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ABSTRACT

The dynamics of precipitation systems are essential for understanding their origins,
development, and potential impacts. This knowledge is crucial for predicting and
mitigating the adverse effects of extreme rainfall events. These events pose signifi-
cant threats to the safety and well-being of populations, as well as causing material
damage and significant socio-economic impacts. Understanding precipitation is of
utmost importance in increasing resilience, particularly in developing regions like
South America. To achieve this, we utilize a complex network approach, which al-
lows us to extract key information about the behavior of the precipitation system and
identify and characterize highly connected regions, known as communities. By exam-
ining the details of these communities, we gain valuable insights into the dynamics
and structure of precipitation, thereby enhancing our understanding and prediction
of such events. The analysis starts with the network of extreme events in South
America during the summer season. The objective is to extract information about
the dynamics of this network and identify communities within it. Subsequently,
a characterization of these communities is provided. To investigate variations at
smaller scales, another network of extreme events was created specifically for the
Amazon basin. In addition to these two extreme rainfall networks, three additional
rainfall networks were created for the Amazon basin to compare the basin’s response
to both rainfall and extreme rainfall events. The outcomes revealed that the net-
works of extreme events in South America and the Amazon basin exhibit a similar
spatial distribution of communities. These communities are primarily influenced by
the transport of low-level moisture from the eastern Amazon towards the Andes,
ultimately exiting the Amazon basin towards the extratropics. The central region
of the Amazon basin acts as a source, while the southeast region acts as a sink. In
the case of the rainfall networks in the Amazon basin, three important regions were
identified: northwest, northeast, and southeast. The first two regions are related to
the entry of moisture into the basin, while the third is related to the outflow. Finally,
all networks highlight the significant role of the eastern Andes as a topographic bar-
rier. Typically, this region consists of one or two communities, which serve as highly
connected corridors for low-level moisture flow. The results showed that complex
networks were able to define regions with similar characteristics in South America.

Palavras-chave: Extreme rainfall. Communities. Complex networks. South Amer-
ica. Amazon Basin.
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CARACTERIZAÇÃO DE COMUNIDADES DE PRECIPITAÇÃO NA
AMERICA DO SUL USANDO REDES COMPLEXAS

RESUMO

A dinâmica dos sistemas de precipitação é essencial para compreender suas origens,
desenvolvimento e impactos potenciais. Esse conhecimento é crucial para prever e
mitigar os efeitos adversos de eventos extremos de precipitação. Estes eventos rep-
resentam ameaças significativas à segurança e bem-estar das populações, além de
causarem danos materiais e impactos socioeconômicos significativos. Compreender a
precipitação é de extrema importância para aumentar a resiliência, especialmente em
regiões em desenvolvimento como a América do Sul. Para alcançar isso, utilizamos
uma abordagem de rede complexa, que nos permite extrair informações-chave sobre
o comportamento do sistema de precipitação e identificar e caracterizar regiões al-
tamente conectadas, conhecidas como comunidades. Ao examinar os detalhes dessas
comunidades, obtemos insights valiosos sobre a dinâmica e estrutura da precipi-
tação, melhorando assim nossa compreensão e previsão de tais eventos. A análise
começa com a rede de eventos extremos na América do Sul durante a estação de
verão. O objetivo foi extrair informações sobre a dinâmica dessa rede e identificar
as comunidades presentes, e posteriormente fornecer uma caracterização dessas co-
munidades. Para investigar variações em escalas menores, outra rede de eventos
extremos foi criada especificamente para a bacia amazônica. Além dessas duas redes
de precipitação extrema, foram criadas mais três redes de precipitação para a bacia
amazônica, a fim de comparar a resposta da bacia tanto à precipitação quanto aos
eventos extremos de precipitação. Os resultados revelaram que as redes de eventos
extremos na América do Sul e na bacia amazônica apresentam uma distribuição es-
pacial similar de comunidades. Essas comunidades são influenciadas principalmente
pelo transporte de umidade em baixos níveis da Amazônia oriental em direção aos
Andes, e posteriormente saindo da bacia amazônica em direção aos extratrópicos. A
região central da bacia amazônica atua como uma fonte, enquanto a região sudeste
atua como um sumidouro. No caso das redes de precipitação na bacia amazônica,
foram identificadas três regiões importantes: noroeste, nordeste e sudeste. As duas
primeiras regiões estão relacionadas à entrada de umidade na bacia, enquanto a ter-
ceira está relacionada à saída. Por fim, todas as redes destacam o papel significativo
dos Andes orientais como barreira topográfica. Geralmente, essa região consiste em
uma ou duas comunidades, que atuam como corredores altamente conectados para o
fluxo de umidade em baixos níveis. De um modo geral os resultados mostraram que
as redes complexas foram hábeis para definir as regiões com caracetristicas similares
na América do Sul.

Keywords: Chuva extrema. Comunidades. Redes complexas. America do sul. Bacia
Amazônica.
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1 INTRODUCTION

Rainfall, as a crucial component in the hydrological cycle, not only impacts vari-
ous aspects of society but also influences the occurrence of extreme rainfall events.
Extreme rainfall events are associated with risks such as flooding and landslides
(BOERS et al., 2013; BOERS et al., 2015). To study and characterize rainfall and
its extreme events, we can use various measurements, and variables from different
sources. These include spatial dimensions of convective systems, cloud top temper-
ature, radar reflectivity, microphysical variables of clouds, and surrounding meteo-
rological conditions associated with convection (BOERS et al., 2014b; MUÑOZ et
al., 2015). Selecting the appropriate variables is crucial to obtaining comprehen-
sive information that cannot be captured by a single variable. Hence, combining
multiple variables is often necessary, requiring careful consideration at the initial
stages of the study. Understanding the spatial and temporal distribution of rainfall
becomes even more critical when it comes to assessing the potential for extreme
events and implementing effective monitoring and preparedness measures. Studies
analyzing precipitation systems, like the present one, contribute to identifying ar-
eas with similar rainfall characteristics, atmospheric interactions, and topographic
variations, which in turn aids in the development of strategies to mitigate the im-
pacts of extreme events (KUMAR et al., 2019b). By comprehending the patterns
and dynamics of rainfall, we can enhance our ability to manage water resources,
reduce disaster risks, improve forecast models, and adapt to the challenges posed by
climate change.

Understanding the dynamics of precipitation systems is essential for comprehending
their origins, development, and potential impacts. This knowledge is crucial for pre-
dicting and mitigating the adverse effects of extreme rainfall events. Extreme events,
serving as natural responses to atmospheric disturbances, play a significant role in
regulating Earth’s climate through various physical and thermodynamic mechanisms
(LIU et al., 2020; YIN et al., 2023). While these mechanisms act as energy regula-
tors, they also give rise to severe weather phenomena, including storms characterized
by excessive rainfall, lightning, hail, and strong winds (GRIMM, 2011; BOERS et
al., 2016).

A complex network is a powerful mathematical and computational tool used to
study and analyze complex systems found in various disciplines (FREITAS et al.,
2019; MATA, 2020). It is a representation of interconnected elements, often referred
to as nodes or vertices, with links or edges that connect these nodes.
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The nodes can represent individual entities, while the links describe the relation-
ships, interactions, or connections between them. In meteorology, complex networks
have yielded significant results, particularly in understanding atmospheric telecon-
nections (ZHOU et al., 2015; TSONIS et al., 2008; BOERS et al., 2019) and monsoon
systems (MALIK et al., 2012; RODRIGUES et al., 2022; GUPTA et al., 2023; CHE-
UNG; OZTURK, 2020). By examining the system’s behavior and the transmission
of information in response to disturbances, complex networks provide valuable in-
sights associated with its connections (CONTICELLO et al., 2018; GELBRECHT
et al., 2021). Additionally, the identification of groups that exhibit similar behav-
iors and possess strong internal links (SAHA; MITRA, 2019; FORTUNATO, 2010;
TSONIS; SWANSON, 2011). There are also different studies of complex networks
applied to obtain a better understanding of the precipitating system (BOERS et al.,
2013; BOERS et al., 2019; NEWELL et al., 2022).

It is well known that the South American Monsoon System (SAMS) is the main
modulator of rainfall in South America (VERA et al., 2006a). SAMS has the poten-
tial to cause significant impacts on agriculture, water resources, and human health
(BERBERY; BARROS, 2002; MARTÍN-GÓMEZ et al., 2016). To enhance knowl-
edge about these events, it is essential to adopt innovative approaches. In this con-
text, the identification of regions that exhibit similar characteristics called commu-
nities emerges as a perspective to analyze the interactions among the mechanisms
present. In this way, complex networks can reveal emergent structures and provide
valuable insights into the dynamics of each specific region. By identifying these re-
gions, it is possible to understand how different elements are grouped and interact
with each other, allowing for a deeper understanding of interconnections and the
propagation of precipitation systems. This approach provides a perspective that can
help determine areas of greater importance or vulnerability.

The identification of communities can contribute to future research aimed at under-
standing interactions within the climate system, as these communities could poten-
tially serve as climate indices (STEINHAEUSER et al., 2011). Rainfall communities
provide valuable insights into the behavior and organization of precipitation pat-
terns, aiding in the prediction and mitigation of extreme rainfall events that can
have severe consequences for human safety, infrastructure, agriculture, and water
resources. Different studies use complex networks to investigate and uncover pat-
terns within the precipitation system, encompassing both regular rainfall and ex-
treme rainfall events (BOERS et al., 2014a; FELDHOFF et al., 2015; CIEMER et
al., 2018).
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In these works the primary objective is to analyze the behavior of these networks and
their characteristics. However, no studies focused on identifying communities on a
precipitation network in South America. So to ensure the consistency and reliability
of the findings, a comprehensive analysis is conducted, encompassing bibliographic,
spatial, and dynamic perspectives.

South America possesses a variety of significant atmospheric mechanisms, comple-
mented by its vast geographical diversity. Among these, the Andes mountain range
plays a crucial role in influencing the continent’s circulation (INSEL et al., 2010),
while the Sierras de Córdoba region stands out for having some of the deepest con-
vective cores globally (MULHOLLAND et al., 2018). The Brazilian semiarid region
is considered the most populated semiarid region in the world (CUNHA et al., 2015;
MENEZES et al., 2021). The Pisco-Ica desert is known for its characteristic dust
storms locally referred to as Paracas (BRICEÑO-ZULUAGA et al., 2017). Mean-
while, the Atacama desert claims fame as the oldest continuously dry non-polar
desert on Earth (BULL et al., 2018).

However, one of the most vital regions in South America is the Amazon basin,
acclaimed as the largest rainforest and water system in the world (ALMAZROUI
et al., 2021). The Amazon basin plays a pivotal role as a moisture source for the
continent, impacting regional and global climate, and demonstrating a remarkable
capacity for carbon dioxide absorption (FISCH et al., 1998; HAYLOCK et al., 2006;
NOBRE et al., 2009). By identifying rainfall communities in the Amazon basin, we
can better understand its role as a moisture source. This information can provide us
with insights into localized climate drivers, study orographic rainfall processes, and
explore the influence of river systems on precipitation patterns. Such knowledge is
invaluable for improving weather forecasts, climate models, and sustainable develop-
ment initiatives in the Amazon region. Identifying communities within the Amazon
basin not only enables us to compare and contrast them with the communities in
South America but also provides valuable information about the specific behavior
and dynamics of precipitation systems in this important region. Furthermore, this
comparison between the Amazon basin and South America allows us to verify the
consistency and applicability of the complex network approach across different re-
gions with specific weather and geographical characteristics. Understanding how the
communities in the Amazon basin differ from those in the South American network
provides insights into the factors that shape rainfall and extreme rainfall events. By
doing so, we can examine the robustness of the technique and gain insights into the
unique characteristics of each region.
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Ultimately, this research contributes to a broader analysis of precipitation events,
encompassing both regular rainfall and extreme events. The results of this study
provide valuable information on the system’s behavior, thus the identification of
distinct communities. Therefore, through the identification and analysis of commu-
nities, a new perspective can be offered to understand the dynamics of precipitation
events in South America, including the Amazon basin. This approach can provide
valuable insights for various applications that can be applied in various fields, such
as meteorological modeling, hydrology, weather/climate forecasting, or risk manage-
ment.

The structure of this thesis consists of seven chapters and an appendix, with each
serving a specific purpose. After this chapter, the main objectives of this study
are presented in Chapter 2. Chapter 3 provides a concise theoretical framework on
precipitation systems, including a literature review on the application of complex
networks in meteorological applications and a brief review of communities. Chapter
4 focuses on describing the data used in this research, along with their relevant
characteristics.

In Chapter 5, the study area and the methodology employed to achieve the thesis
objectives are detailed. This chapter encompasses the creation of networks, selection
of indices for analysis, identification of communities, and characterization of these
communities. Chapter 6 presents the results obtained from the conducted analyses.
These results are discussed in relation to the proposed objectives and research ques-
tions. The chapter covers the findings from the extreme rainfall network analysis and
the characterization of the communities within the network. Notably, the compari-
son of different similarity functions is presented only for the rainfall networks in the
Amazon basin. The final conclusions of the research are summarized in Chapter 7.
Lastly, the Appendix contains additional relevant information. Section A.1 provides
the links to access the data used in the research, while Section A.2 lists the software
used along with their main packages.
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2 OBJECTIVES

Within the study of rainfall and extreme rainfall events, it is of vital importance
to recognize and characterize highly connected regions, known as communities, and
analyze their representative features. The study of these systems is crucial due to
their strong association with severe weather events that can cause significant damage
to society. Understanding these systems is fundamental to mitigating the impacts
of these events on the population and the economy.

In this context, the objective of this study is to identify highly connected regions
called communities that exhibit similar characteristics in precipitation events during
the summertime, using complex networks. This involves evaluating the topological,
physical, and statistical properties of the communities and analyzing their rela-
tionships and connections. However, it is necessary to detail certain processes to
accomplish this goal. Therefore, the specific objectives are presented below.

a) Identify communities where extreme continental precipitation events in
South America have similar characteristics during the summertime using
complex networks and evaluate the results of topological, physical, and
statistical properties of the communities;

b) Analyze the relationships among the communities, as well as investigate
possible influences and connections between them. Verifying the consis-
tency of the identified communities with information from previous studies
present in the literature;

c) Define the physical properties of the precipitation communities. Character-
izing the precipitation distribution and convective activity in each region
of interest using physical information from vertical profiles of radar reflec-
tivity;

d) Examine the behavior of networks at smaller scales within each community
to identify possible relationships or patterns with local characteristics, such
as land cover, topography, and rainfall regime, among other aspects. Eval-
uating the sensitivity of communities to different approaches in defining
the network for more restricted regions.

By achieving these objectives, the aim of this thesis is to gain a better understanding
of precipitation systems and their related mechanisms.
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3 THEORETICAL BACKGROUND

3.1 South America summer precipitation

In South America, the precipitation regime is a result of the interaction between
air masses brought from the North Atlantic by the trade winds and the orographic
barrier of the Andes mountain range (MARENGO et al., 2012). When these air
masses encounter the Andes, they ascend and change direction towards the south-
east, leading to the formation of a moisture convergence band within the continent
(WEBSTER et al., 1998; TRENBERTH et al., 2000; JORGETTI et al., 2014). This
persistent and intense moisture transport during the austral summer significantly
impacts the precipitation in South America, particularly the central and southeast-
ern regions of Brazil (BOMBARDI; CARVALHO, 2011; MARENGO et al., 2012).
This association with strong convective activity, precipitation, and atmospheric cir-
culation is referred to as the South American Monsoon System (SAMS) (GAN et
al., 2004; VERA et al., 2006b).

The intensity and configuration of the SAMS are primarily influenced by two key
mechanisms: 1) The meridional shift of the Intertropical Convergence Zone (ITCZ),
which controls the moisture flow from the North Atlantic to the South American
continent (VUILLE et al., 2012). 2) The structure of the South Atlantic Conver-
gence Zone (SACZ), which is a band of cloudiness and rainfall resulting from deep
convection. This zone is formed by the convergence of moist air masses from the
Amazon, the continental interior, and the South Atlantic, extending from northwest
to southeast across the tropical region (KODAMA, 1992; LIEBMANN et al., 1999;
CARVALHO et al., 2004; JORGETTI et al., 2014).

The Andes Mountains in South America act as a barrier to the moisture-laden air
currents originating from the Amazon. These currents, known as the South American
low-level jet (SALLJ), are deflected southward, serving as a moisture corridor be-
tween tropical South America and La Plata river basin (BOERS et al., 2013; BOERS
et al., 2015; GELBRECHT et al., 2021). The SALLJ extends towards the Bolivian
Altiplano and Paraguay (BERRI; INZUNZA, 1993) and continues across southeast-
ern South America and subtropical latitudes, reaching northern Argentina, where it
interacts with low-pressure systems (FERREIRA et al., 2010; BERRI; INZUNZA,
1993). This pattern of water vapor flux from the Amazon region to higher latitudes
(RASMUSSON; MO, 1996) establishes an exchange of air masses between the trop-
ics and extratropical regions, creating favorable conditions for the development of
deep convection processes in southeastern South America.
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Various studies demonstrated significant progress in understanding the structure of
the SALLJ and its temporal variability, showing that the SALLJ is much stronger
during the late afternoon, thereby the SALLJ represents a corridor for moisture
transport from the tropics (MARENGO et al., 2002; BERBERY; COLLINI, 2000).
This moisture advection is more intense during the warm months (austral sum-
mer), while at latitudes near 20◦S, it exhibits a higher frequency of events during
the cold months (austral winter). During winter, the SALLJ shows greater hourly
variability in frequency, which is consistent with the results shown by Velasco and
Fritsch (1987). Marengo et al. (2004) developed a diagram illustrating the process
of moisture transport from the Amazon to extratropical latitudes (Figure 3.1), and
its contribution to precipitation systems over the La Plata basin.

Figure 3.1 - Advection mechanisms in South America.

Schematic representation of moisture transport from the Amazon region, driven by the
SALLJ, and showing its contribution to MCS over Uruguay.
SOURCE: Marengo et al. (2004).

The studies mentioned above provide valuable insights into the mechanisms that
influence precipitation patterns in South America. Now, let us delve into a concise
review of extreme rainfall events and highlight the importance of comprehending
their nature.
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3.2 Extreme rainfall events

The adaptation and mitigation of adverse climate effects are of great importance.
These extreme rainfall events pose an important threat to the safety and well-being
of populations, as well as causing material damage and great socio-economic impacts.
Therefore, understanding the patterns and mechanisms that lead to these events is
crucial for the development of prevention and preparedness strategies. In this con-
text, studies on the spatial and temporal distribution of these events, as well as the
atmospheric influences and behavior of convective systems, are essential to improve
the understanding and forecasting capacity of these extreme rainfall events in South
America (BOERS et al., 2014b). For example, according to Marengo (2008), Brazil
is subject to the effects of ongoing climate change and will be further affected by
them in the future, especially regarding extreme weather events. To gather informa-
tion, a literature review will be presented, discussing the points mentioned earlier
and providing the theoretical context upon which this work is based.

The Intergovernmental Panel on Climate Change (IPCC), in its Climate Change
2014 report, provides substantial evidence of the increasing occurrence of extreme
events in various regions worldwide, particularly in less developed countries with
tropical climates (FIELD et al., 2014). The report highlights the intensification of
extreme events in water resources as a result of global climate change. Additionally,
the World Meteorological Organization (WMO) report confirms a global average
temperature rise, which is closely linked to significant seasonal variations in precipi-
tation across the globe (ALLAN; SODEN, 2008; MARENGO et al., 2020; STUART
et al., 2022). According to The Global Annual to Decadal Climate Update report,
the unprecedented concentrations of greenhouse gases and accumulated heat in the
atmosphere have contributed to the past seven years being the warmest on record
(HERMANSON et al., 2022). These changes have had a significant impact on the
hydrological cycle (RANJAN et al., 2006; MADAKUMBURA et al., 2019; MA et al.,
2020). The rise in temperatures has resulted in an intensification of extreme events in
water resources, altering the frequency and intensity of extreme precipitation. This
response is driven by physical mechanisms and feedback processes occurring within
storms, primarily associated with the release of latent heat from increased thermo-
dynamic moisture (LACKMANN, 2013; NIE et al., 2018; MIZUTA; ENDO, 2020).
In this context, understanding the weather and climate systems plays a crucial role
in alerting the population about imminent risks and assisting relevant authorities
and civil defense in decision-making and planning aimed at mitigating the potential
impacts of these events.

9



In the case of Brazil, it exhibits diverse meteorological characteristics and patterns.
Extreme rainfall can affect different regions, but the magnitude of the impacts varies.
In southern Brazil, more than 90% of extreme rainfall events are attributed to con-
vective systems, while in the Northeast, this proportion ranges from 60% to 90%
(PALHARINI et al., 2022). The floods that occurred in the states of Bahia and Mi-
nas Gerais in December 2021 are attributed to the presence of the South Atlantic
Convergence Zone (SACZ) (MARENGO et al., 2023). The extreme rainfall events
in the southwestern region of Rio Grande do Sul can be attributed to the formation
of large convective systems known as Mesoscale Convective Systems (MCS). These
systems form due to atmospheric convergence and low-level moisture transport, pri-
marily originating from the Amazon region (SANCHES et al., 2019).

As mentioned above, extreme rainfall events are closely linked to convection. These
events play a significant role in the variability of weather conditions across differ-
ent regions of the world. These events are characterized by intense and localized
precipitation, often occurring over short periods of time. Convection is the process
responsible for the formation of storm clouds and the release of latent energy in the
atmosphere, resulting in heavy rainfall and extreme weather events such as storms.
Understanding extreme rainfall events, even if these are not associated with convec-
tion, is of utmost importance, as these events can have significant impacts on various
areas, including agriculture, infrastructure, water resources, and public safety. Fur-
thermore, with global climate change, it is expected that the frequency and intensity
of these events may be affected, making the study of these phenomena even more
crucial.

3.2.1 Convection

Convection is one of the three modes of heat transfer: conduction, convection, and
radiation. In general terms, convection refers to the transfer of heat through the
movement of a fluid. According to the American Meteorological Society (AMS),
convection is predominantly vertical motion driven by buoyancy forces arising from
static instability, which can be understood as thermally driven circulations (AMER-
ICAN METEOROLOGICAL SOCIETY (AMS), 2020). Atmospheric convection can
occur as free convection, where the transport is mainly driven by density differences
within the fluid. Additionally, forced convection can also occur, where the trans-
port is influenced by mechanical forces such as surface heterogeneity or turbulent
processes. Turbulent convection is more common in the atmosphere. Furthermore,
there is also the distinction between moist and dry convection.
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For example, cloud formation is associated with moist convection, while convection
that occurs without cloud formation is referred to as dry convection. The terms
convection and storms are often used interchangeably, although storms are just one
outcome of a specific type of convection. This association serves as an example of
the potential events caused by convection. The study of deep convection and its
relationship with severe weather phenomena is an area of research that receives
considerable attention within meteorology. Since convection is a crucial process in
atmospheric dynamics and due to the negative impacts it can have on society and
the economy, such as heavy precipitation, lightning, strong gusts of wind, and hail,
it is important to study it. These phenomena, in turn, can lead to other effects like
flooding, landslides, power outages, tree falls, and most importantly, loss of human
lives (PIELKE; CARBONE, 2002; NASCIMENTO, 2005). Therefore, it is evident
that studying convection is of utmost importance as the information gathered can
provide key insights for describing, characterizing, or predicting convective systems
that may give rise to extreme events. As mentioned earlier, various techniques have
been applied to the study of convective systems, often focusing on their morphologi-
cal characteristics. However, in this study, complex networks will be used to analyze
both rainfall events and their extreme episodes throughout South America.

Indeed, considering the relationship between atmospheric convection and extreme
rainfall events, it is important to understand the formation and characteristics of
Cumulonimbus clouds in order to advance in the study and comprehension of these
significant events. Cumulonimbus is considered the final stage of development for a
cumulus cloud and is characterized by its imposing and vertically extended structure.
These clouds are capable of reaching great heights in the atmosphere, with altitudes
exceeding 10 kilometers. In general terms, most Cumulonimbus clouds are associ-
ated with thunderstorms, and therefore, the study of the different characteristics of
convective cells is of utmost importance (WEISMAN; KLEMP, 1986). This includes
examining favorable thermodynamic conditions (WILLIAMS et al., 2005), the pres-
ence of updrafts (DOSWELL, 2001), and the life cycle of thunderstorms (BYERS;
BRAHAM, 1948; CINTINEO et al., 2013). These factors play a crucial role in the
formation, development, and intensity of convective storms and can provide valu-
able insights into the understanding of extreme rainfall events. These factors play a
crucial role in the formation and intensification of convective clouds, as well as the
interactions between different convective cells within the system. Moreover, under-
standing the evolution of a convective system also allows for the identification of key
stages in this process, such as the development or cumulus stage, the mature stage,
and the dissipating stage (BYERS; BRAHAM, 1948).
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Figure 3.2 presents a schematic representation of the developmental phases. Each
stage presents distinct characteristics and is associated with different types of events,
such as the formation of updrafts and downdrafts, the release of latent heat, the
production of precipitation, and the occurrence of strong winds. By recognizing the
specific moment within the development process of a convective system in which
certain events occur, it is possible to improve the prediction of adverse weather phe-
nomena such as severe storms, tornadoes, and heavy rainfall. This contributes to the
safety and planning of human activities that may be impacted by these events, such
as agriculture, aviation, water resource management, and disaster response. There-
fore, understanding a convective system is essential for the analysis and prediction
of weather events, allowing for a better understanding of atmospheric processes and
providing valuable information for management and decision-making regarding con-
vective phenomena.

Figure 3.2 - Schematic representation of the stages that represent the life cycle of a storm.

(a) cumulus stage (b) mature stage (c) dissipation stage.
SOURCE: Wallace and Hobbs (2006).

The cumulus stage is characterized by towering storm clouds, primarily structured
by strong upward movements of warm and moist air due to converging surface flow.
Usually, the onset of precipitation in the lower layers indicates the transition to the
next stage.
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The mature stage is composed of more predominant upward movements compared
to the previous stage, which causes divergence at upper levels of the troposphere,
leading to the formation of the so-called cloud anvil (the tropopause acts as a natural
boundary). The upward movement is fueled by the condensation process of water, as
it releases latent heat, while the evaporation of water droplets within the cloud causes
cooling and subsequent downward movement that triggers the gust front. Finally,
the dissipation stage, unlike the previous stages, is predominantly characterized
by downward vertical movements, presenting surface divergences and continuous
cooling of the air through evaporation, which feeds the gust front moving away
from the cloud. At this stage, the system no longer provides the necessary upward
movements for the organization of the system, resulting in the dissipation of the
cloud.

Convective systems can also be classified according to their organization and extent,
and they can be grouped into four types. The first one is the Single-cell system,
which consists of a single structure. It is the simplest convective storm system with
a lifespan of approximately 30 to 60 minutes. On the other hand, Multicellular sys-
tems are more organized, presenting a group of storm families. Multicellular systems
have much longer lifespans compared to single-cell systems, and they can generate
adverse weather phenomena. The Supercells exhibit a higher degree of organization
compared to the previous types, with a single, highly intense cell that makes it one
of the most potentially damaging structures. Such systems are associated with the
presence of hail, strong winds, and even tornadoes, and in some cases, their effects
at the surface appear as very intense rainfall. These systems are characterized by
having rotation in the updrafts. Lastly, Mesoscale Convective Systems (MCS) are
structures with a higher degree of organization, typically composed of a cluster of
convective clouds. During their mature phase, they often exhibit stratiform and con-
tinuous rainfall with the presence of very intense storm cores. Several studies have
shown that for MCS, their lifespan is associated with their size (MADDOX, 1980;
HOUZE et al., 1990; MACHADO et al., 2004; LIU et al., 2007). Among convective
systems, there are some that have received particular interest, such as the Mesoscale
Convective Complex (MCC), which is composed of a cluster of clouds with significant
vertical development and symmetry in their shape (MADDOX, 1980). This criterion
arose from the need to identify large convective systems based on their horizontal
and vertical dimensions, without considering the internal structure and using in-
frared (IR) imagery. For some cases, smaller-scale MCS exhibit similar structures
to mesoscale convective complexes, for example, Maddox (1980) used MCC criteria
with certain modifications (BARTELS et al., 1984).
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Among the favorable conditions for the generation of convection are: high heat and
humidity, convergence of winds at lower levels, upward vertical motion, and high val-
ues of specific humidity at the surface. Such conditions can be organized by larger-
scale systems, such as cold fronts (SIQUEIRA; MACHADO, 2004; SIQUEIRA et al.,
2005). One of the first studies on convective systems was conducted by Cavalcanti
(1982), who observed the formation of MCS over Paraguay, suggesting that these
systems were possibly linked to larger-scale circulation along with orographic forc-
ing. Subsequently, several studies emerged, examining convective systems in South
America and their possible origins (GUEDES, 1985). Fritsch et al. (1986) and col-
leagues investigated convective systems during the summers of 1982 and 1983, aiming
to assess the frequency and contribution of convective events to precipitation. The
results showed that during this season, precipitation increased by 30% to 50% due
to MCC. Based on the criteria presented by Maddox (1980) for the definition of
MCC, several studies have been conducted analyzing the presence of these systems
(MCANELLY; COTTON, 1986; MERRITT; FRITSCH, 1984; BARTELS; ROCK-
WOOD, 1983). For instance, Kane et al. (1987) examined 106 MCS, of which 74
were identified as MCC, while the remaining systems did not meet the criteria of
Maddox (1980) and were referred to as MCC-like systems at that time (FRITSCH
et al., 1986). In the early 1990s, Houze et al. (1990) found no differences in the pre-
cipitation structure generated by smaller MCC and MCS. Mohr and Zipser (1996)
defined characteristics to recognize intense MCS and showed that the tropical region
of South America and Africa, along with the warm pool of the South Pacific, are
areas with the highest number of MCS. They also demonstrated that MCS over
continents tends to be colder than those over oceanic regions (higher cloud tops).
Furthermore, they found that over continents, these systems are more frequent in
the evening, while over oceans, they occur more often in the morning, confirming
the findings of Velasco and Fritsch (1987).

Using reflectivity data from TRMM, convective events can be identified based on
their development characteristics, such as the intensity of the convective core (higher
reflectivity values), height, and horizontal extent (NESBITT et al., 2000). Based
on this, convective events can be characterized as presented by Romatschke et al.
(2010), who identified different structures of convective systems that were termed
as deep convective cores, defined as young convective cells with strong updrafts and
typically associated with severe weather conditions, reaching heights greater than 10
km. Broad convective cores, representing convective cores that extend horizontally
over areas larger than 1000 km2, often part of larger convective systems such as
MCS (HOUZE JUNIOR, 2004).
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Finally, broad stratiform regions, refers to systems with areas larger than 50000
km2, which typically occur during the dissipation phase of an MCS. In addition to
this categorization, the authors studied the hourly frequency, revealing that deep
convective cores occur from late afternoon (Figure 3.3), suggesting that the diurnal
cycle plays a crucial role in modulating convection and precipitation mechanisms in
the continent.

Figure 3.3 - Hourly frequency of deep convection cores.

(a) Eastern Central Andes and (b) La Plata Basin - Argentina.
SOURCE: Romatschke et al. (2010).

According to Zipser et al. (2006), the regions with the most intense storms in the
world are the eastern Andes in southeastern South America, the eastern Rocky
Mountains in the United States, and near the western Himalayas in southern Asia.
Furthermore, South America is an area of significant interest for the study of intense
convective systems, particularly the subtropical region, which is the second-largest
continental region in the world in terms of MCS extent, surpassed only by South
Asia (MOHR; ZIPSER, 1996). Moreover, this part of the planet experiences the
most extensive extreme precipitation events (KUMAR et al., 2019a) and the deep-
est convective storms in the world, occurring over Argentina (RASMUSSEN et al.,
2014). The systems present similar characteristics to events observed in the Rocky
Mountains of the United States, with the highest nocturnal activity (MARENGO et
al., 2003). According to Machado et al. (1998), there is a direct relationship between
the spatial dimensions and the life cycle of MCS (MACHADO et al., 2004; HOUZE
et al., 1990). Sakamoto et al. (2009) examined the phase variations of MCS and the
difference in diurnal cycles between continental and oceanic regions.
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The authors noted a higher frequency over continental areas, similar to Mohr and
Zipser (1996) and Velasco and Fritsch (1987). Durkee et al. (2009) obtained the
climatology of MCC for South America and found that these complexes have larger
precipitation areas compared to those observed in North America and Africa. Fur-
thermore, MCC contributes between 15% and 21% to the total precipitation over
northern Argentina and Paraguay during the period from 1998 to 2007. Other studies
have focused on more specific regions, such as Anabor et al. (2008), which inves-
tigated the presence of MCS in the Plata basin and its local influence, as some of
these systems have a life cycle of up to 69 hours, associated with strong moisture
advection from the Amazon region.

Figure 3.4 - Average lightning rates present over South America.

Convective systems (deep and extensive) associated with extreme storms, showing a core of
maximum activity over the Sierras de Córdoba, Argentina. The thick black line represents
the contour of the 0.5km topography.
SOURCE: Rasmussen et al. (2014).

As mentioned, central Argentina is one of the regions that experience the widest
convective cores (DURKEE et al., 2009) and the most intense convective storms
with a high occurrence of lightning (Figure 3.4). Using weather radar data in the
Sierras de Córdoba of Argentina, Mulholland et al. (2018) studied intense convection
events and found that the majority of storms are multicellular (composed of multiple
cells, each in a different stage of development). These events occurred from the early
afternoon until late at night, with a higher number of occurrences in the austral
summer. In the annual cycle, the months with the highest activity of deep convection
were from November to February, while the lowest number of events occurred in the
Austral winter.
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The mechanisms or forcings associated with convective activity are diverse and in-
clude the interaction between the ocean and the land, the convergence of warm and
moist air at lower atmospheric levels, the presence of mountains acting as orographic
forcing, the advancement of cold fronts, among others. As mentioned earlier in Sec-
tion 3.1, another significant mechanism is the low-level jet (LLJ), which has the
capability to generate regions of moisture convergence at lower atmospheric levels.
Given the importance of LLJ, numerous studies have examined nocturnal storms
associated with them and how they facilitate the transport of warm and moist air in
various regions around the world. For example in Africa (JURY; TOSEN, 1989), Asia
(FINDLATER, 1969), Australia (KEENAN et al., 1989), India (KALAPUREDDY
et al., 2007), South America (BERBERY; COLLINI, 2000; GELBRECHT et al.,
2021), the Caribbean (WHYTE et al., 2008) and United States (KINCER, 1916;
MEANS, 1952; WALLACE, 1975; ASTLING et al., 1985; CHEN; KPAEYEH, 1993;
NICOLINI et al., 1993). These studies also highlight the strong relationship be-
tween the development of these jet streams and the presence of mountain ranges,
such as the Rocky Mountains in the United States, the Southern Himalayas in South
Asia, and the Andes in South America. This serves as an example of how significant
geographical variations can influence the organization of convection.

In the case of South America, the South America Low-Level Jet (SALLJ) transports
moisture to different regions, with the Amazon basin acting as a major source of
water vapor. This is one of the reasons why the Amazon basin is highly significant,
as it is known for its high complexity. Several studies have shown that precipitation
systems over the Amazon basin region are more similar to those over the ocean
rather than the continent. This indicates that these systems are more extensive in
nature rather than intense (LIU et al., 2007; NESBITT et al., 2000; RASMUSSEN;
HOUZE, 2011). For instance, during the summer, the Amazon region, along with the
South Atlantic Ocean, exhibits few deep convective cores. Additionally, the Amazon
region displays spatial variability in the occurrence of Mesoscale Convective Systems
(MCS), with a higher concentration in the east compared to the west (JARAMILLO
et al., 2017).

Another important region in South America is the central-eastern Andes, character-
ized by high activity of convective events with deep cores. This region exhibits some
similarity to the seasonal pattern observed in the Cordoba region. While the highest
activity of deep convective cores occurs in spring to the east of the central Andes,
in the Cordoba region, this intense activity is observed during the summer, indicat-
ing an apparent connection with a lag between the two regions (ROMATSCHKE
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Figure 3.5 - Regions of geographic interest in South America.

SOURCE: Rasmussen and Houze (2011).

et al., 2010; RASMUSSEN; HOUZE, 2011; BRUICK et al., 2019). The presence of
these convective cores over the eastern Andes is associated with the occurrence of
extreme rainfall events, especially over the region known as the Peruvian rainfall
hotspot (ESPINOZA et al., 2015).

While identifying extreme rainfall events, these can be defined using the 90th per-
centile of rainfall. This method of definition is based on the statistical analysis of
the distribution of precipitation values over a specific period of time in a particular
region (ROY; BALLING JUNIOR, 2004; GRIMM; TEDESCHI, 2009; BOERS et
al., 2013; ESPINOZA et al., 2015; SONEJA et al., 2016; ZUBIETA et al., 2019).

The 90th percentile represents the value below which 90% of the data lies. By cal-
culating the 90th percentile for a time series of precipitation, we are finding a value
that is greater than this percentile of the observed series at each point, this is because
what is extreme in one place, might not be in another.

Precipitation values that exceed this threshold are considered extreme rainfall
events. Indeed, this approach allows us to identify episodes of intense and concen-
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trated rainfall within a specific time period. It is important to note that the value
of the 90th percentile can vary depending on the region and the analysis period. In
areas with a history of heavier rainfall, it is likely that the threshold for defining
extreme events will be higher compared to regions with less intense rainfall. This
variability takes into account the local climatic conditions and provides a relative
measure of extreme rainfall events specific to a particular area.

In this section, we provided a brief introduction to studies related to extreme rainfall
events, discussing their characteristics and different causes. The objective of this
study is to apply new techniques in the analysis of extreme precipitation events in
South America. In the following sections, we will conduct a literature review of the
main technique that will be used to achieve these objectives, complex networks. This
approach will be primarily employed to obtain key information about the system’s
dynamics and identify highly connected regions, known as communities.

3.3 Complex networks in meteorology

The mathematical definition of a graph is a set of objects called vertices or nodes
connected by relationships known as edges, which represent binary relationships
between elements of a set. A graph G consists of two sets. The first set, V, is the set
of its nodes or vertices, and the second set, E, is the set of its edges or connections.
Each edge is related to two elements of V, and this relationship defines the topology
of the graph. When a graph is used to describe relationships between various discrete
objects, it is called a network. The definition of a network is very general, allowing
it to be applied to different systems.

We could define a complex network as a graph that possesses certain non-trivial
topological and statistical properties (BARABASI, 2003). Currently, a wide vari-
ety of applications can be found using complex networks, such as the World Wide
Web (ALBERT et al., 1999), the collaboration network of film actors, protein fold-
ing, scientific collaboration network (EOM; JO, 2014), cellular networks, citation
networks (ALBERT; BARABÁSI, 2002), gene expression data (AGRAWAL, 2002),
the travel route map of Continental Airlines (TSONIS et al., 2006), ecological net-
work (MONTOYA et al., 2006), airport network (BAGLER, 2008; ZANIN; LILLO,
2013; MALIK et al., 2019), public traffic network (AN et al., 2014), among others.

These examples demonstrate the great flexibility of the technique in various fields
of study, and meteorology is no exception. Numerous studies have been conducted
in meteorology using complex networks. It started with Tsonis and Roebber (2004),
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who presented the first work on climate networks. The authors observed that the
climate network exhibits small-world properties but is composed of two subnetworks:
a regular tropical network and a scale-free extratropical network. Building on this,
several studies have been published applying network theory concepts to climate
data, yielding highly favorable results (TSONIS et al., 2006; TSONIS et al., 2007;
TSONIS et al., 2008; TSONIS et al., 2011; TSONIS; SWANSON, 2008; YAMASAKI
et al., 2008; GOZOLCHIANI et al., 2008; SWANSON; TSONIS, 2009).

Figure 3.6 presents a brief compilation of some of the principal studies in complex
networks applied to meteorological data. In general terms, it can be observed that
the early studies between the years 2004 and 2011 focused on identifying the dynam-
ics of low-frequency disturbances on a global scale, with initial applications related
to El Niño and teleconnections. Between the years 2012 and 2014, innovative work
emerged concerning monsoonal systems, with a significant emphasis on understand-
ing their dynamics. In recent years, a wide variety of applications has arisen, such as
the use of networks before, during, and after the phenomenon of interest to study its
evolution; improvements in teleconnection results; the use of complex networks as a
comparison technique, to verify the differences between the dynamics of the system;
the identification of key regions, and how they can serve as indicators for climate
prediction; changes in the structure of communities to understand the response to
anomalies; among others. Below, we present in greater detail the relevant studies
related to this research.

Figure 3.6 - Brief review of Complex Networks in meteorology applications.

SOURCE: Author’s production.
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Tsonis and Roebber (2004) obtained the Area Weighted Connectivity (AWC), which
shows the fraction of the total area to which each vertex is connected (Figure 3.7).
This network was constructed using geopotential height (hgt) data at 500 hPa. This
variable was chosen because it provides a good representation of the general cir-
culation of the atmosphere. The results were consistent with the original findings
of Tsonis and Roebber (2004), where vertices in the tropics have almost the same
number of connections, while highly connected vertices are found in the extratrop-
ics. Additionally, the authors used cross-correlation to define the links between the
vertices. However, one of the advantages of complex networks is their versatility, and
other methods of defining these links can be applied, such as using mutual infor-
mation (YAMASAKI et al., 2008; MARWAN et al., 2009; DONGES et al., 2009b;
DONGES et al., 2009a; DEZA et al., 2014).

Figure 3.7 - AWC for weather network using monthly geopotential height anomaly at 500
hPa.

Cross-correlations were used as measures of connection between vertices with zero lag.
The time series used were monthly anomalies, and two vertices were considered connected
only if the absolute value of their cross-correlation was |r| ≥ 0.5, which is statistically
significant above the 99% level.
SOURCE: Tsonis et al. (2006).

Donges et al. (2009b) presented the differences in the climate network using connec-
tions defined with Pearson’s linear correlation and mutual information, where these
differences mainly occur in regions of higher variability, which may be indicative
of nonlinear physical processes in the climate system. Additionally, both networks
exhibit small-world properties. Some of the results from these studies revealed im-
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portant characteristics of the climate system, some of which were already known
to the scientific community, while others were new. For example, in the Northern
Hemisphere, the presence of highly connected vertices in North America, China,
and the North Pacific was observed. In relation to the highly connected vertices
mentioned earlier, they could be representing part of the atmospheric teleconnec-
tions associated with El Niño, specifically the Pacific-North America (PNA) pattern
(WALLACE; GUTZLER, 1981). The PNA is an index that represents low-frequency
variability over the Northern Hemisphere. This pattern is observed at the 500 hPa
level and reflects the propagation of Rossby waves (planetary waves) generated by
the exchange of energy between the atmosphere and the ocean. This mechanism
is triggered by the anomalous warming of sea surface temperatures in the central
equatorial Pacific. On the other hand, in the Southern Hemisphere, the presence
of supervertices in southern South America, Antarctica, and the Indian Ocean is
observed. In this case, these areas are associated with the Pacific-South America
(PSA) pattern, which represents the propagation of waves towards the Southern
Hemisphere (MO; HIGGINS, 1998).

However, another interesting characteristic of the network presented by Donges et
al. (2009b) is the absence of the North Atlantic Oscillation (NAO) Index. It should
be noted that the NAO represents large-scale fluctuations in the atmosphere, specif-
ically between the subtropical high-pressure zone (Northern Hemisphere) and the
polar low-pressure zone over the North Atlantic. This index determines the winter
climate variability in the North Atlantic region. The absence of the NAO in the net-
work can be mainly attributed to the fact that it does not have strong connections
with tropical regions. Additionally, its presence might be overshadowed by the high
connectivity observed in other regions.

To verify the presence of the NAO, Tsonis et al. (2008) used Empirical Orthogonal
Functions (EOF) to extract the influence of Pacific North America (PNA) pattern
from the climate network, focusing on the Northern Hemisphere. It was observed
that after removing the influence of the PNA, the structure of local correlations
did not vary significantly. However, in the case of the NAO, the local correlations
weakened in the absence of the index. This indicates that the PNA does not play a
relevant role in the stability and efficiency of the climate network in extratropical
regions. The results also show that the PNA is a linear response to forcing in the
tropics, while the NAO has a more significant influence in the extratropical regions,
establishing a stronger association.
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The study conducted by Tsonis et al. (2011) identified that the structure of the
geopotential height (hgt) network is associated with atmospheric teleconnection pat-
terns, such as the Pacific North America (PNA) pattern in the Northern Hemisphere
and the Pacific South America (PSA) pattern in the Southern Hemisphere. These
findings highlight the influence of these teleconnection patterns on the organization
and behavior of the climate system. Since the physical mechanism related to climate
change is still not clear, complex networks have also been used to analyze this issue
(WANG et al., 2009; TSONIS; SWANSON, 2011). The authors noted the impor-
tant role of the North Atlantic Oscillation (NAO). The NAO, with its significant
influence over the North Atlantic, affects the strength of the westerly flow across
the mid-latitudes. Therefore, the NAO, which is the dominant mode of variabil-
ity in the North Atlantic (TSONIS et al., 2008), impacts the variability of the El
Niño-Southern Oscillation (ENSO) and global temperature variability.

At the end of the 1990s, the prevailing idea was that the global atmospheric response
to extreme phases of El Niño-Southern Oscillation (ENSO) was linear. However,
many studies have emphasized the nonlinearity of the atmosphere’s response to
tropical sea surface temperature (SST) forcing, particularly during the winter of
the Northern Hemisphere (HOERLING et al., 1997; WU; HSIEH, 2004). Hence,
there is interest in the nonlinear analysis of atmospheric teleconnections caused by
El Niño. Due to the importance of these teleconnections, they have been analyzed
using complex networks (YAMASAKI et al., 2008; GOZOLCHIANI et al., 2011;
DEZA et al., 2014), as mentioned above.

Figure 3.8 - Strong and long positive links greater than 5000 km.

SOURCE: Zhou et al. (2015).
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Some studies have focused on the use of other variables beyond those mentioned
above, revealing unknown patterns that deserve attention. Notably, the work of Zhou
et al. (2015) provided pathways of influence propagation between remote regions
for an air temperature network, demonstrating that teleconnections are related to
waves, winds, or currents (Figure 3.8). In this study, the authors emphasize the
known teleconnection patterns. Particularly noteworthy are the results for South
America, where strong relationships are observed between the Amazon Basin and
the region between Uruguay and southern Brazil, an area characterized by high
atmospheric electrical activity (ROMATSCHKE et al., 2010).

These findings highlight the importance of understanding the effects of teleconnec-
tions and their pathways. By recognizing these interconnected areas, we can not
only monitor these events more effectively but also potentially make prognostic as-
sessments.

Given the significance of this phenomenon and its associated impacts, various efforts
have been made to forecast El Niño events (BARNETT et al., 1994; BARNSTON
et al., 2012; LUDESCHER et al., 2014). In their study, Tsonis and Swanson (2008)
investigated variations in the topology of the climate network during El Niño and
La Niña years separately. They found that the El Niño network is less connected
compared to the La Niña network. The ENSO phases induce fluctuations at differ-
ent scales, which limits their predictability. Therefore, recognizing these effects could
enhance the prediction of these events. Recently, Broni-Bedaiko et al. (2019) intro-
duced a methodology for El Niño event prediction using recurrent neural networks
in conjunction with complex networks. The network was constructed following the
conventional procedure using surface temperature data and Pearson’s linear cor-
relation (TSONIS; ROEBBER, 2004; TSONIS et al., 2006). In this study, twelve
metrics characterizing the network (such as betweenness, network diameter, central-
ity, AWC, clustering coefficient, etc.) were utilized along with El Niño3.4 index data
as inputs for the neural networks. The neural networks were able to generate pre-
dictions of quarterly sea surface temperature anomalies for Niño3.4 (BARNSTON
et al., 2012).

South America is constantly affected by various weather phenomena that cause high
levels of precipitation. Boers et al. (2014b) aimed to provide predictions of extreme
precipitation by introducing the concept of network divergence, which is based on
the nonlinear measure of event synchronization. Two regions of interest were defined.
The first region is a region of intense rainfall limited by 35◦S-30◦S and 60◦W-53◦W,
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referred to as Southeastern South America (SESA). The second region is located east
of the central Andes and is called ECA (Eastern Central Andes) (Figure 3.9). This
analysis indicates that precipitation events in SESA are followed by extreme events
along a narrow strip in the eastern Andes and western Bolivia. In these regions,
synchronized extreme events that occur in ECA were finally found two days after
they occurred in SESA. Using this method, it was possible to predict more than
60% of precipitation events in the central Andes (90% during El Niño conditions).

Figure 3.9 - Topographic map and representation of the mechanisms of the South Ameri-
can monsoon system with the results of network divergence.

(a) The white boxes labeled 1 to 7 indicate the climatological propagation path of extreme
events, while the purple boxes represent the boundaries of the Eastern Central Andes
(ECA) and Southeastern South America (SESA) regions. (b) Network divergence is defined
as the difference in input and output strength for each point in the network. Positive values
indicate sinks in the network, where synchronized extreme rainfall occurs 2 days after
the occurrence in the source, while negative values indicate sources, where synchronized
rainfall occurs within 2 days before it occurs in multiple other locations. (c) Sin represents
extreme events preceding the events occurring in SESA. (d) Sout represents extreme events
in SESA followed by extreme events along the band.
SOURCE: Boers et al. (2014b).
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Different studies have explored the concept of complex networks in investigating the
properties of precipitation, such as its spatial and temporal connectivity. Jha and
Sivakumar (2017) studied precipitation in the Murray-Darling Basin in Australia,
where they constructed three different pluviometric networks (N1, N2, and N3). N1
and N2 have the same data length but differ in the spatial distribution of the number
of rain gauges. N2 and N3 have different data lengths but the same number of rain
gauge stations. For the temporal analysis, six different time scales were used, ranging
from daily to monthly, along with seven minimum correlation values (0.3, 0.4, 0.5,
0.6, 0.7, 0.8, and 0.9). It was observed that the correlation between precipitation
at different time scales depends on the correlation interval, and this correlation can
change from purely linear to highly nonlinear. Therefore, determining the minimum
degree of correlation is of utmost importance.

Naufan et al. (2018) used precipitation data from the Weather Research and Fore-
casting (WRF) model and employed a similar methodology as presented by Jha and
Sivakumar (2017). The authors found that networks with longer time scales exhibit
small-world properties. For shorter time scales, the precipitation network can be
classified as either a small-world network or a scale-free network, depending on the
correlation threshold used. Finally, the spatial connections of rainfall exhibit a tran-
sition phase at intermediate time scales, especially at higher thresholds. The results
generally indicate a negative relationship between the clustering coefficient and the
threshold level and a positive relationship between the clustering coefficient and the
temporal scale.

These observations seem to suggest that spatial connections in rainfall are different
at different time scales. Therefore, it is noted that for higher-resolution studies, the
properties of networks in meteorology are more variable, which may indicate that
for local studies, not only climatic factors but also regional characteristics need to
be considered.

One important aspect in the study of networks is the identification of the partici-
pation or activity of vertices, as this information can provide key insights about the
system. Whether it is to identify vertices that are more susceptible to disturbances
or those that are notably more important in terms of information transmission.
Agarwal et al. (2018) presented an approach based on understanding the role of
each node in a community, specifically in the context of rainfall networks over In-
dia, using Z-P space information (GUIMERA; AMARAL, 2005; GUIMERA et al.,
2007). In this way, they were able to comprehend the qualitative and quantitative
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aspects of community members and identify regions of higher importance associated
with node activity. This approach demonstrated how complex networks can be used
as a technique to identify potential geographic locations for the installation of new
weather stations.

3.4 Communities identification

Usually, complex systems exhibit their own self-organized behaviors, depending on
how information is transmitted and how vertices participate in this process. Typi-
cally, some vertices have a higher prevalence than others (BARABÁSI; ALBERT,
1999; NEWMAN, 2005; BARZEL; BARABÁSI, 2013). However, within the net-
work, it is also possible to find specific groups that interact more intensively among
themselves than with the rest of the network, characterizing a predominantly lo-
cal interaction. These sub-graphs are known as communities (TSONIS; SWANSON,
2008; STEINHAEUSER et al., 2009; ABE; SUZUKI, 2012). Therefore, a community
can be defined as a group of vertices that are more strongly interconnected among
themselves than with the rest of the network. Vertices within the same community
share similar characteristics.

Figure 3.10 illustrates in a simplified way a network with three communities. By an-
alyzing the communities, it is possible to gain a better understanding of the struc-
ture and dynamics of the network, identifying groups of strongly interconnected
nodes and exploring the relationships between them. This approach allows for a
more detailed view and reveals important information about the organization and
functioning of the network under study. Communities provide insights into natu-
ral groupings and can help identify patterns, processes, and significant interactions
within the system represented by the network. This information can be used to un-
derstand the function of different parts of the network, identify influential nodes or
important hubs, and even optimize processes or strategies based on the properties
of the communities.

Therefore, the correct identification of communities is a fundamental step in the
analysis of complex networks (MISSAOUI; SARR, 2015; SCHAUB et al., 2017).

There are several techniques developed for identifying communities in complex net-
works, including FastQ (NEWMAN; GIRVAN, 2004), WalkTrap (PONS; LATAPY,
2005; STEINHAEUSER et al., 2009), eigenvectors of the modularity matrix (NEW-
MAN, 2006), fuzzy clustering (SUN, 2015; NEPUSZ et al., 2008), IsoFdp (YOU et
al., 2016), density peak model (DENG et al., 2019), and others (ZHANG et al., 2010;
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Figure 3.10 - Schematic example of a network with three communities.

SOURCE: Fortunato (2010).

AGARWAL et al., 2018; TASGIN; BINGOL, 2019; ARTURO et al., 2022). However,
the modularity function proposed by Newman and Girvan (2004) is widely used in
the analysis of complex networks to estimate the quality of a network partition into
communities. Modularity measures how different the original graph is compared to
its randomizations. This measure is based on the idea that by randomizing the net-
work structure, communities tend to break apart, making it possible to compare the
real structure with its randomization and assess how non-random the community
organization is (FORTUNATO; HRIC, 2016). In other words, modularity aims to
identify clusters of nodes within the network that are more densely connected to
each other than to the rest of the network. It quantifies the difference between the
number of edges observed within the groups and the number of edges expected in a
random network with the same degree distribution.

Several studies have focused on identifying groups of regions with similar patterns
in the variable of interest using the concept of modularity. These studies have re-
vealed the existence of communities and how they exhibit specific characteristics.
The analysis of modularity allows for the grouping of regions that share similar be-
haviors, such as temperature patterns (STEINHAEUSER et al., 2009; TIRABASSI;
MASOLLER, 2016), precipitation (AGARWAL et al., 2019; CERON et al., 2019), or
other climatic parameters (STEINHAEUSER; TSONIS, 2014). These climate com-
munities can encompass geographically close or distant areas that exhibit similar
climate interactions.
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The identification of these communities has been of great importance in understand-
ing climatic processes and contributes to improving the modeling and prediction of
weather events and phenomena in different regions of the world.

For example, the study conducted by Steinhaeuser et al. (2011) through the iden-
tification of communities investigated the structure of the climate network using
sea surface temperature, sea level pressure, geopotential height, precipitable water,
horizontal wind speed, and vertical wind speed. The results demonstrated that the
identified communities were more effective as predictors compared to clusters ob-
tained through traditional approaches. This finding suggests that changes in the
distribution of communities can be used as a descriptive and predictive tool in
the field of climatology. The authors emphasized the importance of communities in
understanding climate patterns and developing more accurate models for climate
predictions. Tsonis et al. (2011) explored the structure of communities in three cli-
matic variables worldwide, comparing observed data with models. They identified
a small number of relevant communities (between four and five) for these variables,
as well as observed differences in the number of communities between the observed
data and the models. This information is important for identifying regions where the
models fail to provide an adequate representation. Another relevant study conducted
by Conticello et al. (2018) investigated the relationship between intense precipita-
tion events and atmospheric circulation in the central region of Italy, specifically
in Lazio. They employed a combined approach of Self-Organizing Maps (SOM) and
event synchronization to recognize atmospheric patterns that influence precipitation
systems. Additionally, the authors used modularity to identify communities within
the network of intense precipitation events, resulting in the definition of three rain
gauge communities. This analysis revealed a clear representation of the region of
interest, providing valuable insights for identifying large-scale atmospheric mech-
anisms. Meanwhile, Agarwal et al. (2018) demonstrated the importance of vertex
participation within their respective communities in a rain network in India (Figure
3.11). They used the modularity criterion (NEWMAN; GIRVAN, 2004) to identify
the communities, emphasizing the relevance of this measure in the context of the
study.

The authors provided information about the connectivity among these regions iden-
tified as communities. It was concluded that the northern part of India exhibits
disconnection from other communities, while the southern part shows a high degree
of internal and external connections, and central India reveals long-range connec-
tions.
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Figure 3.11 - Community structures in a rain network in India.

SOURCE: Agarwal et al. (2018).

These analyses allowed for an understanding of the interconnection structure among
the regions and provided information about the mechanisms or subsystems present,
as well as the participation of nodes within these communities.

Complex networks have the ability to extract relevant information about the dy-
namics of complex systems, making them a valuable tool in various studies related
to climatic phenomena. One such climatic phenomenon of interest is the monsoon
system, a notable example of which is the Indian Summer Monsoon (ISM), which
primarily occurs between June and September. During this period, the ISM experi-
ences intense rainfall activity that plays a crucial role in agriculture, the economy,
and the well-being of the population.

Therefore, different studies using complex networks have been conducted with the
aim of extracting information associated with the dynamics of the ISM (MALIK et
al., 2012; REHFELD et al., 2013; AGARWAL et al., 2018; GUPTA et al., 2023).
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Tsonis et al. (2011) present an analysis of communities for the geopotential height
500 hPa network (Figure 3.12), and the identified communities are consistent with
the presence of atmospheric teleconnection patterns for the Northern Hemisphere,
including the North Atlantic Oscillation, as well as atmospheric teleconnections in
the Southern Hemisphere.

Figure 3.12 - Climate network communities of geopotential height (hgt) em 500 hpa.

The colors represent the communities, which are regions associated with the Northern
Hemisphere climate indices.
SOURCE: Tsonis et al. (2011).

The study conducted by Saha and Mitra (2019) used the fast-greedy method to iden-
tify communities during the ISM period. The fast-greedy method is a hierarchical
agglomeration technique that aims to optimize the modularity of the network, mean-
ing it identifies clusters of nodes that have a higher density of internal connections
compared to connections with other clusters. The main motivation of this study was
to identify community patterns that could serve as predictors and contribute to the
prediction of ISM behavior.

By identifying and analyzing these communities, the researchers were able to obtain
valuable information about the dynamics of the monsoon system and understand
how different regions and atmospheric components interact during the monsoon pe-
riod. They highlighted how the accurate interpretation of the identified communities
allowed them to develop predictors that are capable of generating forecasts about
the development of the ISM.
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The study conducted by Cheung and Ozturk (2020) investigated the Australian
Summer Monsoon (ASM) through the application of complex networks and synchro-
nization of extreme rainfall events. By utilizing complex networks, the researchers
were able to analyze the structure of communities and identify patterns related to
the stages of the monsoon. Figure 3.13 presents the changes in the structure of com-
munities throughout the ASM. One of the identified communities in the network
coincided with the monsoon region in northern Australia. Another community to
the north extended during the early monsoon, indicating a high synchronization
of this region with the Indonesian region. Subsequently, this community extended
eastward during the onset of the monsoon. These results reveal that the processes
occurring in these regions are critical to the development of the ASM.

Figure 3.13 - Change in community structures before and during the Australian summer
monsoon.

SOURCE: Cheung and Ozturk (2020).

The analysis of changes in the structure of communities allowed for understand-
ing the interactions between regions and patterns during the ASM. This approach
provides valuable insights into the mechanisms and factors that influence the de-
velopment of the Australian summer monsoon, contributing to the understanding
of climatic processes. In summary, the study demonstrated how the application of
complex networks and the analysis of communities can help identify patterns and
processes crucial to the development of the Australian summer monsoon, providing
useful information for understanding and predicting this climatic phenomenon.
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The mentioned studies illustrate the application of community identification in com-
plex networks and their relevance in understanding meteorological systems. Further-
more, they provide the necessary information to understand how different regions are
connected, how nodes interact, and how climatic mechanisms operate at a regional
scale. These findings have significant implications for the prediction and understand-
ing of climate patterns, enabling a better assessment of local climate systems and
their interactions with the global environment.

As noted by the cited works, the high versatility of complex networks allows for
their application in meteorology through different approaches. These networks have
proven effective in identifying various relationships existing among physical mecha-
nisms in the atmosphere, providing key insights into the system under study. Such
information can include patterns of interconnection between different regions, iden-
tification of communities with similar behavior, and analysis of how information is
transmitted within the system. Therefore, complex networks have become a valuable
tool for understanding and analyzing complex meteorological phenomena.

It is interesting to note that, although there have been several studies applying
complex networks on the SAMS (BOERS et al., 2013; BOERS et al., 2014a; BOERS
et al., 2014b; BOERS et al., 2015; GELBRECHT et al., 2021), no previous studies
had been found that applied community identification to extreme rainfall events
related to the SAMS. However, this particular study fills this gap and provides
important information about the dynamics along with the identified communities.
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4 DATA

In regions with low surface sensor density, the use of satellite data is essential. Optical
sensors on satellites capture images at different wavelengths of the electromagnetic
spectrum, with each wavelength associated with the target signal and corresponding
radiative processes such as emission, absorption, and scattering of the emitted en-
ergy by the source. Typically, different sensors integrated into meteorological satel-
lites read specific bands of the electromagnetic spectrum to estimate the desired
information. Technologies developed for this purpose usually utilize visible (VIS)
and infrared (IR) spectral channels, as well as microwave-based techniques such
as radars. Satellite data provides a comprehensive and global view of atmospheric
conditions, enabling monitoring and analysis of various meteorological phenomena,
including precipitation.

This chapter aims to compile the descriptions of the data that will be used in
this research, as they play a fundamental role in the identification and study of
precipitation systems. In this chapter, detailed information about the data sources,
including their spatial and temporal resolution, will be presented. By providing a
good understanding of the data used, this chapter establishes the foundation for the
subsequent analyses and interpretations conducted in the study.

4.1 Tropical Rainfall Measuring Mission (TRMM)

TRMM (Tropical Rainfall Measuring Mission) was launched in November 1997 by
NASA (National Aeronautics and Space Administration) in partnership with JAXA
(Japan Aerospace Exploration Agency) and operated until June 2015, resulting in
a measurement period of 17 years. During this time, TRMM played a crucial role
in monitoring and understanding the distribution of tropical precipitation. The ob-
jective of TRMM was to monitor the temporal and spatial distribution of tropical
precipitation (KUMMEROW et al., 1998; KUMMEROW et al., 2000). TRMM flew
between the approximate latitudes of 35◦N and 35◦S and completed 16 orbits per
day (PASSOW, 2010). The orbit of TRMM was polar and non-sun-synchronous,
with an inclination of 35◦ and an orbit altitude of 350 km (until 2000) and 403 km
(2001-2015).

TRMM is a low Earth orbit satellite and is composed of five instruments (Figure
4.1). Precipitation Radar (PR), Visible and Infrared Scanners (VIRS), Microwave
Imager (TMI), Lightning Imaging Sensor (LIS), and Clouds and Earth’s Radiant
Energy System (CERES) (HUFFMAN et al., 2010; LIU et al., 2012).
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Figure 4.1 - Schematic of the scan geometries of the three primary TRMM rain sensors:
TMI, PR e VIRS.

SOURCE: Kummerow et al. (1998).

Figure 4.2 provides a more detailed overview of the processing scheme of TRMM
products and the data used for their composition, along with their respective levels.
All of these data have been compiled into a single repository by the University
of Utah (Salt Lake City, Utah, USA). For more information about TRMM, it is
recommended to visit the NASA-JAXA project page. The link to the project can
be found in Table A.1 of the Appendix.

4.1.1 TRMM Microwave Imager (TMI)

A passive microwave sensor is an instrument designed to receive and measure the
natural electromagnetic radiation emissions produced by the Earth and its atmo-
sphere through emission and reflection. The TMI (Microwave Imager) was specifi-
cally designed to obtain quantitative information about precipitation. This sensor
utilizes measurements of the energy emitted by the Earth and its atmosphere and
has the capability to quantify rainfall intensity and water vapor.

The instrument consists of a parabolic antenna with an aperture size of 61 cm and
a focal length of 50.8 cm. Based on this, the antenna traces a circle on the Earth’s
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Figure 4.2 - TRMM data processing scheme.

SOURCE: Collischonn (2006).

surface (Figure 4.1). The antenna has an angle with respect to the nadir of 49◦,
which provides an incidence angle of 52.8◦ with the Earth’s surface. The TMI is
capable of measuring the radiation intensity at five different frequencies: 10.7, 19.4,
21.3, 37, and 85.5 GHz. The 10.7 GHz frequency provides a more linear response
to high rainfall rates. The TMI has a swath width of 878 km and different spatial
resolutions (Table 4.1).
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Table 4.1 - Spatial resolution of TMI frequency bands.

Band [Ghz] Spatial resolution [km×km]
10.7 72×43
19.4 35×21
21.3 26×21
37 18×10

85.5 8×6

4.1.2 Precipitation radar (PR)

The Precipitation Radar (PR) provides vital information about the distribution
and intensity of rainfall, precipitation type, storm depth, and other aspects associ-
ated with precipitation (KUMMEROW et al., 2000). The TRMM PR was the first
spaceborne precipitation radar designed to provide three-dimensional maps of storm
structures. Therefore, it is the most innovative instrument of the TRMM. The PR
has an approximate horizontal resolution of 5 km, a swath width of 247 km, and
a minimum detectable signal of approximately 15 dBZ. In terms of its ability to
provide vertical profiles of rain and snow, the PR can offer profiles with heights
of approximately 12 km. Additionally, it has the capability to detect light rain of
about 0.7 mm/h. One of the main advantages of the PR is its ability to generate
high-resolution three-dimensional maps of rainfall. The sensor has a vertical resolu-
tion of 250 m up to an altitude of 20 km. Beyond that, the data provides vertical
information such as layer thickness and precipitation reaching the surface. The PR
is capable of capturing precipitation systems larger than 16 km, primarily due to its
resolution.

4.1.3 Visible and infrared scanners (VIRS)

The VIRS is a sensor with the ability to detect radiation in five spectral bands, rang-
ing from visible (0.63 µm) to infrared (12 µm). It has a spatial resolution of 2.4 km
and an approximate swath width of 833 km. This sensor can estimate temperature
using the received electromagnetic radiation. Under clear sky conditions, the infrared
brightness temperature captured by the VIRS corresponds to the temperature of the
Earth’s surface. However, in the presence of clouds, the measured temperature will
be that of the cloud tops. This is because clouds have distinct emission and reflec-
tion properties of radiation compared to the Earth’s surface, resulting in a different
temperature detected by the sensor. Therefore, lower temperatures are primarily
associated with frozen surfaces, and higher intensities in shorter wavelength bands
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are due to the reflection of sunlight. Meanwhile, higher temperatures will result in
higher intensities in longer wavelength bands due to their emission. On the other
hand, higher temperatures result in greater radiation emission in longer wavelength
bands. Thus, in longer infrared spectral bands, the measured intensity will be higher
in regions with higher temperatures because the emitted radiation will be greater.
These differences in measured intensities in different spectral bands allow sensors
like VIRS to obtain information about surface temperatures and identify features
such as the presence of ice, snow, clouds, and other atmospheric elements, aiding in
the understanding and monitoring of climatic processes.

4.2 Global Precipitation Measurement Mission (GPM)

GPM is an international network or constellation of satellites (Figure 4.3) aimed at
providing observations of precipitation and snow. The GPM satellite constellation
can observe precipitation globally every 2 to 3 hours. The central or core satellite,
known as the Core Satellite, is considered the successor to TRMM and features two
sensors for rain and snow measurements: the GPM Microwave Imager (GMI) and the
Dual-frequency Precipitation Radar (DPR). The DPR provides three-dimensional
measurements of precipitation structure and characteristics. The instrument consists
of a Ka-band precipitation radar (KaPR) operating at a frequency of 35.5 GHz and
a Ku-band precipitation radar (KuPR) operating at 13.6 GHz (HOU et al., 2014),
the latter being equivalent to the PR of TRMM.

Figure 4.3 - Representation of the satellite constellation of the GPM mission.

SOURCE: Hou et al. (2014).
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The GPM core satellite has an altitude of 407 km and a non-sun-synchronous orbit,
providing coverage from 65◦N to 65◦S with a spatial resolution of 0.1◦x0.1◦ and a
north-south inclination of 65◦. The satellite was launched in February 2014 from
the Tanegashima Space Center in Japan, marking the transition from the TRMM
mission to the GPM era.

The GPM core satellite is equipped with two central instruments shown in Figure
4.4: the GPM Microwave Imager (GMI) and the Dual-frequency Precipitation Radar
(DPR). The GMI is a microwave sensor with 13 channels ranging from 10 GHz to
183 GHz. These channels provide observations of the radiation emitted by different
types of precipitation, from light to heavy rain and the presence of snow.

The second instrument, DPR, provides three-dimensional information about pre-
cipitation particles. This information is obtained from the energy reflected by these
particles at different levels within the clouds. The DPR is more sensitive to light rain
rates and the falling of precipitation compared to the PR/TRMM (Section 4.1.2).

Figure 4.4 - Scheme of DPR and GMI instrument scanning patterns onboard the GPM
Core.

SOURCE: Hou et al. (2014).
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4.2.1 GPM Microwave Imager (GMI)

The GMI is a passive microwave radiometer that features 13 frequency channels
ranging from 10 GHz to 183 GHz. These different frequencies have been used in the
past decades to detect rainfall of varying intensities, from light rain to heavy pre-
cipitation (HOU et al., 2014). Each frequency band is specifically used for different
purposes. For example, the 10 GHz band is ideal for liquid precipitation, the bands
between 19 GHz and 37 GHz are used to detect moderate rainfall, the 21 GHz band
is related to water vapor, and the 183 GHz frequency band is used to detect signals of
ice scattering and snowfall. The combination of GMI’s different frequency channels
allows for a comprehensive analysis of precipitation intensity in various regions of
the planet. These data are crucial for continuous monitoring of global precipitation
patterns, providing valuable information for climate studies and weather forecasts.

4.2.2 Dual-frequency Precipitation Radar (DPR)

The DPR consists of two precipitation radars: the KuPR (Ku-band Precipitation
Radar) and the KaPR (Ka-band Precipitation Radar). The KuPR operates at a
frequency of 13.6 GHz and is an enhanced version of the precipitation radar used
in TRMM. It is suitable for measuring moderate to heavy rainfall, which is typical
in tropical regions and mid-latitudes. On the other hand, the KaPR operates at a
frequency of 35.5 GHz and aims to enhance the detection capability of weak rain
and snow (HOU et al., 2014). The KaPR (Ka-band Precipitation Radar) has two
scan modes: the dual-frequency mode (KaPR-MS) and the high-sensitivity mode
(KaPR-HS). These scan modes offer different detection and resolution capabilities
to capture various types of precipitation. Both sensors have a spatial resolution of 5
km, and in terms of swath width, the KuPR has 245 km while the KaPR has 125 km.
Both radars have a vertical range resolution of 250 m, with a minimum detectable
signal of 14.5 dBZ for KuPR, 16.47 dBZ for KaPR-MS, and 10.2 dBZ for KaPR-HS
(TOYOSHIMA et al., 2015). The DPR provides three-dimensional observations of
rainfall, meaning it is capable of mapping the vertical distribution of precipitation
within storms.

This information is crucial for understanding storm characteristics such as intensity,
vertical development, and the presence of regions with higher rainfall activity. Ad-
ditionally, Iguchi et al. (2010) provides further details about the algorithm used to
generate DPR data.
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4.3 Integrated Multi-satellitE Retrievals for GPM (IMERG)

One of the most widely disseminated products derived from the combination of
TRMM/GPM is provided by the IMERG algorithm. This algorithm provides an
estimation of precipitation over a large part of the Earth’s surface. As mentioned,
it combines the information provided by the TRMM mission (2000-2015) and the
GPM mission (2014-present), aiming to have a more robust precipitation record over
a longer period of time (HOU et al., 2014). Therefore, this algorithm is designed to
combine and interpolate estimates from all microwave precipitation satellites, along
with infrared (IR) estimates, observed measurements, and other short-term and
small-scale precipitation estimators. The IMERG data is available in three levels:
"Early", the first multi-satellite product available 4 hours after observation (IMERG-
E); "Late", the multi-satellite product available 12 hours after observation (IMERG-
L); and "Final", which is released 3 months after the observation time (IMERG-F),
as it is calibrated with monthly gauge data. The precipitation rate is represented
in millimeters per hour (mm/h) with a spatial resolution of 0.1◦ and a temporal
resolution of 30 minutes, covering an area from 60◦N to 60◦S. Therefore, IMERG
is a powerful tool for obtaining precipitation estimates on a global scale, spanning
a longer time period, and providing valuable information for climate, hydrological,
and meteorological studies worldwide.

4.4 Precipitation Features (PF)

The PF data provides detailed information about the structure and characteristics
of precipitation, serving as an important tool for studying and understanding the
rainfall systems and their influence on climate. These data can include a variety of
information, such as the area covered by precipitation, the temperature of the cloud
tops, the stratiform and convective rainfall contribution, the precipitation depth (in-
dicating the vertical thickness), the precipitation rate (indicating the amount of pre-
cipitation over a specific time interval), and the volumetric contribution (NESBITT
et al., 2006; LIU et al., 2008). Furthermore, radar reflectivity plays a crucial role in
identifying and evaluating rainfall, including its extreme events (ROMATSCHKE et
al., 2010; BHAT; KUMAR, 2015; KUMAR; BHAT, 2016; KUMAR; BHAT, 2017;
KUMAR; SILVA, 2019). Radar reflectivity data provides valuable insights into the
structure and characteristics of precipitation systems, allowing for detailed analyses
of rainfall patterns at both regional and vertical scales. By examining radar reflec-
tivity, we can study the spatial distribution, intensity, and variability of rainfall,
which is essential for understanding the dynamics of the precipitation system.
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The Department of Atmospheric Sciences at the University of Utah (Salt Lake City,
Utah, USA) has constructed a database of precipitation characteristics based on
measurements from TRMM and GPM. This database provides output variables at
three processing levels. The Level 1 data is composed of a combination of TRMM
algorithms 1B01, 1B11, 2A12, 2A23, 2A25, 2B31, 2H25, and LIS, along with their
corresponding GPM versions. A parallax correction was applied to TMI-PR, and
nearest neighbor collocation was used for TMI-PR-LIS-VIRS. The Level 2 product
consists of two groups: the old definition based on PR and TMI according to Nesbitt
et al. (2000), and the new definition introduced in 2012 by Liu (2007). In addition,
Table 4.2, shows other characteristics were aggregated as more information was
considered in the calculations, such as latent heat and the 2B31 product, resulting
in over 30 variables in Level 2.

Table 4.2 - New criteria used for defining Precipitation Features (LIU, 2007).

Acronym Definition Criteria used

RTPF Surface precipitation with PR
and TMI 2A25 Pixels > 0 or TMI > 0

CLCONVF Convective cells by convective
pixels Convective Rain Pixels 2A23

CL6KM30F Convective cells by convective
pixels > 30 dBz at 6 km > 30 dBz at 6 km

CL40PF Convective cells by convective
pixels with 40 dBz column echo > 40 dBz at column

CL12KM20F Convective cells with 20 dBz at
12 km > 20 dBz at 12 km

T200F 85 Ghz and PCT < 200 K Pixels with pct85 < 200 K
TPCTF 85 Ghz and PCT < 250 K Pixels with pct85 < 250 K

Finally, Level 3 was developed with the objective of creating climatologies, including
convective precipitation, among others. This was done within an 80×360 grid. For
the generation of Level 3 data, reanalysis data (KISTLER et al., 2001) were used,
specifically the following variables: Temperature profile (K), Geopotential height
(m), Omega (Pa/s), wind components (m/s), relative humidity at 8 levels from the
surface (%), temperature (K), tropopause pressure (hPa), and precipitable water
(kg/m2). More information can be found on the PF tab of the University of Utah’s
website (LIU, 2007).
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Figure 4.5 shows the scheme used by Nesbitt et al. (2000) to define three types of
PF (Precipitation Features). This scheme is primarily based on top temperature
data, reflectivity, area, and cold core height. Using these parameters, it is possible
to identify the presence of these PFs in a specific region. Therefore, PF are clusters
of certain physical characteristics (associated with precipitation) with pre-defined
boundaries that reflect the development of convective systems.

Figure 4.5 - Vertical diagram of three types of PF.

Where ice and hydrometeors are represented by asterisks and dots respectively.
SOURCE: Nesbitt et al. (2000).
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4.4.1 Vertical Reflectivity Profile

Radar reflectivity plays a crucial role in identifying and assessing the intensity and
physical characteristics of precipitation systems. Reflectivity is obtained from the
radar signal’s return when it encounters precipitation particles in the atmosphere.
This reflectivity provides valuable information about the precipitation rate and the
size of the precipitation particles.

In precipitation systems, areas of high reflectivity on radar often indicate extreme
rainfall events. The Precipitation Features data provides information on radar re-
flectivity at 40 altitude levels, ranging from 0.5 km to 20 km, with a resolution of 0.1
km. This data allows for the creation of vertical reflectivity profiles, which are highly
valuable for conducting detailed analyses and characterizing the vertical structure
of precipitation.

By examining the reflectivity profiles, we can observe the distinct characteristics
present in different precipitating systems. This information can be used to extract
physical characteristics specific to each system, providing valuable insights into their
behavior and dynamics. Analyzing the reflectivity profiles enhances our understand-
ing of precipitation processes and aids in the interpretation and analysis of precipi-
tation patterns and phenomena.

Different studies employ reflectivity profiles to investigate rainfall patterns and ana-
lyze extreme rainfall events, aiming to understand their intensity and behavior in the
atmosphere (PETERSEN; RUTLEDGE, 1998; NESBITT et al., 2000; NESBITT et
al., 2006; BOCCIPPIO et al., 2002; CAREY et al., 2003; JACOBSON; HEAVNER,
2005; LIU et al., 2007). When studying rainfall events, reflectivity profiles help in
identifying and characterizing different precipitation types, such as convective or
stratiform, and understanding their temporal and spatial variations. Reflectivity
profiles are particularly useful for assessing the intensity and severity of precipita-
tion. By utilizing reflectivity profiles, we can improve the information about rainfall
patterns, the vertical structure of precipitation systems, and the characteristics of
extreme rainfall events.
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5 METHODS

In this chapter, the methods used to develop the study will be presented. It will
start with the presentation of the study area and the steps for constructing complex
networks. This will involve defining the nodes and edges of the network based on
specific criteria, such as precipitation intensity. The analysis methods to identify the
patterns associated with network metrics will be discussed, as well as the identifica-
tion of communities. Furthermore, the characterization of the communities will be
addressed, based on the physical and dynamic properties associated with extreme
rainfall.

5.1 Study region

In this study, we will create a total of five networks to be analyzed. The first network,
referred to as the SOUTH AMERICA Network (SA), will exclusively consist of ex-
treme daily rainfall time series during the austral summer season in South America.
The primary objective is to examine the current dynamics of extreme precipitation
events, identify communities within this network, and provide a comprehensive char-
acterization of these communities from both physical and statistical perspectives.
Additionally, we will explore the relationship between these communities and the
meteorological mean aspects, aiming to gain a deeper understanding of the patterns
and processes associated with extreme rainfall in the region.

In order to investigate certain aspects of complex networks on a more local scale
and the relationship between rainfall and the surface, more detailed analyses were
conducted on the Amazon basin. Therefore, we will compare networks based on
daily rainfall and extreme daily rainfall by creating four additional networks known
as the AMAZON Networks (AMA). These networks are specifically designed for the
Amazon Basin region, which is a significant and geographically diverse area within
the continent. The main focus of these networks is to examine the similarities and
differences between the two types of rainfall data (i.e. Extreme and total rain). The
key distinction between these networks lies in the method used for the synchroniza-
tion of extreme rainfall events and the correlation metrics (i.e. Pearson, Spearman,
and Kendall) employed for daily rainfall analysis. By conducting this comparison,
we aim to gain valuable insights into the behavior and characteristics of the network.
Furthermore, it will be possible to assess the degree of sensitivity in defining commu-
nities based on correlation networks for this region. Table 5.1 presents a summary
of all the network information.
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Table 5.1 - Characteristics of the networks used in this study.

Network Region Event type Similarity function
SA South America Daily extreme rainfall Event SynchronizationAMA 1 Amazon basin

AMA 2
Amazon basin Daily rainfall

Pearson linear correlation
AMA 3 Spearman’s rank correlation
AMA 4 Kendall’s rank correlation

The choice of the appropriate similarity function plays a fundamental role in an-
alyzing climatic patterns in the network (Table 5.1). For this purpose, two groups
of networks have been created (Figure 5.1). The first group was created using only
extreme rainfall data for South America and the Amazon basin, while the second
group will be a network of whole rainfall events only for the Amazon basin. For both
networks, the study period is from December 2000 to February 2021.

Figure 5.1 - Diagram of the two groups of networks that were used.

SOURCE: Author’s production.

48



5.1.1 South America network

South America possesses a range of important atmospheric mechanisms and is char-
acterized by significant geographical diversity. Several factors contribute to this di-
versity, including the Andes mountain range, which exerts a substantial influence
on the continent’s circulation patterns (INSEL et al., 2010). The Amazon basin is
the largest tropical forest and water system in the world, playing a crucial role in
the regional climate (ALMAZROUI et al., 2021). The Sierras de Córdoba region
is known for its deep convective cores, making it an area of interest for convective
studies (MULHOLLAND et al., 2018). The Brazilian semi-arid region is notable
as the most populous semi-arid area worldwide (CUNHA et al., 2015; MENEZES
et al., 2021). The Pisco-Ica desert experiences local dust storms known as Paracas
(BRICEÑO-ZULUAGA et al., 2017). Furthermore, the Atacama Desert is renowned
as the driest desert on Earth, characterized by extremely arid conditions (BULL et
al., 2018). This geographical diversity in South America contributes in various ways
to the complex climate variability and the occurrence of extreme weather events.
The continent exhibits some notable features, such as being the second continen-
tal region with the presence of the largest mesoscale convective systems, leading
to events of extreme precipitation (MOHR; ZIPSER, 1996; KUMAR et al., 2019a).
Additionally, South America is known for hosting some of the deepest convective
storms globally (ZIPSER et al., 2006; RASMUSSEN et al., 2014) and having the
highest frequency of large hail (CECIL; BLANKENSHIP, 2012). These factors high-
light the significance of South America in the study of extreme rainfall events. Based
on the presented characteristics and the dynamics involving the entire region, South
America stands out as an area with a great variety of active atmospheric systems.
Figure 5.2 shows the exact extent of the region used for the SOUTH AMERICA
network, which is defined by the box with latitudinal limits of 12◦N - 45◦S and
longitudinal limits of 85◦W - 31◦W.

This figure also shows the mean and the 90th percentile of rainfall for the months
corresponding to the Austral summer. It can be observed that the majority of the
Amazon basin is presented as the region with the largest extension in terms of
rainfall intensity. The two intense rainfall cores over the eastern Andes indicate
the so-called Peruvian and Bolivian rainfall hotspots, which are associated with
orographic precipitation (ESPINOZA et al., 2015).
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Figure 5.2 - Average daily rainfall and 90th percentile (mm/day) over South America dur-
ing the austral summer.

The black lines represent the topography and the Amazon basin limits.
SOURCE: Author’s production.

5.1.2 Amazon network

The Amazon Basin is known as the largest tropical forest and hydrological system
in the world (ALMAZROUI et al., 2021). It plays a crucial role in mitigating cli-
mate change by reducing the concentration of carbon dioxide in the atmosphere.
Additionally, it is renowned for being an indispensable source of heat exchange with
the atmosphere, particularly due to the high rate of evapotranspiration in the mid
and upper troposphere. This characteristic creates favorable conditions for the for-
mation of tropical and extratropical convective systems, playing a crucial role in
regional circulation (FISCH et al., 1998; HAYLOCK et al., 2006; NOBRE et al.,
2009). The Amazon Basin also exhibits similarities with oceanic convection (RAS-
MUSSEN et al., 2016) and holds significant importance in various aspects, such as
global/regional climate regulation, modulation of the hydrological cycle, and water
purification (MARENGO, 2006; ALVES et al., 2017; PHILLIPS; BRIENEN, 2017).
The study of rainfall in the Amazon is critical for understanding the functioning
of the tropical forest ecosystem as a whole and its contribution to global climate
regulation. The Amazon basin is the region highlighted in Figure 5.2.

The construction of the complex network in this study will be limited to the defined
study areas, focusing solely on the specific region of interest. As a result, global
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climate influences, known as teleconnections, will not be addressed in this research.
The upcoming section will center on defining the networks of rainfall and extreme
rainfall events, which is a crucial component of the analysis conducted in this study.

5.2 Climate networks

Complex networks have broad applicability. However, one of the main advantages
of this technique is its ability to extract meaningful information from the system,
which would often require more complex methodologies or the use of a set of vari-
ables together. An example of this potential is evident in the studies of atmospheric
teleconnections associated with the El Niño phenomenon, which were among the
earliest applications of complex networks to climate data (TSONIS; ROEBBER,
2004). This approach has allowed for a deeper understanding of the complex inter-
actions between different regions of the global climate system. Due to their ability to
describe how information propagates and relates within a system, complex networks
have gained significant popularity in various fields of study (STROGATZ, 2001;
COSTA et al., 2011; SALEH et al., 2018). This approach allows to identification of
regions or notable elements within the system and provides information about the
relationship or predominance of these in the dynamics of the system as a whole.

The methodology of climate networks is used for the creation of the network (TSO-
NIS; ROEBBER, 2004; TSONIS et al., 2006; TSONIS et al., 2007; TSONIS et al.,
2008; YAMASAKI et al., 2008; GOZOLCHIANI et al., 2008). In this approach,
each vertex of the network is represented by a pair of latitude and longitude co-
ordinates corresponding to each point on the spatial grid. This means that each
vertex is defined at a specific geographic location, as illustrated in Figure 5.3. There-
fore, the total number of vertices will be equal to the number of points in the grid
(N = lat × lon). Each vertex in the climate network contains a time series asso-
ciated with a specific meteorological variable. This variable can be precipitation,
atmospheric pressure, temperature, and humidity, among others. Each time series
represents the measurements of the variable at a specific geographical point over
time.

While the connections between the vertices, called edges, can be defined using dif-
ferent similarity functions, which may vary depending on the analysis objectives and
the nature of the data. There have been different studies on climate networks using a
variety of functions to define the edges. For example, Pearson correlation coefficient
(NAUFAN et al., 2018), cross-correlation (TSO; YAU, 2007; GOZOLCHIANI et al.,
2008), Spearman’s rank correlation (BOERS et al., 2015), Kendall’s rank correla-
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Figure 5.3 - Schematic representation of the creation of a climate network.

SOURCE: Ludescher et al. (2021).

tion (GUPTA et al., 2021), mutual information (MARWAN et al., 2009), and event
synchronization (BOERS et al., 2014b). Each of these similarity functions offers a
unique perspective on the relationships between vertices in the climate network and
can provide relevant information about climate dynamics and patterns of interaction
between different geographical points.

Finally, in this study, undirected connections are utilized, indicating that the con-
nection between two vertices does not possess a specific direction. This approach
enables the exploration of relationships between geographical points and the analy-
sis of climatic patterns associated with network behavior, without requiring specific
information about the points of origin and destination. It is important to note that
self-loops are excluded in this research.

Following the criterion of climatic networks, the next step is to define the data that
will be used to create the network. Since the objective is to study the system of
extreme precipitation events in South America, the variable of interest is rainfall.
Therefore, it is also essential to choose a similarity function that captures the relevant
relationships between geographical points based on rainfall characteristics.
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5.2.1 Extreme rainfall networks

The analysis and understanding of extreme rainfall events are of vital importance
due to the negative impacts they can have on society. To investigate the occurrence
of these events, the networks in this study utilize data from extreme rainfall events.
The objective is to understand the patterns of occurrence and the inter/intra con-
nections between communities. This research aims to contribute to the prediction
and mitigation of these events, as well as their associated impacts, defining areas
with similar behavior.

5.2.1.1 Define extreme rainfall events

When using precipitation data, it is necessary to establish a specific rainfall threshold
for identifying extreme events. In this work, the extreme daily rainfall events are
identified by using the 90th percentile (P90) as a threshold, calculated for each
grid point. This approach is commonly employed in various studies (BOERS et al.,
2014b; ESPINOZA et al., 2015; ZUBIETA et al., 2019; BOERS et al., 2019). Thus,
the 90th percentile represents a limit above which the events are considered extreme.

Therefore, extreme events will be determined by considering the top 10% of the most
intense rainfall events. This approach allows us to focus on the most significant oc-
currences in terms of rainfall magnitude. The procedure for identifying extreme
events in a rainfall series begins by obtaining the value of the P90. Then, all rainfall
events with magnitudes lower than the P90 value are classified as zeros, indicating
the absence of extreme events. On the other hand, rainfall events with magnitudes
equal to or greater than the P90 value are classified as ones, that represent the oc-
currence of extreme events. Figure 5.4 illustrates the process of converting a rainfall
series into an extreme rainfall series.

In this way, a dichotomous (or binary) series is created that allows us to distinguish
the presence of extreme rainfall events from the rest. This series of extreme events
is used as an input condition for the similarity function.

5.2.1.2 Event Synchronization

For the extreme rainfall networks (South America and Amazon basin), the links are
defined using Event Synchronization (ES) (QUIROGA et al., 2002; MALIK et al.,
2012; BOERS et al., 2019). ES is a technique that measures the similarity between
time series by identifying patterns of event synchronization or co-occurrence. By
using ES as the similarity function, the network will be able to capture the spatial
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Figure 5.4 - Example of the process to define extreme events using the 90th percentile of
a daily rainfall series for a specific point on the grid.

Where the red line represent the 90th percentile threshold.
SOURCE: Author’s production.

patterns associated with extreme events and identify regions that exhibit similar
patterns of occurrence for these events. One of the advantages of this metric is that it
is designed to calculate nonlinear relationships between time series of defined events
(AGARWAL et al., 2018). Event synchronization is defined based on two series of
extreme events, denoted as ei and ej, occurring at grid points i and j, respectively.
A specific extreme event in time i and j are, represented by li and lj. Consider two
extreme events, denoted as eu

i and ev
j , where 0 ≤ u ≤ li and 0 ≤ v ≤ lj. To check if

two events can be uniquely linked to each other (du,v
i,j := eu

i − ev
j ), a dynamic time

lag is defined using:

τ =
min{du,u−1

ii , du,u+1
ii , dv,v−1

jj , dv,v+1
jj }

2 (5.1)

A filter is defined using a minimum (τmin) and maximum (τmax) time lag, which
allows us to analyze processes at different time scales. Thus, synchronization can be
defined as:
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Su,v
ij =


1 0 < du,v

ij ≤ τ

0.5 τmin ≤ τ ≤ τmax

0 otherwise

(5.2)

The synchronization of events directed from ej to ei is defined by a normalized sum:

qij =
∑

u,v Su,v
ij√

lilj
(5.3)

Finally, undirected event synchronization is determined by summing the directed
event synchronization between the two vertices, given by: ESij = qij + qji.

5.2.2 Rainfall networks

The rainfall networks will be constructed using precipitation time series as vertices.
These time series will be obtained from the highlighted region shown in Figure 5.2.
The objective is to verify the sensibility of the complex network and the additional
information shown for a specific region (Amazon Basin) in comparison with the
entire region (South America). To achieve this, we will apply three distinct similarity
functions to analyze the interconnections and patterns of rainfall events, resulting
in the creation of three separate networks. In the following sections, we will provide
a detailed presentation of these functions.

5.2.2.1 Pearson correlation coefficient

Also known simply as Pearson correlation, it is a statistical measure that evaluates
the linear relationship between two continuous variables and is widely used to assess
the strength and direction of this relationship. Pearson correlation is defined as
follows:

r =
∑(Xi − X̄)(Yi − Ȳ )√∑(Xi − X̄)2

√∑(Yi − Ȳ )2
(5.4)
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Where Xi and Yi are the individual values of variables X and Y , respectively, while
X̄ e Ȳ are the means of each series. It should be noted that Pearson correlation is
a parametric technique. This means that it assumes a specific distribution for the
variables involved, in this case, a normal distribution. Applying this correlation to
data that does not follow a normal distribution can compromise the interpretation
and introduce artificial bias into the results.

Rainfall often does not follow a normal distribution, which can lead to an inadequate
interpretation of Pearson linear correlation when applied directly to this data. To
address this issue, the methodology proposed by Ciemer et al. (2018) was used. It
allows for reducing artificial bias and obtaining a more accurate estimate of the
Pearson correlation between variables such as precipitation. It is important to note
that this specific methodology can be a useful approach for dealing with the non-
normal distribution of rainfall when applying Pearson linear correlation.

5.2.2.2 Spearman’s rank correlation

Also known as Spearman’s correlation or Spearman’s rho, it is a non-parametric
statistical measure for assessing the linear relationship between two variables. Spear-
man’s correlation considers the monotonic relationship between variables, meaning
that one variable consistently increases or decreases with the other regardless of the
shape of the relationship. Similar to Pearson’s correlation, Spearman’s correlation
ranges from -1 to 1. Spearman’s correlation is defined as follows:

rs = 1 −
∑t

i=1(ai − bi)2

n(n2 − 1) (5.5)

Where ai and bi are the ranks of x e y respectively, while n is the number of obser-
vations. This correlation is based on the ranking of the variables, as each variable is
individually ranked and then the differences between these rankings are calculated to
capture non-linear relationships. Spearman’s correlation is a useful alternative when
the data does not follow a normal distribution or when the relationship between
variables is not linear.

5.2.2.3 Kendall’s rank correlation

Kendall’s correlation is also a non-parametric statistical measure used to assess
the relationship between two ordinal variables. Similar to Spearman’s correlation,
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Kendall’s correlation is based on the ranks of the observations for each variable.
This correlation measures the agreement between the rankings of the two variables,
indicating whether the observations tend to have a consistent order between the
variables. Kendall’s correlation does not assume any specific functional relationship
between the variables, making it suitable for capturing non-linear and monotonic
relationships. Kendall’s correlation is computed based on the number of concordant
and discordant pairs, which are defined according to the following conditions. A pair
is considered concordant if xi > xj and yi > yj or xi < xj and yi < yj. A pair is
considered discordant if xi > xj and yi < yj or xi < xj and yi > yj. Otherwise, the
pair is neither concordant nor discordant. Kendall’s correlation coefficient is defined
as:

τk = NC − ND

n(n − 1)/2 (5.6)

where NC and ND are the numbers of concordant and discordant pairs respectively,
while n is the number of observations. Like Pearson and Spearman, Kendall’s cor-
relation ranges from -1 to 1, where +1 indicates a perfect concordance between the
rankings, -1 indicates a perfect discordance, and 0 represents no concordance.

5.3 Network analysis

After defining the similarity functions to be used in the networks, the methods for
their creation and analysis are presented. This chapter discusses the criteria used to
obtain the adjacency matrix and then describes the main metrics for analysis.

5.3.1 Adjacency matrix

Once the similarity functions for the rainfall and extreme events networks have
been defined (sections 5.2.2 and 5.2.1), the next step is to calculate the connections
between all pairs of vertices, resulting in an N×N connectivity matrix. From the
statistical distribution of all existing connections, ES values greater than 98% were
identified to verify statistical significance (0.02) (BOERS et al., 2013). This allows
us to create an adjacency matrix based on this threshold. Values equal to or above
this threshold are classified as 1, while values below are classified as 0. This ap-
proach allows us to focus on the most relevant connections in the network. Thus,
the resulting network contains only the strongest connections, which contributes to
identifying patterns and structures present in rainfall and extreme rainfall events.
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5.3.2 Degree, distribution, and density

The degree of a vertex indicates the number of connections that the vertex vi has.
This index is useful for evaluating the connectivity of vertices in the network. The
degree can be obtained from the adjacency matrix as follows:

ki =
N∑

j=1
Aij (5.7)

Where j represents the vertices vj that are connected to vertex vi, and N is the total
number of vertices in the network. In unweighted networks, each edge or connection
in the adjacency matrix is represented by the value 1, indicating the existence of
a connection between two nodes. The degree of a node is the number of edges
connected to it, i.e., the number of neighbors it has in the network. For example, if
a node has 5 connected neighbors, it will have a degree equal to 5. The degree of a
node is an individual measure as it describes the specific connectivity of that node
in the network.

The average degree, or mean degree, provides an estimate of the average connectivity
of nodes in the network, indicating how many connections, on average, each node has.
The average degree is useful for comparing the connectivity of different networks and
understanding the overall distribution of connections in the network. It is calculated
as the average of the degrees of all nodes in the network and can be defined as
follows:

⟨k⟩ = 1
N

N∑
i=1

ki (5.8)

The degree distribution of a network, denoted as P (k), is a statistical measure that
describes the frequency at which different degrees are present. The degree distribu-
tion of a network can take different forms depending on the network’s structure. In
random networks, the degree distribution follows a Poisson distribution, where most
nodes have an average degree and the number of nodes with higher degrees decreases
rapidly. In scale-free networks, on the other hand, the degree distribution follows a
power-law distribution, where some nodes have extremely high degrees while the
majority of nodes have low degrees.
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The link density of a network is a measure that describes the proportion of existing
links in relation to the maximum possible number of links. It indicates how densely
interconnected the vertices are in the network. Link density ranges from 0 to 1,
where 0 represents a completely disconnected or fragmented network, and 1 indicates
a fully connected network. To calculate the network’s link density, it is necessary
to first obtain the total number of possible links. For a network with N vertices,
the maximum possible number of connections is N(N − 1)/2 (for an undirected
network). The link density of a network can be expressed as:

ρ = m

N(N − 1)/2 (5.9)

5.3.3 Degree Centrality (DC)

The degree centrality (DC) is a measure that indicates the importance of a node
based on the number of links it has (SRINIVASAN et al., 2020). In other words, DC
measures how central or influential a node is within the network, taking into account
its degree, which is the number of links connected to it. The higher the DC value of
a node, the more important it is in terms of connections within the network. A node
with a high DC has a large number of links, indicating that it plays a crucial role
in communication and information transfer within the network. DC is obtained by
dividing the number of edges of a node by the maximum possible number of edges
the node could have. In other words, it is the ratio between the node’s degree and
the maximum possible degree the node could have.

DC = 1
L − 1

N∑
j

Aij (5.10)

Where L represents the total of vertices in the network, N is the total number of
nodes and Aij is the ij-th element of the adjacency matrix A.

5.3.4 Average Neighbor Degree (AND)

The average neighbor degree (AND) is a measure that indicates the average degree
of the neighbors of a given vertex (BARRAT et al., 2004). This measure provides
information about the connectivity of a node’s neighbors and helps to understand
the neighborhood structure (Figure 5.5). The AND of a node is calculated by finding
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all the neighbors of that node in the network and then calculating the average degree
of those neighbors. This measure gives an idea of how the neighboring nodes of a
particular node are connected to each other. AND is expressed as:

ANDi = 1
N(i)

∑
j∈N(i)

kj (5.11)

Where N(i) represents the neighbors of node i, and kj is the degree of neighbor
node j belonging to the set N(i).

Figure 5.5 - Schematic representation of the AND index for some nodes in a regular grid.

The numbers in light-colored nodes indicate the degree, while the number in dark nodes
shows the AND value.
SOURCE: Author’s production.

5.3.5 Cluster Coefficient (CC)

The clustering coefficient (CC) indicates the degree of clustering or the tendency of
vertices in a network to form groups or clusters. This index provides information
about the local structure of the network, revealing how interconnected the neighbors
of a specific node are (KAISER, 2008).
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This measure is useful for understanding the clustering structure of the network
and identifying regions where interconnectivity is high, providing insights into the
formation of potential communities. The clustering coefficient ranges from 0 to 1. A
value of 0 indicates that the neighbors of a node are not connected to each other. A
value of 1 indicates that all neighbors are fully connected to each other.

For a given node i, the clustering coefficient (CCi) is a measure of the proportion of
connectivity among its neighbors, i.e., it is the average fraction of pairs of neighbors
(belonging to the same node) that are also neighbors of each other. The clustering
coefficient is defined as:

CCi = 2Ei

ki(ki − 1) (5.12)

Where, for a given node i, ki is the number of neighbors and Ei represents the number
of edges existing only between these neighbors. Figure 5.6 illustrates a network
in which we calculate the clustering coefficient for the central vertex. The central
vertex has three neighbors, which implies that these neighbors can have a maximum
of three edges between them (calculated as 3*(3-1)/2). However, in this case, the
neighbors have only one edge between them. Therefore, the clustering coefficient
for the central vertex is equal to 1/3, indicating that only one-third of the possible
connections between the neighbors are present. This value suggests a low degree of
local clustering for the central vertex in the network.

Figure 5.6 - Clustering coefficient for the central node (CCi = 1/3).

The continuous and dashed lines represent the presence and absence of connection between
nodes respectively.
SOURCE: Caldarelli (2007).
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Each vertex in the network has a clustering coefficient, and from this, the average
clustering coefficient for the entire network can be obtained, which is defined as:

⟨CC⟩ = 1
N

N∑
i=1

CCi (5.13)

5.3.6 Area Weighted Connectivity (AWC)

Area Weighted Connectivity (AWC) is a measure used in spatial network analysis
to quantify the connectivity between geographic areas based on their spatial prox-
imity and weighted characteristics (TSONIS; SWANSON, 2012; DEZA et al., 2014).
Figure 5.7 shows an example of AWC.

Figure 5.7 - Schematic representation of the AWC index for some nodes in a regular grid.

The AWC for dark-colored nodes is calculated as the area of the light-colored neighbor
nodes relative to the total area of the region (15 km2).
SOURCE: Author’s production.

The AWC is defined as:

AWCi =
∑N

j=1 Aij cos(λj)∑N
j=1 cos(λj)

(5.14)

62



Where λj is the latitude of node j and Aij is equal to 1 if nodes i and j are connected,
otherwise Aij is equal to 0. The term cos(λj) takes into account the decreasing area
associated with higher latitude grid cells.

Therefore, AWC can be interpreted as the fraction of the study region area that is
connected to a given node. The CC and the AWC provide information about the
degree of connection between neighbors and the proportion of connectivity relative
to the total area, both for a given vertex. This allows us to identify which vertices
have a higher degree of local connectivity and which vertices are more connected in
relation to the area.

5.3.7 Geographical Distance (GD)

Geographical distance (GD) refers to the physical distance between nodes or ver-
tices in the network, taking into account their geographic locations (Figure 5.8). In
some cases, geographic distance can play a significant role in network connectivity
or influence the relationships between nodes (BOERS et al., 2013; BOERS et al.,
2014b).

Figure 5.8 - Schematic representation of the GD index for some nodes in a regular grid.

The wide black lines, representing the links of the neighboring nodes, will be used to
calculate the respective geographic distances for the dark-colored nodes.
SOURCE: Author’s production.
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GD can be obtained as follows:

GDi = 1
Di

Di∑
j=1

dist(i, j) (5.15)

Where dist(i, j) is the distance between points i and j, and Di = ∑N
i=j Aij. GD can

be used to analyze spatial patterns or identify potential regions of information flow
within the network, indicating areas with local or regional influence.

5.3.8 Betweenness Centrality (BC)

Betweenness centrality (BC) is an important centrality metric due to the information
it provides. BC is based on the concept of shortest paths and is defined as the
proportion of shortest paths that pass through a particular node compared to the
total number of shortest paths in the network (BOERS et al., 2013). BC for a node
i is calculated as the sum of the fraction of shortest paths between all pairs of nodes
in the network that pass through node i (Figure 5.9).

Figure 5.9 - Schematic representation of the BC index for some nodes in a regular grid.

The four shortest paths between B1 and B2 passing through node A.
SOURCE: Author’s production.
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Mathematically, it can be defined as:

BCi =
∑

l<k ̸=i σkl(i)∑
l<k ̸=i σkl

(5.16)

Where σkl represents the number of shortest paths from node k to l, and σkl(i) is
the number of shortest paths from k to l that pass through node i. BC indicates
the ability of a node to act as an intermediary in the transmission of information
or flow of resources through the network. This metric is valuable for identifying the
most participatory paths and bridges that connect different parts of the network.
By calculating the betweenness centrality of each node, we can identify those nodes
that act as key intermediaries in the flow of information between other nodes in the
network.

5.3.9 Degree value and the Importance of Lines (DIL)

The Degree value and Importance of Lines (DIL) provide a measure of node impor-
tance (LIU et al., 2016). This method provides information about the participation
of vertices, taking into account their degree and the importance of the links they
participate in. It identifies highly participatory vertices in terms of network activity.
The importance of the line (link) between two vertices i and j with link eij is defined
as:

Lij = U

λ
= (ki − p − 1)(kj − p − 1)

1 + p/2 (5.17)

Where p is the number of triangles where the edge eij participates, ki and kj are
the degrees of vertices i and j respectively. The DIL allows us to understand the
vertex participation in terms of its degree and the importance of its links, providing
information about the overall structure and dynamics of the network, including the
identification of influential nodes and critical connections for information propaga-
tion. Figure 5.10 shows the DIL calculation based on degree and link importance.
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Figure 5.10 - Schematic representation of the DIL index for some nodes in a regular grid.

The red colors gradient are the DIL values, while the wide black lines are the vertices that
belong to a triangle.
SOURCE: Author’s production.

5.4 Community identification

Typically, a network can be composed of subgroups with a high degree of internal
connectivity, which exhibit distinct behaviors compared to the rest of the nodes in
the network. These subgroups are known as communities.

Communities often have different characteristics and provide important informa-
tion about the dynamics of the network. There are different methods to identify
communities (FORTUNATO, 2010). However, in this study, we applied one of the
most commonly used methods, the Greedy Modularity Maximization (CLAUSET
et al., 2004). This method is based on the application of modularity (Q) (NEW-
MAN; GIRVAN, 2004; COSTA et al., 2007). Modularity is a measure that evaluates
the community structure in the network and quantifies how well the network is
divided into distinct communities. This means that vertices within each commu-
nity are densely connected to each other, while there are fewer connections between
communities. Higher values of modularity indicate a more pronounced community
structure. Modularity is defined as follows:
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Q = 1
2m

∑
ij

(Aij − γ
kikj

2m
)δ(ci, cj) (5.18)

Where A is the adjacency matrix, ki and kj are the degrees of vertices i and j

respectively, m is the number of edges, γ is a resolution parameter, and δ(ci, cj) is
1 if vertices i and j belong to the same community, and 0 otherwise.

Greedy modularity maximization works hierarchically, starting with each node as
an individual community and then repeatedly merging with other communities to
increase modularity. The goal is to find the community configuration that maximizes
the network’s modularity. This process is repeated several times until there are no
significant gains in modularity. Proper identification of communities can improve
the accuracy and reliability of the results, providing more robust insights into the
behavior of precipitation events and their implications for the studied region. This
information can be valuable in gaining a better understanding and developing more
accurate and efficient local weather forecasting.

Figure 5.11 - Schematic representation of the communities in a regular grid.

SOURCE: Author’s production.
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5.5 Spatial embedding

The mechanisms that influence climate and weather are not limited by political
boundaries or artificial divisions of study areas (RHEINWALT et al., 2012). These
restrictions can affect connections and have an influence on centrality measures, also
known as spatial embedding. To correct this effect, we create 400 sets of artificial
rainfall data, called surrogates. These surrogates were obtained from the Fourier
transform. These surrogates are artificially generated data that preserve certain
properties or statistical characteristics of the original data series. They are used as
null or control models, allowing the assessment of the significance or randomness
of the observed network. From these surrogates, 400 networks will be created. In
these networks, indices that require spatial correction (CC, BC, and CL) will be
calculated, and the average values of these indices will be obtained. Subsequently,
these values will be divided by the respective values from the original measurements,
thus obtaining the corrected indices.

5.6 Community characterization

Once the communities had been identified, a study was conducted to investigate
the similarities between them. The analysis consisted of studying the topology and
specific characteristics of the networks, in other words, the information that complex
network techniques provide. The second part focuses on the statistical analysis of
both rainfall and extreme events within each community. In this analysis, spatial and
temporal information was obtained regarding average behaviors, frequency, inten-
sity, trends, and others. Lastly, the analysis of precipitation characteristics provides
a physical approach to precipitating systems, offering key insights into how these
events unfold. This information is crucial for understanding the differences between
events occurring in different communities.

5.6.1 Network topology analysis

This analysis begins with the results of the degree distribution for each of the com-
munities, from these results, we can observe which communities exhibit more ho-
mogeneous behaviors or stand out as highly connected sub-regions. Additionally,
we calculated the connectivity density to identify which communities are the most
densely interconnected. These results of degree distribution and density are comple-
mented by the spatial results of the CC, AWC, GD, BC, and DIL indices. These
indices helped us understand the dynamics present in the communities and obtain
characteristic information about each of them.
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The CC provided the degree of internal connectivity within each community and
the presence of local clusters. The AWC gave us insights into the spatial influence
of vertices within the communities. The GD allowed us to identify regions of in-
formation exchange and local or regional influences. The BC and CL revealed the
most important nodes and central vertices within the communities. Lastly, the DIL
helped us identify crucial nodes for communication between different parts of the
network.

By combining these different results, we were able to obtain a comprehensive view
of the dynamics of the communities and gather representative and distinctive infor-
mation about each of them. This will allow us to better understand the structure
and functioning of the communities within the complex network under study.

5.6.2 Distribution of extreme events

This stage consists of statistical analyses of the communities. Initially, rainfall events
and extreme rainfall were examined in statistical terms, taking into account the
structure of the network under consideration. Characteristic information was ex-
tracted for each community, such as box plots, mean, median, maximum value, min-
imum value, standard deviation, and variance. Additionally, the probability density
function (PDF) was analyzed to identify magnitudes with the highest probability of
occurrence within the community. Furthermore, skewness and kurtosis values were
calculated, which was useful for comparing distributions among different communi-
ties.

To verify the statistical significance of two datasets representing rainfall in different
communities, we employ two non-parametric statistical methods, both within a 95%
confidence interval. First, we use the Mann-Whitney U test to assess the differences
in averages between the two datasets. This test helps us determine whether one
group tends to have higher or lower rainfall values compared to the other. Secondly,
we utilize the Kolmogorov-Smirnov test to compare the quantified distance between
the empirical distribution functions of the two datasets. This test helps us assess how
the overall distribution of rainfall values differs between the two communities. These
methods are valuable because they don’t make any assumptions about the underly-
ing data distribution, making them suitable for comparing datasets with potentially
different characteristics. The statistical analysis allowed us to identify which com-
munities exhibit similarities in terms of magnitude and frequency of precipitation
events (rainfall or extreme rainfall).
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By grouping communities with similar patterns, we gained a deeper understanding
of the shared characteristics among them. This contributes to a more detailed un-
derstanding of the spatial and temporal distribution of precipitation events in the
studied region.

5.6.3 Deep convective precipitation

An additional part of the characterization of communities in SA involves the anal-
ysis of deep convective profiles. This analysis provides valuable insights into the
physics underlying extreme rainfall events likely associated with convection. Reflec-
tivity profiles, which depict the vertical structure of precipitation, are used as a
characteristic signature of each community. These profiles offer diverse information
about the presence of hydrometeors, which can indicate various processes associated
with precipitation, such as light rain or deep convection.

In addition to reflectivity profiles, other variables from the precipitation features
dataset that provide more detailed information about rain microphysics are also
considered. These variables include ice content, water distribution, 85 GHz temper-
ature with corrected polarization, and maximum height of 30 and 40 dBZ echo-top.
By incorporating these variables, a more comprehensive and accurate analysis of
convective events is possible, aiding in the understanding of atmospheric processes
and the identification of specific characteristics of the communities under study.

For the case of the communities of extreme rainfall networks, in addition to the
aforementioned analysis in previous sections, it includes a complementary analy-
sis focused only on deep convective events. These events were identified based on
specific criteria, targeting pixels that exhibited the highest rainfall rate with the
deepest convection (HAMADA et al., 2015). The identification process involved set-
ting thresholds based on the 95th percentile of maximum near-surface precipitation
(MAXNSRAIN) and the maximum height of 40 dBZ echo-top (MAXHT40).

Two approaches were defined based on the spatial distribution used. The "homoge-
neous" approach applies the 95th percentile to each grid point (with a resolution
of 0.5o) within each community, allowing for an analysis of the overall behavior of
the community. On the other hand, the "non-homogeneous" approach considers the
sample for the community as a whole, leading to an imbalance in the spatial dis-
tribution of the data. This approach favors regions within the communities where
the chosen criteria for deep convection are more frequent. This allows for a focused
analysis of the importance of these areas within the communities.
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Any pixel that exceeded these limits was considered to exhibit deep convective pre-
cipitation. By applying these criteria, the analysis specifically focused on events that
displayed intense rainfall and significant vertical development, indicating the pres-
ence of deep convective processes. Note that the 95th percentile is applied to select
the deep convective precipitation. Once this information is extracted, it will be used
to filter the events in each of the approaches. In the "homogeneous" approach, these
values vary according to the grid point, while for the "non-homogeneous" approach,
they are defined for the entire community.
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6 RESULTS

This chapter presents the results obtained from the analysis of the networks used in
this study and is divided into two sections.

The first section focuses on the results of the extreme rainfall events networks,
specifically the South America Network. In this analysis, event synchronization was
employed to create these networks, facilitating the identification of patterns of ex-
treme events and communities. In the case of the communities within the South
America Network, they will be characterized through a combination of physical and
statistical analysis. This characterization will include studying their structure, con-
nectivity, and specific attributes. By conducting this analysis, we aim to gain a
better understanding of how extreme rainfall events are organized within highly in-
terconnected groups. These findings will provide valuable insights into the dynamics
and underlying mechanisms of these events within South America.

The second section focuses on the results of the extreme and total rainfall networks
over the Amazon Basin. Based on the results of the South American network, as we
shall see, it was evident that the Amazon basin itself presents a specific dynamic.
In order to understand what happens in this specific region, deeper analyses were
carried out with different networks. By the analysis of this specific region, we gain a
deeper understanding of how they affect the structure and properties of the network,
providing valuable insights into the dynamics of rainfall in this important region.

We will discuss the identified patterns and their relationship to regional climate
phenomena, offering valuable insights into these events. Overall, this chapter will
provide a comprehensive view of the studied networks and present key analysis
results.

6.1 SOUTH AMERICA network

An undirected and unweighted network of extreme daily rainfall events was con-
structed for the Austral summer, this network is called "South America". The net-
work is composed of a regular grid with 120 latitude points and 110 longitude points
with a total of 13200 nodes, and a spatial resolution of 0.5◦×0.5◦. Each node cor-
responds to a time series of dichotomous extreme rainfall events. To define the link
between two nodes, we use the event synchronization with a maximum delay of 3
days (τmax), as described in previous studies (QUIROGA et al., 2002; MALIK et
al., 2012; BOERS et al., 2013).
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Using this information, the synchronization values between all possible pairs of nodes
were computed. Since the network is undirected, the synchronization from node i

to node j and vice versa were summed. To define the links in the network, only
the values greater than or equal to a threshold, known as the Minimum Link Value
(MLV), were considered.

Figure 6.1 visually illustrates the variation of link density for different MLV values.
The link density provides an indication of the network’s connectivity level (ZHANG
et al., 2010). It is calculated as the ratio of the actual number of links to the total
number of possible links in the network. The link density ranges between 0 and 1,
where a value of 1 represents a fully connected network, while a value of 0 indicates
a disconnected or fragmented network. The link density was then calculated for
various MLV values, ranging from 0.3 to 0.98 with an increment of 0.01 (DONGES
et al., 2009b).

Figure 6.1 - Density variation for different MLV values for South America network.

The colored regions indicate the degree of connectivity of the network, while the boundaries
of the regions (red and black dotted lines) were defined from the variation of the first
derivative of the network density (blue line).
SOURCE: Author’s production.

By examining the link density across MLV values, we can identify the threshold
at which the network achieves a good balance between connectivity and sparsity,
allowing us to obtain a reference of the connection intensity of the MLV used.
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The analysis of the network density variation reveals distinct connectivity regimes
based on the MLV values. For low MLV, the network exhibits high connectivity,
with numerous links between nodes. As the MLV increases, the network gradually
transitions into a disconnected or broken state, as indicated by the red region. By
examining the first derivative of the density curve (light blue line), an inflection
point is identified as the minimum value of the derivative (vertical black line). This
inflection point separates two sub-regions within the blue region. These sub-regions
are characterized as weak and strong connections, representing different levels of
connectivity within the stable or regularly connected network. Overall, this analysis
provides information into the network connectivity at different MLV thresholds. To
identify highly connected communities, the MLV threshold was set to include only
the 2% of the strongest links in the network. This threshold selects links with values
greater than or equal to the 98th percentile of the synchronization values (BOERS
et al., 2013). From Figure 6.1, it can be observed that the MLV defined by the 98th
percentile (represented by the dotted black line) falls within the region of strong
connections. This indicates that the network exclusively incorporates extreme rain-
fall events with a robust synchronization of up to 3 days. By considering only these
strong connections, the network analysis focuses on capturing the most significant
and tightly linked extreme events.

6.1.1 Geographical distance

The relationship between geographic distance (GD) with several indices of the net-
work was examined in order to identify the window of greatest activity in the net-
work. These indicators include Node Degree (DG), which measures the number of
links connected to a node (neighbors); Clustering Coefficient (CC), which quantifies
the degree of clustering in the node; Average Neighbor degree (AND), represent-
ing the average degree of the neighboring nodes and Betweenness Centrality (BC),
which indicates the importance and participation of a node in the transmission of
information throughout the network, displaying the bridge role of a certain node.

By analyzing the relationship between GD and these network indexes, we can iden-
tify the spatial distance regions or windows of greatest activity inside the network,
associated with the response or connectivity patterns of the extreme rainfall events.
Figure 6.2 displays a scatter plot of the GD and these indexes. Notably, it reveals
that as the geographical distance approaches 1000 km, the network presents an im-
portant decrease in the number of nodes. This indicates a clear limitation in the
connectivity or interaction between nodes within this distance range.
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Figure 6.2 - Scatter plot of Geographic Distance (km).

(a) Degree, (b) Clustering Coefficient, (c) Average Neighbor Degree, and (d) Betweenness
Centrality. The colors indicate the spatial density of the nodes, while the red line represents
the 95th percentile of the geographical distances (1028 km).
SOURCE: Author’s production.

The analysis of network metrics revealed important observations. Nodes with higher
degrees are concentrated within a geographical distance range of approximately 600
to 1100 km (Figure 6.2a), indicating the presence of localized regions with a higher
number of connections. Additionally, the metrics of clustering coefficient, average
neighbor degree, and betweenness centrality demonstrate better performance within
a distance range of 500 to 1100 km (Figures 6.2b, 6.2c and 6.2d). This suggests that
extreme rainfall events within this window exhibit stronger network activity and
connectivity.

The analysis suggests that while links outside the distance range are less frequent,
they can still provide valuable information depending on the research objective.
However, this study specifically focuses on regional connections rather than very
distant ones, as they tend to favor larger or more extensive communities.
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By excluding these longer connections, the analysis can be more focused on un-
derstanding the dynamics and interactions within smaller, geographically localized
communities. To establish a threshold for connections, the 95th percentile of GD
was used. Connections with GD greater than 1028 km (red line in Figure 6.2) were
excluded, resulting in a network without longer connections.

6.1.2 Removing the ocean

Tropical convective events are typically classified into two groups: marine and con-
tinental (MOHR; ZIPSER, 1996; XU; ZIPSER, 2012). Rainy events occurring over
the ocean and the continent exhibit distinct characteristics. For instance, convective
events over the continent tend to have strong updrafts that promote deep convec-
tion, resulting in increased ice and electrical discharges. On the other hand, over
the ocean, convection is not as intense, being weak to moderate, and it has a higher
contribution from low-level processes (warm rain). Therefore, one of the main differ-
ences between these two types of events is the intensity of convection (ZIPSER et al.,
2006). As this study focuses on identifying extreme rainfall communities exclusively
on the continent, precipitation occurring over the ocean was ignored (Figure 6.3).

Figure 6.3 - Communities in networks considering continent and ocean rainfall.

The geographical distance limits are indicated at the top of the figures. The black line
represents the communities that were utilized in this study.
SOURCE: Author’s production.
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Therefore, the network only includes data from the continent, as shown in Figure
5.2. The exclusion of oceanic precipitation aims to highlight the predominance of
naturally occurring extreme events over the continent. However, to assess the dif-
ference in continental communities with and without oceanic data, another network
was constructed, encompassing the study area including the ocean (Figure 6.3).

It is worth noting that the inclusion of ocean data in the analysis revealed regions
where transient systems such as cold fronts and the Intertropical Convergence Zone
(ITCZ) are more frequent. However, these regions formed relatively small commu-
nities compared to the continental ones. This is likely due to the high space-time
variability of extreme events, which can lead to weak linkages through synchro-
nization. Nevertheless, the technique employed in this study was robust enough to
distinguish between predominantly continental communities and those associated
with the ocean.

6.1.3 Communities identification

For the community identification, we employ the widely used Greedy Modularity
Maximization method (CLAUSET et al., 2004). This method relies on optimizing
modularity (M) (NEWMAN; GIRVAN, 2004; COSTA et al., 2007). It iteratively
clusters nodes together to maximize modularity, starting with each node as a sep-
arate community and merging them until modularity stops improving. The geo-
graphical distance limit of 1028 km was chosen based on the objective of studying
regional communities. The exclusion of connections beyond this distance helps focus
on more localized interactions and smaller-scale communities. In Figure 6.4a, the
network without the distance filter exhibits two large communities.

However, after applying the filter (Figure 6.4b), the network is divided into three
communities, highlighting the splitting of the community located between 2oN and
10oS (blue community in Figure 6.4a). It suggests that the chosen distance limit
removes links greater than 1028 km, probably from the eastern Amazon basin. In
this way, by removing these links, the blue community cannot be grouped. Finally,
a predominant community associated with the topographical barrier of the Andes
(pink community) is identified.

Three communities were identified, and they comprise the biggest component of the
network. These communities exhibit strong link values above the MLV threshold,
indicating the occurrence of extreme events that are synchronized within a maximum
time displacement of three days and a geographical range of up to 1028 km.
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Figure 6.4 - Communities in the extreme daily rainfall network.

(a) all nodes in the network are displayed, indicating the composition of each community
without applying a distance limit on the links. (b) The same communities are depicted
but with a link distance limit of 1028 km. (c) Polygons represent the boundaries. The
communities compose the biggest component of the network.
SOURCE: Author’s production.

Furthermore, these communities were clearly delineated, there was no necessity to set
a minimum number of nodes for their identification. The extraction of polygons from
each community is depicted in Figure 6.4c, employing a Von Neumann neighborhood
with a radius of 1 pixel (ZAITSEV, 2017). In general, these three communities
demonstrate a similar spatial pattern observed in previous studies (RASMUSSEN;
HOUZE, 2011; ROMATSCHKE; JR, 2010; RASMUSSEN et al., 2016; KUMAR;
SILVA, 2020).

6.1.4 Network analysis

The spatial distribution of the communities shown in Figure 6.4 exhibits a remark-
able association with moisture transport from the central Amazon basin through
the eastern Andes to southern South America. Where, this is a notable charac-
teristic of the dynamics of the SAMS during the austral summer (VERA et al.,
2006a; MARENGO et al., 2012; GELBRECHT et al., 2021). Figure 6.5 provides a
schematic representation of the SAMS mechanisms. The three communities consist
of important regions in South America.

Community 1 encompasses a large part of the Amazon basin, which is character-
ized by its contribution of moisture to the atmosphere through evapotranspiration
(FISCH et al., 1998; HAYLOCK et al., 2006; NOBRE et al., 2009).
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Figure 6.5 - Overview of important features of the low-level atmospheric circulation during
the SAMS.

The red arrows represent the winds, and the black circles represent the South Atlantic
Converge Zone (SACZ) and southeastern South America (SESA). These regions are asso-
ciated with the phases of the SAMS.
SOURCE: Gelbrecht et al. (2021).

Community 2 is defined as the region east of the tropical Andes. In this community,
the South American Low-Level Jets (SALLJ) change their direction from eastward
to southward due to the presence of the Andes, which act as a topographic barrier
(BOOKHAGEN; STRECKER, 2008; DRUMOND et al., 2008; SILVA; KOUSKY,
2012). The interaction between the SALLJ, which transports moisture from the
Amazon basin, and the Andes leads to the development of orographic rainfall. The
moisture transport to the extratropics of South America provides favorable condi-
tions for the development of convective systems over the La Plata basin (MONTINI
et al., 2019; BERBERY; BARROS, 2002; SALIO et al., 2007; PIERSANTE et al.,
2021). Finally, community 3 extends from the central Andes to southern Uruguay,
including the Sierras de Córdoba. This region is characterized by the presence of
the deepest convective systems in South America (RASMUSSEN et al., 2014; MUL-
HOLLAND et al., 2018), as well as the occurrence of Mesoscale Convective Systems
(MCS) and frontal systems (SALIO et al., 2007; PIERSANTE et al., 2021).
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The results of the extreme events networks are divided into two parts. The first part,
presented in Section 6.1.5, is related to the communication between communities and
is referred to as the inter-communities results. It includes an analysis of the degree
of connection that exists beyond their boundaries, as well as a comparison with
the network composed of all of South America. The second part of the analysis
focuses on the individual participation of the vertices within their own community
and is referred to as the intra-communities results. Additionally, it involves the
identification of sub-regions with the highest activity. These results can be found in
Section 6.1.6.

6.1.5 Inter-communities

The network composed of all the vertices in South America (Figure 6.4b) was referred
to as the South America Network. The statistical results of the South America Net-
work and each community can be found in Table 6.1. The South America Network
exhibits sparse connectivity, with a density of 0.002 and low entropy of 0.179. This
indicates that the network is characterized by a lack of strong connections, and this
characteristic is even more pronounced when compared to individual communities.

Table 6.1 - The calculated values for different indices are presented for the South America
network and each individual community.

Index South America
Network

Community ID
1 2 3

Area (km2) 17 840 000 3 248 558 919 971 2 876 030
Number of Nodes 13 200 1 074 307 1 028

Mean Degree 109.425 130.78 80.847 68.58
Average Clustering 0.133 0.652 0.749 0.686
Shannon Entropy 0.179 0.798 0.858 0.716
Network Efficiency 0.017 0.519 0.616 0.445

Average Shortest Path Length 3.248 2.14 1.834 2.538
Link Density 0.002 0.122 0.264 0.067

Diameter 11 5 4 7

This observation aligns with the findings of Freitas et al. (2019), who analyzed thir-
teen real-world networks and found similar trends, with link densities below 0.009
and low entropy values (less than 0.25). The low density of the South America net-
work results in lower values of Average Clustering and Network Efficiency, indicating
a reduced ability to efficiently transmit information across the network.
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Table 6.1 indicates that Community SA1 is the largest among the three commu-
nities, with a size that is 71% larger than Community SA2 and 11% larger than
Community SA3. It is characterized by a significant internal area and a high num-
ber of interconnected nodes, implying a potentially higher occurrence of extensive
extreme events. This behavior of Community SA1 could be attributed to the char-
acteristics of the Amazon region, which is known for its dense vegetation and its
influence on local climate dynamics through processes such as moisture recycling
(ZEMP et al., 2014). These processes can in turn affect the frequency, intensity, and
spatial distribution of rainfall. Some studies suggest that these mechanisms may
result in convective patterns that resemble those observed over oceans rather than
continents (RASMUSSEN et al., 2016). As a consequence, Community SA1 exhibits
a relatively higher Network Efficiency (0.519).

Community SA2 exhibits the highest link density among the three communities,
reaching approximately 26%. It is characterized by the highest Average Clustering
coefficient of 0.749, indicating a densely interconnected network. With a diameter
of 4, it has the shortest maximum distance between nodes within the community.
The presence of the central Andes acts as a topographic barrier, restricting the
expansion of this community. The increased connectivity within this community
can be attributed to the influence of the topographic barrier, where the Andes cause
a redirection of wind directions towards the south (BYERLE; PAEGLE, 2002).
This alteration in wind patterns contributes to similar behaviors among the vertices
within Community SA2 due to orographic lifting (ROMATSCHKE; HOUZE, 2013).
The high connectivity within this community is associated with the frequency and
spatial limitation of extreme events in the area, which is also reflected in its elevated
Network Efficiency (0.616), making it the most efficient community. Additionally,
Community SA2 demonstrates the highest entropy value (0.858), indicating greater
variability in the distribution of extreme events compared to the other communities,
particularly Community SA1. This observation is further supported by examining
the degree distributions of each community.

Community SA3 displays the lowest connectivity among the three communities,
characterized by a link density of 0.067, a diameter of 7, and an efficiency of 0.445,
indicating lower efficiency compared to the other communities. However, it exhibits
a slightly higher average clustering coefficient of 0.686 compared to Community
SA1, which has a value of 0.652. This observation suggests the presence of highly
interconnected subregions within Community SA3.
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Figure 6.6 presents the results of degree maps and their distribution for each com-
munity. The node degree maps reveal the subregions with a higher degree. For
Community SA1, the central part of the Amazon region exhibits a dense network
of higher degrees. In Community SA2, the high region is predominantly located to
the east of the central Andes. Community 3 extends from the northern region of the
community towards the Sierras de Córdoba, showcasing its own distinct area.

Figure 6.6 - Results of the degrees for each community.

The left and right column shows the degree frequency (%) and degree boxplot for each
community respectively. The orange, red, and black lines indicate the median, mean, and
outliers. The little maps represent the node degree in each community.
SOURCE: Author’s production.
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Community SA2 demonstrates a relatively uniform distribution of node degrees,
with a gradual decline in high-degree nodes, indicating low variability. The com-
munity exhibits a lower frequency of nodes with higher degrees, with a maximum
of 200 links. The boxplot confirms the homogeneous nature of Community SA2, as
it shows low variability and the absence of outliers. In comparison to communities
SA1 and SA3, Community SA2 has a smaller difference between the mean and me-
dian (11.2), while Communities SA1 and SA3 have differences of 35.69 and 32.3,
respectively. These findings suggest that Community SA2 displays less heterogene-
ity compared to the other communities. Moreover, Community SA2 has the highest
Average Clustering value (0.749), indicating a stronger tendency to form dense and
interconnected clusters of extreme precipitation events. The degree distribution of
Community SA1 exhibits a skewness of 1.07 and a variability of 121.66, with a
long tail and a smooth drop. This indicates a higher probability of the presence
of potential hubs within Community SA1. In contrast, Community SA2 shows low
variability and skewness values among the communities (0.5 and 58.7, respectively).
On the other hand, Community SA3 displays the highest skewness value (1.79) and
a variability of 78.34. This suggests that Community SA3 experiences less extensive
events or events with less spatial displacement but with a higher probability of oc-
currence, resulting in a longer right tail with a steep drop in the distribution. The
connectivity within Community SA2 exhibits a more balanced distribution, indicat-
ing a higher proportion of nodes with a greater number of connections compared
to its area (44%). This suggests that Community SA2 plays a significant role in
facilitating intercommunication between Communities SA1 and SA3 or has a higher
level of internal connectivity.

Community SA2 serves as a crucial region, enabling the transport of moisture and
influencing convection over the La Plata basin (MONTINI et al., 2019; BERBERY;
BARROS, 2002). These conditions create favorable environments for the formation
of MCS (SALIO et al., 2007; PIERSANTE et al., 2021). To further investigate
this, a focused analysis was conducted exclusively on the links connecting the three
communities. This analysis excluded nodes outside of these three communities and
solely examined the connections within the three communities (inter and intra links).
Consequently, the network comprises only the nodes from these communities.

This analysis allowed us to examine the level of communication between the com-
munities. Figure 6.7a illustrates the quantification of node connectivity with respect
to communities, considering three defined conditions: "Pure nodes", "Half nodes",
and "Mixed nodes".
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Pure nodes are those that have connections exclusively within their own community.
Half nodes are those that have connections to one external community in addition to
their own. Mixed nodes have connections to two other communities along with their
own. No nodes were found to have links solely outside their own community. The
results indicate that Community SA2 has a very small percentage of pure nodes, with
only 2.61% of nodes having connections exclusively within their own community. The
remaining 97.39% of nodes have connections to at least one other community, making
Community SA2 the community with the highest level of external communication. In
terms of the percentage of half and mixed nodes, Community SA1 and Community
SA3 have 54.38% and 20.64%, respectively.

Figure 6.7 - Node connections considering only three communities.

a) Nodes classification in relation to communities connections, b) inter-communities and
intra-communities vertices represented by black and red lines respectively c) same as b
but without Community 2.
SOURCE: Author’s production.

Figure 6.7b illustrates the inter and intra links between communities, highlighting
the dominant role of Community SA2 in communication, particularly with Commu-
nity SA1. This suggests a significant relationship between extreme events in Com-
munity SA2 and the mid-western Amazon basin (ROCHA et al., 2009; MONTINI
et al., 2019). In contrast, connections between communities SA2 and SA3 are pri-
marily concentrated in the northern region of Community SA3. These connections
are limited by the GD limit (1028 km) and the steep slope of the central Andes.
This results in a substantial contribution from communities SA1 and SA2 to the
characteristic region known as the Bolivian hotspot (ESPINOZA et al., 2015).

85



Figure 6.7c displays the links between communities SA1 and SA3, excluding nodes
belonging to Community SA2. A comparison between this network (without Com-
munity SA2) and the network in Figure 6.7b reveals a loss of approximately 83% of
inter-community links. This underscores the significant intercommunication role of
Community SA2, primarily attributed to the presence of the Andes. The links also
indicate the contribution of Community SA1 to the northern region of Community
SA2. Notably, nodes surrounding the Bolivian hotspot exhibit higher degrees com-
pared to other nodes in Community SA3, particularly in the northeast. This suggests
a direct and influential connection between the south-central Amazon basin and the
Bolivian hotspot.

The lower number of links observed in the eastern region of Community SA1 appears
could be associated with the genesis of extreme events. MCS tend to propagate fol-
lowing a westward flow (ANSELMO et al., 2021), developing and expanding over
the central-western Amazon basin, which explains the higher density of links in that
area. It is important to note that the connections are constrained by a maximum
geographical distance of 1028 km. Consequently, the communities do not have nodes
with connections that exceed this distance. However, this limitation does not under-
mine the existing connections or diminish the significance of Community SA2. But
in turn, this does not allow us to realize the synchronization of events with distances
greater than this maximum link distance.

6.1.6 Intra-communities

However, the degree alone does not offer a comprehensive understanding of the net-
work. To gain more insightful information, we calculated additional metrics, includ-
ing DIL, CC, and BC, all of which were normalized. These metrics were computed
separately for each community to extract characteristic insights (refer to Figures
6.8, 6.9, and 6.10). Consequently, our analysis of the communities is presented indi-
vidually, and it’s important to note that the results have been normalized to a range
of 0 to 1. As a result, the values and colors do not represent identical measurements
across the different communities.

Within Community SA1, the area of highest activity is primarily situated in the
mid-western region, aligning with previous research highlighting the prevalence of
precipitation events propagating westward in the Amazon basin due to the easterly
trade winds (MACHADO et al., 1998). The Amazon basin is renowned as one of
the world’s wettest regions, with a notable frequency of MCS events (NESBITT et
al., 2006; REHBEIN et al., 2018).
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Figure 6.8 illustrates that Community SA1 exhibits a more active network relative
to its size, with the largest participation area of the community positioned south
of the Amazon River. This region may indicate a higher occurrence of extreme
events or serve as a location where such events mature and/or intensify. Notably,
Marengo et al. (2004) reported that the westerly regime is characterized by baroclinic
waves extending towards the central part of the Amazon basin, facilitating moisture
transport towards the eastern side of the Andes. This may serve as an explanation for
the increased activity predominantly situated in the west-central part of Community
SA1.

Figure 6.8 - Normalized results for Community SA1.

(a) Degree value and the Importance of Lines, (b) Closeness Centrality, and (c) Between-
ness Centrality, while the blue line contained in the community represents the Amazon
River.
SOURCE: Author’s production.

In this community, the distribution of high BC values exhibits a spatial pattern that
is prevalent throughout the community, indicating that this community has a higher
level of engagement in communication compared to other communities within the
network. This suggests that Community SA1 holds a central position in the network’s
overall functioning, and any disruption within it could significantly impact network
performance (Figure 6.8c). This emphasizes the importance of the Amazon region
for rainfall across South America. Additionally, Community SA1 displays a group
of actively participating nodes in the eastern part of the community, approximately
around 50◦W and 5◦S. In contrast, the patterns observed for Degree Importance and
Closeness Centrality are less pronounced. The elevated BC values along the eastern
edge might be linked to extreme events originating from the east, possibly influenced
by coastal systems like instability lines that propagate westward into the Amazon
basin (GRECO et al., 1990; GARSTANG et al., 1994).
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The central-southern region of Community SA2 exhibits the highest level of activity,
as depicted in Figure 6.9a. This distribution is directly linked to the occurrence of
extreme events originating from Community SA1. This association is supported by
the numerous connections between the western-central area of Community SA1 and
the central-southern region of Community SA2, as shown in Figure 6.7b. Community
SA2 displays a more concentrated pattern, with indicators such as DIL, CC, and BC
highlighting the prevalence of extreme event activity primarily in the south-central
part of the community. This could potentially be influenced by the mature phase of
the SAMS (ZHOU; LAU, 1998; VERA et al., 2006a) and the presence of the Bolivia
high (ACEITUNO; MONTECINOS, 1993; THIBEAULT et al., 2012).

Figure 6.9 - Normalized results for Community SA2.

(a) Degree value and the Importance of Lines, (b) Closeness Centrality, and (c) Between-
ness Centrality. The fraction of the blue line contained in the community represents the
Ucayali river.
SOURCE: Author’s production.

In the study by Anselmo et al. (2021), the eastern central Andes, specifically the
Peruvian Hotspot between 12◦SS and 71◦SW, was identified as a region with a high
probability density of MCS. This region exhibits elevated values of DIL, CC, and BC.
Furthermore, Espinoza et al. (2015) highlighted the significant relationship between
large-scale wind circulation and extreme rainfall events in the Peruvian Hotspot.
These events are associated with wind patterns at 850 hPa, where the winds are
mostly perpendicular (around 90◦S) to the main axis of the Andes. Community SA2
is primarily characterized by the influence of orographic and convective precipitation
(BOOKHAGEN; STRECKER, 2008). Specifically, in the eastern Andes, the mois-
ture stream at low levels follows the slopes of the mountains, resulting in increased
rainfall and convective activity in this region.

88



This phenomenon significantly contributes to the spatial and temporal distribution
of precipitation in the area (FIGUEROA; NOBRE, 1990; LENTERS; COOK, 1995;
MONTINI et al., 2019; JONES, 2019). Relief features play a crucial role in mod-
ulating extreme rainfall events within Community SA2. In a study conducted by
Bookhagen and Strecker (2008), it was observed that relief features have three main
characteristics that influence the rainfall-orography relationship: (i) similarity be-
tween elevation and relief, (ii) base level or minimum elevation conditions, and (iii)
moisture flux. These characteristics help explain the more active response of the
network to the west of Community SA2.

The dominant participation of vertices within Community SA3 (Figure 6.10) is
concentrated on the eastern side of the Andes (i.e., the western portion of the com-
munity). In this community, the high activity could represent warm moisture from
the Amazon basin meeting the frontal system with dry and cold air coming from
the south of South America. Consequently, this flow significantly influences the cir-
culation patterns and the distribution of extreme events in the region, leading to
the emergence of two distinct climatic regimes: a relatively cold and dry regime in
the western region and a warm and humid regime in the eastern region (SELUCHI;
MARENGO, 2000). Community 3 exhibits the highest level of activity along the
subtropical Andes, particularly between the Sierras de Córdoba and just below 20◦S
(as depicted in Figure 6.10).

The occurrence of intense precipitation events related to deep convection can result
in elevated values of DIL, clustering coefficient, and betweenness centrality. This
phenomenon is particularly prominent in regions like the Sierras de Córdoba, known
for experiencing some of the world’s most severe deep convective storms (MUL-
HOLLAND et al., 2018). These extreme events contribute to a higher concentration
of connections between nodes in the network, thereby enhancing their connectivity
and centrality measures. The atmospheric conditions conducive to convective activ-
ity, coupled with the orographic features of the Sierras de Córdoba, play a crucial
role in the initiation and progression of intense convective storms, which can rapidly
evolve into supercells and subsequently develop into MCSs (NESBITT et al., 2021).
Nodes with higher DIL values are predominantly located within the region iden-
tified by Seluchi et al. (2003) as being associated with the eastern sector of the
low-pressure system referred to as the northwestern Argentinean low (NAL). The
NAL typically resides over northeastern Argentina and exerts significant influence
on wind patterns and summer precipitation.
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Figure 6.10 - Normalized results for Community SA3.

(a) Degree value and the Importance of Lines, (b) Closeness Centrality, and (c) Between-
ness Centrality. The fraction of the blue line contained in the community represents the
Paraná River.
SOURCE: Author’s production.

Nonetheless, there is also higher activity observed in the northern portion of the
community, as indicated by CC and BC. This suggests that the northern part plays
an important role in the overall dynamics of the community. The heightened activ-
ity in this region can be attributed to the Bolivian hotspot. Gelbrecht et al. (2021)
defined a reference area in the northern section of Community SA3 (13-18◦S, 59-
65◦W) that serves as an indicator of SAMS dynamics. By analyzing wind anomalies
in this region, they were able to identify the active or break phase of SAMS. During
the active phase, the reference area exhibits strong positive wind anomalies, char-
acterized by intensified winds along the eastern Andes. The authors also observed
reversed sign (negative) in wind anomalies over the Sierras de Córdoba during the
active phase of SAMS. Although DIL values in the north of the community are
moderate, its contribution to the community’s dynamics becomes evident through
the CC and BC values, which show heightened values in the northeastern region.
However, for this community, the DIL values are more predominant near the Sierras
de Córdoba compared to the north of the community, indicating a more predominant
activity over this region. The BC values highlight the highest activity in the western
section of the community, roughly between 20◦S and 30◦S (east of the subtropical
Andes), corresponding to the region referred to as the Eastern Central Andes (ECA)
(BOERS et al., 2014b; BOERS et al., 2015).
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Figure 6.10 also reveals the existence of a region situated in the southern part of
the community, specifically south of Uruguay, which exhibits strong connectivity or
pathways connecting this area to the eastern Andes. This connectivity is evident
from the CC and BC values in this region. This pattern is associated with the
cyclonic circulation depicted by anomalous wind fields during the active phase of the
SAMS (GELBRECHT et al., 2021). The heightened activity in the western section
of Community SA3 can be attributed to the influence of cold fronts originating from
the south, which are facilitated by cyclone development in the southwest Atlantic.
The presence of the Andes enhances this influence by obstructing the geostrophic
balance and accelerating southerly winds, thereby promoting the movement of cold
fronts across the continent. These cold fronts typically initiate their incursion from
Patagonia towards northern Argentina and sometimes extend into the southwestern
Amazon basin (MARENGO et al., 2004; SELUCHI et al., 2006).

As can be noticed in the previous analyses, the distribution of rainfall within these
communities has specific characteristics. In order to better understand this distribu-
tion, analyses of rainfall within each community were performed in the next section.

6.1.7 Communities characterization

In this section, we present the analysis of precipitation behavior in each community,
aiming to identify significant differences that contribute to their characterization.
The section starts by presenting the statistical results of extreme events, followed
by an exploration of the characteristics of deep convective precipitation events. This
comprehensive examination will provide valuable insights into the specific features
of these regions and their spatial precipitation patterns.

6.1.7.1 Extreme events distribution

In the previous section, the topological and dynamic characteristics of the commu-
nities were presented, highlighting the most active subregions. However, it is also
possible to characterize each community through statistical analysis of the extreme
events present within them. This provides us with information on the differences or
similarities in terms of the frequency and intensity of these events. Table 6.2 was
computed using extreme event series from each community, providing different sta-
tistical values in order to find the differences or similarities between them. According
to Table 6.2, as anticipated, Community SA1 exhibits the highest average rainfall
characteristics (mean and median), followed by communities SA2 and SA3.
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Table 6.2 - Statistical information for extreme events in each community, with rainfall
values given in millimeters per day (mm/day).

Metric
Community ID

1 2 3
Mean 43.17 42.62 33.52

Median 38.28 36.32 28.17
Mean - Median 4.89 6.3 5.35

Interquantile distance 19.67 24.83 21.83
Standard Deviation 16.48 21.87 18.23

Variance 271.63 478.30 332.35
21-years trend -0.009 -0.013 0.002

Skewness 1.30 1.35 1.29

The skewness values for rainfall distribution are 1.91, 2.26, and 2.38 for communities
SA1, SA2, and SA3, respectively. Community SA1 has the lowest skewness, indi-
cating a less skewed rainfall distribution with a slightly more uniform distribution
of rainfall values between communities. Community SA3 has the highest skewness.
Concerning extreme events, Community SA1 shows the least variability. This is ev-
idenced by the smaller differences between the mean and median (4.89 mm/day),
interquartile range (19.67 mm/day), standard deviation (16.48 mm/day), and vari-
ance (271.63) compared to the other communities, suggesting that extreme events
in Community SA1 have less variability in magnitude. Community SA3 ranks as
the second community with relatively low variability, while Community SA2 ex-
hibits the highest variability among the three communities. The greater diversity
observed in communities SA2 and SA3 can be attributed to the spatial variations
in the occurrence of various precipitation systems, such as shallow convection or
deep convection. In contrast, community SA1 displays a more homogeneous spatial
distribution, suggesting a dominant or more consistent type of precipitation system
prevalent in that region.

In relation to the linear trends, the communities present in general terms extreme
precipitation trends close to zero, which indicates a low change during the study pe-
riod. However, trends for extreme precipitation events are similar to SA1 and SA2,
but different for SA3. Community SA1 exhibited a weak negative trend, indicating a
slight weakening of daily extreme events every 21 years. Community SA2 displayed
a slightly more pronounced negative trend of -0.013 mm/day. This suggests that the
weakening of extreme events in Community SA1 may influence extreme events in
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Community SA2, possibly due to atmospheric circulation, but this needs a deeper
investigation. The strong connectivity between communities 1 and 2 may contribute
to the shared negative trends in extreme events. However, further analysis is neces-
sary to confirm this hypothesis.

There are various studies examining these trends. For instance, Marengo (2004) iden-
tified negative rainfall trends observed across the entire Amazon basin using meteo-
rological stations, with a negative trend in the northern and a positive trend in the
southern at the regional level. Other studies have observed a negative trend specifi-
cally in the central part of the Amazon basin, particularly in the deforested areas of
the Brazilian Amazon region. These negative trends could be linked to the removal
of native vegetation cover (FU et al., 2013; DEBORTOLI et al., 2015; LAWRENCE;
VANDECAR, 2015; SANTOS et al., 2015; NOBRE et al., 2016; SILVA JUNIOR et
al., 2018). It is believed that these deforested areas in the Amazon experience reduced
precipitation due to changes in local atmospheric circulation patterns (LIEBMANN;
MARENGO, 2001; HAGHTALAB et al., 2020).

While, Community SA3 displays a weak positive trend of 0.002 mm/day, suggest-
ing a slight increase in the intensity of extreme events every 21 years. Community
SA3 shows strong local connectivity mainly in Sierras de Córdoba, with meaningful
connections to the more subtropical region of South America. Although not consid-
ered in this analysis, it is acknowledged that the South Atlantic exerts significant
influence in this area, as well as events originating from the southern part of the
continent. However, a more comprehensive analysis would provide a more precise
understanding of the dynamics in this area. A similar trend is observed in the degree
boxplot (Figure 6.6). These findings indicate that Community SA1 and SA2 share
similar characteristics in terms of extreme rainfall events and connectivity, whereas
Community SA3 exhibits less intense extreme events compared to the other com-
munities.

6.1.7.2 Deep convective precipitation

The following analyses aim to investigate intense rainfall and the tallest storm cells,
which were identified by focusing on specific pixels with heavy rainfall and deep
convection. More details on this approach can be found in Section 5.6.3. The results
were derived by extracting data based on two spatial conditions: (a) a "homogeneous"
spatial distribution, where we considered a local 95% threshold in each grid box
(Figure 6.11a), and (b) a "non-homogeneous" spatial distribution, where we used a
global 95% threshold (Figure 6.11b).
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Figure 6.11 - Number of rainiest and deepest convection events for the two approaches.

SOURCE: Author’s production.

Figure 6.11a provides the number of rainiest and deepest convection events identi-
fied using a homogeneous spatial distribution. A homogeneous distribution does not
yield the same number of events at each grid point due to variations in event oc-
currences. This disparity can be attributed to factors such as satellite scan patterns
(which follow a non-sun-synchronous circular orbit) and the inherent non-uniformity
in the data distribution. This illustrates how the communities highlight specific re-
gions with increased activity. Particularly, communities SA1 and SA2 show a more
spatially homogeneous occurrence of the number of events compared to community
SA3. This indicates a higher activity of rainiest and deepest convection events over
communities SA1 and SA2, while community SA3 shows certain regions with higher
activity.

Figure 6.11b illustrates the distribution of events based on the criteria of intense
rainiest and deepest convection events for the non-homogeneous condition. Where,
Community SA1 exhibits a widespread distribution across its entire area, with a
noticeable concentration in the eastern section. This eastern region corresponds to
the eastern part of the State of Pará and the northern part of the State of Tocantins
in Brazil. This region is renowned for its elevated atmospheric electrical activity,
which serves as an indicator of intense and well-developed storms (RASMUSSEN
et al., 2014). Some studies have centered their attention on deep convection and
lightning activity in this region (PETERSEN et al., 2006; ALMEIDA et al., 2012).
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From Figure 6.8, it is evident that the eastern region of Community SA1 exhibits a
low activity of Betweenness Centrality. This observation could potentially be linked
to the occurrence of deep convection in that area. The low Betweenness Central-
ity values suggest that this region primarily represents localized activity and does
not significantly contribute to the overall connectivity of the network. Similarly,
Community SA2 shows a well-organized distribution that is similar to Community
SA1, but with a slightly higher concentration towards the eastern side of the central
Andes. This similarity indicates significant connectivity between these two commu-
nities in terms of the development of convective cloud processes, particularly for
the rainiest deep convection events. Furthermore, the influence of the Andes on the
precipitating systems can be observed once again. On the other hand, Community
SA3 exhibits a more scattered distribution, with lower activity in the northern part
of the community and a higher concentration in the southern part (6.11b), specif-
ically in the southern region of the Sierras de Córdoba. This distribution of deep
convective events aligns with the findings presented by Rasmussen et al. (2014).

The following analysis focuses on the vertical distribution of the deepest convective
systems. This type of approach aims to identify some common characteristics or
differences that can help to understand the dominant physical processes in each
region. It should be noted that this type of study is important in defining the
predominant physical processes in generating rainfall in numerical weather forecast
models and in characterizing severe events for real-time monitoring.

Community SA1 exhibits a vertical distribution of precipitation, with the highest
occurrence observed up to approximately 6 km, and the most intense reflectivity
observed just below 5 km (Figure 6.12a). This specific structure, known as the "low-
echo centroid" is commonly associated with intense precipitation events (HAMADA
et al., 2015). The presence of the low-echo centroid indicates the development and
continuity of high rainfall rates, highlighting the significance of warm rainfall pro-
cesses within this community (HUANG et al., 2019). The low-echo centroid serves
as an indicator of persistent and substantial rainfall activity in the area.

For Community SA2 (Figure 6.12b), the vertical profile of reflectivity exhibits sim-
ilarities to Community SA1, albeit with slightly lower reflectivity occurrence values
in the lower levels. This disparity in occurrence could potentially be attributed to
the influence of orographic forcing, which impacts precipitation processes. The oro-
graphic features in the region may play an important role in modifying the vertical
distribution of precipitation and influencing the frequency of intense rainfall events
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Figure 6.12 - Contoured frequency by Altitude Diagram (CFAD).

The frequency of reflectivity values at different heights in percent for deep convection
rainfall is shown in a homogeneous spatial distribution. The value "n" indicates the number
of samples for the corresponding event. The three black lines represent the reflectivity at
the 25th, 50th, and 75th percentiles at each level, respectively.
SOURCE: Author’s production.

(KUMAR et al., 2019b; CHAVEZ et al., 2020). Moving on to Community SA3 (Fig-
ure 6.12c), there is a higher occurrence of maximum reflectivity at middle levels,
specifically around 5 km. This indicates a more prominent presence of mixed-phase
clouds in this community. Furthermore, Community SA3 exhibits the smallest ver-
tical gradient intensity in maximum reflectivity.

Moreover, when comparing the results with the non-homogeneous distribution, all
communities (Figure 6.13a-c) exhibit more pronounced values at higher levels. These
values, reaching 45 dBZ echo top above the freezing level, serve as a reliable indicator
of hail occurrence (WALDVOGEL et al., 1979; NI et al., 2016; MROZ et al., 2017).
This suggests that the lifting processes in these regions with deeper convection
are more efficient compared to the entire community (homogeneous distribution in
Figure 6.12a-c). Particularly in Community SA3, the profiles demonstrate a greater
vertical development. These findings also imply that in these regions, with greater
vertical development, there may be a higher frequency of electrical discharges and
hail.
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The occurrence of reflectivity values around 50 dBZ between 6 and 7 km further sug-
gests the potential for larger hail due to intense updrafts. The relationship between
the depth of the melting level and the height of the 50 dBZ echo has been investi-
gated by Donavon and Jungbluth (2007), revealing a strong linear correlation. This
emphasizes the importance of gaining a better understanding of the microphysical
processes of ice formation in these areas.

Figure 6.13 - Contoured frequency by Altitude Diagram (CFAD).

Same that Figure 6.12, but for non-homogeneous condition.
SOURCE: Author’s production.

The following analyses confirm the hypotheses mentioned earlier. The presence of
hail and the intensity of convection were examined using the cumulative density func-
tion (CDF) of MAXHT40 (maximum altitude of echo top 40 dBZ) and MIN85PCT
(minimum polarization-corrected temperature at 85 GHz) for both homogeneous
and non-homogeneous conditions (Figure 6.14). The results reveal that Commu-
nity SA3 has a higher probability of encountering high storm heights and a greater
likelihood of hail occurrence. In contrast, Communities SA1 and SA2 exhibit lower
storm intensity and less frequent hail events. These differences between Community
SA3 and the other two communities become even more pronounced in regions with
higher occurrences of rainiest and deepest convective events (non-homogeneous con-
ditions). Specifically, Community SA3 displays significantly higher echo top heights
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at 40 dBZ compared to the other communities (Figure 6.14a). This characteristic is
noteworthy, as even the uniform events in Community SA3 have a higher probabil-
ity of reaching greater heights compared to the non-uniform events in the other two
communities. Moreover, these higher storm heights in Community SA3 are closely
associated with a greater presence of hail, indicated by the highest cumulative prob-
ability of MIN85PCT being less than 130 K. Previous studies have identified this
temperature threshold (130 K) as an indicator of hail presence (CECIL; BLANKEN-
SHIP, 2012). Overall, these results highlight the distinctive behavior of Community
SA3, characterized by higher storm heights and a higher likelihood of hail com-
pared to the other communities. This information provides valuable insights into
the intensity of convection and the associated hail risk, contributing to a better
understanding of severe precipitation events within each community.

Figure 6.14 - The cumulative distribution function (CDF).

(a) maximum altitude of 40 dBZ echo top (MAXHT40) and (b) minimum 85 GHz
polarization-corrected temperature (MIN85PCT) is shown for both homogeneous and non-
homogeneous conditions.
SOURCE: Author’s production.

These findings indicate notable distinctions in convective systems among the com-
munities, particularly above the 5 km height level. When considering the region with
the highest occurrence of deep convection, communities SA1 and SA2 demonstrate
nearly indistinguishable reflectivity profiles. This suggests that the convective events
in these communities share similar attributes in terms of reflectivity intensity and
vertical growth. Conversely, community SA3 exhibits distinctive characteristics in
both scenarios, indicating significant disparities compared to the other communities.
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6.2 AMAZON networks

As shown in previous results, communities SA1 and SA2 are located over the Ama-
zon Basin. They share many similar characteristics, most notably in their rainfall
distribution. The Amazon Basin is the largest river basin in the world and a region
of great importance for the climate of South America. Therefore, it is possible that
this region has great importance in defining the dynamics of the South America net-
work and, consequently, in the communities. Therefore, deeper analyses were carried
out in this specific region. The goal was to clarify several aspects, such as the in-
fluence of the basin in the definition of previous communities, the capacity of even
more localized communities, and the influence of other techniques in the definition
of communities. Therefore, two approaches were performed to better understand the
characteristics of the network and its regional dynamics. The first (Section 6.2.1)
was based on the identification of communities with local extreme events in that
region, following the same principles adopted in the analysis of extreme events by
the SOUTH AMERICA network. Understanding if there are even more communi-
ties located in this region and the influence of the basin in the previous results. The
second (Section 6.2.2) aims to understand how different techniques can influence the
definition of communities.

6.2.1 Extreme rainfall network

This section follows the same line of reasoning as the previous one, which presented
the results of the extreme event network in South America. Here, the focus is the
Amazon basin, as mentioned in Section 5.1.2. The analysis involves the extraction
of essential information from the network related to the precipitation system and
its prevailing mechanisms. Furthermore, the use of the AMAZON network allows us
to gain insights into the specific dynamics within the Amazon basin. This compar-
ison provides an opportunity to identify potential differences between studying the
isolated region of the AMAZON network, and considering it as part of the broader
SOUTH AMERICA network, as well as to verify the sensitivity of the network when
analyzing this individual region.

This network was created using rainfall daily data (IMERG) for the summer months
from December 2000 to February 2021. The extreme events over the Amazon basin
were defined as events greater than or equal to the 90th percentile. The similarity
function used is the event synchronization with 3 days. While the threshold was
determined by the 98th percentile of the connections (BOERS et al., 2013). Figure
6.15 presents the normalized results of Degree centrality, Geographical distance, and
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Area Weighted Connectivity (AWC). These results show how the greatest activity
of the extreme event network is concentrated to the south of the Amazon River,
mainly over the central-western region, as indicated by Anselmo et al. (2021).

Figure 6.15 - Normalized index for AMAZON network.

(a) Degree centrality, (b) Geographical distance, and (c) Area weighted connectivity. Red
boxes represent the Peruvian and Bolivian rainfall hotspots.
SOURCE: Author’s production.

Figure 6.16 provides the results of BC (a), DIL in log scale (b), and CC (c). Figure
6.16a shows that the BC exhibits high values to the east, as well as in two regions to
the north of the basin. This indicates the displacement of extreme events from these
areas. It should be noted that the DIL results (Figure 6.16b) show high values to
the south of the Amazon River (ANSELMO, 2015) and slightly more intense to the
west of the basin, regions associated with the Peruvian and Bolivian precipitation
hotspots (ESPINOZA et al., 2015). This indicates the high connectivity between the
center and west of the basin. Figure 6.16c depicts how CC presents a similar spatial
pattern exhibiting higher values to the east of the central Andes, indicating greater
efficiency in information transmission in that region. This increased efficiency and
connectivity over the eastern Andes is associated with a change in the direction of
low-level moisture flow, creating a corridor with predominant southward displace-
ments.

The results of Figures 6.15 and 6.16 are consistent with the results obtained from
the SOUTH AMERICA network (from Figure 6.6 to Figure 6.10), indicating the
presence of higher network activity in the center-west of the Amazon basin and the
center-south of the central Andes. This demonstrates the similarity in the highest
network activity between both networks. However, when focusing on a specific re-
gion, many links that are outside this area are eliminated. Consequently, while the
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Figure 6.16 - Normalized index for AMAZON network.

(a) Betweenness centrality, (b) degree and important lines in log scale, and (c) Closeness
centrality. Red boxes represent the Peruvian and Bolivian rainfall hotspots.
SOURCE: Author’s production.

overall dominant dynamics may remain unchanged, it is expected that removing
these connections will alter the subgroups. To verify these differences, Figure 6.17
displays the communities in the AMAZON network.

Figure 6.17 - Communities in extreme rainfall AMAZON network.

(a) Communities for all nodes while (b) represents the major communities and their IDs.
SOURCE: Author’s production.

Figure 6.18 provides information about the connections within the communities. The
AMA1 community (Blue in Figure 6.18) exhibits the highest connections within the
Amazon basin, with connections extending over the eastern Andes. This community
is associated with the eastward spread of extreme winds (MACHADO et al., 1998).
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The AMA2 community (Orange in Figure 6.18) includes a portion of the Amazon
basin and the Amazon-Andes transition region. It encompasses well-developed ex-
treme events, and topographical characteristics that facilitate precipitation over the
central Andes (GARSTANG et al., 1994). The AMA3 community (Green in Figure
6.18) is primarily centered around the Peruvian and Bolivian hotspot regions (ES-
PINOZA et al., 2015). This region acts as a moisture sink from the Amazon basin.
In addition to presenting a high percentage of precipitation related to MCS (FENG
et al., 2021). Lastly, the AMA4 community highlights the influence of the northern
part of the community on the Peruvian hotspot.

Figure 6.18 - Communities edges for the AMAZON network.

SOURCE: Author’s production.

As previously mentioned, one of the objectives of this Amazon basin network is to
verify whether there are differences between the communities in the South America
network originating in this area.
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To compare the differences between the extreme event networks, Figure 6.19 illus-
trates the communities within these networks. It can be observed that the AMAZON
network consists of 4 communities, while the SOUTH AMERICA network has 3 com-
munities. Where the main differences are between the AMA1, AMA2, and AMA4
communities with SA1 and SA2. Since SA1 covers a larger area of the Amazon basin
compared to AMA1. While SA2 contains AMA4 and part of AMA2. Therefore, it
is evident that even with the observed differences, the locations of the communities
are similar, with AMA2 expanding its area towards SA1. This shows that internally,
there are connections that favor links between the central west of the Amazon and
the east of the Andes.

Figure 6.19 - Communities in extreme rainfall networks.

(a) AMAZON network and (b) SOUTH AMERICA network. Red boxes represent the
Peruvian and Bolivian rainfall hotspots.
SOURCE: Author’s production.

While AMA3 presents an interesting characteristic since this community contains the
Bolivian and Peruvian hotspots. This does not happen in SA3 which only contains
the Bolivian hotspot. This difference may be associated with the importance of
the Bolivian hotspot on the dynamics in the extratropics of South America. This is
because this region is influenced by the Chaco low and the northwestern Argentinean
low (NAL) (SELUCHI et al., 2003), which in turn is associated with the different
phases of SAMS (GELBRECHT et al., 2021). The communities in both networks
present a similar spatial pattern, except that the AMAZON network provides more
specialized communities, as can be seen in community AMA4.
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Such results show that more local communities corroborated the main characteristics
of the communities in South America, bringing more details about the internal
structure of the region. This shows the importance of the Amazon basin in defining
extreme event communities. In the following section, the total rainfall within this
region will be analyzed in the definition of communities, since it is expected that
they have more importance in the characteristics of the basin.

6.2.2 Total rainfall networks

The information about rainfall can help us better understand the mechanisms gov-
erning the region and the potential relation between precipitation and the rivers.
This section presents the results of the differences between three correlation metrics
(Pearson, Spearman, and Kendall) used as the similarity function for the rainfall
network over the Amazon basin during the austral summer. As mentioned in Sec-
tion 5.2.2, three rainfall networks were created using IMERG data from December
2000 to February 2021. After calculating the correlations between all possible vertex
combinations, a threshold was set to define the strongest connections. This thresh-
old was determined by the 98th percentile of the connections (BOERS et al., 2013),
and this criterion was applied to all three networks. Therefore, only the strongest
connections, corresponding to 2% of the total, are considered in the subsequent
analyses.

It is known that the threshold used to define connections in a network can result
in excessively connected or fragmented networks. These changes also depend on the
metric used to calculate the links. In order to assess sensitivity, Figure 6.20 presents
the variability of the three rainfall networks with respect to different connection
thresholds. This analysis was performed using network density and average cluster-
ing coefficient. Figure 6.20a shows that the Spearman network exhibits the highest
density values across the connection thresholds, followed by the Kendall network,
and finally, with significantly lower values, the Pearson network. This indicates that
the Spearman network has a greater number and intensity of connections compared
to the other networks.

In Figure 6.20b we can see again how Spearman provides the highest connectivity
values. It is important to note that the difference between the minimum link values
between 0.5 and 0.75 shows the most notable differences between Spearman with
Pearson and Kendall.
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Figure 6.20 - Variations in the density and clustering for AMAZON Networks.

The dotted lines represent the minimum values to define connections in each network
obtained from the 90th percentile.
SOURCE: Author’s production.

Although these results demonstrate the behavior of these two indices with respect to
the thresholds, Figure 6.21 depicts the changes in these networks concerning the mu-
tual relationship between density and clustering coefficient. This figure shows how
the networks exhibit a low response of clustering for very low-density values, indicat-
ing virtually fragmented networks. Then, higher activity is observed for clustering
values above approximately 0.27. Overall, the Spearman and Kendall networks ex-
hibit more similar behaviors, but the Spearman covers a wider range of values in
the relationship between clustering and density. This indicates that the network will
become fragmented for very high connection thresholds, which is the main difference
compared to Pearson, which has a more broken structure.

The rapid fragmentation of the Pearson network may be associated with the nature
of the linear relationship of this function, resulting in a low number of vertices with
high degrees.
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Figure 6.21 - Relationship between density and clustering of AMAZON networks.

SOURCE: Author’s production.

6.2.2.1 Networks analysis

This analysis is based on the variations of the degree distribution. The degree of a
node represents the number of edges that are connected to that node and also pro-
vides information regarding its importance or possible influence on the network. To
analyze the distribution of degrees, Figure 6.22 presents the degree distribution of
the networks. In this figure, it can be observed the significant difference between the
Pearson network compared to the others. The Pearson network exhibits a scarcity
of vertices with high degrees, where its maximum degree is 11, while the Spearman
and Kendall networks are 27 and 25, respectively. Additionally, the Pearson network
also shows a median (4) higher than the mean (3.7), indicating a left-skewed dis-
tribution, which means that the most frequent degree occurrences are concentrated
in values smaller than the median. This difference is noticeable when comparing it
to Spearman and Kendall. In addition to having a longer tail, these networks show
vertices with high degrees and means that are higher than the medians. Based on
these topological results, it can be observed that the Pearson network is providing
suspicious information associated with sub/under-estimations, as it exhibits a lower
connected network. This difference can be attributed to the low presence or inten-
sity of connections, as evidenced by the low maximum degree of this network. While
Spearman and Kendall, they are present quite similar results, with the difference
that Kendall provides lower grade values compared to Spearman.
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Figure 6.22 - Degree distribution of the networks.

SOURCE: Author’s production.

Figure 6.23 presents the results of different indexes for the Amazon networks. The
results are components for the normalized AND, AWC, GD, and CC. These indexes
allow us to identify central and influential regions in terms of their connections.

We can observe that the three networks exhibit similar spatial structures, with
the biggest difference being presented in the Pearson network. Specifically, in the
northern regions, both Spearman and Kendall networks show well-defined regions,
while Pearson exhibits lower connectivity and homogeneity, which can be easily seen
in the CC (Figure 6.23j). This figure also shows the lower degree of connectivity
present in the Pearson network.

The AND, AWC, and GD in Figure 6.23 show a more similar spatial distribution
between Spearman and Kendall networks. In both networks, we can observe well-
defined regions with densely connected neighborhoods. These indexes reveal the
presence of two regions in the north of the Amazon basin and one region to the
southeast of the central Andes. These regions are identified as areas where nodes
have a high number of connections with their neighbors. These spatial patterns
can be interpreted as indicators of regions with greater intensity of interaction or
influence within the rainfall network.
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Figure 6.23 - Normalized index for AMAZON networks.

SOURCE: Author’s production.

In fact, when comparing the structure of the Pearson network with Spearman and
Kendall, we can observe that Pearson fails to identify the importance of the northern
region of the Amazon basin. Pearson shows lower connectivity values in the northern
region, indicating weaker connections between neighboring nodes. However, it is
worth noting that the Pearson network does identify the importance of the region
near the mouth of the Amazon River, although to a lesser extent.
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The maximum distances recorded for GD were 90 km, 95 km, and 105 km for Pear-
son, Spearman, and Kendall respectively. These results reflect another fact that the
Pearson network has shorter connections, indicating a bit lower distance connections
compared to the other two networks.

On the other hand, the Spearman network has longer connections, which may be
related to its identification of active regions with larger areas. As observed in the
results of CC (Figure 6.23j, k and l). The Spearman and Kendall networks exhibit
similar spatial patterns, indicating stronger cohesion in the same regions of the
Amazon basin. However, the Pearson network shows values in smaller and slightly
lower clusters, suggesting lower cohesion in this network.

There is a particularly noticeable difference in the central-east region of the basin,
where clustering is better defined. This result is due to the linear nature of Pearson’s
correlation. The common region between the three networks is the eastern Andes.
Where all networks show a similar spatial pattern, particularly above the Bolivian
hotspot. This similarity in response can be attributed to the intense precipitation
in the region and the predominantly southward direction of low-level flow caused by
the presence of the Andes. As a result, a well-defined behavior is observed in this
region across all networks.

Therefore, when identifying communities or clusters in the network, it is likely that
the Spearman and Kendall networks will produce more similar results, while the
Pearson network may identify smaller communities. It is important to note that
although Spearman and Kendall show a high degree of similarity, they exhibit a
noticeable meridional difference (north-south), particularly over the northern part
of the Amazon basin.

To obtain better information about these important regions, we will use an indicator
that directly quantifies the importance or participation of the nodes, for instance,
DIL. This index provides the node’s participation based on its degree and the im-
portance of its connections. The importance of connections is computed by the
number of triangles in which the node participates1. Therefore, from the number of
connections together with the participation in triangles, the importance of a nod
is quantified. The results of DIL for each correlation method, provide information
about the node participation in the network.

1A triangle is a configuration in which three nodes are interconnected, forming a closed cycle.
Triangles are especially relevant in graph theory as they can be used to measure the connectivity
and transitivity of a network.
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In Figure 6.24 we can observe that the Pearson network highlights areas with high
DIL values in the middle of the basin and to the east of the Andes. In contrast, the
results of Spearman and Kendall show a notable difference as they do not exhibit
a spatially homogeneous DIL distribution, where both networks indicate spatially
well-defined regions. Instead, they show the presence of distinct regions in the north
and southeast of the basin. However, all three networks reveal areas related to the
spatial structure of moisture transport. Spearman and Kendall’s networks partic-
ularly emphasize the entry and exit regions of the moisture flow (VERA et al.,
2006a).

Figure 6.24 - Degree and important lines.

SOURCE: Author’s production.

For Spearman and Kendall Three main regions are identified. The first region, lo-
cated in the northeast of the basin, extends from the mouth of the Amazon River
and covers a larger spatial extent. While the second region, located in the northwest,
is the smallest. These regions are associated with the influx of warm and humid air
from the Tropical Atlantic Ocean, which contributes significantly to positive mois-
ture divergence (ZHOU; LAU, 1998; MARENGO, 1992; MARENGO et al., 2003).

These regions to the north of the basin are also related to an intensification of the
ascending branches of the Hadley and Walker circulations (ESPINOZA et al., 2022).
The third region is situated in the southwest of the basin, specifically east of the
Andes. This region can be considered an outlet or sink of the Amazon basin, as
winds travel from the eastern part of the central Andes towards the extratropics of
the continent (MARENGO et al., 2012; MONTINI et al., 2019; JONES, 2019). The
results suggest that these three regions have a concentration of nodes with higher
degrees, indicating that they are more central and influential areas within the rainfall
network.
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Therefore, the two northern areas would be related to rainfall over the central region
of the basin, while the third region in the southeast could be interpreted as a re-
sponse to the flow coming from the central region. The spatial distribution of rainfall
displayed in previous results is closely related to the presence of the SAMS. This
distribution pattern is more evidenced by the Spearman and Kendall networks, this
is consistent with other studies that have investigated the dynamics of the SAMS
in the region (MARENGO et al., 2012; MONTINI et al., 2019; JONES, 2019; GEL-
BRECHT et al., 2021). These studies have also observed a significant influence of the
SAMS on rainfall distribution and the formation of spatial patterns in the Amazon
basin.

Therefore, the results of the correlation networks are consistent with the current
understanding of the SAMS influence in the region. In addition to analyzing the
importance of individual vertices, it is also relevant to investigate the existence
of predominant paths that are frequently used in information transmission. This
analysis is conducted using the Betweenness Centrality.

Figure 6.25 presents the results of BC, where the three networks exhibit the pattern
associated with the moisture advection. These systems begin with the arrival of east
winds at lower levels, which provide moisture and promote convective activity, result-
ing in increased rainfall in the region (COHEN et al., 1995). As convection produces
more precipitation, evapotranspiration increases the humidity of the atmosphere
at low levels, while easterly winds carry moisture towards the Andes (ELTAHIR;
BRAS, 1996; SATYAMURTY et al., 2013). This phenomenon explains the high BC
values observed in the central part of the Amazon basin. Additionally, when these
precipitating systems from the North Atlantic Ocean reach land, they provide high
BC values near the mouth of the Amazon River in the northeast region of the basin
(BOERS et al., 2013). This observation is directly related to the previous results of
DIL, as shown in Figure 6.24. The BC could be interpreted as the more common
path for information transmission in the rainfall networks.

It is evident that the Pearson network exhibits higher values of BC focused in
the central region, mainly between the Purus and Madeira rivers, while Spearman
and Kendall show a more distributed response. This indicates that Spearman and
Kendall have paths that cover a larger area of the Amazon basin, displaying a
broader distribution. The three networks show a significant response of BC in the
south of the Amazon River, indicating a major activity of rainfall. Similar to men-
tioned by (ANSELMO et al., 2021), the authors suggest that during the austral
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summer, the most intense rainfall activity is primarily observed south of the Ama-
zon River. This is associated with high levels of surface water elevation of the rivers
over the center and center-west of the basin (FASSONI-ANDRADE et al., 2021).

Figure 6.25 - Normalized Betweenness centrality.

SOURCE: Author’s production.

The networks also exhibit a good response to the presence of the Andes, displaying a
well-defined path, mainly in ths central part of this region. This is evident from the
high BC values observed to the east of the Andes, which indicate the strong influence
of orographic rainfall processes in the region (BOOKHAGEN; STRECKER, 2008;
MONTINI et al., 2019; JONES, 2019).
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Pearson exhibits low BC values in the eastern part of the basin localized in the
northeast of Mato Grosso (52.5◦W - 57.5◦W and 10◦S - 15◦S), while Spearman
and Kendall show BC activity over this region. This region is known for the pres-
ence of mesoscale convective systems, where these events are propagated westward
(ANSELMO et al., 2021).

It can be observed how some BC values are higher around rivers (represented by
black lines inside of the basin map), indicating a response to the possible influence
of land cover on precipitation. This relationship between river and lad is known as
the breeze effect, and several studies have provided insights into this phenomenon.

The land-river breeze effect is strongly linked to an increased occurrence of rain
events during the morning and nighttime hours in the rivers and vicinity (LU et
al., 2005; RAMOS DA SILVA et al., 2011; TANAKA et al., 2014), while a decrease
is observed in the afternoon (FITZJARRALD et al., 2008; PAIVA et al., 2011).
This effect is influenced by temperature differences between land and water, which
create air circulation patterns that result in cloud formation and subsequent rainfall.
Essentially, during the early morning hours, the temperature of the river surface
tends to be warmer than the temperature of the land surface, leading to upward
movement of air over the water and subsidence over the land. This convective effect
enhances rainfall over the river surface. The three networks show different regions
with better responses between the BC and the presence of rivers. For example, on
the Amazon River, the networks exhibit high values of BC. Pearson and Spearman
demonstrate a strong relationship of BC with the Purus, Madeira, and Juruá rivers,
while Spearman and Kendall show this relationship on the Marañón river. Finally,
Spearman shows the behavior of BC is more parallel to the rivers. It is also observed
that Kendall presents greater BC activity on the north of the Negro river, indicating
how this network assigns greater importance to this region.

To assess the degree of BC activity over rivers in the networks, two groups of nodes
were defined based on whether they were located on a river or not, considering only
BC values greater than 0 (blue regions are ignored). The results of these groupings
are presented in Figure 6.26. It is evident that all three networks show how nodes
with river presence (represented by boxes with dark colors) exhibit higher BC mean
and median values compared to nodes without river presence (represented by boxes
with light colors). These results demonstrate how all three networks are able to
provide results associated with the land-river breeze effect, with more pronounced
outcomes in the Spearman and Kendall networks.
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Figure 6.26 - Betweenness centrality boxplot for nodes with/non-rivers.

The dark and light boxplot colors represent the vertices groups with and without the
presence of rivers, respectively.
SOURCE: Author’s production.

The BC in the networks show the more common paths of the precipitating events,
which supports the east-west circulation pattern. However, Spearman provides a
better relationship between the BC path with rivers, while Pearson focuses more on
the center of the basin. Kendall also showed parallel-river behavior but tends to have
a more traverse-river path. In addition to the boxplot results, it can be understood
how Spearman better represents the association with river locations, related to the
land-river breeze effect.

Figure 6.27 illustrates the results of community identification. It is evident that in
the northeastern part of the Amazon basin, the Pearson network identified three
distinct communities (PE1, PE3, and PE5), the Spearman network identified only
one community (SP3), and the Kendall network presents one community (KE1). For
the northwest region, the communities are PE2 and PE4 for Pearson, SP2, and SP4
for Spearman, and KE2 for Kendall.
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In the case of the eastern Andes, the Pearson network divided this region into two
distinct communities. One community for the north of central Andes (PE11), while
the other community contains the Peruvian and Bolivian hotspots (PE13). This
division into two communities may be attributed to the linear response of Pearson
or also to the artificial bias (CIEMER et al., 2018), which is influenced by the high
rainfall values characteristic of these two regions and in this way causing a greater
degree of local connectivity. On the other hand, the Spearman and Kendall networks
identified only one community in this region (SP7 and KE6).

Figure 6.27 - Communities identified in each network.

SOURCE: Author’s production.

These differences indicate that the Spearman and Kendall networks provide a more
comprehensive view of rainfall relations in this area by considering nonlinear inter-
actions and correlations between variables.

Spearman and Kendall’s networks exhibit a similar spatial distribution of communi-
ties, particularly in the northeast (SP1, SP3, and KE1), southeast (SP5 and KE4),
and east (SP7 and KE6) of the Amazon basin. It is interesting to note that SP1
is included within the KE1 community. This is because the region defined by SP1
exhibits very low mean rainfall values. This indicates that Spearman has a greater
sensitivity to the precipitation regime (intensity) and is able to identify this region
as a separate community within the network. However, differences arise in the north-
west region, where Spearman presents a large community to the southeast (SP4),
while Kendall divides this region into two communities, one directly representative
of the north (KE2) and the second defines much of the center of the Amazon basin
(KE3).
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Finally, the rainfall communities analysis highlights the differences between Pearson,
Spearman, and Kendall networks. As anticipated, Pearson tends to generate smaller
communities, due to the network’s low degree of connectivity. This is particularly
evident in the eastern Andes. In contrast, Spearman and Kendall identify a well-
known corridor of the low-level jet stream. Thus providing a community that is more
representative of the local dynamics.

6.2.2.2 Spearman and Kendall comparison

The results presented in the previous section indicate that all three networks provide
findings that are linked to the pattern of the SAMS, with the Spearman and Kendall
networks demonstrating the most consistent outcomes. These networks share a sig-
nificant degree of similarity, and thus, this section will focus on analyzing their
primary differences.

Additionally, it is worth noting that the similarities observed in their results provide
further support for the relationship between the networks and the SAMS pattern.
Figure 6.28 presents the differences in the normalized indices between the Spearman
and Kendall networks. Positive values indicate a predominance of the Spearman
network, while negative values indicate stronger indices from the Kendall network.

Figure 6.28 - Difference of normalized indices between Spearman and Kendall.

SOURCE: Author’s production.

Figure 6.28a shows that the Kendall displays higher values at the extremes in the
north and south of the basin, while Figure and 6.28b only in the north. This ob-
servation may be attributed to the specific characteristics of these regions, such as
the low average rainfall amounts highlighted in the Amazon basin, shown in Figure
5.2a.
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As mentioned earlier, Spearman exhibits higher sensitivity to rainfall regimes com-
pared to Kendall. This difference can be observed in the region defined by 60◦W -
65◦W and 5◦N - 0◦ (north of Roraima State). In Figure 6.27, this region is identified
as part of the blue community for Kendall (KE1), indicating a low rainfall rate within
the community associated with moisture influx from the North Atlantic. However,
Spearman excludes this region from the community associated with moisture influx
(SP3). This difference in community assignment highlights the contrasting response
of the networks, with Spearman showing a response of AND and DIL more towards
the south.

Finally, Figure 6.28c illustrates the differences in BC, with Kendall displaying higher
values over most of the Amazon basin. Spearman, on the other hand, shows higher
values with more predominance in the south of the Amazon River. Both networks
show a well-defined path towards the central Andes, indicating moisture transport
from the east. It is evident that the Spearman network exhibits higher AND values
over most of the Amazon basin, showing superior connectivity in this region, and
providing a good interpretation of the inflow and outflow of moisture. These results
suggest that Spearman tends to generate a more connected and integrated network.

Figure 6.29 presents the scatter plot comparing the indices of the Spearman and
Kendall networks. From Figure 6.29a, it can be observed that the largest differences
in the AND occur at low rainfall values. Shows how Kendall provides a notable
difference with Spearman for nodes with low average rainfall.

Figure 6.29 - Scatter plot for the differences between Spearman and Kendall networks.

SOURCE: Author’s production.
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This indicates the main difference between Spearman and Kendall, showing how
Kendall overestimated the regions with low rainfall values. This pattern is also
slightly observed in the DIL, as shown in Figures 6.29b. Where Kendall presents
a strong response for series with low rainfall means. Spearman network consistently
exhibits significantly higher values in the AND and DIL indices, suggesting a pre-
dominantly more connected network.

Lastly, the BC metric shows symmetric differences compared to the previous in-
dices, indicating a similar response for the mean precipitation (Figure 6.29c). Both
networks demonstrate that the most intense values of BC occur between 8 and 12
mm/day of rain. Additionally, nodes with low and very high mean rainfall values do
not exhibit a strong presence of BC.
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7 CONCLUSIONS

It is important to analyze the behavior of precipitation in each community to un-
derstand the distinct characteristics of different regions. Through the examination
of temporal and spatial precipitation patterns, potential drivers of rainfall and its
extreme events, such as convective systems (e.g. squall lines), orographic features,
and atmospheric conditions, could be identified. An adequate identification or defi-
nition of the communities can improve the accuracy and reliability of their findings,
leading to more robust insights into the behavior of precipitation systems and their
implications for the studied region. This section presents the main conclusions of the
networks for South America and the Amazon basin, thus the possible community
applications and future works.

7.1 Extreme rainfall networks

The spatial pattern of the communities reflects the southward moisture transport
from the central Amazon basin to southern South America during the austral sum-
mer, aligning with the active phase of the SAMS (GELBRECHT et al., 2021). This
observation suggests a prevailing influence of the active phase of SAMS throughout
the network. These communities are mainly represented by notable regions. Com-
munity SA1 is defined by most of the Amazon basin, Community SA2 contains the
eastern central Andes, and finally Community SA3 from the eastern central Andes
to the south of the Sierras de Córdoba.

Each of these communities exhibits distinct characteristics. Community SA1 demon-
strates high activity, with nodes having the highest degrees and greater efficiency,
showing the spatially more homogeneous and participatory region compared to the
other two communities. The higher level of local interaction and cooperation among
nodes within this community indicates its significance in maintaining connections
between different parts of the network and facilitating the flow of information. Rec-
ognizing the source role of Community SA1 allows for a better understanding of the
origins and potential pathways of information flow within the network of extreme
events.

Community SA2 has the highest link density, indicating that it is the most intercon-
nected region among the communities SA1 and SA3. This community is presented
as an important bridge region between communities SA1 and SA3, specifically in
the center-south. However, the connection between communities SA1 and SA2 is
much stronger than between SA2 and SA3. This is due to various reasons such as
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the predominant low-level wind direction, the geographical distance between nodes,
the phases of the SAMS, and the presence of Andes. This demonstrates that the
dynamics of the network of extreme events and the spatial distribution of commu-
nities align with the current literature, validating the effectiveness of this approach
in identifying areas with similar characteristics and their interrelations.

Community SA3 has the highest probability for very low degrees and a rapid drop in
the distribution of node degrees. This community also displays the highest values for
skewness and outliers. These characteristics indicate a more heterogeneous behavior,
which is associated with regions of both high and low connectivity.

The vertical reflectivity profiles revealed that Communities SA1 and SA2 have sim-
ilar development and a moderate vertical gradient, with a slight difference at low
levels. Community SA1 seems to have a greater presence of warm rain process com-
pared to Community SA2, while the higher occurrence in the middle levels of Com-
munity SA2 may be due to the acceleration of rainfall processes related to orographic
forcing. On the other hand, Community SA3 is characterized by intense vertical de-
velopment, featuring deep convection. This can be associated with strong updrafts
and vertical wind shear, making it the community with the highest convective cores.
In turn, as a consequence, this community presents the greatest amount of ice.

7.2 Amazon Basin rainfall networks

The communities of extreme events in the Amazon basin showed a similar spatial
pattern to the communities of extreme events in South America. The main distinc-
tions are observed in the community to the east of the Andes. In the South America
network, the Peruvian and Bolivian hotspots are located in two distinct communi-
ties, highlighting the importance of the Bolivian hotspot for extreme events in the
extratropics of South America. In contrast, in the Amazon network, both hotspots
are contained within the same community, clearly identifying this community as an
exit corridor (sink community).

The differences in the spatial distribution of the indices among the Pearson, Spear-
man, and Kendall networks can be attributed to their sensitivities to rainfall pat-
terns. While Spearman and Kendall exhibit similar results, the same cannot be said
for Pearson. In order to obtain accurate results using Pearson, the rainfall series
must follow a normal distribution. However, it is well-known that rainfall data does
not often exhibit this characteristic. To address this issue, the criterion proposed
by Ciemer et al. (2018) was applied. The results show how Pearson correlation has
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certain limitations due to its linear nature. The linear relationship measured by
Pearson may not fully capture the complexity of the interactions between nodes
in the network. As a result, areas with high connectivity and strong interactions
between regions may be underestimated or not fully identified, leading to a more
fragmented representation of the network.

The results obtained from the rainfall networks over the Amazon basin, it is worth
highlighting the identification of three important regions located in the northwest,
northeast, and south of the basin. The northwest region is an area where moisture
enters from the northern part of South America, as well as contributions from the
Pacific Ocean. The northeast region of the basin is mainly influenced by the North
Tropical Atlantic, which is the main source of warm humid air over the Amazon
basin. The third region identified in the southeast of the basin represents the out-
flow of low-level flow towards the extratropics. This region is characterized by the
presence of Peruvian and Bolivian precipitation hotspots.

The results of betweenness centrality (BC) demonstrate how the three rainfall net-
works exhibit high values following the spatial pattern of moisture transport from the
central Amazon basin to the eastern Andes. While Pearson shows the most intense
values in the central basin, Kendall is slightly more focused on the eastern center. In
the case of Spearman, this network presents a bit more homogeneous distribution.
The three networks also can capture the land-river breeze effect, since the results
of networks exhibited higher means and medians of BC on nodes in the presence of
rivers. With Spearman showing the most notable differences. This indicates a more
accurate response in relation to this phenomenon.

Finally, Spearman and Kendall networks exhibit similar results, identifying a more
pronounced spatial influence of the entrance and exit regions. Spearman showed a
better response to the importance of the northeast of the Amazon basin and a better
identification of the land-river breeze effect.

These more adequate results shown by Spearman indicate better sensitivity to dif-
ferent rainfall regimes. By considering the ranks, Spearman can capture the under-
lying relationships and dependencies between variables more effectively, resulting in
a higher density of connections in the network. In general, the Spearman correlation
proved to be a more robust measure than the Kendall correlation.
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7.3 Possible applications

An interesting application was demonstrated by Agarwal et al. (2018), who identified
the most important nodes to identify the most suitable locations for installing new
rain gauges. This method is of particular interest for regions of difficult access, where
the number of rain gauges may be reduced. For example Figure 7.1 shows the DIL
and BC as possible regions for installing new rain gauges. Also, this figure shows
us the relationship between the rain gauge stations installed by INEMET and these
indices.

Figure 7.1 - Possible regions to the location of new rain gauges.

DIL and BC for the Spearman Rainfall network. Black points represent the actually IN-
EMET rain gauge locations.
SOURCE: Author’s production.

We can observe that in the state of Pará near the mouth of the Amazon River, this
region has several rain gauge stations that are well correlated with the DIL results
(Figure 7.1a). However, to the north of the Amazon River, which also shows a high
DIL, it is characterized by a lack of stations. This suggests a potential region for
the installation of new stations. Similar information is provided by BC, where some
stations are related to this metric. However, a region of high BC is noticeable over
the Amazon River, which could be considered for the possible installation of another
rain gauge station.
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As previously mentioned, communities offer valuable information that can be uti-
lized in various ways. For example, several studies examine the behavior of specific
regions to anticipate different responses in other reference areas (ESPINOZA et
al., 2015; CIEMER et al., 2020; GELBRECHT et al., 2021). However, these stud-
ies often identify important regions using rectangular boundaries, which can lead
to underestimated relationships and impact the expected results. Therefore, using
the communities or network indexes with appropriate boundaries will yield more
accurate results.

An important application of communities lies in the development of specialized
models for the region, be a statistical, physically based, or using artificial intelligence.
A model specifically tailored to the community will provide a more detailed and
comprehensive analysis of the specific processes and interactions occurring in that
region. This approach also offers other benefits, such as improving resolution in
identifying local features, topography, and land-cover characteristics.

Communities can serve as geographical boundaries for extracting specific weather-
related physical parameters. For instance, analyzing extreme rainfall events within
a community can provide insights into factors like convection depth, ice presence,
and contributions from stratiform and convective processes. These findings can con-
tribute to the development of tailored physical parameterizations for numerical
weather prediction (NWP) models in that particular region.

Finally, using a specific community reduces computational complexity compared to
global or regional models, which often cover extensive geographical areas and require
significant computational resources and time. This approach is more computation-
ally efficient and suitable for conventional computers.

7.4 Future works

In future research, it would be beneficial to identify the most active nodes or sub-
regions within each community using metrics such as DIL or BC. This approach
would allow for a more comprehensive characterization of the active regions and en-
hance the accuracy of defining extreme events. By focusing on these critical nodes,
a deeper understanding of each community’s distinct characteristics and behavior
can be obtained, resulting in more precise and representative results. However, fur-
ther analysis incorporates auxiliary data, such as instability indices or atmosphere
electrical activity, to arrive at more robust conclusions.
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Regarding the rainfall network in the Amazon basin, Spearman presented the most
favorable results. In this way, it is intended to use rainfall data with higher reso-
lutions (space and time), to verify the best response of the network. For example,
The relationship between BC and the presence of rivers could be further enhanced
with higher resolutions. In other words, a better spatial resolution can provide a
noticeable difference between neighboring nodes. Similarly, an hourly network could
also yield better results, as the land-river breeze effect occurs during mornings and
nights.

Although the communities yielded favorable results for the dynamics of both the
rainfall networks and the extreme rainfall networks, it is important to highlight
the high sensitivity to the threshold used to define a link between two nodes. Even
slight variations in the threshold can result in changes in the spatial structures of the
communities. Therefore, it is important to analyze different methods of community
identification in order to assess their sensitivity and identify more robust methods
for this task.
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APPENDIX A

A.1 Data links

Table A.1 - List of links to data used.

Base url

GPM <gpm.nasa.gov/data/directory>
TRMM <trmm.gsfc.nasa.gov/images_dir/images.html>
IMERG <disc.gsfc.nasa.gov/datasets/GPM_3IMERGDF_06/summary>

PF - Utah <atmos.tamucc.edu/trmm/>

A.2 Software

Table A.2 - Programming language and main packages used.

Software/Package Version Description

cartopy 0.21.0 Geospatial data processing and plotting
clima_anom 0.7.5 Extract the rainfall data from shapefile

geopandas 0.10.2 Extension for spatial and geometric operations
for the data type used by pandas

matplotlib 3.5.0 Creating static and animated visualizations
netcdf4 1.5.7 netCDF read and write

networkx 2.6.3 Creation, manipulation and analysis of
complex networks

numpy 1.21.2 Creation is calculations of multidimensional
arrays

pandas 1.3.4 Data analysis and manipulation

pip 22.2.2 Official third-party software repository for
Python

Pyhton 3.9.13 Programming language used for all study
scipy 1.7.3 Efficient array operations

shapely 1.8.4 Manipulation and analysis of flat geometric
objects
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