean-atmosphere interactions, thus making SST anomalies observed
in these regions capable of modulating not only a large part of the interannual climate
variability but also the cyclogenetic processes acting on it (Corell et al., 2008; Nobre &
Srukla, 1996; Pezzi et al., 2016; Rehbein et al., 2018).

The variability of SST has been the focus of several studies, mainly SST
anomalies for the Pacific and Equatorial Atlantic regions (whether positive or negative)
tend to influence atmospheric dynamics, moisture supply, and consequently, rains in
sensitive agricultural regions of southern Brazil. Strong SST gradients, including intense
positive flows of sensitive and latent heat, in addition to moisture from the ocean surface
to the atmosphere, contribute to the intensification of cyclogenesis (Dal Piva et al., 2008;
Gan and Rao, 1991; Holland et al., 1987; Sinclair, 1994b; Sutil et al., 2019).

2.3 CYCLONES

Cyclones, or low-pressure systems, are characterized by an area in the
atmosphere whose pressure is lower when compared to other areas in its surroundings at
a height gradient equivalent (Jones & Simmonds, 1993). Despite their genesis and
development in situations of temperature instability associated with strong winds, their

existence aims at atmospheric stability and homogeneity (Orlanski & Katzfey, 1991;
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Robertson & Smith, 1980). During the life cycle of a system, several forces tend to act on
it: the Coriolis force, which is responsible for the direction of circulation (clockwise in
the Southern Hemisphere); the pressure gradient, which promotes the displacement of the
system; and the frictional force, a force that acts as an energy sink, decreasing the intensity
of the winds.

Studies with the goal of determining cyclone climatology, identifying their
positions and trajectories have been carried out since the 1950s (Fujita, 1955). These
studies were carried out using everything from synoptic pressure charts to the surface
(Taljaard, 1967) to automatic schemes, which use data of surface pressure, geopotential
height, relative vorticity, or surface temperature (Hodges, 1995; Murray & Simmonds,
1991; Reboita et al., 2010; Sinclair, 1994).

Cyclone classification is associated with the regions of their genesis and
performance, in addition to the energy source that maintains them, being then classified
as extratropical, subtropical, and tropical (Pezza et al., 2007; Reboita et al., 2010; Sinclair,

1994). In this work, extratropical cyclones and their characteristics are presented.

2.3.1 EXTRATROPICAL CYCLONES

Extratropical cyclones (EC’s), as the name implies, form in regions far from the
tropics and are generally associated with frontal systems that have an intense temperature
gradient (Bjerknes, 1919; Bjerknes & Solberg, 1922). They are low-pressure systems that
have a hot and humid ascending air center that, when in contact with the cooler air layers,
gain speed and descend, generating a large shear of winds moving across the ocean

surface, as can be seen in Figure 3.
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Figure 3: Scheme proposed by Bjerknes in 1919, designing the development of a cyclone for the Northern Hemisphere.
Source: Bjerknes (1919).

The scheme proposed by Bjerknes & Solberg (1922), also called Norwegian School
Theory, shows that a cyclone undergoes several changes in its life cycle from its genesis
to its lysis, with defined stages where two distinct air masses, the polar and tropical,
interact with each other (Figure 4). The scheme proposes that the dense polar air is
moving to the West, while a current of hot air from the tropics moves to the East.
Furthermore, it determines that if there is rising hot air, the cyclone still has the potential
energy to develop (from a to e). However, when it becomes a vortex with homogeneous
air temperature, there will be no potential energy available to be converted into Kinetics,

hence the cyclone tends to weaken and disappear.

Bjerknes & Holmboe (1944) showed how the divergence pattern at higher levels

promotes changes in pressure at the sea surface level. Such analysis can be evidenced
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through the equation of the surface pressure trend (Equation 1).

ap- 3
ot

~9J, V-u (o V-)dz
(Equation 1)
where, V — , .(p V =) represents the wind’s horizontal divergence, g represents gravity

acceleration, and p air density.

Sutcliffe (1947) established equations describing cyclones' development for a
quasi-geostrophic system, considering the variation in surface pressure. His study
proposed the combination of the temporal variation of the absolute vorticity at the level
of 1000 hPa (indicating the presence of cyclones or anticyclones) with different factors:
the vorticity advection at 500 hPa, the temperature advection in the layer between 1000

hPa and 500 hPa; with variation by vertical movement and adiabatic heat sources.

Petterssen et al. (1955), continuing with the research carried out by Sutcliffe
(1947), revised the equation for the development of cyclones and anticyclones, including
the effect of adiabatic heating and cooling. They determined in their work that the
development of cyclones occurs where and when the advection of absolute cyclonic
vorticity - this being proportional to the mass divergence - in 500 hPa is superimposed on

a baroclinic zone at low levels.

Petterssen and Smebye (1971) classified cyclones according to their
development, dividing them into type A: a frontal wave that has its genesis resulting from
a baroclinic instability and initially does not have an associated front; and type B: its
genesis is associated with a pre-existing upper air cavity, with strong vorticity advection
and little heated advection, which may or may not be associated with a front. The
classification of type C cyclones was carried out later by Radinovic (1986), where its
genesis associated with the effects of orographic blockages, which in its turn is associated

with increased baroclinicity, also known as cyclones to the leeward of mountains.

The advancement in numerical modeling and meteorological observations
allowed Shapiro and Keyser (1990) to deepen the analysis in the model proposed by
Bjerknes and Solberg (1922), describing a model for the development of extratropical
cyclones that present slight differences from the one proposed in 1922. Although its
genesis is similar, its development and lysis have different characteristics: in the model
proposed by Shapiro and Keyser (1990), whose scheme can be seen in image 5, the cold

front remains perpendicular to the hot front (111 and IV in the scheme), while the cold
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front in the scheme proposed by Bjerknes and Solberg (1922) is longer and “coils” around
the warm front. Another difference is that hot seclusion in cyclones like Bjerknes and
Solberg (1922) occurs at the beginning of cyclogenesis, whereas in cyclones like Shapiro

and Keyser (1990), it occurs more towards the end of the cyclone's life cycle.
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Figure 4: Conceptual models of the life cycle of an extratropical cyclone for the Southern Hemisphere, where the
scheme classified from “a” to “e” was proposed by Bjerknes & Solberg in 1922, while the scheme from “I” to “IV”
was proposed by Shapiro & Keyser in 1990. Adapted from Bjerknes & Solberg (1922) and Shapiro & Keyser (1990)
by the author.

Although they describe different schemes for cyclogenesis and extratropical
cyclones, the schemes proposed by Bjerknes and Solverg and by Shapiro and Keyser do
not cancel each other out. Reboita et al. (2018) carried out a survey in case studies where
they presented the synoptic characteristics described by both authors, then extratropical
cyclones of the type Bjerknes and Solberg (1922) and cyclones of the type of Shapiro and
Keyser (1990) were identified.

Extratropical cyclones play an important role in the transport and distribution of
heat and humidity in the atmosphere, thus contributing to the maintenance of the global
climate. Gan and Rao (1994) found evidence that cyclogenesis in SA is more (less)
intense during Winter (Summer), and afterward, Gan (1992) identified that the spatial
distribution of cyclones in SA, their trajectories and frequency are the result of the
orographic influence at the area of the Andes (where there is a displacement of a trough

in the middle troposphere) and its contrast in relation to the ocean and the continent.

Another influencing factor in extratropical cyclones is jet currents, characterized
as a concentrated and irregular band of wind that tends to influence meteorological
systems on the surface. Hurrell and Deser (2009) identify that the changes of the jets
interfere in the intensity of storms, as well as in their traced "path”. Such currents

influence the formation of cyclones, with zones of low pressure in their troughs and zones
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of high pressure in their crests. They are the Subtropical Jet, the Polar Jet, and the Low-
level Jets. These jet currents at the upper levels are associated with intense horizontal

temperature gradients at medium and higher latitudes.

The Subtropical Jet flows between latitudes 20°S to 40°S and has a certain
constancy in its position, with predominance in seasonal medium wind fields. Its
positioning and intensity are conditioning factors for the displacement of frontal systems,
where the persistent presence of high-pressure systems associated with the deviation of
the jet current constitutes the occurrence of an atmospheric blockage (Rodrigues &
Woollings, 2017). Woollings et al. (2018) point out in their study that in relation to HS,
less intense (and slower) subtropical jets have a greater latitudinal amplitude, being able
to point more to the North or South, while more intense (and faster) jets, tend to
concentrate more in the center of its range, close to the jet's climatological position. In

addition, they conclude that this range is greater during the Winter season.

The Polar Jet has its position quite variable over a wide range of mid-Ilatitudes,
between 30°S and 70°S, and is associated with a strong temperature gradient. Both the
Subtropical Jet and the Polar Jet have seasonal variation, distancing themselves
(approaching themselves) more from the equator during Summer (Winter). Physick
(1981) associates polar jet currents with cyclogenetic regions for the South Atlantic, and
later, Trenberth (1991) identified an increase in the number of storm trails associated with

polar jets during Winter.

The Low-level Jet flows East of the Andes, extending from the Amazon region
to the Rio da Prata Basin and can be observed throughout the year, has greater intensity
during the Southern Summer, and its existence is associated with the topography of the
continent. During winter, the Low-level Jets are usually associated with the position and
intensity of the ASAS (Marengo et al., 2004).

In addition, the presence and position of the Low-level Jets help to modulate the
ZCAS during the Southern Winter, when the jets are located further south, merging with
the ZCAS, intensifying them (Marengo, 2002; Seluchi & Marengo, 2000). Ferreira et al.
(2003) has concluded that in the event of ZCAS events, the Low-level Jets flow to
Southeastern Brazil, and in their absence, they tend to flow towards the Rio da Prata basin.
Hoskins and Hodges (2005) identified that Low-Level Jets that are present in the Andes

tend to influence cyclogenesis in South America.
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2.3.2 SUBTROPICAL OR HYBRID CYCLONES

Subtropical or hybrid cyclones are those that can have their genesis as a
subtropical system throughout their life cycle or change from tropical to extratropical and
vice versa, therefore presenting a hybrid phase. They are categorized as hybrid systems
because they have both the characteristics of tropical and extratropical. They have a cold
core at high levels like extratropical cyclones and hot at low levels like tropical ones

without having an associated front (Evans & Braun, 2012; Gozzo et al., 2014).

Subtropical or hybrid cyclones are systems considered to be of less intensity,
whereas they do not have a closed low-pressure center. They were not detected by (Gan
and Rao, 1991). Hoskins & Hodges (2005) identified the development of “weaker”
casualties, and later, Reboita et al. (2010) confirmed the presence of "superficial”
casualties on the Southeastern coast of Brazil. Reboita et al. (2018), using the subtropical
systems identified by the Brazilian Navy, analyzed through a case study, from the genesis
to the lysis of a subtropical cyclone, confirming its hybrid characteristics by presenting
tropical cyclone characteristics (local, latent, and sensitive heat sources) with a hot inner

core and extratropical (cold core at higher levels).

In general, studies indicate that subtropical cyclones are formed associated with
the presence of a trough or an Upper Tropospheric Cyclonic Vortex (UTCV). Gozzo et
al. (2014) showed in their analysis that among the main characteristics associated with
subtropical cyclones in the Southwest of the South Atlantic Ocean is the presence of a
dipole-type blocking pattern, that is, there is a crest or a rise on the polar side of the
UTCV. It is worth mentioning that subtropical cyclones have a hot core that is shallower
than the tropical ones, thus preventing the system from being maintained only by the
feedback mechanism between the circulation and the heat flows of the ocean (Gozzo et
al., 2017; Reboita et al., 2018).

2.3.3 CYCLOGENESIS AND ASSOCIATED FACTORS

Cyclones are usually classified according to their genesis conditions as Tropical,

Subtropical, and Extratropical. This simplified definition is given following the idea that
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zones between the same latitude vary around the globe correspond to an environment of

similar genesis (Reboita et al., 2018).

The term cyclogenesis is used to characterize the change in atmospheric surface
pressure that results in the formation of cyclonic (or anticyclonic) circulation. The genesis
stage includes the development of the atmosphere for the formation of the cyclone,
evolving from the tropical disturbance stage to the tropical depression stage. Once the
tropical depression stage has been reached, the genesis processes are finished, and any
further development is considered an intensification of the cyclone Gray (1982) considers
that for cyclogenesis to occur, an external process must act on an area or system.
However, when analyzing stages of intensification, the internal processes of movement

and advection of energy are dominant.

Among the genesis processes of a system that may originate a cyclone, baroclinic
instability stands out, is considered the primary mechanism for the development of an
extratropical cyclone Bjerknes & Solberg (1922). Baroclinic instability is responsible for
converting potential energy into kinetic energy. Directly, the differential heating of the
equator associated with the potential energy available and the vertical shear of the wind
promote the necessary instability for the generation of a system. Charney (1947) and Eady
(1949) demonstrated in their research that a vertically sheared zonal flow ranges from
unstable to small disturbances, correlating the development of the mid-latitude cyclone

to baroclinic instability.

In the Rio da Prata basin region, at approximately 35°S, the cyclogenesis itself
results from the baroclinic instability associated with the presence of the jet (polar or
subtropical, depending on the time of year), in addition to being influenced by the
orography since it is located to the leeward of the Andes Mountains (Rocha et al., 2016).
Gan et al. (2020) show that the baroclinic effect was considered one of the most important

contributors to the development of cyclones.

As the South/Southeast coast of Brazil is bathed by the warm waters of the
Current of Brazil, the transfer of latent and sensitive heat from the sea to the atmosphere
often acts as an additional adiabatic source in cyclogenesis Reboita (2009). Evans &
Braun (2012) determine that 75% of the genesis of the cyclones analyzed occurred in a
region with a higher temperature of BC. Reboita (2008), in her analysis, reinforces that

in the absence of these latent and sensitive heat flows, cyclones tend to be weaker.
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As previously discussed, there are numerous factors that contribute to and
influence the genesis and route of a cyclone. The results for identifying the influencing
factor depend on the data set and physical parameters observed in the analysis (Pinto et
al., 2016). Despite this, the passage of cyclones and anticyclones on the globe is a climate
modulator/regulator, and that short- and long-term climate changes tend to influence
extreme events, reinforcing the need for understanding about cyclone genesis and

behavior.

24 DATA ACQUISITION AND PROCESSING

241 BRAZILIAN NAVY DATA

The Brazilian Navy releases a synoptic chart (Figure 5) twice a day determining
the position of cyclones and anticyclones present in the South Atlantic, in addition to the
present and associated fronts, convergence zones, troughs, and any other instability
pointed out by the models and/or observations made by meteorologists involved in the
elaboration of the chart (Brasil, 2018). These synoptic charts cover latitudes ranging from
20°N to 70°S and from 90°W to 0°W, comprising the Caribbean Sea and South Atlantic.
Included in this vast area is the geographical sea region known as METAREA V, which
begins on the Brazilian coastline (north at the border with French Guiana and south at the
border with Uruguay) and ends at 20°W.
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Figure 5: Synoptic chart referring to 1 June 2020 at Midnight, issued by the Brazilian Navy and obtained on the
https://www.marinha.mil.br/chm/dados-do-smm-cartas-sinoticas/cartas-sinoticas  (Brasil 2020a). Last access:
18/07/2020.

In the synoptic charts, isobaric lines are observed - lines of the same atmospheric
pressure - where the pressure is the reduced value for sea level. The symbology present
in the synoptic charts is described from some letters and symbols, as shown in image 8

(Brasil, 2020). The letter A corresponds to a region of high pressure (anticyclonic area),
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and the letter B corresponds to a region of low pressure (cyclonic area). In addition to the
letters, there are some symbols that indicate the presence of fronts and others that indicate

areas of instability.
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Figure 6: Symbology used in the synoptic charts elaborated by the Brazilian Navy.

The historical data of the synoptic charts used for the analysis of this work was
partly provided by the Brazilian Navy, and another part was obtained from a script to
automatically collect the letters made available by the Brazilian Navy Hydrographic

Center (CHM) available through the website of the Brazilian Navy?.

The charts include isobars and a symbological system of letters and symbols in
which "B" corresponds to an area of low pressure, the level of which is also noted on each
chart. To identify the life cycle of individual cyclones, a single designator was created for
each cyclone in which the letter B was followed by the year, month, day, and time of the

initial occurrence of each event. This designator was maintained on subsequent charts

2Synoptic charts of the Hydrographic Center of the Brazilian Navy (CHM) are available at the Brazilian
Navy website: https://www.marinha.mil.br/chm/dados-do-smm-cartas-sinoticas/cartas-sinoticas.
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through cyclolysis. The region marked on the chart by the MB was identified as the center
of the cyclonic region, and latitudinal and longitudinal positions and changes in pressure
were recorded for each time step. Since the charts are in graphic format (rather than the
digital/gridded form), the only way to track cyclones from the MB synoptic charts is
manual documentation, i.e., by visually identifying and hand-inputting the coordinates

after viewing the total of 8,000+ such charts.

Aiming for objective identification of the cyclone’s life cycle in the interval
between the years 2010 and 2020, simple markings were made on the synoptic charts
using the PowerPoint software, where it was also possible to monitor the occurrence of
fronts. A single nomenclature was used for each cyclone and anticyclone in the chart, in
addition to methods for classifying the characteristics observed considering only those
that appeared between latitudes 10°S and 60°S, and longitude 90°W to 0°W, where:

For system nomenclature, the letters B were used for low-pressure regions and A
for high-pressure regions, followed by the year, month, day, and time of the letter's
emission, in addition to a letter indicating the cyclone's genesis order. Ex.: B200530A
(low-pressure region identified).

If the cyclone remained in the following synoptic charts, the nomenclature
received was maintained until its moment of lysis (disappearance of the system).

The region marked on the chart by the Brazilian Navy was identified as the center
of the cyclonic region, which was then marked as the latitude and longitude position of
the cyclonic center.

Next to the cyclonic center identified by the Brazilian Navy, there is also the

pressure value in that region, identified as the internal pressure of the system.

242 ERAS

European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5
(ERAS5) is the most recent reanalysis produced by ECMWEF, available from the
Copernicus Climate Change Service (CS3) (Hersbach et al., 2020). The atmospheric
variables used in this work are on a horizontal grid of 31 km (0.25° x 0.25¢), the highest
resolution of its kind. While different timesteps are available, 12-hour outputs were used

to best align with the MB's synoptic charts, while a longer time series, from 1 January
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1979 to 31 December 2020, was employed. Thus, ERADS significantly extends the period
of record of the MB archive.

The variables used for the identification of low-pressure centers at sea level were
mean sea level pressure, U wind, and V wind. Streamlines were used to guide the
identification of the center of each system, which was recorded in longitude and latitude
along with the associated pressure. To be consistent with the MB case tracking, cyclones
were also identified manually with a graphic interface enabled by the software GrADS
(Figure 7).
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Figure 7: Interface of the tracking script using GrADS.

Looking to objectively identify the systems, a few criteria were used: have a closed isobar
and continue in a logical path. Additionally, for the ERA5-identified events, any system
that did not last for 48 hours and reach the coast was excluded. The resulting dataset

included the longitude and latitude position, internal pressure, displacement velocity,
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wind max around the center (which was not used in this analysis) of each individual

system at 12-hour intervals across its lifespan.

Quantitative statistical analysis using software MATLAB was performed, seeking
to evaluate the numbers related to the occurrence of cyclones over time and days for their
lifetime. Monthly and annual averages were taken to evaluate the occurrence of cyclones,
frequency histograms to raise the frequency of cyclonic occurrences, in addition to the
calculation of the displacement velocity of the cyclonic center. In addition to statistical
analyses using GrADS, climatological analyzes and variability related to cyclonic genesis
were carried out to identify which components contribute to the genesis of cyclones for

the South Atlantic. The information collected is shown in Table 1.

Table 1: Collected information to build the tracking dataset.
LABEL MB ERA
Date and hour o (YYYY+MM+DD+hh) (YYYY+MM+DD+hh)

(B + yymmdd + genesis order) e.g.:

Cyclone Identification Case Number, e.g., 79125

B200527A
Latitude (S) Latitude position of the marked Latitude position of the center
center by Brazilian Navy as B indicated by streamlines (fig 8)
. Longitude position of the marked Longitude position of the center
Longitude (W) center by Brazilian Navy as B indicated by streamlines (fig 8)

To identify the cyclone displacement speed, the distance covered by the cyclone was
analyzed, considering its initial latitude/longitude and its position in the following period.
This distance was calculated in degrees and later converted into kilometers and divided
by 12 hours (the total hours of coverage of a synoptic chart issued by the Brazilian Navy
and chosen for tracking) to obtain a result in kilometers displaced by hour.

2.5 CATEGORIZATION OF CYCLOGENESIS

Coastal events were categorized as such if they were generated over the Atlantic
or nearly 2 degrees of longitude from the continental coastline. Cyclonic events that
generated beyond 2 degrees to the west of the coastline were classified as lee cases. This

was a subjective decision based on the irregularity of South America coastal line. Given
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the vast latitudinal range of the South America coastline and the Andes, events were
further classified by latitude. Northern events were those that formed between 10°S and
30°S; central events formed between 30°S and 45°S; southern events formed between
45°S and 55°S, as previously described in other studies (Crespo et al., 2021;
Gramcianinov et al., 2019; Reboita et al., 2018). However, southern lee cyclones were
excluded from the composite analyses because Pacific transient waves that are common
at similar latitudes can make it difficult to distinguish cyclogenesis events from passage
ones. Coastal north cyclones were excluded from the analysis due to low numbers and
variability over time, indicating no changes through the seasons.

To better understand the climatology and variability of these systems over time,
monthly average data from ERA5 was additionally utilized. The variables to depict the
climate mean states included sea surface temperature (SST) and U wind and V wind
reanalysis estimates at 200, 500, 700, 850, 925, and 1000 hPa. To create a composite data
picture, the years with the highest and lowest genesis event values were selected for each
of four locations: lee (north and central) and coastal (central and south).

To understand seasonal variability, the data was spread into warm (Nov-Mar or
NDJFM) and cold (May-Sep or MJJAS) periods based on austral seasons: Summer
(December, January, and February), Autumn (March, April, and May), Winter (June,
July, and August) and Spring (September, October, and November). For annual
composites, a July-June year was used. To identify wind anomalies, the average of

selected years was subtracted from the climatology (Table 2).

Table 2: Years included in the composite analysis for different regions and types of cyclogeneses. An up-facing arrow
in the 1st column indicates years with higher numbers of ECs, while a down-facing arrow indicates years with lower
numbers of ECs.

LEE COASTAL
1981, 1982, 1983, 1984, 1985,
ANNUAL 1 2000, 2002, 2003, 1992,1993,1994,1995, 2016, 2017, 2018,
2019, 2020.
ANNUAL | 1980,1981,1994, 2015, 2016. 1989, 1392, 1997, 2004, 2005, 2007,

2010.

1981, 1982, 1983, 1991, 1992, 1993,

NDJFM 1 2000, 2001, 2002, 2003, 2004, 2005. 2018, 2019, 2020.

1980, 1983, 1985, 1995, 2001, 2016, 1980, 1990, 1993, 2002, 2007, 2010,

DNIDARERAL | 2020. 2012, 2017.
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1984, 1985, 1986, 1987, 1995, 1996,

MIJAS 1t 2002, 2003, 2004. 1097, 2018, 2019, 2020,

1989, 1991, 1996, 2003, 2004, 2006,

MIJJAS | 1981,1994, 1995, 1996, 2013, 2016. 2009

The stream function (Equation 2) was calculated to demonstrate the potential of

relative vorticity (C) for the period analyzed to depict the large-scale circulation features.

(y = V)

(Equation 2)

26 CYCLOGENESIS MECHANISMS

To help identify the mechanisms driving cyclogenesis that led to Andes’s lee
and coastal cyclogenesis, parts of the vorticity budget were calculated for both areas. The
vertical vorticity within a mesoscale convective vortex is originated from the combination
of some terms: (a) horizontal advection of absolute vorticity, (b) vertical advection of
relative vorticity, (c) convergence of absolute vorticity, (d) tilting of horizontal vorticity
by horizontally varying vertical wind, and (e) horizontal baroclinity. The vorticity budget

equation can be observed at (Equation 3, where:
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ow w
+ (g T n@) + sy )]

(d) (e)
(Equation 3)

Where ¢ (¢, n, Q) is relative vorticity, V (u, v) is horizontal wind, w is vertical
wind, f is the Coriolis parameter, and Jxy (p, x) is the two-dimensional Jacobian of

pressure, p, and specific volume, .
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Some of those terms were used to analyze the mechanism that leads to
cyclogenesis. The vorticity generation due to horizontal vorticity advection (Equation 4)
was calculated using the 500 hPa wind, where f is the Coriolis parameter and V represents

the vector wind.

ALV, -VV(f 0]

(Equation 4)
To account for the differences in elevation where lee and coastal events were
generated, the vorticity generation due to vortex stretching (Equation 5) was computed
using the integration of wind at 500 hPa, 700hPa, and 850 hPa for lee cases and 850 hPa,

925 hPa and 1000 hPa for coastal cases.

AV, -f VsV]

(Equation 5)

3 RESULTS

3.1 GENERAL CLIMATOLOGY OF SOUTH AMERICA-BORN CYCLONES

The spatial distribution and trajectories of extratropical cyclones identified in the
ERAGS reanalysis are shown in figure 8 for lee cases and figure 10 for coastal annual
cases, along with the MB's annual tracking data in figure 9 and figure 11. The two
climatologies are broadly aligned in that event origins, shown in black dots, suggest that
favorable conditions for instability are quite localized between 20°S and 45°S. Both
datasets also agree that whether lee or coastal in origin, these storms customarily move

southeast toward and across the South Atlantic Ocean.
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Figure 8: Genesis locations (shown in black dots) of lee cyclones and storm tracks from ERAS reanalysis for all

cyclones included in this study for Annual analysis.
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Figure 9: Genesis locations (shown in black dots) of lee cyclones and storm tracks from the Brazilian Navy for all

cyclones included in this study for Annual analysis.
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ERA Tracking “Annual’ — Coastal Area
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Figure 10: Genesis locations (shown in black dots) of coastal extratropical cyclones and storm tracks from ERA5
reanalysis for all cyclones included in this study for Annual analysis.
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Figure 11: Genesis locations (shown in black dots) of coastal extratropical cyclones and storm tracks from the
Brazilian Navy for all cyclones included in this study for Annual analysis.

Moreover, both datasets agree on the spatial distribution of cyclone intensity for

all periods analyzed, with more intense cyclones (noted by lower values of mean sea level
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pressure) found at lower latitudes. As interannual variability, like the Antarctic

Oscillation, can have a strong influence on the strength and location of the polar jet stream

and regional baroclinicity (Gan et al., 2020), the longer record of tracking in ERA5

provides a better climatological perspective. The path of the systems seems to follow

south-west directions, and how much near to the coast, higher the internal pressure of

those systems seems to be, deepening internal pressure when the system moves away

from the mainland. This behavior is shared by the systems identified in both datasets.
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Figure 12: Genesis locations (shown in black dots) of lee cyclones and storm tracks from ERA5S reanalysis for all

cyclones included in this study for warm period analysis.
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MB Tracking “NDJFM” — Lee Area
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Figure 13: Genesis locations (shown in black dots) of lee cyclones and storm tracks from Brazilian Navy reanalysis

for all cyclones included in this study for warm period analysis.

32



ERA Tracking “NDJFM” — Coastal Area
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Figure 14: Genesis locations (shown in black dots) of coastal extratropical cyclones and storm tracks from ERA5
reanalysis for all cyclones included in this study for warm period analysis.

MB Tracking “NDJFM” — Coastal Area

0°:
' g 1010
10°S - \ ‘ 1000
\ . 5990
20°S 980
-970
30°S
- 960
40°S 950
3
: 940
50°S - &
930
60°S == ! ' = 920
80°W 65°W 50°W 35°W 20°W 5°W

Figure 15: Genesis locations (shown in black dots) of coastal extratropical cyclones and storm tracks from the
Brazilian Navy for all cyclones included in this study for warm period analysis.

The ERAS5 and the MB datasets disagree on the total number of cyclonic events,

with the ERAS analysis suggesting about 38 events per year (across 42 years of data) and
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the MB records indicating about 81 events per year (across 11 years) (Figure 20 a, C vs.
Figure 20 b, d). These data also disagree on which meteorological season results in the
largest number of lee cyclones, with disparate findings in both the three-month seasons
and the five-month warm and cold periods. The difference was expected due to the
difference in temporal resolution and methodologies of systems identification.
Comparing warm to cold periods, the warm period seems to present fewer lee genesis
events, shown in figure 12 and more coastal events (Figure 14). An opposite behavior
can be seen during cold period analysis (Figure 16) where lee cyclogenesis seems more
expressive when compared to coastal cases (Figure 18). This is reinforced by the

genesis numbers in figure 20.
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Figure 16: Genesis locations (shown in black dots) of lee cyclones and storm tracks from ERA5S reanalysis for all
cyclones included in this study for cold period analysis.
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Figure 17: Genesis locations (shown in black dots) of lee cyclones and storm tracks from Brazilian Navy reanalysis
for all cyclones included in this study for cold period analysis.
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Figure 18: Genesis locations (shown in black dots) of coastal extratropical cyclones and storm tracks from ERA5
reanalysis for all cyclones included in this study for cold period analysis.
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MB Tracking “MJJAS” — Coastal Area
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Figure 19: Genesis locations (shown in black dots) of coastal extratropical cyclones and storm tracks for the Brazilian
Navy for all cyclones included in this study for cold period analysis.

These discrepancies might also stem from methodological approaches in tracking,
as we applied to the ERAS data a requirement for an EC to persist for at least 48 hours
and translate from the land surface to the ocean. Besides that, both datasets agree in
genesis location and cyclone path, showing the same concentrated area independent of
the analyzed period.

The MB track picked up more disturbances that didn't meet this threshold,
potentially resulting in different frequency distributions. This discrepancy is expected
because of several non-scientific reasons: 1) the officers who analyzed the daily weather
were not the same day-by-day causing discontinuation of weaker cases, and Il) coarse
station readings led to imprecise interpolation of pressure analysis when hand-drawing
the charts. Nonetheless, the overall climatologies among the two data sources are in good

agreement.
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Figure 20: Numbers of genesis events for lee (a, b) and coastal (c, d) extratropical cyclones along with storm tracks
for ERAS reanalysis (a, ¢) and from the Brazilian Navy (b, d) for all seasons, including warm and cold period, and
annual total.

In the case of coastal cyclones, the seasonal relationships are more consistent
between the two datasets. Both tracking methods agree that more ECs occur in December
through February than in other seasons. Coastal ECs are also much more frequent than
lee ECs in both the ERA5 and MB records. Other studies have highlighted the lack of a
prominent seasonal cycle in South American cyclogenesis (Mendes et al., 2007;
Satyamurty et al., 1990) and have even shown higher cyclone frequencies for the cold
season, but these efforts have tracked cyclones over a relatively short time period (~10
years) (Gan & Rao, 1991). The lack of a prominent seasonal cycle may be associated with
transient waves, which are prominently featured in the precipitation field for austral
summer (Garreaud & Wallace, 1998).

The pace at which a cyclone moves across the Earth's surface, known as
displacement speed, is important for forecasting the weather impacts associated with

developing ECs and for describing general cyclone behavior. For ECs captured in the
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ERADS analysis, displacement speeds generally ranged between 20 and 50 km/h but, in
some cases, exceeded 150 km/h, which is considered explosive cyclogenesis. In general,
these speeds closely match the Brazilian Navy tracks, which helps validate the ERA5
tracking method and supports the relatively short MB-based climatology.
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Figure 21: Displacement speeds for lee (a, b) and coastal (c, d) cyclones, calculated by the difference between the
location of genesis and the position of the cyclone twelve hours later. Displacement speeds for ERA5 cyclones (3a, c)
are shown in relation to Brazil for the annual period.
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Figure 22: Displacement speeds for lee (a, b) and coastal (c, d) cyclones, calculated by the difference between the
location of genesis and the position of the cyclone twelve hours later. Displacement speeds for ERA5 cyclones (3a, ¢)
are shown in relation to Brazil for November through March.
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Figure 23: Displacement speeds for lee (a, b) and coastal (c, d) cyclones, calculated by the difference between the
location of genesis and the position of the cyclone twelve hours later. Displacement speeds for ERA5 cyclones (3a, ¢)
are shown in relation to Brazil for May through September.

To examine whether regionality impacted the alignment of ERA5 and MB data,
we grouped the coastal cyclones into different sub-regions, following the regions
identified by Reboita et al. (2010, 2017), Graciamnov et al. (2020), and Crespo et al.
(2021). While an agreement is higher for certain locations, we still see differing frequency
characteristics between the two datasets, notably in coastal North and coastal south cases.
However, the spatial distribution of storm tracks, displacement speeds, and seasonality of
our tracked storms provide a consensus on the behavior of extratropical cyclones in these
sub-regions. With this climatological record of ECs, we can analyze the general
circulation features associated with anomalously high numbers or low numbers of storms

for a given year.
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The ~40-year history of cyclone frequency is shown in figures 24, 25, and 26.
While the inter-annual variability during the overlapping period of MB and ERA5
appears agreeable, there are no discernible trends in the ERAS records. This is also true
for the subregions of coastal cyclogenesis, which have prominent variability in
frequency but lack a distinct long-term trend, underscoring the need to better

understand the impact of natural climate variability on cyclogenesis in the region.
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Figure 24: Annual frequency of ECs for lee (a), coastal north (b), coastal central (c), and coastal south (d) cyclogenesis
for the annual period using ERA5 data (blue line) and MB (red line). Y labels show cyclone genesis numbers for both
datasets.

For the warm (Figure 25) period, we find an anticorrelated relationship for lee

cases and part of coastal central cases, but well correlated for coastal north and south,

42



reinforcing what was previously analyzed for annual mean. The colder period (Figure 26)
shows a better-correlated relationship, even if MB presents a larger number of cases. In

all analysis, coastal south present the same pattern.

43



Lee Cases - NDJFM

60

a)

50
5

45 Z

40 &

55
35
30

T N O ®®OT N O
- - -

S vd3

0202
6102
8102
L102
902
Sioe
vioe
€1oe
cLoe
LL02
oLoz
6002
8002
002
9002
S002
002
€002
c00e
1002
0002
6661
8661
661
9661
S661
V661
€661
2661
1661
0661
6861
8861
1861
9861
S861
861
€861
2861
1861
0861

Years

14

Coastal North Cases - NDJFM

AneN ug

o
- 0 © T N O

OCOONOULTMON~O

—~

o]

S vd3

0202
6102
8102
L102
9102
sioe
vioe
€loe
cloe
LL02
oLoz
6002
8002
2002
9002
S002
002
€002
2002
Lo02
0002
66614
8661
L1661}
9661
G661
v661
€661
2661
1661
0661
6861
8861
1861
9861
S861
¥861
€861
2861
1861
0861

Years

Coastal Central Cases - NDJFM

)

(&)

24
22

20 >
183

16 E
14

12
10

N O ®© <N O
- -

Svd3

0202
6102
8l0e
Lioe
9102
Sioe
vioe
€loe
cloe
LL0e
olLoe
6002
8002
002
9002
S002
002
€002
2002
1002
0002
6661
8661
661}
9661
S661
V661
€661
2661
1661
0661
6861
8861
/861
9861
S861
861
€861
[4:113
1861
0861

Years

Coastal South Cases - NDJFM

)@9876543210

©

S vHd3

Figure 25: Annual frequency of ECs for lee (a), coastal north (b), coastal central (c), and coastal south (d) cyclogenesis
for November to March, using ERA5 data (blue line) and MB (red line). Y labels show cyclone genesis numbers for

both datasets.
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Figure 26: Annual frequency of ECs for lee (a), coastal north (b), coastal central (c), and coastal south (d) cyclogenesis

for May to September, using ERAS data (blue line) and MB (red line). Y labels show cyclone genesis numbers for both

datasets.



3.2 CIRCULATION FEATURES ASSOCIATED WITH LEE AND COASTAL
CYCLONES

Figure 27 shows the frequency for all analyzed periods in both areas: coastal and
lee ECs per the ERAS analysis, indicating a seemingly anticorrelated relationship
between the two regions. Lee cyclogenesis is characterized by a smoother distribution
suggestive of a low-frequency climate modulation. The interannual correlation between
the two is -0.6, significant at p<0.01. For the warmer period, the correlation between the
two is -0.3, significant at p<0.01, and for the colder period, the correlation between the
two is -0.2. While coastal cyclogenesis is generally more frequent, there are periods where
lee events are more common than coastal events. The fact that the two regions of
cyclogenesis act in an opposite manner for all periods analyzed in terms of the low-
frequency (decadal-scale) variation is interesting, for it reflects the large-scale oceanic
and atmospheric co-variability known to affect Brazil's precipitation and low-level

circulation (Grimm, 2003).
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Figure 27: Annual, Warm, and Cold periods of frequency of ECs for lee (red line) and coastal (blue line) cyclogenesis.
Y labels show cyclone genesis numbers for both areas.

To diagnose the atmospheric and SST features that are important for the frequency
of ECs, we made a composite analysis of upper-level (200hPa) stream function and SST
for the annual period (July-June), warm period (November-March), and cold period
(May-September). With stream function being proportional to geopotential height and
better at depicting tropical circulations, we can identify whether semi-stationary ridge and

trough configurations might facilitate or hinder cyclogenesis while simultaneously
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analyzing the forcing source of the atmospheric circulation anomalies. Table 2 shows the
grouping of years used in our composite analysis for the different cyclogenesis regions
and for annual cyclones, along with the warm (NDJFM) and cold (MJJAS) periods;
these years were determined based on the time series in figure 27.

The SST and stream function composites for the lee higher-number years depict
a weak La Nifa feature in years with more frequent lee ECs (Figure 28) and an EI Nifio-
like pattern in years with lower numbers of lee ECs (Figure 29). Associated with SST,
atmospheric circulation for lee cyclones depicts a cyclonic anomaly over the west coast
of South America, with a frontal zone centered over the Andes figure 28. This frontal
boundary along the mountains results in strong directional wind shear along the terrain
and localized instability. Vorticity generation over terrain has been attributed to vortex
stretching (i.e., the lengthening of an air column along with directional wind shear), a
likely driver of instability for most cases of lee cyclogenesis (explored in the next section).
This suggests that local atmospheric circulation associated with La Nifia facilitates more
orographic instability rather than coastal instability.
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Figure 28:Annual composite stream function anomalies (contours) and SST anomalies (shading) for years with high
frequencies of lee cyclogenesis. Positive (negative) stream function values in the southern hemisphere indicate a
cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 29: Annual composite stream function anomalies (contours) and SST anomalies (shading) for years with low
frequencies of lee cyclogenesis. Positive (negative) stream function values in the southern hemisphere indicate a
cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 30: Annual composite stream function anomalies (contours) and SST anomalies (shading) for years with high
frequencies of coastal cyclogenesis. Positive (negative) stream function values in the southern hemisphere indicate a
cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 31: Annual composite stream function anomalies (contours) and SST anomalies (shading) for years with low
frequencies of coastal cyclogenesis. Positive (negative) stream function values in the southern hemisphere indicate a
cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.

The lower-number composite for lee ECs (Figure 28) suggests El Nifio-related
circulations induce a less amplified frontal zone over the Andes range. Figure 33 suggests
a different pattern for warm period analysis: a strong La Nina event in lee low cases,
different from observed from the annual analysis. The low number of geneses may be
associated with little difference in sst values between the Pacific coast when compared to
the Atlantic Ocean coast, and that also explains the lack of number of geneses on lee
annual analysis. Even when are analyzed coastal low cases (Figure 35) show a negative
anomaly associated with La Nifia events, the lack of sst difference between the Pacific
coast of South America and the Atlantic coast of South America may explain the lower
number of geneses. Nonetheless, it’s presenting a cold portion of water on the Brazilian
coast (between 5°S and 30°S), indicating no temperature gradient strong enough between
Pacific and Atlantic areas to lead instability.

We also note an intriguing feature, that is, the apparent SST anomaly seesaw
between the south Pacific and south Atlantic oceans. By combining the major
SST features from figures 28, and 36 to figures 31, 35, and 39, one can infer that a

colder Pacific and warmer Atlantic SST anomaly setting is associated with
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more lee cases and fewer coastal cases, and vice versa. It is arguable that such an SST

seesaw sandwiching South America may directly force the regional circulation change

more so than the tropical feature of ENSO does. In the ensuing analysis, we will focus on

the annual numbers due to the lack of seasonality in EC frequencies and the apparent

inter-decadal modulation.
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Figure 32: November to March composite stream function anomalies (contours) and SST anomalies (shading) for years
with high frequencies of lee cyclogenesis. Positive (negative) stream function values in the southern hemisphere

indicate a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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NDJFM — Lee Low Cases
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Figure 33: November to March composite stream function anomalies (contours) and SST anomalies (shading) for years
with low frequencies of lee cyclogenesis. Positive (negative) stream function values in the southern hemisphere indicate
a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 34: November to March composite stream function anomalies (contours) and SST anomalies (shading) for years
with high frequencies of coastal cyclogenesis. Positive (negative) stream function values in the southern hemisphere
indicate a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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NDJFM — Coastal Low Cases
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Figure 35: November to March composite stream function anomalies (contours) and SST anomalies (shading) for years
with low frequencies of coastal cyclogenesis. Positive (negative) stream function values in the southern hemisphere
indicate a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 36: May to September composite stream function anomalies (contours) and SST anomalies (shading) for years
with high frequencies of lee cyclogenesis. Positive (negative) stream function values in the southern hemisphere
indicate a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 37: May to September composite stream function anomalies (contours) and SST anomalies (shading) for years
with low frequencies of lee cyclogenesis. Positive (negative) stream function values in the southern hemisphere indicate
a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 38: May to September composite stream function anomalies (contours) and SST anomalies (shading) for years
with high frequencies of coastal cyclogenesis. Positive (negative) stream function values in the southern hemisphere
indicate a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.
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Figure 39: May to September composite stream function anomalies (contours) and SST anomalies (shading) for years
with low frequencies of coastal cyclogenesis. Positive (negative) stream function values in the southern hemisphere
indicate a cyclonic (anti-cyclonic) anomaly or a low (high) pressure area.

3.3 MECHANISMS DRIVING THE LEE AND COASTAL CYCLOGENESIS
VARIATIONS

The composite analysis of stream function and SST anomalies indicates that an
amplified pressure gradient centered over the Andes is commonly associated with more
frequent lee cyclogenesis, while a more elongated cyclonic circulation anomaly is
associated with coastal cyclogenesis. To affirm that the general circulation features from
Figure 6 are indeed resulting in different cyclogenesis mechanisms, we evaluate the
vorticity budget for the same grouping of years from the previous composites. Vorticity
advection (Equation 4) is an important contributor to developing cyclones and is
associated with convective activity, often driven by thermal contrast or diurnal heating
alongside large mountains (Banta, 1986, 1984; Wang et al., 2011). The vortex stretching
component of the vorticity generation process (Equation 5) is effective for showing
topographical impacts on the generation of atmospheric disturbances, as airflow over a

mountain can result in positive vorticity generation due to the lengthening of the air
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column (Gan & Rao, 1994; Wang et al., 2011). It has also been shown that westerly flow

over terrain can generate lee-side vorticity generation when directional wind shear

is present (Wang et al., 2011), a feature that can be seen in figures 40, 44, and 48 due to

the frontal boundary over the Andes.
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Figure 40: Annual analysis for lee cases using vorticity advection averaged for the upper troposphere (500 hPa) across

50°S 20°S with 500 hPa wind vectors.
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Figure 41: Vortex stretching analysis for the lower troposphere from 850-500 hPa across 50°S 20°S and with 850 hPa
wind vectors for lee cases considering annual analysis.
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Figure 42: Annual analysis for coastal cases using vorticity advection averaged for the upper troposphere (500 hPa)
across 55°S 25°S with 500 hPa wind vectors.
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Figure 43: Vortex stretching analysis for the lower troposphere from 1000-850 hPa across 55°S 25°S and with 850
hPa wind vectors for coastal cases considering annual analysis.

For the lee cyclones, instability in the cyclogenesis locations (shown in purple
dots) on in annual period is generated mostly by vortex stretching as positive vortex
stretching values adjacent to cyclogenesis regions are seen more prominently in (Figure
41) than the effect of vorticity advection in (Figure 40). However, the coastal composites
depict a stronger contribution from vorticity advection (Figure 42) than is present in the

lee composites (Figure 40), with more positive values of vorticity located around
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cyclogenesis regions (Figure 42). Noteworthy, for warm (Figure 44) and cold periods
(Figure 48), lee cyclogenesis seems to have a stronger response in vortex stretching when
compared to the annual mean, even stronger during the warm period. Vortex stretching is
still prominently featured in the coastal regions, showing that both mechanisms play an
important role in coastal flow instability, showing a stronger contribution in annual mean

valuation.
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Figure 44: Warm period analysis for lee cases using vorticity advection averaged for the upper troposphere (500 hPa)
across 50°S 20°S with 500 hPa wind vectors.
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Figure 45: Vortex stretching analysis for the lower troposphere from 850—-500 hPa across 50°S 20°S and with 850 hPa
wind vectors for lee cases considering warm period analysis.
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Figure 46: Warm period analysis for coastal cases using vorticity advection averaged for the upper troposphere

(500 hPa) across 55°S 25°S with 500 hPa wind vectors.
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Figure 47: Vortex stretching analysis for the lower troposphere from 1000-850 hPa across 55°S 25°S and with 850
hPa wind vectors for coastal cases considering warm period analysis.

The prevalence of both positive vortex stretching and positive vorticity advection
at the coast may explain why coastal cyclogenesis is more frequently relative to lee
cyclogenesis. The proximity of the coast and warm western boundary currents to the
Andes range allows for coastal cyclones to generate from vortex stretching from terrain

influences and from vorticity advection due to thermal gradients.
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Figure 48: Cold period analysis for lee cases using vorticity advection averaged for the upper troposphere (500 hPa)
across 50°S 20°S with 500 hPa wind vectors.
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Figure 49: Vortex stretching analysis for the lower troposphere from 850-500 hPa across 50°S 20°S and with 850 hPa

wind vectors for lee cases considering cold period analysis
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Figure 50: Cold period analysis for coastal cases using vorticity advection averaged for the upper troposphere
(500 hPa) across 55°S 25°S with 500 hPa wind vectors.
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Figure 51: Vortex stretching analysis for the lower troposphere from 1000-850 hPa across 55°S 25°S and with 850
hPa wind vectors for coastal cases considering cold period analysis.

4 DISCUSSION AND CONCLUSIONS

By analyzing a modern, high-resolution reanalysis dataset with comparison to the
Navy weather charts, a baseline climatology for South American ECs is provided, and
circulation features that preferentially select for cyclogenesis in both lee and coastal

cyclogenesis are highlighted. These results support earlier findings that cyclogenesis is

67



most common in coastal regions (Gan & Rao, 1991), but the ERA5 and MB tracking also
shows that cyclogenesis is commonly initiated inland on the lee side of the Andes
mountains. While the ERA5 and MB analyses result in somewhat different seasonal
climatologies for lee cyclones, the datasets agree that coastal cyclones are more common
during the warm season, between November through March, while lee ECs are more
prevalent in the cold season. Lee cyclogenesis relies on directional wind shear adjacent
to the mountain range, while coastal instability can be generated by either vortex
stretching or vorticity advection, or both.

Through this newly constructed EC climatology, we noted an inter-decadal
"seesaw” in the frequencies between lee and coast cyclogeneses, a previously
undocumented feature. Lee cases seem to have an anticorrelated behavior compared to
coastal cases, and SST differences between the Pacific and Atlantic oceans over time may
trigger that behavior. In terms of climate variability affecting the ECs, Garreaud &
Wallace (1998) have shown that the trough—ridge dipole (as revealed in Figure 6a)
centered over the Andes mountains provides the dynamic forcing for these summer
instabilities due to directional wind shear. In the wintertime, transient disturbances
associated with the Andes topography most commonly result in temperature drops and
wind events rather than cyclogenesis due to the lack of surface heating to boost convective
potential. While instability generation mechanisms differ across the region, these factors
likely contribute to the muted seasonal cycle of ECs over South America (Crespo et al.,
2021; Garreaud & Wallace, 1998).

The Andes have long been established as a forcing mechanism for local instability
(Funatsu et al., 2004; Gan & Rao, 1994). This study shows that the Andes' influence on
instability is heightened due to a trough—ridge dipole which saddles the mountain range.
This circulation anomaly induces more directional wind shear, resulting in vortex
stretching and positive vorticity generation on the lee side of the range. This atmospheric
circulation anomaly is associated with La Nifia-like conditions, with negative SST
anomalies on the west coast of the continent coupled with warmer south Atlantic water.
Coastal cyclones become more frequent under El Nifio-like conditions when a broad
region of cyclonic circulation settles over the south Atlantic. The vorticity budget analysis
shows that both vortex stretching and vorticity advection contribute to cyclogenesis

during years with more frequent coastal cyclones; this is the potential cause of the greater
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frequency of coastal cyclones in the region, as more atmospheric factors exist near the
coast for generating instability.

Due to the difference in circulation features and ENSO phase associated with lee
and coastal cyclogenesis, seasonal forecasting of cyclone risk or potential may benefit
from considering semi-stationary features such as ENSO or the cross-basin SST
difference and the associated trough-ridge dipole in the upper troposphere. The result of
this empirical analysis serves as an important baseline for future studies concerned with

South American ECs.
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