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RESUMO

Crespo, N. M. A potential vorticity perspective on cyclones over South America. 2019.
105p. Tese (Doutorado) — Ingtituto de Astronomia, Geofisica e Ciéncias Atmosféricas,
Universidade de S&o Paulo, S&o Paulo, 2019.

Este estudo apresenta uma visdo geral da atmosfera do ponto de vista de anomalias e
estruturas de vorticidade potencial (VP) em altos nivels, com o objetivo de entender tais
estruturas e suas influéncias em ciclones em superficie na América do Sul. A partir da
reanalise ERA-Interim foram rastreados tanto os ciclones em superficie como as estruturas de
VP (streamers e cutoffs de VP, referidos como streamers-VP e cutoff-VP) em superficies
isentrépicas no periodo 1979-2017. Apds identificar ciclones em superficie em quatro regides
(Argentina, Uruguay, SEBrazil e Andes) sdo analisados seus deslocamentos, intensidade,
tempo de vida, associacdo com estruturas de VP, e relagdes entre as regifes ciclogenéticas em
diferentes estacfes do ano. O rastreamento de ciclones mostrou que: i) antes da ciclogénese
no Uruguay existe uma alta frequéncia ciclogénese em Andes; ii) uma distribui¢cdo bimodal de
ciclones em termos de deslocamento, intensidade e tempo de vida, indicando dois diferentes
tipos de ciclones se formando nas Argentina, Uruguay e SEBrazl. De forma geral, ciclones
que se desenvolvem em Argentina e Uruguay percorrem distancias maiores e sdo mais
intensos. Nas quatro regifes, streamers-VP ocorrem frequentemente durante a ciclogénese,
localizados tipicamente a sudoeste. No entanto, existem diferencas sazonais durante a génese:
em Argentina e Andes, streamers-V P ocorrem principa mente no ver&o, em Uruguay no veréo
e inverno, e principalmente no inverno em SEBrazil. A frequéncia de streamers-VP varia para
cada regido, sendo encontrados mais frequentemente para Argentina e Uruguay em 320 K,
enquanto que no SEBrazil e Andes em 340 K, no verdo. Cutoffs-VP ocorrem com menor
frequéncia que streamers-VP durante a ciclogénese, no entanto tendem a se intensificar ao
longo do ciclo de vida do ciclone, o que € mais comum de ocorrer no verdo do que no
inverno. Composi¢cfes de campos dindmicos (Eady growth rate-EGR, 6mega quase-
geostrofico, VP, ventos em altos e baixos niveis, pressdo ao nivel médio do mar, atura
geopotencial e umidade especifica) antes, durante e depois da ciclogénese mostram
importantes diferencas entre inverno e ver&o em cada regido. Em Argentina, o ambiente é
levemente mais baroclinico (medido pela maior intensidade de EGR, émega e jato em altos
niveis) no verdo e o ciclone se forma sob a entrada equatorial do jato de atos niveis. Nesta

estacdo, a anomalia de VP associada com os streamers-V P atua intensificando o movimento



ascendente e contribuindo para a ciclogénese em superficie. No inverno, ciclogénese em
Argentina ocorre sob a saida polar da corrente de jato, com fraco streamer-V P corrente acima.
Padrbes similares sdo observados no verdo e inverno em Uruguay, porém sob barocliniamais
intensa no inverno. Em SEBrazil e Andes a corrente de jato em altos niveis situa-se distante da
regido ciclogenética no verdo. Nesta estacdo, em SEBrazl, os ciclones apresentam uma
estrutura vertical mais préxima barotropica. No inverno, a maior frequéncia de streamer-VP e
anomalias de VP tém atuacdo importante nas ciclogéneses em SEBrazil. Comparativamente,
Andes se apresenta como a regido com menor contribui¢cdo de streamers-VP e de anomalia de

VP para as ciclogéneses em superficie.

Palavras-chave: Vorticidade potencial. Ciclones. Ciclogénese. Américado Sul. PV streamers.
PV cutoffs.



ABSTRACT

Crespo, N. M. A potential vorticity perspective on cyclones over South America. 2019.
105p. Tese (Doutorado) — Ingtituto de Astronomia, Geofisica e Ciéncias Atmosféricas,
Universidade de S&o Paulo, S&o Paulo, 2019.

This study presents a general overview of the atmosphere from a potential vorticity (PV)
perspective at upper levels, focusing on the influence of upper-level PV anomalies and
structures and their influences on surface cyclones over South America. Surface cyclones and
PV structures on isentropic surfaces (PV streamers and PV cutoffs) are identified using ERA-
Interim reanalysis for the period 1979-2017. After identifying cyclones in four regions
(Argentina, Uruguay, SEBrazil and Andes), their traveled distance, intensity, lifetime,
association with PV structures, and time lags are analyzed in different seasons. The cyclone
tracking showed that i) before cyclogenesis in Uruguay there is a high frequency of
cyclogenesis in Andes; ii) a bi-modal distribution of cyclones in terms of displacement,
intensity and lifetime, indicating two different types of cyclones occurring in Argentina,
Uruguay and SEBrazl. In general, cyclones from Argentina and Uruguay travel longer
distances and are more intense. In the four regions, PV streamers occur frequently during
cyclogenesis, typicaly located to the southwest. However, there are seasona differences
during genesis: in Argentina and Andes, PV streamers occur mainly in summer, in Uruguay in
summer and winter, and in SEBrazl mainly in winter. PV streamers frequency for each region
varies, e.g., in Argentina and Uruguay they are more frequent at 320 K, while in SEBrazl and
Andes at 340 K in summer. PV cutoffs occur in lower frequency than PV streamers during
cyclogenesis, however, they tend to intensify during the cyclone lifetime, which is more
frequent in summer than in winter. Composites of dynamic fields (Eady growth rate-EGR,
guasi-geostrophic omega, PV, upper and lower-level winds, sea level pressure, geopotential
height and specific humidity) before, during and after cyclogenesis show important
differences between winter and summer for each region. In Argentina, the environment is
slightly more baroclinic (in respect with stronger EGR, omega and upper-level jet) in summer
and cyclones develop beneath the equatorial upper-level jet entrance. In this season, the PV
anomaly associated with PV streamers acts intensifying ascent and contributing to the surface
cyclogenesis. In winter, cyclogenesis in Argentina occur beneath the polar exit sector of the

jet stream, with weak PV streamer upstream. Similar patterns are observed in summer and



winter in Uruguay, but with a stronger baroclinicity in winter. In SEBrazil and Andes the
upper-level jet is far from the cyclogenetic region in summer. In this season, cyclones in
SEBrazil have a more barotropic vertical structure, whereas in winter, the higher frequency of
PV streamers and PV anomalies are more important for cyclogenesis in this region.
Comparatively, Andes is the region with the lowest contribution of PV streamers and PV

anomalies for surface cyclogenesis.

Key-words: Potential vorticity. Cyclones. Cyclogenesis. South America. PV streamers. PV

cutoffs.
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Chapter 1

1 Introduction

Cyclones are meteorologica phenomena of great importance to the energetic
equilibrium of the globa atmosphere. Being classified from synoptic to the meso-alfa scales,
they redistribute heat, moisture and momentum in the atmosphere since the heating on the
Earth’s surface is heterogeneous due to the differential radiation energy received from the
Sun, from the equator to the poles. There are three main different types of cyclones:
extratropical, subtropical and tropical, and they have different characteristics as regarding
their formation, location, intensity, and other weather systems associated. Frequently, they are
associated with the presence of strong winds, cloud formation and precipitation, cold and
warm fronts; in some cases, they are able to create a proper environment for severe weather
systems, as tornadoes, or being a precursor of cold surges and storm surges. There are large
interests to understand the development of cyclones worldwide. Therefore, this study aimsin
to better understand the relationship between upper-level forcing, i.e., the upper part of the

troposphere, and the formation of surface cyclones over South America (SA).

1.1 Motivation and goals

An important aspect during cyclogenesis, i.e., the cyclone formation, is its interaction
with the upper level of the troposphere. This interaction can be studied using potentia
vorticity (PV), which is a conservative quantity that may modify the environment providing
more favorable conditions to the formation or intensification of surface cyclones (Hoskins et
al., 1985). Despite al previous studies found in the literature on cyclones and cyclogenesis
over SA and the South Atlantic Ocean, a systematic climatology of upper-level PV forcing
leading to cyclogenesis over these regions is still not fully explored in the literature.
Therefore, the main aim of this thesis is to evaluate the contribution of upper-level PV
anomalies on surface cyclogenesis over the main cyclogenetic regions of SA. For this
purpose, thiswork presents:

1) aclimatology of PV featuresin different isentropic levels,
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i) a climatology of the main atmospheric variables associated with the surface
cyclone development;

1) the tracking of surface cyclones over alarger area using relative vorticity (RV)
to identify the main cyclogenetic regions over SA;

V) a detailed analysis to assess where (i.e., in which cyclogenetic region) and
when (i.e., in which season; austral summer or winter) the association with PV

streamers and PV cutoffsis particularly important for the surface cyclogenesis.

This study is particularly relevant to provide forecasters and scientists with a
climatological background of the upper level PV forcing during cyclogenesis over SA; the
ideais that this study can enable the use of upper level PV fields together with other relevant
atmospheric indicators as a guide for cyclones prediction, since it is discussed the precursors
for cyclonesin each cyclogenetic region of SA.

Thisthesisis divided as: chapter 2, atheoretical background on cyclones and the state-
of-art knowledge regarding cyclogenesis over SA and the South Atlantic, a discussion on PV
and its importance to the development of synoptic weather systems; chapter 3, dataset and
methods used to assess cyclones and PV features; chapters 4 and 5, results and discussions,

and chapter 6, asummary of main results and future possible studies.
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Chapter 2

2 Theoretical background

In this chapter a PV perspective on cyclones development is introduced followed by a

summary of cyclone studies over South America.
2.1 Isentropes and PV anomalies on cyclogenesis

“lsentropic” means conservation of entropy, i.e., in a given isentropic surface, the
entropy is conserved following the motion. From the thermodynamic equation it is possible to
show that, for an “isentropic” flow, the potential temperature (0) is also a conservative
guantity. However, this is only valid when a flow without externa heat exchange (adiabatic
flow) and frictionless is assumed, hence the quantities transported in this region are conserved
(Ertel, 1942). PV, on the other hand, is a combination of vorticity dynamics and
thermodynamics (Hoskins and James, 2014), where in an adiabatic and frictionless flow
(hence, without dissipating energy), the potential vorticity is conserved.

The barotropic PV was introduced by Rossby (1940) and considers the atmosphere as
an incompressible and homogeneous fluid. However, we will discuss the baroclinic version of
PV, represented by the Ertel’s (1942) equation. Hence, PV is a product between the absolute
vorticity and the static stability of the atmosphere. In isentropic vertical coordinates, PV is
expressed as.

PV=—gG+D (5) @),

where g is gravity, ({y + f) is the absolute vorticity ({, is the relative vorticity in isentropic
surface; f is the Coriolis parameter), and % Is the static stability. By conservation, where one

term changes, the other must compensate the difference. The unity of measure of PV is
normally expressed as 1 PVU = 1 x 10° m? K s* kg™. PV is frequently used to separate

stratospheric air from tropospheric air and to identify the dynamical tropopause, which is the
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region of transition between the troposphere and stratosphere. Values of PV above 1.5 PVU
(in module, since PV is negative for the Southern Hemisphere) are typically from
stratospheric origin (Hoskins et al., 1985). However, the value of PV used to identify the
dynamical tropopause is not fixed; some studies use PV values between 1 and 3 PVU (Reed,
1955; Danielsen, 1959; Shapiro, 1980; Hoskins et al., 1985; WMO, 1986; Wernli and
Sprenger, 2007), 3.5 PVU (Hoerling et al., 1991; Hoinka, 1998), and a more recent study
shows that the tropopause level can range from 1.5t0 5 PVU (Kunz et a., 2011).

When air masses from the stratosphere (high absolute values of PV due to the strong
static stability) move to the troposphere they are referred to as PV anomalies. The material
conservation property makes PV anomalies a useful dynamical variable in identifying and

tracing the evolution of meteorological disturbances (Holton, 2004).

In that sense, the diagram in Figure 2.1 presents a scheme where the upper level PV
anomaly advected downwards to the middle troposphere leads to deformations in the vertical
distribution of potential temperature and vorticity as, respectively, i) deforming the isentropes,
which imposes ascending motion ahead of the anomaly and subsidence behind it, and ii)

generating cyclonic vorticity slightly downward (Hirschberg and Fritsch, 1991).

Figure 2.1 Scheme of PV anomaly and dynamical tropopause for the Southern Hemisphere. The black
arrows indicate downward and upward motions and the grey arrow indicates the cyclonic circulation.

Figure 2.1 indicates the associations between potentia vorticity and surface
cyclogenesis; regions to the west and to the east of the upper level PV anomaly will become
warm (black arrows), whereas beneath the upper level PV anomaly, however, the air becomes
colder (Figure 2.1). The region of warmer air at east of the PV anomaly is where the low
levels low-pressure systems will probably form (Hirschberg and Fritsch, 1991).
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The diagrams in Figure 2.2 exemplify the process of cyclogenesis through upper level
PV forcing and lower level coupling. The upper level PV anomaly induces cyclonic vorticity
potentially down to surface where the amplitude of this induced circulation becomes weaker
towards the surface (Figure 2.2a). A perturbation in the potential temperature field at surface
induces cyclonic vorticity (Figure 2.2b); there is an intensification, as these two anomalies (in

upper and lower levels) are not vertically aligned (Figure 2.2c).

a) b) )

Figure 2.2 Upper tropospheric PV anomaly moving over a low-level baroclinic zone in the Southern
Hemisphere. a) Circulation associated with upper PV anomaly (‘X' sign) is indicated by the black
arrow. The surface reflection of that circulation is given by the green arrow at the surface; b) low-level
thermal advections produce a surface warm anomaly (grey ‘X’ sign) whose circulation, indicated by
the black arrow, has an upper tropospheric reflection (green arrow); ¢) upper tropospheric PV
advections intensify the upper PV anomaly (grey ‘X’ sign) and its circulation, indicated by the black
arrow, intensifies. The surface reflection of that circulation (green arrow) results in thermal advections
that serve to intensify the surface warm anomaly. Adapted from Martin (2006).

Another important aspect during a cyclone development is the diabatic heating, which
occurs due to the latent heat release during condensation. Following Martin (2006), the
diabatic heating affecting PV may be better understood considering the conservation of PV

(equation 1) in its equivalent isobaric form:
PV = —g(fk+ V,xV,).V,0 (2),

and by deriving (2) into al of its components and keeping only the vertical component, the

resulting expression is:

L) = —g@+ 1 (%9/,,) ®.

where 6 = Z—f is, according the thermodynamic equation, the diabatic heating and ¢ is the

relative vorticity in isobaric vertical coordinate.



22

In summary, PV is increased (decreased) where the vertical gradient of diabatic
heating is positive (negative). In atypical mid-latitude cyclone, the maximum diabatic heating
is located in the middle troposphere (Martin, 2006). In this case, PV production occurs in the
lower troposphere and PV destruction occurs near the tropopause, as presented in Figure 2.3
(Wernli and Davies, 1997). The resultant low-level PV anomaly (negative in the Southern
Hemisphere) has an associated cyclonic circulation and can contribute to the intensification of
the low-level surface cyclone (Figure 2.3). The maximum heating occurs slightly downstream
of an upper-level negative PV (in the Southern Hemisphere) anomaly since it is where the
upward motion is more intense (as depicted in Figure 2.2). Consequently, the effects of
diabatic heating are to create the low-level negative PV anomay and to erode upper
tropospheric PV. This erosion is important because it serves to steepen the slope of the PV
isopleth downstream of the upper-level negative PV anomaly, contributing to intensify the PV
anomaly (Martin, 2006). The penetration of both PV anomalies (one from the stratosphere
and the other produced by diabatic heating) is intensified by latent heating, which generally
acts to reduce the static stability in such regions. All these mechanisms lead to the

intensification of the surface cyclone (Whitaker and Davies, 1994).

Figure 2.3 Schematic vertical cross-section showing diabatically produced PV anomalies (circles with
plus and minus) for an idealized case. Shading indicates the region of diabatic heating and the lower
(upper) circle indicates PV production (destruction) for the Southern Hemisphere. Adapted from
Wernli and Davies (1997).

2.2 PV streamers and PV cutoffs structures

The term “streamer” was firstly introduced by Appenzeller and Davies (1992), in a
study related to structures of stratospheric intrusions into the troposphere, which is usually

associated with the development of a surface low-pressure system and cold front (Appenzeller
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and Davies, 1992; Hoskins et al., 1985). PV streamers are characterized by “PV tongues’, i.e.,
narrow stratospheric filaments containing high absolute values of PV from the stratospheric
reservoir (Platzman, 1949), as exemplified in Figure 2.4. These structures act as wave guides,
for instance, in the planetary scale, the air from the polar vortex expelled in the mid-
stratosphere favors a mix of chemical constituents in its surroundings (Mclntyre and Palmer,
1983) and from the lower stratosphere to the troposphere (Waugh et a., 1994; Appenzeller et
a., 1996), also leading to stratosphere-troposphere exchanges (Sprenger et al., 2007).
Nevertheless, PV streamers can be considered as a breaking in the synoptic scale Rossby
waves (Thorncroft et al., 1993)

If these PV filaments break up, they form mesoscale vortices called PV cutoffs
(Wernli and Sprenger, 2007). PV cutoffs (Figure 2.4) - and similarly PV streamers that
feature the same characteristics as PV cutoffs but remain attached to the poleward
stratospheric high-PV reservoir - favor the formation or intensification of cyclonic
circulations at mid-to-low-tropospheric levels (Hoskins et al., 1985). With that, there is aso
the concept of cutoff lows (COLSs), which are upper-level systems that could generate surface
cyclones, and they are usualy identified as low-pressure systems at upper levels, i.e., as
regions inside closed geopotential isolines or isobars. Nieto et a. (2008) found that a high
percentage of COLs is also associated with PV anomalies (or PV cutoffs), which alows the
COLsimpact to be studied in the PV framework as proposed by Hoskins et al. (1985).

Figure 2.4 Example of PV streamer and PV cutoff over South America and adjacent oceans at 1200
UTC 29 January 2014. The streamer is represented by the red (2-3 PVU) filamentary structure over
southern South America and the cutoff is the red center (2-3 PVU) detached from the PV reservoir
over the South Pacific. In shaded is PV at 320 K and the vectors are winds at 300 hPa.
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2.3 Cyclones over South America

From a general point of view, cyclones over SA and South Atlantic Ocean have
different phases during their lifecycle such as extratropical, subtropical or tropical. The only
documented tropical cyclone over the South Atlantic was the so-called “Furacdo Catarind’
(Pezza and Simmonds, 2005). Extratropical cyclones are the most common over the region
(Reboita et al., 2017) and, recently, a climatology of subtropical cyclones was performed by
Gozzo (2014), showing that around six subtropical cyclones per year occur over the South
Atlantic.

Nevertheless, the cyclonic activity near the eastern coast of SA and southwestern
South Atlantic significantly influences weather and climate conditions over the South
American continent. Previous climatologies have identified three most cyclogenetic regionsin
eastern SA: south/southeast of Brazil, east of Uruguay, and southern Argentina (Sinclair,
1995; Hoskins and Hodges, 2005; Reboita et al., 2010, 2018; Kriger et a., 2012;
Gramcianinov et a., 2019). The main dynamical mechanism for the formation of these
cyclones is mainly baroclinic instability of the westerly flow. Thereby, the formation of lee-
side troughs east of the Andes can trigger baroclinic instability and induce the development of
surface cyclones (Gan and Rao, 1991; Miky Funatsu et al., 2004; Reboita et a., 2012). In
addition, there is adso the downstream development, where cyclones develop from the
available energy exported from the main mid-latitude baroclinic wave (e.g. Orlanski and
Katzfey, 1991) and some cyclones are able to develop following the barotropic chain of
energy conversion process (Dias Pinto et al., 2013).

The presence of two stationary low-pressure systems over the central part of the
continent, Chaco Low and the Northwestern Argentinian Low (Salio et al., 2002; Saulo et al.,
2004; Seluchi et a., 2003; Seluchi and Saulo, 2012), acts differently over the region and may
contribute to cyclogenesis. The former is located equatorward of the subtropical jet and it is
basically absent during winter but still associated with great amount of annual rainfall. The
second is located further to the south (around 30°S), associated with less precipitation, and
characterized by a distinct diurnal cycle. Whereas the Chaco Low, which at upper levels
presents an anticyclonic circulation, only weakly interacts with transient upper-level
disturbances crossing over it, the Northwestern Argentinian Low more strongly interacts with

these disturbances from mid-latitudes when they pass over the Andes. As shown by Sinclair
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(1994), about 50% of cyclones forming close to the Andes remain stationary while the rest
move away from the genesis region and potentially influence cyclogenesis downstream (Gan
and Rao, 1994). Additional factors have aso been found to contribute to cyclone formation:
the moisture transport from the Amazonia region to the subtropics subsequent latent heat
release, and the propagation of upper-level troughs over the southern part of the Andes
(Mendes et al., 2007; Reboitaet al., 2012).

2.4 Cutoff Lows and PV perspective on surface cyclones over South America

Some surface cyclones have been found to develop in the presence of upper-level
cutoff lows (COLs; Miky Funatsu et al., 2004; Campetella and Possia, 2007; Nieto et al.,
2008). They are usually identified as regions inside closed geopotential isolines in the middle
or upper troposphere. The accurate prediction of cutoff lows is very important since their
interaction with low levels may result in events of intense precipitation, snow, and strong
winds. Satyamurty and Seluchi (2007) simulated the lifecycle of a COL (also known in the
region as “Vortice Ciclénico de Altos Niveis - VCAN"), developed over the subtropical region
of South Americain austral winter of 1999. Besides the cold core, stronger values of relative
vorticity right beneath the tropopause were found associated with PV anomalies. Recently,
Pinheiro et al. (2017) tracked COLs objectively using relative vorticity minimum at 300 hPa
for the Southern Hemisphere. Also, they used PV minima to identify COLSs. In one hand the
method differs from the one using geopotential in the systems' lifetime, since the latter
identifies systems with smaller lifetime, but on the other hand the results match seasonally
with climatol ogies obtained by traditional methods using only geopotential height (Fuenzalida
et a., 2005; Campetella and Possia, 2007; Reboitaet a., 2010).

For the Northern Hemisphere, Nieto et a. (2008) found that a high percentage of
COLs is associated with PV anomalies (or PV cutoffs), which allows studying COLs in the
PV framework (Hoskins et al., 1985). More specifically, a PV cutoff is a center of high
absolute values of PV typically identified on an isentropic surface that detached from the
stratospheric reservoir at higher latitudes (Wernli and Sprenger, 2007; Portmann et al., 2018).
These upper-level PV anomaliesinduce a closed circulation at lower levels, as mathematically
expressed in the PV invertibility principle (Hoskins et al., 1985). Furthermore, the typically

low tropopause in a PV cutoff goes along with a warm anomaly in the lower stratosphere and
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a cold anomaly in the middle troposphere (as discussed in section 2.1). This can destabilize
the troposphere and favor convection. Hence, PV cutoffs - and similarly filamentary PV
streamers that feature similar characteristics as PV cutoffs but remain attached to the
poleward stratospheric high-PV reservoir - favor the formation or intensification of cyclonic
circulations at mid-to-low-tropospheric levels (Hoskins et al., 1985).

The PV perspective has aready been successfully applied to SA cyclogenesis. For
instance, Iwabe and da Rocha (2009) analyzed in a case study how a stratospheric PV
anomaly was responsible for a secondary cyclogenesis over the western South Atlantic. The
enhanced turbulent heat fluxes and moisture content in the marine boundary layer, and a COL
at mid-tropospheric levels contributed to reduce the propagation speed of an upper-level
Rossby wave resulting in an extended lifecycle of the cyclone. Furthermore, two types of
secondary cyclogenesis were identified by Iwabe (2012) in a climatology, whereby one of
them forms mainly due to upper-level PV perturbations.

A case of orographic cyclogenesis was studied by Miky Funatsu et al. (2004), where
the Andes played an important role in triggering an extratropical cyclone development over
Uruguay. In the same study, it was observed by using PV inversion that the surface
temperature anomaly was important in the initial development stages, while the upper-level
PV anomalies contributed to the maximum intensification of the system at later stages.

A PV perspective was also adopted by Sprenger et al. (2013) to study cold-surge
events in the south and southeastern of Brazil. They found that upstream of SA the dynamical
tropopause (-2 PVU isoline) on the 320 K isentropic surface gets strongly distorted before and
during the cold-surge event, finally leading to an equatorward development of a PV streamer
to the east of the Andes, reaching Uruguay and southeastern Brazil.

For cyclones in general, Crespo (2015) developed a methodology to associate surface
cyclones over SA with upper-level PV anomalies at 300 hPa for the period 1998-2003.
Cyclones associated with PV anomalies during their lifecycle turned out to be more intense,
travel longer distances, and have their genesis especially over the extratropical South Atlantic.
Also, they occur more frequently during winter. Finally, a recent study on explosive
cyclogenesis cases over the South Atlantic found that explosive cyclogenesis develops under
an anomalous dynamical tropopause, followed by stratospheric ozone intrusion and high
values of PV (Avila, 2018).
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Chapter 3

3 Data and methodology

This chapter explains the methods and dataset used for the cyclone tracking as well as
PV streamers and PV cutoffs, and, finally, the atmospheric variables and parameters for the

composite analysis.

3.1 Data and cyclone tracking
3.1.1 Data

The ERA-Interim (Dee et a., 2011) dataset from the European Centre for Medium-
Range Weather Forecasts (ECMWEF) in both pressure and isentropic levels is the main data
source for this study. For the cyclone tracking we used the 925 hPa horizontal wind field with
horizontal grip spacing of 1.5° x 1.5° of latitude by longitude. The potential vorticity from
ERA-Interim at different isentropic levels from 310 to 360 K, with interval of 5 K (Sprenger
et al., 2017) is used to identify PV streamers and PV cutoffs. Other atmospheric variables at
pressure levels (horizontal wind field, sea level pressure, geopotential height, specific
humidity, etc.) from the same data base are used to create the composites analysis. In these

two latter cases, the horizontal grid spacing isof 1° x 1°.
3.1.2 Cyclone tracking

The cyclone tracking algorithm is based on relative vorticity (RV) and first developed
by Sugahara (2000) and after adapted by Reboita et al. (2010). The methodology follows that
of Sinclair's (1994, 1995, 1997). However, differently from Sinclair’s, which calculates the
vorticity from the geostrophic wind, our tracking algorithm is applied directly to the
reanalysis (or ssimulated) wind field. As afirst step, the vorticity field is smoothed twice with



28

the Cressman method (Cressman, 1959) to eliminate spurious vorticity centers and signals
related to elongated shear regions. As described by Reboita et al. (2010), the cyclone tracking
involves three stages: 1) identifying vorticity minima, 2) locating them after the first
displacement, and 3) searching for the next positions considering the estimated velocity of the
cyclone.

According to the tracking algorithm, cyclones are required to have RV equal or less
than -1.5 x 10° s* and a minimum lifetime equal or greater than 24 hours. The tracking is
applied to the domain illustrated in Figure 3.1, which extends from 73.5°S — 1.5°S and 138°W
— 108°E, and to the period of 1979 to 2017. Since this study uses a large area to apply the
tracking algorithm, the surface cyclones climatology provides a higher number of events in
comparison to previous studies where this tracking was applied to a smaller domain (e.g.,
Kriger et al., 2012; Gozzo, 2014; Reboita et al., 2018). This occurs because with the absent of
domain boundaries close to the continent, most cyclones reach at least 24 hours of lifecycle
inside of the domain. In addition, alarge domain allows the inclusion of important areas in the

cyclones climatology, such as upstream Andes and all of South Atlantic Ocean.

Figure 3.1 Cyclone tracking region (yellow line) delimited by 73.5°S - 1.5°S; 138°W - 108°E.

3.2 PV streamers and cutoffs identification

The method developed by Wernli and Sprenger (2007) is used to identify stratospheric
PV streamers and cutoffs. In this methodology, the absolute PV values equal or above 2 PVU
IS used to separate stratospheric from tropospheric air.

PV cutoffs are identified as regions of stratospheric air embedded in a tropospheric

environment on different isentropic levels (Wernli and Sprenger, 2007). High absolute values
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of PV could also be related to PV generation by topography (e.g., Aebischer and Schér, 1998)
or latent heat release in cyclones (Campaand Wernli, 2012).

For PV streamers, the identification is based on the geometry of the 2 PVU contour
(Wernli and Sprenger, 2007; Sprenger et al., 2017). As illustrated in Figure 3.2, the method
depends on two distance thresholds: the direct spherical distance between two points needs to
be smaller than 800 km (d) and the connection between these two points along the contour has
to be larger than 1500 km (I). With these specific values, the algorithm is able to identify

meso- and synoptic-scale filamentary PV features.

IPV| =2 PVU

lat

lon

Figure 3.2 Scheme of PV streamer identification. The black line corresponds to the 2 PVU contour on
an isentropic surface, where the delimited red line is a stratospheric streamer since d (the spherical
distance) between two points of the contour is smaller than the threshold D and the distance | along the
contour connecting these points is larger than the threshold value L. Adapted from Wernli and
Sprenger (2007).

3.3 Dynamic characterization of cyclones

Severa dynamica variables are used to characterize the cyclone development over
SA. In particular, PV is considered at specific isentropic levels (as will be discussed in section
5) to identify the different PV structures (streamers and cutoffs) and to analyze the
perturbation of the dynamical tropopause at and upstream of the cyclogenesis event.
Furthermore, the horizontal wind speed at 300 hPa is used to analyze the upper level jet
stream. Other atmospheric variables as geopotential height at 500 hPa and sea level pressure
(SLP) are used to discuss the vertical structure of the cyclone. Winds and specific humidity
(q) alow discussing the influence of different air masses and the moisture transport
influencing cyclogenesis. In addition to the basic atmospheric fields, two other parameters
directly linked to cyclone formation complement this list: Eady growth rate (EGR) and quasi-
geostrophic Omega forcing (QG-omega).
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The Eady model is the simplest model to understand baroclinic instability (Eady,
1949). The EGR, which is the growth rate of the most unstable baroclinic mode, depends on
the vertical wind shear, static stability N2 and the Coriolis parameter f:

f ov

EGR = 0.31 =—
N 0z

1/
82%) @,

with N = (422
where v is the horizontal wind speed, z is height, and 6 the potential temperature. According
to equation (4), the Eady model of baroclinic instability the growth rate of the most unstable
mode is directly proportional to f. Therefore, cyclone intensification most likely occurs faster
at higher latitudes, i.e., near the polar jet. The ageostrophic circulation associated with the jet
streak dynamics favors baroclinic instability at the jet streak’s exit, which is aso
climatologically the region of frequent cyclone tracks (James, 1995). At mid-latitudes the
typical wavelength for the most unstable baroclinic mode is 4000 km with EGR
corresponding to ~ 0.5 day™, which is similar to the high frequency eddy scale. In this study,
EGR (equation 4) is calculated in the 850-500 hPa layer (for details, see Sprenger et a.,
2017).

The forced vertical motion (in the text referred to as QG-omega) is obtained from the

guasi -geostrophic omega equation, according to the Q-vector formulation (Davies, 2015):

24 298 = — oo _RTydo
(O’V + f apz)a)— 2V.Q ,witho = 6 ap (5),

where ¢ is the static stability, T,, the virtual temperature, R the gas constant for dry air, f the
Coriolis parameter and p the pressure. Hence, the forcing for vertical motion w is determined
by numerically inverting equation (5) with the divergence of Q as a forcing term, which in

turn is calculated from the geostrophic wind and temperature gradient. More specifically:
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Setting the forcing term V.Q to zero at lower and upper levels, it is possible to
separate between QG-omega forcing attributable to, respectively, upper-level and low-level
flow. QG-omega is caculated at the 500 hPa mid-tropospheric level and we specificaly
considered the forcing from levels above 600 hPa. For further details, see Graf et a. (2017).

3.4 Period and composite analysis

The period of analysis is from 1979 to 2017. Except for the upper and lower level
winds, the aforementioned variables are analyzed through anomalies composites, i.e., for all
fields, the anomaly is calculated considering the seasona climatology: “mean of events’
minus “seasona climatology” for timesteps previous, during and after cyclogenesis. The
seasons are referred to as austral summer, autumn, winter and spring, which correspond
respectively to the months DJF (December-January-February), MAM (March-April-May),
JJA (June-July-August) and SON (September-October-November).
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Chapter 4

4 Results 1 — Cyclones characteristics

This chapter presents the main results regarding to the cyclogenetic regions and
cyclones characteristics over SA. The sections are divided as: 1) a discussion of the
cyclogenesis density and a comparison between relative vorticity (RV) and sea level pressure
(SLP) tracking; 2) the cyclones characteristics such as tracking, seasonality, lifetime and

intensity as well as 3) a comparison between time lag genesis.

4.1 Cyclone tracking and cyclogenetic regions over SA

As afirst step, we will show a small comparison of the 925 hPa RV tracking with the
i) default two smoothing option and ii) three smoothing on RV field. An additiona
comparison is presented for the tracking using sea level pressure (SLP) developed by Wernli
and Schwierz (2006). This analysis is presented to illustrate that the cyclone detection
depends on which method is used and thus the resulting density fields differs partially from
each other. The period of analysis is from 1979 to 2017 using the ERA-Interim dataset as
input for both comparisons.

Figure 4.1 shows the annual cyclogenetic density for both RV and SLP, where the
shaded and blue lines represent, respectively, the two and the three smoothing on the fields of
RV (Figure 4.1a) and the two smoothing and SLP (Figure 4.1b) tracking. A clear aspect is
that the three smoothing on the RV (Figure 4.1a) presents a smaller number of cyclones,
especially near the continental coasts (SA and Africa). However, focusing on SA, the density
is similar for both (two and three) smoothing over the continent. An interesting aspect is that
there is a small shift equatorward of densities with two smoothing on the RV field compared
to three. This indicates that besides the two smoothing being able to capture cyclones at lower
latitudes, it can also detect smaller vorticity perturbations that will not necessarily become a
classic extratropical cyclone as described in theory (Bjerkenes and Solberg, 1922).

Differently from the three smoothing on the RV field, when comparing the two

smoothing with the SLP tracking it is noticeable that the density of cyclogenesisis similar in
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the subtropics, over the continent and near the coasts (Figure 4.1b). However, at mid-higher
latitudes the RV tracking presents a larger number of cyclogenesis, as aready found in Neu et
al. (2013) by comparing several agorithms using RV and SLP to identify cyclones. In
addition, this also demonstrates that the method using RV has the advantage over the method
relying on SLP since it can detect not only closed centers of SLP, intense or slowly moving
systems, but it also adds a large number of mobile vortices, especially in the latitude belt of
45'-55'S where many cyclones are not associated with closed isobars in the pressure field due
to the strong westerly winds (Sinclair, 1994). Even though the tracks differ in number of
cyclones detected (more than double for RV compared to SLP), they show similar regions as
hot spots for cyclogenesis over SA, with the SLP track having a center dlightly displaced to
southwest compared to the center in RV track (~ 50°S).

a)

b)

Figure 4.1 Comparison of the annual mean cyclogenesis density (1979-2017) from South Americato
the mid Indian Ocean for a) RV tracking with two (shaded) and three (blue lines) smoothing at 925
hPa and b) RV with two (shaded) smoothing at 925 hPa and SLP (blue lines) tracking. The unit is
cyclogenesis per area (km?) per year with the values multiplied by 10°.
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For SA, several studies investigate cyclones and cyclogenesis with most of them
focusing over the South Atlantic Ocean, since different processes involving continental
features occurs especially close to the Andean region. However, the systems occurring over
the continent are of great importance for weather and climate conditions due to their
contribution to the moisture transport at low-levels from tropics to subtropics with subsequent
formation of rainfall and latent heat release (Mendes et a., 2007; Reboita et al., 2012). As
Sinclair (1994) also showed, around 50% of cyclones forming very close to the Andes are
stationary, while the rest can be accounted as mobile systems.

From Figure 4.1b the RV and SLP tracks present four main concurrent hot spots for
cyclogenesis, where three of them are already known and studied (the coastal regions) and the
fourth is over the continent, at lower latitudes and in the lee side of the Andes (20°S). This
region, for instance, is not seen in Reboita et al. (2010, 2018), Mendes et al. (2007), or in
Gramcianinov et a. (2019), even though the latter considered the continent for the tracking.
There is another center close to the western coast of SA, but both tracks (RV and SLP) differ
regarding its center position. Because of this difference in addition to orographic aspects (this
region strongly overlaps with the Andes), this fifth region is discarded from the analysis.
Therefore, the study will focus on the four main cyclogenetic regions using the information
(date, latitude and longitude) from the RV tracking.

The four boxes in Figure 4.2, which have different sizes, highlight the main
geographical hot spots of cyclogenesis. Throughout this work, these areas are named
Argentina (size 15°x15°, centered at 45.5°S;62.5°W), Uruguay (19°x10°, 32°S;56.5°W),
SEBrazl (10°x10°, 25°S;43°W), and Andes (10°x10°, 21°S;61°W). Some hot spots (e.g.,
Argentina, Uruguay and SEBrazl) agree qualitatively with earlier studies using different
methods and datasets to identify cyclones (Tajard, 1967; Gan and Rao, 1991; Hoskins and
Hodges, 2005; Reboita et al., 2010, 2018; Neu et a., 2013; Gramcianinov et al., 2019).

Figure 4.3 shows the total (inner pie) and seasonal frequency (outer pie) of
cyclogenesis in each cyclogenetic box. Argentina contains the largest number of cyclones and
is very active during all seasons with a dlightly higher frequency in austral summer (Figures
4.2a, 4.3), which is consistent with previous studies (Hoskins and Hodges, 2005; Reboita et
a., 2010, 2018; Gramcianinov et a., 2019). Uruguay, on the other hand, is more active during
winter and spring (Figures 4.2c¢,d, 4.3), as already documented in the literature (Hoskins and
Hodges, 2005; Reboita et al., 2010, 2018). The smallest number of cyclones is found in
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SEBrazl, where greater frequencies occur in summer followed by spring (Figures 4.2a,d, 4.3).
Finally, Andes records greater cyclogenesis activity during winter and spring (Figures 4.2c,d,

4.3), with seasonality comparable to Uruguay.

a) b)

0 d)

Figure 4.2 Seasonal cyclogenetic density (1979-2017) with boxes indicating the four main
cyclogenetic regions:. Argentina (blue line), Uruguay (red line), SEBrazl (green line) and Andes
(purple ling). a) DJF — austral summer, b) MAM — austral autumn, c) JJA — austral winter, and d) SON
— austral spring. The unit is cyclogenesis per area (km?) per season with the values multiplied by 10°.
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Figure 4.3 Seasonal absolute and relative frequencies (%) of cyclogenesis in the four regions. The
inner pie represents the total number of cyclogenesis for the period 1979-2017 and the outer pie
represents the seasonal distribution.

The annual density of cyclone trajectories from each region is shown in Figure 4.4. A
common aspect, as expected, is the southeastward movement of cyclones starting from each
genesis region. Cyclones from Argentina (Figure 4.4a) and Uruguay (Figure 4.4b) can
achieve longer distances compared to SEBrazil (Figure 4.4c) and Andes (Figure 4.4d).
Argentina and Uruguay present a second most dense spot close to Antarctica (near 60°S belt),
respectively, in approximately 25°E and 40°E. Some cyclones from SEBrazl and Andes are
also able to move towards these regions but less frequently. Andes presents a second very
dense trgectory region located downstream of the genesis region, meaning that a higher
percentage of cyclones have cyclolysis not far from their genesis region. Aspects as traveled

distance, intensity and lifetime for each region will be discussed in the next section.
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b)

d)

Figure 4.4 Annual mean tracking density (1979-2017) for @) Argentina, b) Uruguay, ¢) SEBrazil, and
d) Andes. The unit is cyclone per area (km?) per year with the values multiplied by 10°.
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4.2 Traveled distance, lifetime and intensity

This section presents results of the mean features of cyclones forming in each
cyclogenetic region (Argentina, Uruguay, SEBrazl and Andes) and season (austral summer,
autumn, winter and spring). The analyzed variables correspond to frequency distribution of: a)
the total traveled distance, calculated as the sum of all distances between cyclone positions
every 6 hours; b) the distance between the first and last positions of the cyclone (initial-final),
i.e., cyclogenesis — cyclolysis locations; c) lifetime; d) minimum relative vorticity (maximum
intensity) at 925 hPa, which is the smallest cyclonic vorticity value considering al of the
cyclone'slifecycle.

In Argentina there are two distinct peaks of frequency for both distances (Figures
4.5a,b); the first peak (~ 2000 km) is similar for the two types of distances, indicating that
cyclones traveling smaller distances have quite linear tragjectory. However, the second peak of
frequency (~12000 km for total traveled distance and ~ 7500 km for initial-final distance) is
not similar for the two types of distances, which means that cyclones traveling larger
distances present some stationary periods along their trajectories or they can assume irregular
trajectories as they move to different directions throughout their lifecycle, resulting, for
example, that the genesis is closer to lysis (Figures 4.5a,b). For both distances, the first peak
indicates more cases in winter and less in autumn while the opposite occurs for the second
peak. In summer, cyclones developing in Argentina travel more often intermediary distances,
i.e., from 6000 to 10000 km (Figures 4.5a,b). There is adso a third peak to lower distances
observed only in summer (Figure 4.5a,b), compared to other seasons.

Regarding cyclone lifetime, in Argentina the four seasons have similar frequencies of
occurrence, with the highest frequency being ~ 10 days, i.e., most of the cyclones are long-
lived (Figure 4.5c). During winter, there is a secondary and much weaker peak of frequency
for cyclones lasting between 1-2 days, mainly (Figure 4.5c). In all seasons, the vorticity
distribution shows a main peak of frequency for intense cyclones (~ — 8 x 10° s%) and a
secondary peak for weaker cyclones (~ — 3 x 10° s%), which is more frequent in summer
(Figure 4.5d). Considering extreme events (left side of the distribution in Figure 4.5d), the

cyclones during autumn are slightly stronger when compared to the other seasons.
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a) b)

0) d)

Figure 4.5 Seasonal relative frequency (%) for the period of 1979-2017 of: a) total traveled distance
(km), b) distance between initial-final positions (km), c) lifetime (days), and d) cyclonic relative
vorticity (x10°s™) for cyclonesin Argentina.

Similarly to Argentina, Uruguay also has two peaks of total traveled distance: one
around 2000 km and the other around 12000 km (Figure 4.64). Differently from Argentina,
however, these peaks have similar frequencies, and are comparatively higher in winter,
followed by spring (Figures 4.6a). For the distance between cyclogenesis and cyclolysis, the
greater frequencies are displaced to higher values of distances compared with Argentina,
which means that cyclones from Uruguay have cyclolysis farther away from their
cyclogenesis region, i.e., they have fewer stationary phases during their lifecycle (Figure
4.6b). Similarly to Argentina, Uruguay (Figure 4.6¢) also has two frequency peaks of lifetime
duration: one for the short-lived (~ 2 days) and other for the long-lived cyclones (~10 days).
The short-lived cyclones occur more often in summer and winter, while the long-lived ones
occur more in winter and spring. While in Argentina there is one most pronounced peak of

minimum RV (Figure 4.5d), Uruguay has two peaks, one around — 9 x 10 s and another
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around — 4 x 10° s* (Figure 4.6d). While in summer these two peaks have similar frequencies,
in the other seasons the RV minimum presents a higher frequency for the most intense
cyclones (- 9 x 10° s%). In summary, similarly to Argentina, Uruguay also has two distinct
types of cyclones (especially in summer). Comparatively, cyclones developing in Uruguay
reach stronger intensities during their lifetime compared to those developing in Argentina

(mostly in winter and spring).

Figure 4.6 Seasonal relative frequency (%) for the period of 1979-2017 of: a) total traveled distance
(km), b) distance between initial-final positions (km), c) lifetime (days), and d) cyclonic relative
vorticity (x10°s™) for cyclonesin Uruguay.

Differently from Argentina and Uruguay, cyclones from SEBrazl travel shorter
distances in general (Figures 4.7a,b). Figure 4.7a shows two frequency peaks of total traveled
distance, a strongest one around 2000 km and a secondary peak around 12000 km. There are
also two peaks for the cyclogenesis-cyclolysis distance (Figure 4.7b), with the first peak
coinciding with the first peak of Figure 4.7a and the second one around 10000 km. Again,
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there are two types of cyclones, stationary and moving/mobile cyclones, with the former more
frequent in summer (2000 km) and the latter in spring (10000 km) (Figures 4.7a.b). Regarding
cyclones lifetime (Figure 4.7c), there are two well-distinct peaks for al seasons, as in other
regions, one peak in about 1-2 days and the other in 10 days. In spring, however, there are
three peaks, with the third around 7 days. Regarding the intensity, as for the other regions
there are two peaks, but in SEBrazl the dominating frequencies are for weaker cyclones
(between - 2 and - 3 x 10° s%) in most part of the year, except in winter when it presents
similar frequencies for both weaker (between — 2 and — 3 x 10°s™) and more intense (— 8 and
-9x 10°s™) cyclones (Figure 4.7d).

a) b)

0) d)

Figure 4.7 Seasonal relative frequency (%) for the period of 1979-2017 of: a) total traveled distance
(km), b) distance between initial-final positions (km), c) lifetime (days), and d) cyclonic relative
vorticity (x10°s™) for cyclonesin SEBrazil.

The Andes region is located over the continent in subtropical latitudes (20-30°S). It

contains approximately the same number of cyclones as the Uruguay region and it is more
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active during winter and spring. There is one pronounced frequency peak for cyclones
traveling shorter distances (Figure 4.8a) with the other traveled distance classes presenting
frequencies below 3%. An interesting feature is the frequency peak related to summer, where
both total traveled and distance between initial-final locations (Figures 4.8a,b) are very close,
meaning that during summer cyclogenesis and cyclolysis occur basically in the same place.
This also occurs in other seasons; however, they present frequencies above zero in other
distance classes, indicating that in these seasons cyclones can travel longer distances than in
summer (where the frequency in other classes are close to zero). In general, cyclonesin winter
and spring travel longer distances (peak around 10000 km).

Differently from Argentina and Uruguay, most cyclones in Andes last about 1-2 days.
In summer, most cyclones present only a few timesteps after the minimum lifetime threshold
(24h) imposed by the tracking algorithm, while for the other seasons two frequency peaks
occur: one of 1-2 days and another of 10 days. The stationary short-lived (1-2 days) cyclones
(Figures 4.8a,b) correspond to thermal lows which develop in the lee side of the Andes
Mountain, especialy in summer (Salio et al., 2002; Salio et al., 2004). Cyclones in summer
have weaker intensities (RV between -3 and -2 x 10™ s%), but other seasons also present a

smal| frequency peak around - 8 x 10° s™.
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Figure 4.8 Seasonal relative frequency (%) for the period of 1979-2017 of: a) total traveled distance
(km), b) distance between initial-final positions (km), c) lifetime (days), and d) cyclonic relative
vorticity (x10°s™) for cyclones in Andes.

A common feature in Argentina, Uruguay and SEBrazl is the bi-modal frequency
distribution in traveled distances and intensity (Figures 4.5, 4.6 and 4.7), where Argentina and
Uruguay have stronger cyclones in the highest peak (Figures 4.5d and 4.6d), while the
opposite is observed in SEBrazl (Figure 4.7d). In general, cyclones from Argentina, Uruguay
and SEBrazl live longer and travel longer distances compared to Andes. Cyclones in
Argentina and Uruguay are the most intense and in Andes they are less intense. In summary,
cyclones from Argentina and Uruguay are the most intense, fast and long-lived, which in
theory makes them travel longer distances; these are also formed and developed close to the
coast. On the other hand, cyclones from Andes are more stationary and less intense while in

SEBrazl they have intermediary characteristics.
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4.3 Timelags

In order to explore a possible relation between cyclones in each cyclogenetic region, a
first approach relating the time lag between cyclogenesis in each region is presented. Table 1
shows the absolute number of days from the whole series of cyclogenesis from each region
occurring related to the other respective region. There is a larger number of cyclogenesis
occurring in Argentina one day before cyclogenesis in Uruguay and Andes, while it occurs
mostly two days after cyclogenesis in SEBrazl. In Uruguay, cyclogenesis occurs most likely
one day after cyclogenesis in Andes, however, it occurs mostly two days prior than in

SEBrazl. Cyclogenesisin Andesis most likely to occur two days before than in SEBrazl.

Table 1 Absolute number of daysin which cyclogenesis occurs in each region (start at) related to other
regions for different time lags (from -2 until +2 day). Red numbers highlight the greater values.

-2days -lday Sameday +1day +2days

Argentina (starts at), Andes 402 473 409 309 373
Argentina (starts at), Uruguay | 436 487 318 301 413
Argentina (starts at), SEBrazl | 181 162 194 211 225
Uruguay (starts at), Andes 161 134 282 302 169
Uruguay (startsat), SEBrazil | 113 85 43 36 41
Andes (starts at), SEBrazl 101 89 41 43 65

These aspects are in accordance with the latitude position of each region. For instance,
Argentina, the most southern region, is influenced by baroclinic waves during the whole year.
Hence, cyclones are able to influence cyclogenesis as/or secondary cyclogenesis, or
organizing favorable conditions in the northern regions as they travel northeastward during
their development. Table 1 indicates that cyclogenesis in Uruguay occurs mostly at the same
day or one day after cyclogenesis in Andes (this will be also shown in section 5 in the mean
atmospheric fields). The opposite occurs in SEBrazil, where, in general, cyclogenesis occurs
later than in Uruguay and Andes.

Figure 4.9 shows in details the seasona relationship between cyclogenesis in time
gpans of 6 hours. Figure 4.9a presents the frequency of time genesis as a function of
cyclogenesis in Argentina, and spring is the season with less frequencies of genesis in
comparison with the other three regions. Andes present a higher peak in summer prior to

genesis in Argentina (Figures 4.9a,d), which is also noticed in Uruguay but for all seasons
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(Figure 4.9b). Thisis possibly related with the moisture transport by the low-level jet during
this season, supporting the development of cyclones to the south. As Salio et al. (2002)
pointed out, during an event of Chaco Jet, the flux of moisture and its convergence at low and
mid-levels is about 10 times greater than the summer mean. SEBrazil has least relation with

other cyclogenetic regions, but when it occursit is during summer (Figure 4.9c).

a)

b)

d)

Figure 4.9 Seasonal relative frequency (%) (1979-2017) of the time lag (hours) between cyclogenesis
in respect to other regions; a) Argentina, b) Uruguay, ¢) SEBrazil, and d) Andes.
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Chapter 5

5 Results 2 — Atmospheric patterns

Here we present characteristics of the environment during cyclones genesis and
development in the following order: i) climatological aspects of the tropopause and means of
the meteorological variables/parameters in summer vs. winter, irrespective of whether
cyclogenesis occurs or not; ii) a quantitative analysis of occurrence of stratospheric PV
streamers and cutoffs in different isentropic levels near the four cyclogenetic regions; and,
then, a final discussion of the spatial pattern of these PV structures and their association with

dynamical forcing for iii) cyclogenesis and iv) the cyclone lifecycle.
5.1 Climatological aspects over SA and its surroundings

To further discuss the atmospheric patterns related to cyclogenesis on each region, this
section presents a general overview of specific variables over SA and adjacent oceans. Figure
5.1 shows the seasonal mean pressure level of the tropopause (- 2 PVU) (Figures 5.1a-d) and
the seasonal mean frequency of the tropopause (- 2 PVU contour) as a function of different
isentropic levels (Figures 5.1e-h), i.e., the dynamical tropopause over South America and
adjacent oceans. The isentropic levels shown are 320 K, 340 K and 360 K since they are more
frequently associated with upper-level PV structures over the cyclogenetic regions.

The tropopause spatial pattern exhibits a great change throughout the year (Figure
5.1), i.e., it changes from a very undulated pattern in summer (Figures 5.1a,€) to a very zonal
organized pattern in winter (Figures 5.1c,g). This undulation is strongly associated with the
continental diabatic heat source (Hoerling, 1992) and the vorticity conservation in summer.
There is a clear northward (or equatorward) displacement of the tropopause to upper
isentropic levels from winter to summer (Figures 5.1e-h). By anayzing the pressure and
isentropic mean fields, we can see the equivalence of the tropopause in both surfaces
regarding the latitude and its dependence on the season. For instance, over the South Atlantic,
northward of 30°S, the tropopause in 360 K is frequently equivalent to the 150 hPa level in

summer (DJF) (Figures 5.1a,e). However, for tropopause locations between 30°S and 40°S
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there is a transition between 360 K and 340 K isentropic levels and also a strong gradient in
pressure levels, from 225 to 150 hPa (Figures 5.1a,€). On the other hand, southward of 45°S
the tropopause is predominantly located at 320 K, equivalent to pressure levels of up to 225
hPa. This climatology is in agreement with the seasonal tropopause features in the Northern
Hemisphere, as discussed in Wernli and Sprenger (2007), where during winter the tropopause
level fluctuates between 305-335 K levels at mid-latitudes (30-60°N), while in summer it
fluctuates between 325-350 K levels.

In autumn (MAM) (Figures 5.1b,f) the mean tropopause has a more zonal pattern,
which accentuates in winter (JJA) when the isentropes and pressure levels are amost parallel
to latitudinal lines (Figures 5.1c,g). In winter, the tropopause located southward of 45°Sisat a
maximum pressure level of 300 hPa. In spring (SON) (Figures 5.1d,h) the tropopause starts to
undulate again. In general, the transition seasons (autumn and spring) have the most similar

mean tropopauses (Figures 5.1b,d,f,h).
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a) e
b) f)
<) 9)
d) h)

Figure 5.1 Seasonal mean (1979-2017) of: a-d) pressure level (hPa) of the tropopause (- 2 PVU) and e
h) frequency (%, intervals of 3) of the tropopause as a function of different isentropic surfaces. 320 K
(black lines), 340 K (shaded), and 360 K (red lines).

Since autumn and spring are very similar in terms of tropopause levels (Figure 5.1),
we will focus our next discussions in summer and winter. The mean fields in Figures 5.2ab
present the seasonal climatology (austral summer and winter) of the jet stream at 300 hPa and
the upper-level PV at 320 K, 340 K and 360 K. The upper-level jet is further north in winter
(Figure 5.2b) compared to summer (Figure 5.2a), with a mean jet streak maximum over the
South Atlantic closer to SA in winter (Figure 5.2b). The PV distribution follows the
latitudinal location of the dynamical tropopause over SA to be determined for the different
seasons. In fact, during winter (Figure 5.2b) the PV distribution at 360 K, 340 K and 320K is
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rather zona (as seen in Figures 5.1c,g) over the continent and the dynamical tropopause (-2
PVU isoline) is found at, respectively, about 23°S, 27°S and 40°S. However, over the ocean
and in summer (Figure 5.2a) the dynamical tropopause at 360 K is located at lower latitudes
(15°S), which follows from the SA monsoon configuration (Zhou and Lau, 1998) with two
upper level troughs, one over the Pacific Ocean and the other close to northeastern Brazil. The
undulation of the dynamical tropopause during summer is also discernible over the continent,
where it is shifted southward reaching about 30°S. This north-south migration of the
dynamical tropopause, and its undulation over the South Pacific and South Atlantic, is only
apparent here at 360 K, but not at 350 K in the climatology of the dynamical tropopause by
Ndarana and Waugh (2010). This seasonal cycle of the dynamical tropopause in Figures
5.2ab influences the level on which PV streamers and cutoffs will be found in different
Seasons.

The seasonal mean EGR is shown in Figures 5.2c,d. The EGR gives a measure of the
environmental baroclinicity and the importance of baroclinic instability, taking into account
the vertical wind shear, static stability and the Coriolis parameter. The growth rate depends on
the horizontal and meridional wavelength and the Rossby radius deformation. Generaly, it
increases towards the poles and over the continent, reaching values above 0.7 day™ in
Argentina and Uruguay regions (Figures 5.2c,d). The EGR in winter reaches a maximum
value of ~ 1.0 day* near the Andes in the central part of Chile and Argentina (Figure 5.2d).
These values are higher than the ones in the winter and summer climatologies by Lim and
Simmonds (2007) and Yanase et al. (2014), respectively. However, this might be because
these authors used the ERA-40 dataset (Uppala et al., 2005) and the Japanese 25-year
Reanalysis (JRA-25; Onogi et al., 2007) and a single 850-hPa level for the EGR computation
while in this study it is used ERA-Interim and a layer-averaged EGR. The EGR is constantly
important for cyclogenesis in all cyclogenetic regions, especialy in Argentina throughout the
year and in Uruguay during winter and spring (Figures 5.2c,d, and Appendix A).

Finally, it is worthwhile to consider the near surface circulation pattern which
predominates in SA climatology. To this aim, SLP fields and winds and specific humidity at
850 hPa are shown in Figures 5.2c-f. Over the year, the main circulation systems are the two
subtropical anticyclones, one over the South Pacific and another over the South Atlantic. The
anticyclone over the South Atlantic reaches the eastern part of SA, where it prevents
convection in winter (Figures 5.2d,f) (Reboita et a., 2010, 2019). In summer, however, the
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subtropical anticyclone is located far from the coast (Figures 5.2c,e), contributing to organize
the moisture transport from the South Atlantic to subtropical latitudes over the continent,
hence, favoring precipitation (Sun et al., 2017; Reboita et al., 2019). During summer (Figure
5.2¢), a semi-permanent thermal low-pressure system occurs in the lee of the Andes (around
20°S), coinciding with the location of the aforementioned cyclogenetic region lee of the
Andes. A semi-permanent low-level trough with weak amplitude is aso a climatological
feature along the coast of Argentina (centered in approximately 45°S-65°W) during summer
(Figure 5.2c), whereas in winter (Figure 5.2d) it is displaced further to the north and hence
acquires amore zonal characteristic.

The 850 hPa winds are stronger (weaker) over the South Pacific and southern SA in
summer (winter), whereas over the South Atlantic and east coast of SA they are weaker
(stronger) (Figures 5.2ef). This is associated with east to west seasona migration of the
subtropical South Atlantic anticyclone (Figures 5.2c,d). Over the continent, the northerly
winds eastward the Andes characterize the low-level jet (Sugahara et al., 1994; Marengo et
al., 2004), which is stronger (weaker) during winter (summer). This jet exerts an important
control of rainfall in the subtropics of SA since it is important to transport moisture from
lower latitudes to the subtropics affecting the cyclogenetic regions identified in Figure 4.2. In
summer the specific humidity is higher than in winter, which is associated to the

establishment of the rainy season over tropics-subtropics SA during summer (Figures 5.2¢e/f).
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a) b)

Figure 5.2 Seasona climatology (1979-2017) of ab) horizontal wind vectors and magnitude (m s,
shaded) at 300 hPa, PV (PVU) at 320 K (dotted green lines), 340 K (dashed blue lines) and 360 K
(solid red lines) in austral @) summer and b) winter; c,d) EGR (day™, shaded) and SLP (hPa, solid
lines, interval of 4 hPa) in austral ¢) summer and d) winter; and e,f) wind vectors and magnitude (m s
! lines) and specific humidity (g kg™, shaded) at 850 hPain austral €) summer and f) winter.

As afina analysis, Figure 5.3 presents the seasonal climatology of PV streamers and
PV cutoffs over SA in three different isentropic levels. This analysis will also be important to
discuss the anomalies regarding each cyclogenetic region. From Figure 5.3 we can infer the
approximate location of PV streamers by the -2 PVU contour.

In SA, isentropic surfaces are intersected by the high elevations of the Andes, which
results in the stationary pattern of high frequency of PV cutoffs at 320K from 15°S to 30°S
over the Andes (Figures 5.3a,b). Hence, it is important to carefully select the adequate
isentropic level for the analysis of PV streamers, and especialy PV cutoffs in each of the

cyclogenetic region, since the elevated topography leads to spurious signals. In general, PV



52

streamers and cutoffs occur more often in summer than in winter (Figure 5.3). Thereisaclear
shift towards the equator of both PV features as moving to higher isentropic levels, however,
the more equatorward this shift is, the lesser is the frequency during winter.

Argentina and Uruguay present signals of PV cutoffs especially in summer at 320 K
and 340 K (Figures 5.3a,c), and SEBrazl at 360 K. In winter, Uruguay is the region most
affected by PV cutoffs at 320 K (Figure 5.3b), followed by SEBrazil and Andes at 360 K
(Figures 5.3f). During summer at 340 K (Figure 5.3c) there is already a signal of the northeast
Brazilian trough over the South Atlantic, more evident at 360 K (10°S) (Figure 5.3e), which is
related to the northeast trough downstream the Bolivia high, that is part of the South America
monsoon system (Zhou and Lau, 1998). This is in agreement with the climatology of COLs
(obtained from geopotential height) for the Southern Hemisphere performed by Reboita et al.
(2010), where the COLs in the eastern part of northeast of Brazil were found only at higher
levels, i.e., 200 hPa and 300 hPalevels.

PV streamers at 320K are very frequent southward of 55°S in summer (Figure 5.3a)
and between 40°S-50°S in winter (Figure 5.3b). In both seasons they affect mainly the
Argentina cyclogenetic region. At the intermediate level of 340K the most frequent region
with PV streamers has a shift from 40°S in summer to 30°S in winter, most likely influencing
cyclogenesis in Uruguay (Figures 5.3c,d). Finaly, PV streamers at 360K occur near 20°S
over the South Pacific and from 30°S to 10°S over the South Atlantic during summer (Figure
5.3e), which is also related to the monsoon season. SEBrazil cyclogenetic region is most
likely to be affected by this 360K level in summer-winter and by 340K in winter (Figures

5.3c-e). However, thisisthe level with less frequent PV streamersin winter (Figure 5.3f).
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€) f)

Figure 5.3 Seasonal climatology (1979-2017) of the mean frequency (%) of PV streamers (shaded)
and PV cutoffs (lines) for austral summer and winter, respectively, for the isentropic levels. a,b) 320
K, c,d) 340K and g,f) 360 K isentropic levels.

Table 2 summarizes the main information of the climatological variables previously

discussed in relation to each cyclogenetic region.
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Table 2 Summary of the climatological position and strength of the, jet stream, EGR, PV streamer and
PV cutoff for the regions Argentina, Uruguay, SEBrazil, and Andes.

Argentina Uruguay SEBrazl Andes
Tropopause 320 K above and 340 K abovein 360 K above in 360 K to the
south (north) of summer; 340K  summer; 340 K south (above) the
cyclogenesis in to the north  and 360 K above regionin summer
summer (winter) and 320 K in winter (winter)
close/to the
south in winter
Jet Stream  Stronger and Stronger in Further south in Further south in
above the region winter; close to summer; closer to summer;
in summer; the jet streak the jet streak in  southward in
displaced entrance winter winter
northward in
winter
EGR Larger maxima Stronger in Slightly stronger Slightly stronger
close to the coast winter in winter in winter
in summer
PV 320 K in summer 340 K in 360 K in 360 K in winter
streamer and winter summer; 320 and summer; 340 K
340 K in winter and 360 K in
winter
PV cutoff 320K insummer 340 K in 360 K in summer 360 K in summer
summer; 320 K (most frequent) (most frequent)
in winter and winter and winter
L ow-level Stronger westerly  Stronger Stronger Stronger
winds windsinsummer northerly winds northwesterly northwesterly

in winter

winds in winter

winds in summer

5.2 PV streamers and cutoffs during cyclogenesis

The aim of this section is to quantify the occurrence of stratospheric PV streamers and

cutoffs near the four cyclogenetic regions for summer and winter. For this, and considering

severa isentropic levels, Figures 5.4 and 5.5 show the frequency of PV streamers and PV

cutoffs, respectively, as a function of the distance between the location of the surface

cyclogenesis and the upper-level PV features (PV streamer and cutoff) for Argentina,

Uruguay, SEBrazl, and Andes. Negative (positive) distances indicate that the PV structures

are eastward (westward) of the cyclone center.

PV streamers occurs at all isentropic levels for both seasons and each region. They are

located frequently at positive distances, meaning their occurrence to the west of the surface
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cyclogenesis. However, there is clearly a shift to higher isentropic levels of PV streamers
associated with cyclogenesis for more equatorward cyclogenetic regions. The frequency of
PV streamers (Figure 5.4), especialy very close to the genesis region, is higher in Argentina
(Figures 5.4a,e) than in other regions (Figures 5.4b-d, f-h). In Argentina, PV streamers are
most frequent at 320 K (Figures 5.4a,e) especially in summer, and tend to be vertically co-
located with streamers at higher levels in both seasons. In contrast, in the other regions
(Figures 5.4b-d, f-h), PV streamers at higher levels occur far from the surface cyclogenesis.

On the other hand, in Uruguay PV streamers on 330 and 340 K levels have a greater
influence on cyclogenesis in summer (Figures 5.4b). They typically occur about 600 km west
of genesis in summer (Figure 5.4b), and about 800 km west of genesis at 320 K in winter
(Figure 5.4f). In SEBrazl the main peaks occur about 600-1000 km west of genesis at 340
and 360 K levels in summer (Figure 5.4c), i.e, a higher levels than for Uruguay and
Argentina, and 320 and 330 K (Figure 5.4g) in winter. Andes is the region with lower
frequency of PV streamers near cyclogenesis (Figures 5.4d,h), especialy in summer (Figure
5.4d); the main peaks occur far from 1200 km west of genesis at 330 and 340 K in summer
(Figure 5.4d) and at 320 and 330 K in winter (Figure 5.4h), comparable to SEBrazil.

a) b) e f)

0) d) 9) h)

Figure 5.4 Frequency (%) of the distance (km) between the surface cyclogenesis and the nearest PV
streamer in summer and winter, respectively, for a,e) Argentina, b,f) Uruguay, c,g) SEBrazil, and d,h)
Andes detected in six different isentropic levels (lines): 310K (orange), 320K (red), 330K (brown),
340K (grey), 350K (turquoise), and 360K (green). The black dashed line indicates the distance 0 km,
i.e., the surface cyclogenesis location. The period is 1979-2017.

PV cutoffs, in general, are less frequent than PV streamers near cyclogenesis,
especialy in winter (Figures 5.5e-h) for the four regions. They occur most frequently on 310
K for Argentina (Figures 5.5a,€) and on 360 K for SEBrazl in summer (Figure 5.5c). In
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Uruguay (Figures 5.5b,f) the frequencies are similar at 310 K, 320 K, and 330 K in summer
(Figure 5.5b) until 800 km to west, while in winter the frequencies for PV cutoffsin al levels
are similar in a radius of 200 km and more frequent at 310 and 320 K western of 200 km
(Figure 5.5f). Note that the highest peak in Andes at 320 K is related to spurious signals due
topography, and the most prominent level is 360 K in both seasons (Figures 5.5d,h). In
general, the frequency of PV cutoffs is lower than PV streamers in Argentina and Uruguay,

comparable in summer for SEBrazil, and comparable in Andes.

Figure 5.5Asin Figure 5.4, but for PV cutoffs.

5.3 Patterns during cyclogenesis

The previous section discussed the seasonal characteristics of the distance between PV
streamers and cutoffs with respect to surface cyclogenesis. In this section, we will analyze the
gpatial pattern of these PV structures and how they are associated with dynamical forcing
during cyclogenesis for Argentina, Uruguay, SEBrazil and Andes. The analysisis conduced to
austral summer and winter in terms of anomalies, i.e., “mean of events’ minus “seasonal
climatology”. The isentropic level to access PV structures is defined based on the previous

analysis (section 5.2).

5.3.1 Argentina

In Argentina region, the jet streak at 300 hPa over the continent presents a breaking

around 45°S-73°W in summer (Figure 5.6a), whereas in winter it is continuous and wider in
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the meridional direction (Figure 5.6b). Besides, QG-omega at 500 hPa fields are similar for
both seasons, with stronger center of upward motion located over the South Atlantic (50°S-
64°W), close to the continental coast. In both seasons, PV anomalies at 320 K are located
southwestward Argentina, but in summer they are stronger, and concentrated in a smaller area
closer to the genesis region compared to winter (Figures 5.6a,b). While in winter the stronger
ascent is located in the polar side of the jet streak exit, during summer it is located in the
entrance sector, closer to the PV anomaly core. This suggests greater contribution of PV
anomaly inducing intensification of the upward motion and cyclogenesis at surface during
summer than in winter.

The main features of the spatial patterns of geopotential height at 500 hPa, SLP and
EGR anomalies have some similarities in summer and winter, but differences in intensity and
size of the anomalies are noted (Figures 5.6¢,d). In summer the SLP anomaly related to the
cyclone center is located to the east and occupies smaller area over the southern SA (Figure
5.6¢), while in winter these anomalies are wider, reaching lower latitudes (Figure 5.6d). The
minimum anomalous central pressure is slightly stronger in winter (-6 hPa) than in summer (-
5 hPa) and the wave train, in both surface and mid-levels, reaches lower latitudes in winter.
However, the environment in summer seems to be slightly more baroclinic since the EGR
anomalies are stronger and the vertical tilt from the low-pressure center from surface to mid-
levelsis greater (Figure 5.6¢). Nevertheless, the anomalous PV structure is probably acting to
induce the breaking in the jet streak, which is not evident in winter.

For both seasons, the specific humidity has the same intensity (Figures 5.6g,h) and
locates directly over the minimum anomalous SLP and the positive EGR anomaly. The
stronger low-level winds at 850 hPa locate at the western part of Argentina during summer
(Figure 5.69), over the continent, while in winter is displaced northward and to the coast. In
general, the main difference between both seasons is the wave pattern, where the
negative/positive SLP and geopotential anomalies are wider and dlightly stronger in winter
than in summer (Figures 5.6¢,d). However, EGR and the frequency of PV streamers (and
cutoffs) anomalies are higher over the genesis region in summer. Therefore, PV streamers
seem to be most important to intensify upward motions with consequent contribution to the

surface cyclone development in summer.
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Figure 5.6 Austral summer (left panels) and winter (right panels) composites (for the period 1979-
2017) for cyclogenesis in Argentina: a)-b) Horizontal wind (vectors) and magnitude (m s*, shaded) at
300 hPa, anomalies of PV (PVU) at 320 K (dashed lines) and QG-omega at 500 hPa (Pa s*, solid
lines, the outer contour is -0.01, interval of 0.01); c)-d) anomalies of EGR (day™, shaded), SLP (hPa,
solid lines) and geopotential height (m, dashed lines) at 500 hPa; €)-f) frequency (%) anomalies of PV
streamers (shaded) and PV cutoffs (dashed lines) at 320 K; g)-h) horizontal wind (vectors) and
magnitude (m s, lines) and anomalies of specific humidity (g kg™, shaded) at 850 hPa.
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5.3.2 Uruguay

Anayzing the same fields of Argentina but for Uruguay, in winter compared to
summer the jet stream is stronger, which also occurs with PV and QG-omega anomalies
(Figures 5.7ab). The stronger jet stream is disturbed by Andes in winter leading to a
curvature to south of the zonal westerly flow over the South Pacific, as a result of cyclonic
vorticity induced by the mountain after crossing to its eastern side (Figure 5.7b). As a
consequence, at lee Andes a strong ascent (~ 30°S;70°W) and a new spot for cyclogenesisis
observed (Figure 5.7b), which also occurs in Argentina but less intense and further south (~
45°S;70°W) (Figures 5.6ab). Differently from Argentina, Uruguay presents stronger PV
anomalies in winter mainly due to the position of the jet stream, which is displaced to the
north in winter (Figure 5.2b), affecting lower latitudes.

The intensity of EGR anomalies reflects the strength of the jet stream, which is
stronger in winter (Figure 5.7d) than in summer (Figure 5.7c). Also, SLP, geopotential and
specific humidity anomalies are much stronger in winter than in summer, with anomalies
elongating towards the equator. The minimum SLP anomaly in winter (-6 hPa) is located at
the northwest sector of Uruguay, while it is weaker (-3 hPa) but located inside the box in
summer (Figures 5.7c,d). The magnitude of low-level winds at 850 hPa has the double
intensity northward Uruguay in winter (Figure 5.7h), presenting a strong confluence over
Uruguay. However, at southwestern Uruguay there is a center of negative specific humidity
anomalies in summer (Figure 5.7g), which is not present in winter. This is related with the
anomalous SLP over the continent at the rear of cyclogenesis in summer (Figure 5.7c),
whereas in winter is located over the South Pacific (Figure 5.7d). What is more evident for
this region, different from Argentina, is that cyclogenesis is located northward (southward) of
the positive (negative) EGR anomalies, i.e.,, between different anomaly signals (Figures
5.7¢c,d).

The positive anomaly center of SLP at the rear of Uruguay is closer to the genesisin
summer (Figure 5.7¢) than in winter (Figure 5.7d), which might be explained by the position
of PV streamers in these two seasons (Figures 5.7e,f). For winter (Figure 5.7f), PV streamers
are displaced northward and closer to Uruguay compared with summer (Figure 5.7€), and as
noted in Argentina, the vertical alignment between PV streamers and geopotential anomalies

also reflectsin the SLP field. For summer the positive anomaly of PV streamer is already over
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the South Atlantic, while in winter it is located in the western coast of SA. In terms of PV
cutoffs, positive anomalies are seen in summer at the rear and closer to Uruguay, in
opposition to negative anomalies observed in winter (Figures 5.7e,f). The weaker jet stream
may explain the positive anomaly of PV cutoffs during summer (Figures 5.7a,e), since the
weakening of the upper-level jet contributes to the detachment of PV anomalies from the
main westerly flow.

In general, the baroclinic atmospheric coupling is stronger in winter during genesis in
Uruguay, different from Argentina, where the difference between seasons is smaller.
Although the PV streamer anomaly is greater during summer for both regions comparing with
winter, the position of the jet stream seems to play an important role in Uruguay than in
Argentina. In Argentina, the genesis in winter occurs more frequently at the polar jet exit
sector (Figure 5.6b) while for Uruguay, at the equatorial entrance (Figure 5.7b), creating a
more baroclinic environment and instability as the polar cold air moves towards warmer
regions, and probably interacting with the Northwestern Argentinian Low (Seluchi et a.,
2003; Seluchi and Saulo, 2012). Also, the southwestward inclination of pressure systems with
height and stronger positive EGR anomalies indicate a more favorable environment for the

systems to grow.
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Figure 5.7 Asin Figure 5.6, but for the region Uruguay.
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5.3.3 SEBrazl

Figure 5.2a shows that the most prominent level to analyze PV for this region in
summer is the 360 K isentropic level. Nevertheless, since this study focus on features prior
and during genesis, it is expected that the forcing locates at the rear of the genesis region,
most likely at westward/southwestward. As Figures 5.4 and 5.5 show, PV streamers (cutoffs)
are more frequent at 340 and 360 K (360 K) in summer while in winter is at 320 K (310 and
360 K). In that sense, we will show the intermediate 340 K level for summer and 320 K for
winter.

The level of the tropopause is clearly important for SEBrazl, where for summer
(Figure 5.8a) the PV anomaly center is at 40°S;45°W, whereasin 320 K (not shown) it locates
far from the genesis region. Since the jet stream at 300 hPa in summer (Figure 5.8a) is not
directly affecting SEBrazil with the same intensity as in winter (Figure 5.8b), there is a very
small signal of QG-omega, whereas in winter SEBrazl is under the equatorial entrance of the
J€et, resulting in stronger ascent (Figure 5.8b).

In winter EGR, SLP and geopotential height at 500 hPa anomalies (Figure 5.8d) are
stronger compared to summer (Figure 5.8c). During winter, at the rear of the anomalous low-
pressure at surface in SEBrazl, there is a strong anomalous transient high-pressure system
which presents two centers, one over the continent (25°S;65°W) and the other southwestward
from the former, over the west coast (43°S;77°W) of SA (Figure 5.8d), both associated with
negative specific humidity anomalies at 850 hPa (Figure 5.8h). The latter is aligned with the
positive geopotential anomaly in 500 hPa and the negative anomaly of PV streamer (Figures
5.8d,f). These features are not present in summer (Figures 5.8c,e), where although weaker, the
anomalous low pressures at surface and at 500 hPa associated with SEBrazl are vertically
aligned and elongated in the northwest-southeast direction, occupying a broad area over the
South Atlantic (Figure 5.8c). Besides weak, the positive anomalous SLP center upstream
SEBrazil in summer (Figure 5.8c) is associated with relatively strong negative specific
humidity anomalies (Figure 5.8e), indicating a drier environment upstream genesis in
summer. The vertical structure of anomalous pressure systems has a more barotropic structure
in summer and a baroclinic one in winter. In the latter, the high frequency of PV streamers
and cutoffs at the rear of cyclogenesis area are contributing to strengthen the baroclinic

environment. And, as for Argentina and Uruguay, the same pattern of alignment occurs
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between geopotential height and PV streamersin SEBrazil (Figures 5.8c-f), i.e., PV streamers
are located to the southwest of the geopotential anomaly.

SEBrazil has a positive PV cutoff anomaly over the South Atlantic close to the
northeast coast of SA (about 25°W) during summer (Figure 5.8€), which is related to the
northeast trough in the monsoon season (Zhou and Lau, 1998), and at 360 K there is also a
positive PV cutoff anomaly directly over SEBrazl in winter (Appendix B). The former isin
agreement with the climatology of cutoff lows (COL) for the Southern Hemisphere by
Reboita et al. (2010) who detected COLs along the northeast Brazilian coast at 200 hPa and
300 hPa during summer. However, the anomalies occurring in winter were not observed by
Reboitaet al. (2010).
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Figure 5.8 Similar as in Figures 5.6 and 5.7, but for the region SEBrazl, and in @) and €) the PV

structures are shown for the 340 K level.
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5.3.4 Andes

Over the Andes region, QG-omega anomaly at 500 hPa presents a very weak signal in
summer (Figure 5.9a), similarly to the SEBrazl region (Figure 5.8a). There is aso a weak
QG-omega signal to the lee of the Andes about 40°S near the jet stream at 300 hPa, which is
located to the south of the Andes box, far from the genesis location. Near 70°W, where the jet
stream has a break, it is located the center of the PV anomaly at 340 K (Figure 5.9a), which is
also present in other isentropic levels (not shown). On the other hand, in winter the upper-
level jet, PV anomaly and QG-omega are stronger, with the anomalies to the south and closer
to Andes than in summer (Figure 5.9b). Although with weaker intensity, these variables have
similar spatia patterns to the ones in Uruguay (Figures 5.7a,b), which is in agreement with
the previous discussion of time lags between genesis (section 4.3); in Uruguay, however,
genesisis most likely to occur 12 hours after genesisin Andes.

The EGR anomaly fields show a strong positive anomaly southeast of the Andes
composites for both seasons (Figures 5.9¢,d), but in summer the anomaly is more widespread,
reaching alarger area over Argentina, Chile and Andes (Figure 5.9¢). Geopotential height and
SLP anomalies in winter (Figure 5.9d) have a similar spatial pattern to that of SEBrazl in
winter (Figure 5.8d) upstream genesis in SEBrazl but with opposite signals, i.e., two centers
of anomalous low-pressure at the surface, one over Andes and the other to the west coast of
SA. This pattern is more baroclinic (i.e.,, greater westward tilt with height of pressure
anomalies) over the continent and South Atlantic, whereas over South Pacific is more
barotropic. However, in summer there is one large pressure system with a baroclinic vertical
structure, where the surface anomalous low elongates from northwest to southeast, reaching
from the Andes region to Uruguay (Figure 5.9c). The spatial pattern of low-level anomalous
specific humidity is very similar for both seasons (Figures 5.9g,h), while low-level winds are
stronger in winter (Figure 5.9h). The most intense north-northwesterly winds are located
inside the Andes region, reaching maximum speed of 8 and 12 m/s, respectively, in summer
and winter. Finally, PV streamers seem to influence this region only during summer, where a
positive PV streamer anomaly is centered in approximately 32°S, crossing the Andes at 340 K
(Figure 5.9¢). On the other hand, there is a weak signal of PV cutoffs over the region in
winter (Figure 5.9f). From these analyses, and as discussed before, Andes presents a mix of

systems, which needs to be studied separately depending on if they are mobile or stationary
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systems, trying to highlight differences regarding the dynamic forcing between these two
types of systems.

a) b)
0) d)
o) f)
9) h)

Figure 5.9 Similar as in Figures 5.6, 5.7 and 5.8, but for the region Andes, and in a)-b), €)-f) the PV
structures are shown for the 340 K level.
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5.4 Patterns prior and after cyclogenesis

In this section we discuss the composites anomalies for cyclogenesis but considering
the time steps prior (-24h) and after (+24h) genesis. The aim is to explore the characteristics

of the environment evolution from previous until one day after cyclogenesisin each region.

5.4.1 Argentina

In winter, prior cyclogenesis (-24h), the jet stresk at 300 hPa, centered in
approximately 35°S, is approaching SA from the South Pacific, followed by QG-omega
upward motion and PV anomalies in the polar sector of the jet (Figure 5.10b). A different
pattern occurs in summer when the exit sector of the jet streak, in approximately 50°S, is
already over southern Argentina, while PV anomay and QG-omega upward motion are
displaced to the west, still over the South Pacific (Figure 5.10a). The processes of
cyclogenesis occur faster in winter than in summer, since during cyclogenesis the anomalies
of QG-omega and PV are relatively at the same location in summer (Figure 5.6a) and in -24 h
(Figure 5.10a), different from winter.

Prior cyclogenesis, PV and QG-omega anomalies are weaker than in genesis (Figure
5.6ab) and still over South Pacific (Figure 5.10a,b). For both winter and summer, the
environment prior genesis shows relatively the same intensity as during genesis regarding the
upward motion located to the northeast of PV anomalies, but in different locations in relation
to the jet streak. In summer, QG-omega is positioned in the central part of the jet streak, while
inwinter it isin the polar exit sector.

The anomalous low pressure at surface and mid-troposphere are situated to the west of
Argentina in winter and summer prior cyclogenesis (Figure 5.10c,d). Geopotential and SLP
anomalies are more elongated northwest-southeast in winter whereas in summer these
structures are more zonal, and this occurs prior and after cyclogenesis (Figures 5.10d and
5.11d). Prior genesis, positive EGR anomalies are weaker, but slightly more intense near the
jet streak. In both seasons, the vertical alignment of the low-pressure systems to the west is
small, indicating a weak baroclinic structure. In summer, an additional feature in the

environment prior genesis is the high frequency of PV streamers and some events of PV
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cutoffs at 320 K westward Argentina (Figure 5.10€). Both PV structures act as an additional
forcing to cyclogenesis, inducing cyclonic vorticity and upward motion in a weaker baroclinic
environment from a climatological point of view (Figure 5.10c). At west of Argentina thereis
positive anomaly of specific humidity with similar intensity in both seasons. Also, near and

over Argentina the west-northwest low-level winds are intense (greater than 12 m/s) (Figures
5.10g,h).
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Figure 5.10 Asin Figure 5.6, but for 24 hours prior cyclogenesis.

One day after genesis, PV anomalies are over the cyclogenetic region and still stronger
in summer than in winter; the upper-level jet stream weakens in summer but continues intense

in winter (Figures 5.11a,b). The anomalous low pressure presents a greater vertical inclination
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to southwest (more baroclinic) in summer than in winter, and EGR is mostly positive over the
center-north sector of the region in both seasons (Figures 5.11c,d). At surface, a wider
anomalous low-pressure system is still over Argentina in winter, while in summer it occupies
a smaller area and has moved to the east, found completely over the South Atlantic (Figures
5.11c,d). In summer, the stronger PV anomaly is in agreement with the higher frequency of
PV streamers (and with PV cutoffs) over the region, while in winter it weakens considerably
compared with the genesis phase (Figures 5.11c-f). In summer, positive anomalies of specific
humidity are still relatively large and are located to northeast of Argentina, whereas the drier
air upstream is occupying the cyclogenetic region (Figure 5.11g). This spatia pattern differs
from winter (Figure 5.11h), where only weak positive anomalies are noted to the northeast,
with no contrast between dry and moist air.

As for genesis time, the cyclone is more intense and baroclinic in summer than in
winter. This is probably explained by the greater frequency of upper-level PV structures (PV
streamers and cutoffs) to reinforce the baroclinic environment, contributing to the cyclone
genesis and intensification. A secondary feature is the dlightly greater contribution of
moisture in summer than in winter, where there is a greater area of positive specific humidity
anomaly during and after genesis (Figures 5.6g,h, 5.11g,h), especially the stronger contrast

between the downstream moist and upstream dry sectors of the cyclone.
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Figure 5.11 Asin Figures 5.6 and 5.10, but for 24 hours after cyclogenesis.



72

5.4.2 Uruguay

Figures 5.12 shows the 24 hours previous environment for Uruguay. In winter, a very
strong jet streak is crossing the Andes, between 25°S-40°S, accompanied by intense PV
anomaly still in western side of Andes (Figure 5.12b). QG-omega splits in two different
regions of upward motion, one center is over the western SA coast (35°S) and the other
eastward at lee side of the Andes. In summer, a different pattern occurs since a weaker jet
stream is already located to the south of the genesis region, with QG-omega indicating ascent
under equatorial jet entrance and weaker PV anomaly far from Uruguay (Figure 5.123a). PV
anomalies are closer to Uruguay in winter than in summer, as also are the jet stream, which
provides a more baroclinic environment since prior genesis.

EGR for Uruguay presents an elongated band coming from the South Pacific/south
Argentina and reaching the South Atlantic, especially in winter (Figures 5.12c¢,d and 5.13c,d).
The positive EGR anomalies are widespread in winter (Figures 5.12d, 5.13d), which
synthetizes the baroclinic support for cyclone development. This strong positive EGR
anomaly band has a strong negative signal up and downstream Uruguay, and, as for
Argentina, cyclones from Uruguay form and develop on the edge of two opposite anomalous
signals of EGR (Figures 5.12c,d, 5.13c,d). As the cyclone develop, the positive EGR
anomalies displace to the northeast until they reach Uruguay region one day after the
cyclogenesis (Figure 5.13c,d).

A broad area with anomalous positive specific humidity is present in Uruguay since
one day before the cyclogenesis, where the moist air is widespread in alarger area in winter
than summer (Figures 5.12g,h). The stronger northerly winds (with velocities of ~12 m/s,
characterizing a low-level jet) at 850 hPa located to the north of Uruguay contributes to
explain the moister environment to cyclogenesis in winter. Furthermore, the environment in
Uruguay is moister in winter prior and during cyclogenesis, while in summer this occurs
during and after genesis (Figures 5.7g,h, 5.12g,h and 5.13g,h).

From prior to after genesis, it is evident the displacement from the positive anomalies
of PV streamers, however, as discussed in section 5.3.2, in winter the frequency of PV cutoffs
is anomalously negative, while in summer it is positive. That becomes more evident after

genesis (Figure 5.13ef), where positive frequencies of PV cutoffs are over Uruguay.



73

Compared to Argentina, Uruguay is characterized by higher frequencies of PV cutoffs in
summer (Figure 5.13¢).

Comparing Argentina and Uruguay, some points are highlighted: i) the upper-level jet
stream is wider (narrower) in summer (winter) in Uruguay (Figures 5.12a,b, 5.13a,b) than in
Argentina (Figures 5.10a,b, 5.11a,b); ii) PV anomalies are stronger in winter than in summer
in Uruguay, where the opposite occurs in Argentina; iii) positive EGR anomalies are stronger
in Uruguay than in Argentina prior and after genesis, especialy in winter (Figures 5.12c¢,d,
5.13c,d).
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Figure 5.12 Asin Figure 5.7, but for 24 hours prior cyclogenesis.

b)

d)

f)

h)

74



75

a)

€)

0)

b)

d)

f)

h)

Figure 5.13 Asin Figures 5.7 and 5.12, but for 24 hours after cyclogenesis.
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5.4.3 SEBrazl

For summer, the upper-level wind field presents a jet stream with similar pattern and
location to that of one day after the cyclogenesis in Uruguay (Figure 5.13a), but with
differencesin intensity (Figure 5.144). For SEBrazil the branch of jet stream over the Atlantic
(south Argentina) is weaker (stronger) than in Uruguay. Both jet stream and PV anomaly are
located (~42°S;55°W), southward and away from the cyclogenetic region in summer. In
winter, the jet stream and associated PV anomaly are closer to Andes, and QG-Omega upward
motion occurs in the equatorial entrance of the jet to the west of SEBrazil (Figure 5.14b). The
similarities between the spatial pattern of upper-level wind field and PV anomalies in
SEBrazil and Uruguay occurs as a function of ~ 30 h lag (as presented in Figure 4.9¢), e.g.,
prior genesis in SEBrazl the PV anomaly centered at ~ 42°S in summer (Figure 5.14a) is
noted one day after genesisin Uruguay (Figure 5.13a).

The main feature in SEBrazl is a preexisting through over the continent, which has a
PV anomaly associated in winter (Figure 5.14b). It seems that after cyclogenesis in Uruguay
in winter, the perturbation existing at lee of the Andes (after the split of the QG-omega
anomaly) moves towards SEBrazl, leading to cyclogenesis in winter (Figure 5.14b). These
perturbations appear already in -48h (not shown). This is also confirmed in the time lag for
SEBrazl (Figure 4.9c) that, besides weak, there is a peak for Andes in 36 h prior genesisin
winter.

QG-omega anomaly is weaker in summer for SEBrazl but stronger than the other
regions in winter, especially after genesis (Figure 5.15b). According to QG-omega, upward
motions are aways located at the equatoria jet entrance. In general, PV anomalies
approaching SEBrazl from southwest, as a“residual” from cyclones formed in Uruguay, play
an important role in forcing cyclogenesis and cyclone development in SEBrazl.

EGR anomalies in winter indicate a greater probability for the systemsto grow, similar
to Uruguay, while it is weak in summer (Figures 5.14c,d). As for the other regions, cyclones
develop downstream the edge of the EGR positive anomaly, which strengthens during and
after genesis in winter (Figures 5.8d and 5.15d). Even though PV streamers and PV cutoffs
present positive frequency in both seasons near SEBrazl, these anomalies are dlightly

stronger after genesis in winter (Figure 5.15f), an opposite behavior from what is observed in



77

Argentina and Uruguay. One day after cyclogenesis, a positive anomaly of PV cutoffsis over
SEBrazl in winter, which is probably devel oping during the cyclone lifecycle in the region.

Cyclones from SEBrazl travel shorter distances, as discussed in section 4.2 (Figures
4.7a,b), which is evident in the anomalous SLP in both seasons during the cyclone lifecycle
(Figures 5.8¢,d, 5.14c,d and 5.15c¢,d). The center of low pressure related to the cyclone has a
small movement since prior (Figure 5.14c,d) to after (Figures 5.15c,d) genesis, especidly in
summer (traveled distance of approximately 7°), characterizing them as more stationary. In
terms of vertical structure, prior cyclogenesis there is a considerable vertical inclination with
height to the southwest of the low-pressure systems in both summer and winter seasons
(Figures 5.14c,d). This inclination persists until the cyclogenesis day during winter, while in
summer it decreases characterizing a barotropic equivalent vertical structure of the cyclone
(Figures 5.8c,d). Similar to Uruguay, the anomalous moist air at 850 hPa occupies a large
area upstream and over the region since prior until after cyclogenesis (Figures 5.14g,h,
5.15g,h). Different from Uruguay, where the contrast between moist and dry air is weak,
cyclones in SEBrazil present a more intense gradient between moist and the dry air upstream
since one day before cyclogenesis. This gradient intensifies from the cyclogenesis day until
after it (Figures 5.8g,h and 5.15g,h). A very interesting result is the moister anomalous
environment in winter than in summer during the cyclone lifecycle. This is explained by the
low-level winds that are stronger in winter than in summer (Figures 5.14g,h). The direction of
the low-level wind aso helps to understand the differences;, in winter, one day prior
cyclogenesis the northwesterly jet (with mean velocity of 8 m/s) is transporting moist air of
tropical origin to the cyclogenetic region (Figure 5.14h). Moreover, the absence of this low-
level jet in summer explains the smaller moisture content in SEBrazl (Figure 5.14h).

Overal, cyclones in SEBrazl in winter present a more baroclinic structure, and this
occurs due to the presence of the jet streak and PV structures (streamers and cutoffs) affecting
the region. An additional ingredient in winter is the presence of a strong low-level jet
transporting moist air to the cyclogenetic region. On the other hand, summer is also
influenced by a weaker upper-level PV anomaly, however, although the prior cyclogenesis
environment indicates a weak baroclinic vertical structure, it decreases during cyclogenesis

when the cyclones acquire a more barotropic vertical.
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Figure 5.15 Asin Figures 5.8 and 5.14, but for 24 hours after cyclogenesis.
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5.4.4 Andes

In summer, the upper-level jet is very zonal and there is not a clear break prior
cyclogenesis while PV anomalies at 340 K are coming from the South Pacific (Figure 5.16a).
Both structures are located further south (centered ~ 45°S) of the cyclogenetic region and the
jet speed are higher in the South Atlantic sector of jet stream (Figure 5.16a). During
cyclogenesis, the jet stream splits at same time that a weak anomaly of QG-omega develops
near 40°S, which is dill far from Andes. The hypothesis is that the jet crossing Andes,
followed by PV anomalies, leads to a strong QG-omega anomaly lee Andes, especialy
because it is located at the jet stream equatorial entrance, creating a potential environment for
cyclogenesis over that region in summer. Different from what occurs in other regions, the
high frequency of PV streamers at 340 K is located to the north of the PV anomaly from prior
to after genesis (Figures 5.16a,e, 5.9a,e and 5.17a,€). However, a 360 K (Appendix B) the
presence of higher positive PV cutoffs frequency is contributing to force cyclogenesis in
Andes.

EGR positive anomalies are stronger in summer than in winter for Andes, presenting a
stronger signa since before cyclogenesis (Figure 5.16¢). The positive EGR anomalies are
located northward of the jet stream closer to Andes during and, especialy, after genesis
(Figure 5.17c). It is interesting also to point that the positive EGR anomalies are somehow
associated with the positive frequency of PV streamers.

In summer, the vertical alignment of low-pressure systems before genesis has a
barotropic equivalent structure (Figure 5.16¢). On the other hand, during and after genesis the
inclination to the southwest increases acquiring a vertical baroclinic structure (Figures 5.9¢c
and 5.17c), where the anomalous SLP moves to the east and forms one center in about 45°S,
elongating northward, reaching Andes (Figures 5.9c and 5.17c). From the low-level flow and
specific humidity, the winds are mainly from north and a widespread area of moister air is
over and to the south of the cyclogenetic region (Figure 5.16g). The northerly winds
intensification during genesis remains until one day after, while the anomalous moister air
observed during genesis weakens after cyclogenesis (Figures 5.9g and 5.17g).

In winter, the upper-level jet influences Andes while crossing SA prior, during and
after genesis (Figures 5.16b, 5.9b and 5.17b). This jet stream is intensifying over the Andes

Mountain and PV anomaly is covering the center of the jet, followed by QG-omega anomaly
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to the northeast (Figure 5.16b). Different from summer, QG-omega is closer to the
cyclogenetic region during and after genesis (Figures 5.9b and 5.17b), remaining relatively in
the same position and weakening after genesis (Figure 5.17b).

As mentioned before, EGR anomalies are weaker in winter compared to summer, and
the low-pressure systems before genesis present a barotropic equivalent vertical structure to
the west of SA (Figure 5.16d). This pattern is quite similar to Uruguay’'s before genesis
(Figure 5.12d), where the system crossing the Andes Mountain develops a secondary
anomalous low-pressure center around 25°S, over Andes, with a characteristic baroclinic
vertical structure.

As for the other regions, the low-level winds are stronger in winter over the
cyclogenetic region. However, in Andes, before genesis, the positive anomalies of specific
humidity are stronger in summer than winter, even though in winter the anomalies cover a
larger north-south area and extend to the west of Andes Mountain (Figures 5.16g,h). After
genesis, as observed in SEBrazil and Uruguay, the positive moisture anomaly is more intense
in winter than in summer (Figures 5.17g,h).

In general, Andes cyclone patterns are similar to the ones of Uruguay until genesis; the
differences are basically the time lag and the intensity of the anomalies, as discussed in other

sections.
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Figure 5.16 Asin Figure 5.9, but for 24 hours prior cyclogenesis.
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Figure 5.17 Asin Figures 5.9 and 5.16, but for 24 hours after cyclogenesis.
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5.5 Time evolution of the variables in each cyclogenetic regions

The time evolution of the atmospheric variables and parameters from prior until after
cyclogenesis for Argentina, Uruguay, SEBrazil and Andes is presented in Figure 5.18. The
values of the anomalies of each variable (QG-omega at 500 hPa, EGR, SLP, specific humidity
at 850 hPa, and PV at 320, 340 and 360 K) represent the average over each cyclogenetic
region (shown in Figure 4.2) since 48 h (-48) before until 48 h (+48) after genesis.

For al cyclogenetic regions, QG-omega shows a change from positive to negative
from 48 until 12 h before the genesis, except for Andes in summer, which remains close to
zero until 12 h after genesis (Figure 5.18a). This occurs since the weak QG-omega is far from
the cyclogenetic region during the cyclone lifecycle (Figures 5.9a, 5.16a, 5.17a). Winter is the
season with stronger ascent. Argentina, however, presents also stronger upward motion in
summer, followed by Uruguay and SEBrazil. The maximum QG-omega, i.e.,, the most
negative value, is achieved at the genesis in all regions and seasons, except for SEBrazil and
Andes, where the minimum occurs, respectively, 12 h and 48 h after genesisin winter.

EGR anomalies (Figure 5.18b) for Argentina present the similar evolution for winter
and summer, but with slightly higher values 12 h after genesis in summer. This is explained
by the jet stream presence in Argentina during the whole year. In summer, Uruguay has EGR
values similar to Argentina, however, the difference between two seasonsin Uruguay is larger
after genesis, with EGR presenting a higher peak 24 h after genesis in winter. This maximum
peak is aso present in SEBrazl during winter, where the EGR is increasing since 48 h prior
until 24 h after cyclogenesis. This does not occur in summer since EGR rises until
cyclogenesis and remains quasi-constant afterwards. The greater proximity of the upper-level
jet stream to Uruguay and SEBrazl in winter explains the stronger EGR anomalies in this
season. Andes presents a peculiar evolution of EGR, especiadly in summer (Figure 5.18b),
where the evolution in time has a seesaw feature; achieving a minimum EGR value 12 h
before cyclogenesis and increasing afterwards but following similar seesaw feature. In winter,
EGR anomaly aso achieves the minimum 12 h before genesis but increasing until 48 h after
genesis in Andes. Considering all regions, in general, EGR anomalies reach maximum values
12 or 24 h after genesis (Figure 5.18b).

As for EGR, the low pressure is more intense during winter than summer (Figure

5.18c). The minimum SLP anomaly is observed at the time of genesis (0O h) in the four
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cyclogenetic regions. After genesis, during winter, the anomalous low-pressure system has
similar intensity in Argentina and Uruguay, whileit is ~ 1 hPaweaker in SEBrazl and Andes.
Asdiscussed in section 5.1 and shown in Figure 5.18c, low pressure anomalies are stronger in
winter, which was aready identified in other studies over SA (Reboita et al., 2010;
Gramcianinov et al., 2019).

The positive specific humidity anomalies are stronger in Uruguay, with maximum
reaching 2 g kg* a cyclogenesis time (Figure 5.18d). The specific humidity anomaly
increases since 48 h prior genesis achieving its maximum at genesis (0 h) in the four regions.
Argentina presents smaller differences between winter and summer in terms of moisture
anomaly. As previously discussed, in winter the stronger low-level jet acts transporting moist
air to the cyclogenetic regions resulting in larger mean positive anomalies in Uruguay-Andes
(after the genesis) and SEBrazil (since 24 h prior until genesis).

For the anomalies of PV at 320 K (Figure 5.18¢€), Argentina presents higher values (in
module), with two distinct peaks in both seasons, one peak of minimum (maximum) PV 12 h
(12 and 24 h) prior (after) genesis, which is in agreement with the fact that PV is in general
located upstream of the surface cyclone from genesis until the cyclone reaches its maturity.
SEBrazil and Andes presents a very small variability as the cyclone moves far from the region
as function of the season, whereas Uruguay in winter presents a slightly higher variation, with
the maximum occurring 48 h after genesis, while in summer the values are closer to zero and
similar to SEBrazil and Andes.

A different pattern of PV is observed at upper isentropic levels (Figures 5.18f,g).
Argentina isless sensitive to upper levels, especially in winter, where the amplitude variations
decrease. The opposite occurs in Uruguay and SEBrazl, where from 12 h prior until 48 h
after genesis the regions experience stronger variation of PV anomalies (e.g., in Uruguay, the
averaged PV anomaly strengthens from 0.7 to -0.01 PVU in 60 hours in winter). This
reinforces the vertical westward tilt, with alag of 12 h from 320 to 340 K. In SEBrazl, the
variation of the mean PV anomaly is noticeable at 340 K (360 K) in winter (summer).
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Figure 5.18 Mean of a) QG-omega (Pas?), b) EGR (day™), c) SLP (hPa), d) specific humidity (g kg™)
at 850 hPa, and PV (PVU) at €) 320 K, f) 340 K and g) 360 K anomalies inside the delimited area for
Argentina (Arg, blue), Uruguay (Uru, red), SEBrazil (SEB, green) and Andes (And, yellow) for
summer (dashed line) and winter (solid line). The timesteps represent genesis (0), and 48h, 24h, 12h
before (-) and after (+) genesis.
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Chapter 6

6 Conclusions

This study presents a genera overview of the atmosphere from a potential vorticity
(PV) perspective at upper levels, focusing on the upper-level PV structures and their
influences on surface cyclones over South America. Surface cyclones and PV structures on
isentropic surfaces (PV streamers and PV cutoffs) are identified using ERA-Interim reanalysis
for the period 1979-2017. The following sections present a summary and the main

conclusions of thiswork.

6.1 Tracking and cyclones characteristics

After identifying cyclones in four regions of South America (Argentina, Uruguay,
SEBrazil and Andes), their traveled distance, intensity, lifetime, association with PV
structures, and time lags are analyzed in different seasons. Since it is used a larger area to
apply the tracking algorithm, the surface cyclones climatology provides higher number of
events. This occurs since a larger domain allows to include in the climatology cyclones
upstream Andes and, with the absent of boundaries close to the continent, the cyclone reaches
at least 24 hours of lifecycle inside the domain.

The relationship between cyclogenesis in different regions shows that before
cyclogenesis in Uruguay there is a high frequency of cyclogenesis in Andes. The bi-modal
characteristics of frequency distributions of displacement, intensity and lifetime, indicate two
different types of cyclones occurring in Argentina, Uruguay and SEBrazil. A genera feature
isthat cyclones from Argentina and Uruguay travel longer distances and are more intense.

In the four regions, upper-level PV streamers occur frequently during cyclogeness,
typically located to the southwest. However, there are seasonal differences during genesis: in
Argentina and Andes, PV streamers occur frequently in summer, in Uruguay in summer and
winter, and in SEBrazil mainly in winter. The isentropic level with higher occurrence of PV

streamers varies in function of the cyclogenetic region. In Argentina and Uruguay, they are
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more frequent at 320 K throughout the year, while in SEBrazil and Andes at 340 K in
summer.

PV cutoffs frequency is lower than PV streamers at cyclogenesis time, however, they
tend to increase during the cyclone lifetime, which occurs more frequently in summer than in
winter. PV cutoffs are a'so more frequent in function of the latitudinal location of each region,
where the more equatorward, the higher probability of detachment of PV centers from the
polar stratospheric reservoir. Therefore, the frequency of PV cutoffs is lower than PV
streamers in Argentina and Uruguay, comparable in summer for SEBrazil, and comparable in
Andes, and the most prominent levels of occurrence during cyclogenesis are 310, 320, 360

and 360 K for, respectively, Argentina, Uruguay, SEBrazil and Andes.

6.2 Spatial patterns of cyclones environment

Over South America, climatologies of the dynamica tropopause in isobaric and
isentropic levels present a variation according to the season, e.g., in summer the 360 K (340
and 320 K) level is very representative for latitudes northward (southward) 25°S. Composites
before, during and after cyclogenesis, for each region and for austral summer and winter,
presented specific characteristics:

Argentina contains the highest number of cyclones with similar frequency in the four
seasons, with a dightly higher occurrence in summer. In this region, cyclogenesis occurs
under the equatorial entrance of the jet stream in summer, where PV anomalies are stronger
and concentrated in a smaller area closer to the genesis region than in winter. This suggests
that upper-level PV anomalies contribute more strongly to upward motion and cyclogenesis at
the surface during summer than in winter. A secondary feature is the dlightly greater
contribution of moisture in summer than in winter, during and after genesis, especially the
stronger contrast between the downstream moist and upstream dry sectors of the cyclone. In
winter, the genesis region is under the polar exit sector of the jet streak; sealevel pressure and
geopotential at 500 hPa anomalies are slightly stronger and wider, reaching lower latitudes.
Nevertheless, the environment in summer seems to be slightly more baroclinic since there is
greater vertical tilting of the pressure centers and EGR positive anomaly is also stronger. The

anomalous PV acts to induce the breaking in the jet streak which is not evident in winter.
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Hence, PV streamers seem to be an important mechanism to intensify upward motion with
consequent contribution to the surface cyclone development mainly in summer.

Uruguay is the second most cyclogenetic region, presenting higher frequency in winter
followed by spring. All forcing factors are stronger in winter than in summer, but not
specifically inside the region. The jet stream is significantly disturbed by the high-atitude
Andes in both seasons, resulting in its latitudinal undulation and poleward shift when crossing
the Andes during winter and a weaker equatorward shift during summer. The position of the
jets characterizes two different regions of ascent in winter, one in the lee of the Andes and a
second one over the cyclogenetic region, whereas in summer a weaker center of QG-omegais
found over the cyclogenetic region. This region is characterized by a higher probability of
detachment of PV streamers from the westerly flow, which is evident by the positive PV
cutoff anomaly in summer. Specific humidity is present over the region since before
cyclogenesis, where stronger low-level northerly winds contribute to enhance the moisture
transport in a larger area prior and during cyclogenesis in winter, whereas in summer the
winds are weaker since prior until after genesis. The cyclogenesisis located between different
EGR anomalies signals (positive and negative, respectively, southward and northward) in
summer and winter. Finally, cyclogenesis occurs, again in both seasons, at the equatorial
entrance sector of a jet streak, in contrast to Argentina where this was the case only in
summer.

SEBrazl is the region with less cyclones, with greater occurrence in summer and
spring. The level of the tropopause is higher in summer for this region, being essentia to
select different isentropic levels for summer (340-360 K) and winter (320 K). The jet stream
on 300 hPais located far south of the cyclogenesis region in summer. On the other hand, in
winter, cyclogenesis occurs beneath the equatorial entrance of a jet streak, which results in
stronger forcing for upward motion during winter than in summer. EGR, sea level pressure,
geopotential at 500 hPa and specific humidity at 850 hPa anomalies are stronger in winter
than in summer. Furthermore, the weaker anomalous pressure and geopotential at 500 hPa are
essentially vertically aligned during summer, which is characteristic for a more barotropic
vertical structure. In winter, the high frequency of PV streamers and cutoffs upstream
cyclogenesis area contributes to strengthen the baroclinic environment. Finally, summer

cyclogenesis might be strongly influenced by PV cutoffs at high isentropic levels, whereas
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winter cyclogenesis is more influenced by lower-isentropic PV streamers and the moister
environment provided by the stronger low-leve jet.

Andes has comparable number of cyclogenesis with Uruguay, also with higher
frequency in winter followed by spring. This region present similar environment patterns to
that of Uruguay but with a lag of 12 h prior in winter. On the other hand, in summer, the
patterns in Andes are similar to SEBrazl. In winter, the upper-level jet stream, PV anomaly
and QG-omega are stronger, with anomalies to the south and closer to Andes than in summer.
Geopotential height and pressure anomalies are stronger in winter, presenting a more
baroclinic vertical structure. However, EGR positive anomaly are widespread in summer. The
gpatia pattern of specific humidity is very similar for both seasons, but with stronger low-
level windsin winter. PV streamers are found only in summer, upstream Andes, while thereis
aweak signal of PV cutoffs over the region in winter.

This study presented a novel dynamical discussion for surface cyclogenesis over the
center-east of South America in the presence of upper-level PV forcing. It highlighted the
importance of upper-level PV anomalies, PV streamers and PV cutoffs for a better
understanding of cyclone development in the four regions Argentina, Uruguay, SEBrazl and
Andes.

6.3 Suggestions for future study

The results open up five further lines of research that should be addressed in future

studies:

1) To separate the two types of cyclones found in the bi-modal frequency distribution and
study them separately;

2) To separate the moving from the stationary cyclones in Andes to characterize the dynamic
processes acting in these two categories;

3) A study based on the analysis of vertical cross section would be needed for a better
understanding on how the tropical features interact with PV structuresin SEBrazl;

4) Instead of using the seasonal climatology to calcul ate the anomalies, a moving climatol ogy
according to the exact day of the year (e.g. Graf et al., 2017) would be an interesting option

to compile all cases, since there are seasonal transition factors that not exactly follow the
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current separation (e.g., the South America monsoon season starts at October and ends up
in March);

5) To perform an analysis of the relationship between cyclones from the cyclogenetic regions
with different large-scale low frequency patterns as, e.g., El Nifio, SAM, Rossby wave
patterns.
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A)Appendix A — Autumn and spring climatologies

a) b)

0) d)

e) f)

Figure A.1 Same asin Figure 5.2, but for austral autumn and spring.
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a) b)

C) d)

Figure A.2 Same asin Figure 5.3, but for austral autumn and spring.
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B) Appendix B — Composites of PV streamers and cutoffsat 360 K

Figure B.1 Austra summer (left panels) and winter (right panels) composites (for the period 1979-
2017) for SEBrazl: a)-b) anomaly frequencies of PV streamers (shaded) and PV cutoffs (dashed lines)
frequency (%) at 360 K.

Figure B.2 Austral summer (left panels) and winter (right panels) composites (for the period 1979-
2017) for Andes. a)-b) anomaly frequencies of PV streamers (shaded) and PV cutoffs (dashed lines)
frequency (%) at 360 K.



C)Appendix C —Compositesfor 2 days after cyclogenesis

Argentina

a)
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b)

d)

f)

h)

Figure C.1 Asin Figures 5.6, 5.10 and 5.11 but for 48 hours after cyclogenesis.
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Uruguay

a)
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b)

d)
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Figure C.2 Asin Figures 5.7, 5.12 and 5.13, but for 48 hours after cyclogenesis.



SEBrazl
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Figure C.3 Asin Figures 5.8, 5.14 and 5.15, but 48 hours after cyclogenesis.
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Andes
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Figure C.4 Asin Figure 5.9, 5.16 and 5.17, but for 48 hours after cyclogenesis.



