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RESUMO

Compreender o clima regional do sul do Brasil é de grande importância devido
à alta variabilidade climática na região, que afeta o crescimento das árvores. A
Dendrocronologia, que examina os anéis de crescimento das árvores, é uma ferramenta
valiosa para estudar parâmetros climáticos e geofísicos que influenciam uma região.
Isso permite o desenvolvimento de modelos matemáticos potenciais para reconstruir
climas passados e até mesmo identificar ciclos solares antigos. Para este estudo, a
espécie Araucaria angustifolia foi utilizada devido às suas características morfológicas
e anatômicas, anéis de crescimento visíveis, longevidade e adequação para pesquisas
dendrocronológicas e dendroclimáticas (sensibilidade climática). As amostras usadas
neste estudo fazem parte de um banco de dados do Laboratório de Registros Naturais,
onde algumas das quais foram previamente estudadas por outros pesquisadores. Além
disso, uma nova série de amostras para a cidade de Canela (29°19’ S lat and 50°48’
lon) é introduzida e analisada nesta tese. Todas as séries passaram pelo mesmo
método de remoção de tendências e correção da variância da cronologia média, e
dados estatísticos expressando a qualidade das séries foram obtidos. A região de
interesse para este estudo é o sul do Brasil, caracterizada por estações do ano bem
definidas e influenciada pelos Oceanos Atlântico e Pacífico, que impactam o clima
e os fenômenos atmosféricos na área. O principal objetivo é identificar a influência
de parâmetros oceânicos-atmosféricos no crescimento das árvores, como o Índice de
Oscilação Sul (IOS) e o NIÑO 3.4 (temperatura da superfície do mar no Oceano
Pacífico), ligados à Oscilação Sul El Niño (ENSO). Esses parâmetros têm efeitos
diretos nos níveis de precipitação, levando a condições anormalmente úmidas ou
secas e impactos consequentes na agricultura, no meio ambiente e na economia. Além
disso, outros parâmetros climáticos, como níveis de precipitação e temperaturas
máximas, médias e mínimas para cada região, bem como a temperatura da superfície
do mar do Oceano Atlântico (ATLSW), são avaliados. Além disso, o número de
manchas solares (SUNSPOT) é considerado devido à influência da radiação solar
na variação do clima da Terra. A identificação dos parâmetros nas cronologias
regionais foi inicialmente realizada usando a correlação de Pearson, mas resultados
insuficientes foram obtidos. Para superar essa limitação, utilizou-se a análise de
coerência cruzada de ondeletas (WTC), que forneceu periodicidades relacionadas
aos parâmetros analisados. Os resultados foram primeiramente descritos por cidade
para identificar todos os parâmetros que influenciam o crescimento das árvores
em cada localização. Em seguida, utilizando a potência média normalizada das
ondeletas, comparou-se as respostas das cidades a cada parâmetro. Os resultados
mostraram uma influência significativa de parâmetros relacionados ao ENSO, bem
como a influência solar nos sinais das cronologias médias de todas as cidades.
Surpreendentemente, a precipitação e a temperatura não foram os principais fatores
limitantes para as árvores estudadas, possivelmente devido à existência de outros
fatores externos que influenciam o crescimento das árvores, e a atividades humanas
(desmatamento, poluição, etc). Considerando o impacto humano no meio ambiente,
mudanças nas características florestais e microclima podem ter um efeito profundo na
sobrevivência das árvores, inclusive na Araucaria angustifolia, que já está em risco de
extinção devido à atividades intensivas de exploração madeireira nas últimas décadas.
Este estudo aprimora nossa compreensão dos parâmetros climáticos, oceânicos-
atmosféricos e solares que influenciam o desenvolvimento dessa espécie na região sul
do Brasil. Esta tese foi trabalhada com um intuito de gerar um manual com códigos
em linguagem R para facilitar a acessibilidade de pesquisadores na área, em especial
alunos iniciantes do Laboratório de Registros Naturais (LRN - UNIVAP).



Palavras-chaves: dendrocronologia; araucária angustifolia; oceano-atmosfera; ENSO;
clima.



EXPLORING OCEAN-ATMOSPHERE PHENOMENA IN TREE-RING GROWTH
OF ARAUCARIA ANGUSTIFOLIA FROM SOUTHERN BRAZIL

ABSTRACT

Understanding the regional climate of southern Brazil is of great importance due to
the high climate variability in the region, which a�ects tree growth. Dendrochronology,
which examines tree growth rings, is a valuable tool for studying climatic and
geophysical parameters that influence a region. It allows for the development of
potential mathematical models to reconstruct past climates and even identify ancient
solar cycles. For this study, the species Araucaria angustifolia was selected due to
its morphological and anatomical characteristics, visible growth rings, longevity, and
suitability for dendrochronological and dendroclimatic research (climate sensitivity).
The samples used in this study are derived from a database at the Laboratory
of Natural Records, where some of them have been previously studied by other
researchers. Additionally, a new series of samples for Canela city (29°19’ S lat and
50°48’ lon) is introduced and analyzed in this thesis. All series underwent the same
detrending method and mean chronology variance correction and statistical data
expressing the quality of the series were obtained. The region of interest for this
study is the south of Brazil, characterized by well-defined seasons and influenced
by the Atlantic and Pacific Oceans, which impact the climate and atmospheric
phenomena in the area. The primary goal is to identify the influence of ocean-
atmospheric parameters on tree growth, such as the Southern Oscillation Index
(SOI) and the NIÑO 3.4 (sea surface temperature in the Pacific Ocean), linked to
the El Niño-Southern Oscillation (ENSO). These parameters have direct e�ects on
precipitation levels, leading to abnormal wet or dry conditions and consequential
impacts on agriculture, the environment, and the economy. Additionally, other
climate parameters, such as precipitation levels and maximum, average, and minimum
temperatures for each region, as well as the sea surface temperature of the Atlantic
Ocean (ATLSW), are evaluated. Moreover, the number of sunspots (SUNSPOT) is
considered due to the influence of solar radiation on Earth’s climate variation. The
identification of the parameters in the regional chronologies was initially performed
using Pearson’s correlation, but insu�cient results were obtained. To overcome this
limitation, we utilized cross-wavelet coherence (WTC) analysis, which provided
periodicities related to the analyzed parameters. The results were first described per
city to identify all the parameters influencing tree growth in each location. Then, using
the normalized average power of the wavelets, we compared the responses of the cities
to each parameter. The results showed a significant influence of parameters related
to ENSO, as well as solar influence on the signs of the average chronologies of all
cities. Surprisingly, precipitation and temperature were not the main limiting factors
for the studied trees, possibly due to other external factors influencing tree growth,
such as human activities (deforestation, pollution, etc.). Considering the human
impact on the environment, changes in forest characteristics and microclimate can
have a profound e�ect on the survival of trees, including the Araucaria angustifolia,
which is already at risk of extinction due to intensive logging activities in the last
decades. This study enhances our understanding of the climatic, ocean-atmospheric,
and solar parameters that influence this species’ development in the southern region
of Brazil. This thesis was designed with the aim of generating a manual with codes
in R language to facilitate the accessibility of researchers in the area, especially
beginner students of the Laboratory of Natural Records (LRN - UNIVAP).



Keywords: dendrochronology; araucaria angustifolia; ocean-atmosphere; ENSO;
climate.
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1 INTRODUCTION

The global climate has become one of the most important objects of study today,
due to climate change and its e�ects on nature and human life. Because of varying
climatic conditions, atmospheric phenomena, and their complex interactions, it is essential
to investigate climate on a regional scale. This regional climate analysis contributes to
our understanding of the global climate puzzle. In the last three decades studies about
climatic phenomena and climatic variability showed that it is mainly driven by the ocean-
atmosphere interaction, especially in tropical oceans (RENÉ; PATRICIO, 2007; WANG,
2019). Nowadays the word “climate” is considered a synonym for this ocean-atmosphere
interaction, which means that a combination of factors controls a continent’s climate
(WANG, 2019).

Recent works have focused on studying the interdecadal variability of the ocean-
atmosphere system to explain small and large changes in climate. Yet, data obtained
by measuring instruments is generally limited (less than 100 years) and there are a
lot of missing data, generally caused by equipment reading errors (RENÉ; PATRICIO,
2007). Also, not all regions of the planet contain climatic stations to measure the climatic
parameters. There are still a few existing stations in the Brazilian region and most of
them have several problems with missing data (GARREAUD; BATTISTI., 1999; RENÉ;
PATRICIO, 2007).

Dendrochronology is a valuable tool that studies tree growth rings and can be used
together with measured climatic data, enabling the inference of environmental conditions
during the time of a ring’s development (SPEER, 1971). By analyzing tree rings, it is
possible to identify key climatic factors in a region, such as temperature, precipitation, and
climatic events, and use this information to help develop mathematical models for recons-
tructing past climate parameters. Studying past regional climates helps in understanding
the global climate puzzle. The pioneering study in applying dendrochronology to study
climate and solar activity (dendroclimatology) was conducted by Douglass (1919), who
also developed many of the statistical parameters used to check the quality of tree-ring
chronologies and, so, its results.

Obtaining reliable data is one of the primary challenges in dendroclimatology. It
is important to ensure that the tree-ring chronology is well-dated and has a significant
statistical response. Crossdating is applied to check if the rings between the trees are
aligned, which involves matching tree ring patterns among samples from di�erent trees and
must be performed with great care to avoid introducing erroneous signals into tree growth-
climate analysis and paleo reconstructions, which could lead to inaccurate interpretations
(SCHWEINGRUBER, 1983).
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Liebig’s Law of the Minimum is an important principle in dendrochronology,
crucial to understanding the factors influencing tree growth (SPEER, 1971). According
to this law, a single factor or a few factors can exert the greatest control over the rate
of growth. Temperature and precipitation tend to be the most significant factors that
a�ect tree growth (SCHWEINGRUBER, 1983). However, other external factors, including
radiation, nutrient availability, and human impacts on the environment, can also influence
growth. As demonstrated by Sato & Hirano (2019), phenomena such as atmospheric
and radiative changes, as well as complex interactions within the Earth’s stratosphere,
can have profound e�ects on global climate by modifying the tropopause structure. This
highlights the importance of considering the existence of external factors when studying
and understanding tree-growth processes. Depending on the study objectives, filters can
be applied to maximize the signal of interest and minimize factors that are not the study
target. This method is called detrending, and several types are used, such as Regional
Curve Standardization, Spline smoothing, Negative exponential, and others. For instance,
applying a detrend method to remove natural tree growth trends will maximize the climatic
signal in the tree ring series. These methodologies are further discussed by Helama et al.
(2004), Helama, Melvin & Bri�a (2017), Silva et al. (2021a).

The choice of Araucaria angustifolia as the tree species for the dendroclimatological
analysis is based on several factors. The species exhibits morphological and anatomical
characteristics of wood that make it suitable for dendrochronological research (SANTA-
ROSA et al., 2007). It is found in subtropical/temperate regions, particularly important
for studying climate variability. The species is known for its longevity, which allows the
construction of long chronologies spanning over 100 years. The dendrochronological poten-
tial of Araucaria angustifolia has been well-established in Brazil, where it is one of the
most studied species. Several studies have used this species to analyze tree growth-climate
responses and to reconstruct past climate variability (CATTANEO et al., 2013; MARTIN-
KOSKI et al., 2015; LORENSI; PRESTES, 2018; PRESTES et al., 2018b; SILVA et al.,
2021b). The widespread use of Araucaria angustifolia in dendrochronological research in
Brazil highlights its reliability and suitability for this type of analysis.

Brazil is renowned for its rich biodiversity, including a wide variety of plant and
animal life, making it an ecologically significant area. Southern Brazil was chosen for this
study due to its well-defined climate seasons (each season has a di�erent pattern from the
other), which contribute to the formation of distinct annual growth rings in trees. A strong
influence of the Atlantic and Pacific oceans a�ects the climate and oceanic-atmospheric
phenomena in this region, which can be identified in the tree ring data (RENÉ; PATRICIO,
2007). These phenomena can have significant impacts on daily life and economic sectors,
such as agriculture.

The El Niño-Southern Oscillation (ENSO) is an ocean-atmosphere phenomenon
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that impacts the precipitation levels in South America, causing unnatural wet conditions
in southern Brazil and dry conditions in northern Brazil (RENÉ; PATRICIO, 2007). Its
positive and negative phases may bring several consequences to agriculture, economy,
tourism, and daily life. Moreover, studies by Rind (2002), Chen & Zhou (2012), Zhou, Chen
& Zhou (2013) have shown an influence of solar cycles on the global climate, also a�ecting
ocean-atmosphere dynamics (MEEHL et al., 2003). Furthermore, the findings of (SHIMIZU;
AMBRIZZI, 2015) indicate that precipitation and temperature anomalies during ENSO
events can be amplified or weakened when they coincide with Madden-Julian Oscillation
(MJO), particularly in the austral summer. The MJO is a significant source of intraseasonal
variability in the tropics and influences a variety of climate phenomena, including tropical
cyclones, monsoons, and atmospheric wave patterns that a�ect extratropical climate.
Additionally, the MJO is associated with regional weather patterns such as atmospheric
blocking and weather regimes (WANG; BOYD; WALSH, 2023).

According to studies performed by Hanslmeier (2007), Siingh et al. (2011), Earth’s
climate is influenced by solar energy, with 50% of the incoming energy being absorbed
by the Earth’s surface. The variation of the radiation received has two main factors: the
Sun and the Earth’s position in relation to the Sun. Changes in the position may a�ect
the level o radiation received (VIEIRA et al., 2012), as an example, the Summer for the
Southern Hemisphere occurs during the perihelion (point in the planet’s orbit at which it
is closest to the Sun). To investigate the relationship between the Sun, Earth, and climate,
tree growth rings are utilized as a natural record to study this influence (RIGOZO et al.,
2008; PRESTES et al., 2011; RIGOZO et al., 2012; PRESTES et al., 2018b). Using fossil
wood, Prestes et al. (2013) detected the presence of the 11-year solar cycle approximately
200 million years ago.

Several studies utilizing trees as a natural record for studying the Sun-Earth-
Climate relationship have indicated evidence of ocean-atmosphere and solar parameters
signals in tree ring growth (RIGOZO et al., 2008; PRESTES et al., 2011; RIGOZO et
al., 2012; PRESTES et al., 2018b). In the study conducted by Lorensi & Prestes (2018),
they observed a drop in tree growth during periods of high precipitation but noted that
higher precipitation levels combined with elevated temperatures can promote tree growth.
(LORENSI; PRESTES, 2016) demonstrated that Araucaria angustifolia is sensitive to
climate variables, enabling the reconstruction of spring-summer precipitation during 1907-
2009. Additionally, El Niño/La Niña phenomena signals were identified in the tree ring
chronology of Prestes et al. (2018b), also using Araucaria angustifolia from the South of
Brazil.
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1.1 STUDY JUSTIFICATION

The present thesis explore ocean-atmosphere and solar parameters in the tree-
ring growth of Araucaria angustifolia samples collected in southern Brazil. The results
can provide insights into the e�ects of climate variability and regional environmental
factors on tree growth patterns, and identify the most significant environmental factors
influencing the growth of Araucaria angustifolia in di�erent cities of southern Brazil. By
studying the periodicities between the tree-ring chronologies and the climatic factors, a
better understanding of the climate during the tree’s existence and the present climate
in this region is possible. This research is expected to contribute to the development
of sustainable forest management practices and aid in the preservation of Araucaria
angustifolia populations, which are threatened by deforestation and climate change, by
giving an understanding of how this species’ growth responded to climatic parameters.

1.2 GENERAL OBJECTIVES

The main objective is to identify patterns of periodicity and relate them to solar
and ocean-atmosphere parameters, such as solar activity, El Niño, La Niña, and others.
Dendrochronological series from di�erent areas of the South region of Brazil, including the
states of Rio Grande do Sul, Santa Catarina, and Paraná are used. The species Araucaria
angustifolia was chosen for the analysis due to its high potential for dendrochronological
studies and prevalence in the study region. Furthermore, a GitHub Project called “Den-
drochronologySteps” is provided, with all the codes used in this thesis, to serve as a
manual for researchers and beginner students.

1.3 SPECIFIC OBJECTIVES

1. Analyze existing dendrochronological series from di�erent regions of Santa Catarina,
Paraná, and Rio Grande do Sul to identify solar and ocean-atmosphere phenomena
periodicities;

2. Process tree ring series for Canela City and obtain a new chronology to complement
the analysis with samples of Araucaria angustifolia;

3. Identify and describe the ocean-atmosphere and solar parameters that influence the
tree growth for each of the analyzed cities;

4. Compare and describe the Araucaria angustifolia responses to each ocean-atmosphere
and solar parameter across the cities.

5. Develop the codes in R language files to be used as a guide/manual for other
researchers.

https://github.com/MurajaDOS/DendrochronologySteps
https://github.com/MurajaDOS/DendrochronologySteps


30

2 LITERATURE REVIEW

This chapter aims to provide a comprehensive understanding of solar and ocean-
atmosphere parameters, including solar activity, and their relationship with the Earth’s
climate. It also explores the use of tree rings as natural proxy records, with a specific focus
on the tree species Araucaria angustifolia, chosen for investigation in this study.

2.1 SOLAR ACTIVITY

At the heart of the Solar System lies a yellow dwarf star known as the Sun, which
emits the majority of its radiation in the visible region of the spectrum. The Sun generates
energy through the nuclear fusion process in its core, where hydrogen atoms combine to
produce helium and other elements. This fusion process generates energy that manifests as
visible light and radiation across the entire electromagnetic spectrum at the Sun’s surface
(HOYT; SCHATTEN, 1997; MCFADDEN; WEISSMAN; JOHNSON, 2007). The Sun’s
structure is composed of di�erent layers, each with a distinct function (Figure 1).

• The Core is the innermost part of the Sun, with a temperature of about 15.7 million
Kelvin. It is where nuclear fusion occurs continuously, as four hydrogen nuclei fuse
to form a helium nucleus. The mass di�erence between these elements results in the
release of energy, which travels throughout the Sun (LEAN, 1991; LANG, 2001).

• The Radiation Zone is the region where energy is transported by radiation, while
the Convection Zone is responsible for energy transport through convection (LEAN,
1991; LANG, 2001).

• Photosphere is the visible surface of the Sun, where energy is finally deposited. It is
possible to see sunspots on the photosphere, and it has an average temperature of
6400 Kelvin (LEAN, 1991; LANG, 2001). The granulation e�ect is a result of the
convection process occurring in this region.

• Chromosphere is a less dense layer compared to the photosphere, and it is only
visible during solar eclipses or by using special equipment. Solar phenomena such as
prominence and solar eruptions occur in the chromosphere (SOBRINHO, 2013).

• Corona is the outermost layer. It can be observed during solar eclipses using specific
telescopes called coronagraphs (MCFADDEN; WEISSMAN; JOHNSON, 2007). The
corona has gases with high velocities that can escape, driven by solar gravitation,
and this process generates and powers the solar wind (SOBRINHO, 2013).
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Figure 1: The Sun’s structure: core, radiative zone, convection zone, photosphere, chromosphere,
and corona. Some of the Sun’s phenomena are sunspots (black spots present in the photosphere),
solar flares, coronal loops, and prominences which can happen in both the chromosphere and
corona.

Source: NASA (2017).

According to Gopalswamy, Mewaldt & Torsti (2006), several solar phenomena
confirm the true magnetic variability of the Sun. One such phenomenon is the Solar
Wind, a supersonic plasma flow responsible for carrying particles, including those reaching
the planets, including Earth (AKASOFU, 1998). Additionally, Coronal Mass Ejections
(CMEs) and Energetic Solar Particles represent two additional phenomena that mirror
solar variability. Another indicator of solar variability is observed through electromagnetic
radiation, specifically solar flares (GOPALSWAMY; MEWALDT; TORSTI, 2006). The
interaction between the convective layer and its di�erential rotation creates a magnetic
field known as the solar dynamo. This, combined with di�erent rotational speeds at each
latitude, leads to distortions in the magnetic field, resulting in various solar phenomena,
such as Sunspots, CMEs, and Solar Cycles (HOYT; SCHATTEN, 1997; TSURUTANI;
GONZALEZ, 1998; TOBIAS, 2003).

The Solar Cycle exhibits a distinct pattern with a maximum and a minimum of
solar activity. During the maximum phase, the number of sunspots increases, while the

https://www.nasa.gov/mission_pages/sunearth/science/Sunlayers.html


32

minimum phase is characterized by fewer sunspots or none at all (see Figure 2). These
sunspots are regions on the Sun with intense magnetic fields that inhibit plasma convection,
resulting in darker regions with lower temperatures compared to their surroundings in the
solar photosphere. The contrast e�ect makes them distinguishable, and they can persist
for days, while larger sunspots may last for weeks (LEAN, 1991; HOYT; SCHATTEN,
1997; ECHER et al., 2003; HATHAWAY, 2014).

Figure 2: Images captured of the Sun during solar minimum in December 2019 (left) and the
solar maximum in April 2014 (right).

Source: NASA (2020).

Due to the toroidal behavior of the solar magnetic field, plotting the mean daily
sunspot area for each latitude as a function of time results in a distinctive pattern known
as the “butterfly” diagram (Figure 3). Several solar cycles have been observed through
both direct data and proxies. The most common is the 11-year Schwabe Cycle (seen at the
bottom of Figure 3), named after Heinrich Schwabe, who first reported groups of sunspots
and spotless days, revealing an activity cycle lasting approximately 10 years (SCHWABE,
1844).

The 22-year Hale cycle is essentially two Schwabe cycles, defined by the oscillation
of the solar dynamo (SIINGH et al., 2011). On a longer timescale, the 88-year Gleissberg
cycle, identified by Gleissberg (1939), encompasses seven or eight cycles, based on data
analysis from 1750 to 1928. Additionally, Suess (1980) found evidence of a 200-year cycle
using tree-ring radiocarbon records as proxy data.

Historical periods of significantly low solar activity have also been documented.
The Maunder Minimum, which occurred from 1570 to 1730 (lasting for approximately 160

https://www.nasa.gov/feature/goddard/2020/what-will-solar-cycle-25-look-like-sun-prediction-model
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Figure 3: Upper: The sunspot area according to its latitude during the time. Bottom: average
number of sunspots during a day in which the 11-years cycle is clear.

Source: Hathaway (2015)

years), is commonly referred to as a “Little Ice Age”, was characterized by significantly
reduced solar activity and is believed to have resulted from prolonged atmospheric blocking,
possibly exacerbated by elevated levels of greenhouse gases (BRADLEY; JONEST, 1993;
LAPOINTE; BRADLEY, 2021). Bradley & Jonest (1993), Usoskin et al. (2015) confirmed
this period through the analysis of direct and indirect data (tree-ring and ice cores).
Similarly, the Dalton minimum (1797–1827) was observed by John Dalton, who noted a
decrease in aurora activity in the early 19th century (SILVERMAN; HAYAKAWA, 2021).

In recent years, tree ring data has gained growing interest as a natural proxy for
studying the Sun-Earth-Climate relationship. Several studies have utilized this approach to
investigate the relationship between solar activity and tree ring growth, revealing di�erent
solar cycles visible in proxy records (RIGOZO et al., 2008; PRESTES et al., 2011; RIGOZO
et al., 2012; PRESTES et al., 2018b). For instance, Prestes et al. (2018b) observed a
spectral pattern between the sunspot number (SSN) and the dendrochronological series
of Araucaria angustifolia, finding a consistent Gleissberg cycle. This result aligns with
other studies on dendrochronological series from Southern Brazil conducted by Rigozo et
al. (2008), Prestes et al. (2011), Rigozo et al. (2012).

The identified solar parameter signals in tree ring growth include the 11-year solar
cycle in trees from Southern Italy and Central Europe and Schwabe cycle signals in tree
ring carbon isotopes dating back to 969 AD (Anno Domini - after Christ) (SIMUNEK et
al., 2021; BREHM et al., 2021). These findings imply that trees hold valuable information
for understanding the Sun’s influence on climate change.
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2.2 SUN-EARTH-CLIMATE RELATIONSHIP

The Sun experiences variations in its activity, leading to changes in solar phenomena
that can influence space weather and Earth’s climate (PARKER, 2001). Throughout history,
attempts have been made to relate environmental changes to celestial events, such as
sunrise, moonrise, and sunspots levels (HOYT; SCHATTEN, 1997). Nowadays, it is well-
known that the Sun plays a crucial role in supporting life on Earth by emitting energy as
charged particles through blackbody radiation. The solar activity produces ultraviolet and
X-rays that impact the Earth’s upper atmosphere, these spectral lines are increased during
Solar maximum by a factor of 2 and 100, respectively, resulting in increased temperature
and atmospheric density (AKASOFU, 1998; LANG, 2001; LEAN, 1991).

One of the most famous phenomena resulting from particles from the Sun trans-
ported through the solar wind that interact with the Earth’s atmosphere is the aurora. As
described by Akasofu (1998), auroras are luminous ring-shaped belts that appear around
the north and south geomagnetic poles of the Earth. They are created by a plasma flux
(protons and electrons) from the Sun that reaches the Earth’s magnetic field and are
carried toward the poles along the magnetic field lines. When these electrons deposit their
energy in the upper atmosphere, it excites and/or ionizes the atoms and molecules present
in the atmosphere, leading to the release of energy as visible light, resulting in the auroras.

As climate change is finally widely recognized as a serious concern, scientists need
to delve deeper and understand every parameter that can influence the climate, including
the role of solar variations, the particles in the solar wind that reaches the Earth, and
their potential e�ects on Earth’s atmosphere. Data obtained by pyrheliometers flown
on the Nimbus-7, Solar Maximum Mission (SMM) satellite, and the Earth Radiation
Budget Satellite (ERBS) have allowed for the analysis of long-term trends. It was observed
that during its maximum activity, the Sun is brighter and not darker, contrary to initial
expectations attributed to the presence of sunspots (FOUKAL, 1998). However, it is now
understood that sunspot areas appear darker due to the temperature di�erence compared
to the surrounding areas.

About 400 years BCE (Before Common Era), Meton (Ancient Greek astronomer,
engineer and mathematician) began analyzing more than 20 years of solar observations.
He found that when the Sun has more black spots, the weather is wetter and rainier
(HOYT; SCHATTEN, 1997). Theopharastus (Ancient Greek philosopher) also discovered
relations between solar activity and the Earth’s climate, but unfortunately, the reports
were probably destroyed during the fire at the Alexandria Library, as discussed in Hoyt
& Schatten (1997). After that, only a few studies appeared, until a British meteorologist
working in India, Meldrum (1872), Meldrum (1885), performed a comparison between
sunspot numbers and cyclones in the Indian Ocean, and found a high correlation between
them (Figure 4). This work was fundamental in convincing many scientists of the Sun-Earth
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relationship.

Figure 4: Comparison of the number of Indian Ocean cyclones and sunspot groups.

Source: Meldrum (1872).

Hoyt & Schatten (1997) defines that natural variability in climate can originate
from solar variations, albedo changes (such as deforestation and ice cover), fluctuations in
cloud cover causing variability in the climatic system, volcanic activity, and more. The
role of the Sun in climate change is still a subject of debate among scientists. However,
researchers studying solar variations through proxies suggest that the increase in solar
activity may be linked to global temperature changes. Forest fires in Mexico also seem
to be associated with the intensity of the solar cycle variation (VELASCO, 2016). It is
important to note that this does not diminish the significance of human impact on climate
change.

As a summary of Earth’s heat engine, the Earth’s surface reflects approximately
30% (albedo = 0.30) of the received solar radiation (short waves) due to clouds (23% of
the albedo) and the atmosphere. The remaining 70% of the radiation is absorbed, heating
the Earth’s surface and causing evaporation or convection. This absorbed radiation is
reemitted as infrared radiation (HOYT; SCHATTEN, 1997). According to Seinfeld &
Pandis (1998), if the radiation intensity decreases by approximately 5 to 10% without
any compensating factors, the planet would be covered in ice within about a century.
Throughout history, the Earth has experienced 10 long glacial epochs and 40 smaller ones,
all seemingly controlled by the Milankovitch cycles: the Earth’s inclination (cycle of 41,000
years), Earth’s proximity to the Sun (cycles of 19,000 and 24,000 years), and changes in
the Earth’s orbit from circular to elliptical (cycle of 100,000 years)

The Maunder Minimum occurred from 1570 to 1730 and it is associated with a
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little ice age. During this period, the number of sunspots and auroras was very low. It is
now widely accepted in academia that ice ages occur due to changes in the distribution of
light received by the Earth. Figure 5 presents another link to the relationship between
Earth’s climate and solar activity, the sea surface temperature (SST) level data responses
to the solar cycles (ZHOU; TUNG, 2010).

Figure 5: (top) The spatial pattern of SST for the period (1854–2007). (bottom) The SST time
series (blue) and the total solar irradiance index (red).

Source: Zhou & Tung (2010).

Earth’s temperature has increased by approximately 0.8°C since the 17th century,
according to the reconstruction of total solar radiation in the Northern Hemisphere, sug-
gesting a higher solar influence during the pre-industrial period (CROWLEY, 2000). When
considering that solar radiation increased by about 0.14% during this time and the tempe-
rature rose by 0.28°C, the climate sensitivity is estimated to be 2°C for every 1% change in
solar radiation emissions (SEINFELD; PANDIS, 1998). To conduct comprehensive studies
of the Sun-Earth-Climate relationship, Hoyt & Schatten (1997) suggests using a large
number of spatial and temporal data and applying statistical knowledge, which can lead
to successful analysis.

Ongoing research investigates the complex relationship between solar activity and
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Earth’s climate. Some studies suggest that solar activity can influence climate patterns,
particularly on solar cycle timescales (HAIGH, 2011). This influence is observed in non-
uniform SST patterns and correlations with climate phenomena like the Pacific Decadal
Oscillation (PDO) and North Atlantic Oscillation (NAO). Solar activity also a�ects
climate modes of variability, such as El Niño-Southern Oscillation (ENSO) (HAIGH, 2011).
Correlations have been found between solar activity and factors like solar wind, radio
flux, and cloud cover. However, the precise mechanisms behind these links remain subjects
of ongoing research (BOBERG; LUNDSTEDT, 2002; HAIGH, 2007; HAIGH; ROSCOE,
2006).

2.3 SOUTHERN BRAZIL CLIMATE

Regional climate variability is determined by the weather systems that may control
the transport of heat and moisture into a region (IPCC, 2014). To begin exploring the
climate of Southern Brazil, it is important to highlight that seasons in the Southern
Hemisphere occur in di�erent months compared to the Northern Hemisphere. They are
commonly divided as follows:

• Spring - Starts around September 23 and ends on December 21. The flowering of
flora is a hallmark of spring.

• Summer - Approximately starts on December 21 and ends on March 21. It typically
presents higher temperatures and longer days.

• Autumn - Begins on March 21 and ends on June 21. Days are shorter and cooler.

• Winter - Begins on June 21 and ends on September 23. Generally, the temperature
drops during this season.

As a country with a large territory, Brazil exhibits a wide range of climate types. An
extensive analysis conducted by Dubreuil et al. (2019), using data from 208 meteorological
stations for the period of 1990-2015, resulted in Figure 6, which illustrates the diverse
climates across the country. This climatic variability is influenced by factors such as
latitude, longitude, vegetation, air masses, insolation, atmospheric pressure, humidity,
temperature, and interactions with ocean. Even within small regions, the climate can vary
significantly, as shown in Figure 6 (b) depicting the vast diversity of climates in Southern
Brazil.

Southern Brazil is situated in a transition area between the tropics and mid-
latitudes, and it is characterized by a diverse climate due to its topography and altitude.
The region has a large part of its territory at 300 m above sea level (ASL), which causes
significant contrasts in the rain and temperature levels, even though dry and rainy seasons
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Figure 6: (a) Types of climates in Brazil (1990-2015) according to Köppen’s classification and a
mini-map with the list of Brazilian state abbreviations used in the text. (b) Map of the Southern
region of Brazil (scale of 500 km) showing how the climate type can change in a small region.

(a)

(b)
Source: Modified from Dubreuil et al. (2019).
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are not a pattern in the region (GRIMM; BARROS; DOYLE, 2000; HIERA; V., 2014).
The precipitation level tends to be similar in all seasons, as illustrated by Figure 7.

Figure 7: Variation in the level of annual precipitation (mm) during the four seasons of the
year across Brazil.

Source: Quadro et al. (1996)

Additionally, Brazil’s vast expanse covers a range of latitudes, resulting in variations
in the amount of solar energy received. Figure 8 illustrates these di�erences in incoming
sunlight, with regions at lower latitudes receiving more solar energy compared to those at
higher latitudes. During summer, almost all areas of Paraná and parts of Santa Catarina
experience a decrease in rainfall levels, while in winter, the coastal regions of Paraná and
Santa Catarina experience higher rainfall levels (CARVALHO; STIPP, 2004). For example,
in the Southern Hemisphere, the summer season coincides with the perihelion, which is
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the point in Earth’s orbit when it is closest to the Sun. This positioning results in varying
levels of solar radiation received at di�erent latitudes, contributing to the region’s climate
diversity (VIEIRA et al., 2012; WANG; BOYD; WALSH, 2023).

Figure 8: Sunlight energy distribution across Earth is unequal. As depicted in the graph, the
angle of incoming sunlight (and hence its intensity) changes with latitude and time of day during
the equinoxes.

Source: NASA illustration by Robert Simmon.

The climate variability in Southern Brazil is mainly determined by weather systems
that control the transport of heat and moisture into the region, which is influenced by
factors such as El Niño and La Niña events and Atlantic Multidecadal Oscillation (AMO)
plays a significant role in this climate equation. The AMO, characterized by long-term
fluctuations in North Atlantic SSTs, has the potential to further modulate regional climate
dynamics, a�ecting factors such as droughts, heavy rainfall events, and temperature
variations in Southern Brazil (IPCC, 2014; SHIMIZU; AMBRIZZI, 2015; TRENBERTH;
ZHANG, 2023).

The South of Brazil presents three climate types within the Köppen’s classification:
Cfb (cold winter with mild summer, wet winter, and summer), Cfa (cold winter with hot
summer, wet winter, and summer) and Cwa (moderate temperatures with hot and rainy
summer). According to Dubreuil et al. (2019), the uppercase letter “C” is the thermal
regimes, the lowercase letters “a” and “b” are subtypes, and the lowercase letters “f” and
“w” are subtypes of rainfall. The Table 1 shows the meaning of each Köppen classification
from southern Brazil.

The climate in the Southern region of Brazil exhibits a remarkable variation in
temperature between the winter and summer seasons. This temperature contrast results in
freezing conditions and even snowfall in mountainous areas, which is a rare phenomenon
in other regions of Brazil (GRIMM, 2009; HIERA; V., 2014). The annual temperature
variation is a crucial characteristic of mid-latitudes, as cold air masses from high latitudes
enter the mid-latitude system during winter, leading to lower temperatures (QUADRO,
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Table 1: Köppen classification of the climate types from southern Brazil.

Zone - Climate Type Acronym Description

A - Tropical
Humid

Tropical wet
Tropical monsoon
Tropical savanna
Tropical wet and dry

Af
Am
As
Aw

No dry season
Monsoonal, short dry season
Dry summer
Winter dry season

B - Dry
Climate

Subtropical steppe
Subtropical desert

BSh
BWh

Low-latitude semi arid or dry
Low-latitude arid or dry

C - Warm
temperate

(Mid-latitudes)
Climates

Humid subtropical

Marine west coast

Humid subtropical
with dry winter
Temperate highland
subtropical

Cfa

Cfb

Cwa

Cwb

No dry season,
warm summer
No dry season, warm
and cool summer
Hot and humid summer,
dry winter
Warm summer,
dry winter

Source: Modified from Drishtiias (2022) according to Arnfield (2023).

1999). In this region, the maximum temperature varies from 10°C in winter to 30°C in
summer, as demonstrated in Figure 9 (GRIMM, 2009; HIERA; V., 2014). Moreover, Figure
10 depicts the variation in minimum temperature, ranging from 5 to 20°C (GRIMM, 2009).

The Southern region of Brazil has a climate that combines the features of both
Temperate and Tropical climates. In Temperate climates, rainfall is moderate throughout
the year, with occasional droughts, mild and/or warm summers, and cool and/or cold
winters (SIMMONS, 2015). In contrast, Tropical climates have predictable temperature
patterns but unpredictable precipitation patterns (KELLMAN; TACKABERRY, 1997).

The Southern region of Brazil experiences unique weather patterns due to its
location outside of the tropics. In the summer, the region receives less light than tropical
regions, while in the winter, the Earth’s position causes more insolation, leading to
higher evaporation rates. The region’s proximity to the Atlantic Ocean also contributes
to increased cloudiness and higher levels of rainfall (DITTBERNER, 2001). Additionally,
the region serves as a passage for polar fronts, resulting in sudden changes in weather
throughout the year (LEAL, 1999).

During the period between June and August, southern Brazil encounters an average
of 22 frontal system penetrations within the latitudinal range of 25° to 35° S (OLIVEIRA,
1986). These systems accompanied by cold fronts, can induce the formation of squall
lines (weather systems characterized by a narrow, elongated line of thunderstorms, often
associated with weather fronts) and other phenomena, leading to increased convective
precipitation and exerting e�ects over large areas with tropical climates. The combination
of interannual and interdecadal variabilities results in low-frequency climate variations
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Figure 9: Variation in the maximum temperature (°C) during the four seasons of the year across
Brazil.

Source: Quadro et al. (1996).
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Figure 10: Variation in the minimum temperature (°C) during the four seasons of the year
across Brazil.

Source: Modified from Quadro et al. (1996)
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(RENÉ; PATRICIO, 2007). Although rain variability is a natural random process, it can
be influenced by both natural and anthropogenic forcings (SOUZA-ECHER et al., 2008).
With the ongoing global warming, there has been a noticeable rise in the frequency of these
phenomena, underscoring the significance of comprehending their impacts on di�erent
regions (HOYT; SCHATTEN, 1997). Furthermore, studies indicate that ENSO events
can be amplified or diminished when they coincide with the MJO, particularly during the
southern hemisphere summer (SHIMIZU; AMBRIZZI, 2015).

Mid-latitude systems can also cause an increase in precipitation levels in Southern
Brazil (OLIVEIRA, 1986). The trajectory of these systems is linked to the positioning
and intensity of the subtropical jet from South America and has a strong influence on
precipitation (KOUSKY; CAVALCANTI, 1984; BROWNING, 1986). Climatological studies
show that, on average, 5 to 7 cold fronts pass through the region each month (OLIVEIRA,
1986). Among the most important, we can mention the passage of frontal systems over
the region, which, together with the interaction with the orographic configurations of the
region, are responsible for a large part of the total rainfall recorded (OLIVEIRA, 1986).

Other systems that can contribute to the changes in precipitation levels are the
cyclonic vortices that originated from the Pacific and intensify over the South and Southeast
of Brazil (CAVALCANTI, 1985). Mesoscale convection is also responsible for intense
precipitation in Southern Brazil (GUEDES, 1985). According to Reboita et al. (2012),
systems that act directly in the Southern region provide an increase in precipitation
level over the years, especially frontal systems, cyclones, Mesoscale Convective Complexes
(MCC), instability lines, persistent elongated convective systems, breeze systems, and
the low-level jets (LLJ) that are wind systems with speeds higher than 10 m/s with an
altitude between one and two kilometers with a horizontal extension of approximately 500
km. Figure 11 shows some of these systems acting in Brazil (REBOITA et al., 2012).

There are synoptic systems acting over South America, one of the most important
is the frontal system, which is active throughout the year, as mentioned by Andrade (2005).
In Southern Brazil, the South Atlantic ocean indirectly influences the climate through the
South Atlantic Anticyclone System (SAAS), which originates a maritime tropical mass.
Additionally, the polar anticyclone is the source of the polar mass that displaces and
interacts with the heat of the Atlantic, leading to increased precipitation during spring
and summer (NIMER, 1989).

2.3.1 OCEAN-ATMOSPHERE PHENOMENA

The oceans play an important role in Earth’s climate system since they receive
most of the solar energy and are highly e�ective at absorbing it due to their low albedo.
The oceans and continents combined absorb 51% of the total solar radiation that reaches
Earth. The first 100 meters of the oceans absorb the majority of this energy, which drives
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Figure 11: Atmospheric systems, directly and indirectly, acting in Southern Brazil. SAAS is
the South Atlantic Anticyclone System, SACZ South Atlantic Convergence Zone, LLJ is the
low-level jets and the MCC are the Mesoscale Convective Complex. Inside the red circle is the
Southern region of Brazil.

Source: Modified from Reboita et al. (2012).

the process of evaporation. This makes the oceans a primary source of water vapor and
heat for the atmosphere, and an essential component of the global hydrological cycle
(PHILANDER, 1989).

Because of the high thermal inertia of seawater, the ocean responds relatively slowly
to changes in thermal forcing. The annual air-sea heat flux varies greatly from one place
to another due to the convergence or divergence of heat transport by ocean currents. In
contrast, the atmosphere responds much more quickly to changes in temperature, typically
on timescales of weeks and months. Changes in climate over timescales of years to centuries
are largely driven by ocean currents, and their interactions with the atmosphere (KAROLY;
VINCENT, 1998). These complex interactions define the climate system, as illustrated in
Figure 12, and any changes in their intensity can have significant e�ects on the Earth’s
climate.

The Southern region of Brazil experiences various meteorological phenomena, with
droughts and floods being the most significant (ÁVILA et al., 2016; GRIMM et al., 2020).
One of the crucial global climatic events impacting the region is the El Niño Southern
Oscillation (ENSO), which caused severe flooding in Paraná, Santa Catarina, and Rio
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Figure 12: Components, processes and interactions of the climate system. The bold arrows
show the direction of the influence, black arrows are natural interactions, the red arrow are
antrophogenic interactions and the orange arrow is solar irradiation.

Source: El-Ramady et al. (2012)

Grande do Sul during the 1982-1983 period (ISLA; JUNIOR, 2013). Additionally, the
Quasi-Biennial Oscillation (QBO) and the Southern Annular Mode (SAM) influence
cyclonic activity in the mid-latitudes (MA; LEMBO; FRANZKE, 2021).

While ENSO significantly a�ects precipitation in the Southern region, other factors,
such as SST boundary conditions across oceans, ice, snow cover, and humidity, are also
acting in this area. According to Studzinski (1995), both the Pacific and Atlantic Oceans
impact precipitation variability in Southern Brazil. Moreover, the atmospheric circulation
system in the region is influenced by various centers of action, including the South Atlantic
Subtropical High (SASH), small tropical highs, the polar anticyclone, and the Chaco Low,
as described by Nimer (1989).

The influence of the Atlantic Ocean on the precipitation regime of the Southern
region has been discussed in several studies, including Studzinski (1995), Grimm, Ferraz
& Gomes (1998), GRIMM & FEUSER (1998), SILVA (2001), Kayano & Capistrano
(2014). All of these studies have reported similar results, indicating that an increase in
precipitation occurs during heating periods of the Pacific SST, along with the warming of
the South-Southwest Atlantic SST.
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In addition to the Pacific SST, there are also indications that the South Atlantic
Ocean Dipole Index (SAODI) influences the precipitation level in the Southern region.
According to Prado & Wainer (2013), this is due to the transport of moisture from the
ocean to the continent, which can be carried to the south through the Low-Level Jet. The
ITCZ also plays a role in the Southern region’s precipitation regime, as it is a low-pressure
region associated with convection that has an annual cycle in equatorial latitudes, resulting
in high cloudiness, convection, and precipitation (WALISER; GAUTIER, 1993; PRADO;
WAINER, 2013).

2.3.1.1 SOUTH ATLANTIC OCEAN

The proximity of the Atlantic Ocean to the Southern region of Brazil has a significant
influence on the climate due to the ocean’s moisture emission through the action of the
breeze, which results in rainfall over the continent (REBOITA et al., 2012). Additionally,
the South Atlantic Ocean has a semi-stationary high-pressure system, which is known as
the South Atlantic Subtropical Anticyclone (SASA), located at 32.5° S and 28.7° S. The
SASA is located in the South Atlantic and has a significant impact on the region’s climate.
The SASA generates the Atlantic Tropical Mass (ATM), which is similar to how the polar
anticyclone generates the Atlantic Polar Mass (APM). The displacement of these masses
is primarily responsible for the extensive precipitation in the spring and summer seasons
in Southern Brazil (NIMER, 1989).

The influence of the South Atlantic Ocean on the climate of Southern Brazil is also
related to the South Atlantic Convergence Zone (SACZ), which is a low-level convergence
zone that forms over southeastern South America and the adjacent South Atlantic Ocean.
The SACZ is an important mechanism for the transport of moisture from the Atlantic
Ocean to the continent, leading to intense rainfall in the Southern region (CARVALHO;
STIPP, 2004).

In addition to the oceanic influences, atmospheric circulation also plays a critical
role in determining the climate of Southern Brazil. The prevailing atmospheric circulation
over the region is controlled by several systems, including the SASH, the Chaco Low, and
the ITCZ (NIMER, 1989; PRADO; WAINER, 2013).

The SASH is a semi-permanent high-pressure system that forms over the South
Atlantic Ocean and extends towards the continent. It is responsible for the control of the
South Atlantic Ocean’s trade winds, which carry moisture from the ocean towards the
continent, leading to precipitation in Southern Brazil (NIMER, 1989). On the other hand,
the Chaco Low is a semi-permanent low-pressure system located over the Gran Chaco
region, which influences the atmospheric circulation over Southern Brazil and adjacent
regions (CARVALHO; STIPP, 2004). The ITCZ, on the other hand, is a low-pressure
region that forms over the equatorial Atlantic Ocean, extending towards the continent,
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and plays a crucial role in the formation of the SACZ (CARVALHO; STIPP, 2004).

2.3.1.2 EQUATORIAL PACIFIC OCEAN

The Pacific Ocean plays an important role in global climate patterns, with a
di�erential heating process that generates precipitation and air temperature anomalies in
various parts of the world, particularly in regions closer to the ascending and descending
areas of the Walker cell (located at the equatorial Pacific ocean). In contrast to the South
Atlantic’s SST Anomalies (SSTA), the Equatorial Pacific’s SSTA did not exhibit a cooling
trend during the first half of the 20th century or a warming trend in the second half of
the 20th century, as shown in studies such as Silva (2018).

The Equatorial Pacific’s SSTA is regulated by the El Niño-Southern Oscillation
(ENSO), which is responsible for most of the global climate variability (TRENBERTH,
1997). During El Niño events, the warming of the tropical Pacific Ocean generates anoma-
lous atmospheric convection that alters the atmospheric circulation, including the Walker
Circulation, and produces changes in the global climate (TRENBERTH, 1997).

These changes are not limited to the Pacific Ocean region and can a�ect various
regions of the world, including the Southern region of Brazil. During El Niño events, the
Southern region experiences more rainfall than usual, which can cause floods and landslides
(REBOITA et al., 2012). On the other hand, during La Niña events, the opposite occurs,
the frequency and intensity of precipitation in the Southern region decrease, while the
temperature increases, causing droughts and heat waves (REBOITA et al., 2012). The
Southern Oscillation Index (SOI) is a metric used to measure the strength of ENSO, and
it is calculated from the atmospheric pressure di�erences between Tahiti and Darwin
(TRENBERTH, 1997).

In summary, the Equatorial Pacific’s SSTA is influenced by ENSO, and the MJO
influences the ENSO, which a�ects atmospheric circulation and the global climate. El
Niño and La Niña events can cause droughts, floods, and other extreme weather events in
various regions of the world, including the Southern region of Brazil.

2.3.1.3 SOUTHERN OSCILLATION INDEX (SOI)

The Southern Oscillation Index (SOI) is a key component of El Niño events, which
are characterized by a barometric seesaw between Tahiti and Darwin (SILVA, 2018). The
SOI has two opposite phases - El Niño (positive phase) and La Niña (negative phase)
- which have a significant impact on the monthly and seasonal precipitation levels in
Southern Brazil (GRIMM; FERRAZ; GOMES, 1998; GRIMM; BARROS; DOYLE, 2000).
The e�ects of these phases can be remarkable, causing significant changes in the region’s
precipitation patterns.
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During an El Niño phase, the SSTs in the Eastern and Central Pacific oceans
become warmer than average, leading to changes in the atmospheric circulation and
rainfall patterns around the globe. In Southern Brazil, El Niño is typically associated with
increased rainfall and flooding, which can also have significant impacts on the region’s
agriculture and infrastructure (GRIMM; FERRAZ; GOMES, 1998).

In contrast, during a La Niña phase, the SSTs in the Eastern and central Pacific
Ocean become cooler than average, leading to di�erent atmospheric circulation patterns
and precipitation levels. In Southern Brazil, La Niña is typically associated with a decrease
in precipitation, leading to drought conditions and a�ecting agriculture and water resources
(CAVALCANTI et al., 2011).

Understanding the SOI and its impact on regional weather patterns is essential
for predicting and preparing for the potential impacts of El Niño and La Niña events in
Southern Brazil and in other regions of the planet.

2.3.1.4 EL NINO-SOUTHERN OSCILLATION (ENSO)

The El Niño-Southern Oscillation (ENSO) is the principal interannual climate
variability in Brazil (GRIMM, 2003). It involves variations in SST in the equatorial
Pacific, along with changes in sea level pressure between Tahiti and Darwin, Australia
(BJERKNES, 1966; TRENBERTH, 1976). The ENSO phenomenon is an association of
El Niño events and the Southern Oscillation, and it a�ects the climate globally, with a
periodicity of 4 to 7 years, and in some cases, between 2 and 7 years (OLIVEIRA, 2001).

The term “El Niño” was first used to describe the warm and weak ocean current
along the coast of Peru and Ecuador that usually appears around Christmas time (Niño
means “the child Christ” in Spanish). Later, it became associated with the great warming
that occurs every few years, leading to changes in local climate (TRENBERTH, 1997).

The ENSO phenomenon is associated with changes in SST patterns and trade
winds in the Equatorial Pacific region, located between the coast of Peru and the western
Pacific, where Australia is located. Its measurement is based on indices such as the SST
and the Southern Oscillation Index (SOI) (OLIVEIRA, 2001). Figure 13 illustrates the
mechanism of El Niño and compares it with a year without El Niño events. El Niño results
from hotter temperatures in the west and center of Canada and in the west and north of
the United States (SPUDMAN, 2018).

In the study conducted by Ropelewski & Halpert (1987), the relationship between
ENSO and precipitation was analyzed for di�erent regions of the world, including Southern
Brazil. The results suggested a significant increase in precipitation levels during El Niño
events from November (beginning of El Niño) to February (ending of El Niño). Similarly,
in a study by Ropelewski & Halpert (1989), the impacts of ENSO’s cold phases (La
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Figure 13: On the top a normal year ocean-atmosphere circulation in the Pacific Ocean. On
the bottom, the El Niño mechanism, clearly causes the inversion of hot temperature between the
Australian coast and the South and North America coast.

Source: Spudman (2018)
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Niña) on global precipitation were investigated, revealing a decrease in precipitation levels
from June to December when the La Niña year starts and ends. Subsequent studies by
Aceituno (1988), Rao & Hada (1990), Studzinski (1995), Diaz, Studzinski & Mechoso
(1998) corroborated these findings, suggesting that warm phase years of ENSO generally
exhibit excess precipitation in Southern Brazil, Northern Argentina, and Uruguay, while
its cold phase years are associated with precipitation deficits.

In South America, ENSO plays a crucial role in inducing dry seasons in the Northeast
of Brazil and high precipitation levels in Southern Brazil, primarily during the spring of
the event year, as explained by circulation anomalies (GRIMM; BARROS; DOYLE, 2000;
NORDEMANN et al., 2002). The relationship between ENSO and precipitation is an
indication of how ocean circulation significantly impacts the climate system, leading to
atmospheric anomalies (RASMUSSON; WALLACE, 1983).

2.3.2 DENDROCHRONOLOGY

Proxy data like tree stomata, ice cores, isotopic stratigraphy, coral, and tree rings
provide valuable insights into Earth’s past (NORDEMANN et al., 2002; RIGOZO et
al., 2008; GREIN et al., 2010; PRESTES et al., 2011; RIGOZO et al., 2012; DELONG
et al., 2013; STEIGER et al., 2017; PRESTES et al., 2018b; RAMSTEIN et al., 2021a;
RAMSTEIN et al., 2021b; RAMSTEIN et al., 2021c; RAMSTEIN et al., 2021d).

Dendroclimatology, the study of tree growth rings play a significant role in Den-
droclimatology, unraveling climate-tree ring connections for paleoclimatic reconstructions,
o�ering a unique opportunity to analyze patterns of climatic parameters, ocean-atmosphere
events, and solar cycles, date events, and assess human impacts on the environment
(SPEER, 1971; RAMSTEIN et al., 2021e). Understanding tree growth rings is fundamental
to mastering this methodology (RATHGEBER; CUNY; FONTI, 2016).

Trees undergo primary and secondary growth, with primary growth responsible for
the lengthening of branches, and secondary growth responsible for the formation of rings.
The cambium layer, located below the bark, gives rise to the trunk, branches, and roots.
It generates wood, which is responsible for upward sap flow, and phloem, which brings
elaborated sap downward. Each year, the previous tissue is pushed inside (to the wood)
and outside (to the phloem) (RAMSTEIN et al., 2021e).

When new xylem is generated, it goes through several phases. First, the cambial
initial cell forms a new cell, which then begins to grow. The secondary wall of the
cell is deposited and lignified simultaneously, and finally, programmed cell death occurs
(RATHGEBER; CUNY; FONTI, 2016). A schematic cross-section of an example tree
is shown in Figure 14, which illustrates the dormancy period during winter, the active
vascular cambium, and the phases of secondary xylem growth.
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Figure 14: Schematic cross-section of an example tree. (A) shows the dormancy cambium
between the previous xylem and phloem. (B) The active cambium between the new xylem and
phloem. The new xylem is in expansion and thickening creating a mature zone. (C) follow all the
5 phases describe in the text, I, II, III, and IV is phase (1); V is phase (2); VI is phase (3); VII is
phase (4); and finally VIII and IX is the phase (5).

Source: Rathgeber, Cuny & Fonti (2016)

Tree growth ring structure may present significant variations among di�erent species,
the di�erences can be influenced by intrinsic factors of each species, such as its growth
rate and physiology, as well as the environmental conditions in which the trees develop.
Tree rings are commonly divided into earlywood and latewood (Figure 15). Specifically in
conifers, the earlywood forms at the start of the ring with thin cellulosic walls and large
cellular diameters, usually lighter wood. Meanwhile the latewood develops at the end of
the growing season with thicker cellulosic walls and smaller cellular diameters, resulting
in darker wood. Ring thickness variations impact wood density, influenced by intra- and
inter-annual variabilities, with a leading limiting factor (RAMSTEIN et al., 2021e).

Tree growth rate depends on various factors, with some species-specific influences,
known as Liebig’s Law of the Minimum (COOK et al., 1990). Growth cannot exceed
the limiting factor’s capacity, which can vary annually. Figure 16 illustrates this concept,
where a low factor prevents the barrel from being filled despite water input.

In regions with strong climatic variability, trees cannot precisely determine cambial
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Figure 15: A tree cross-section with visible rings after the sanding and polishing. The pith
is the middle of the tree, where it started developing. The tree starts to create wood radially,
increasing the number of rings. The lighter part of the ring is the Earlywood and the dark part
is the Latewood.

Source: The author.

Figure 16: Liebig’s Law of the Minimum example uses a barrel created by diverse factors that
would influence the development of a tree and can not fill this barrel with water until the top
because one of the factors limit is lower than the others. This will be the limiting factor of the
barrel, not allowing it to be filled.

Source: Modified from Longnecker (2016).
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activity and dormancy. They respond by following long-term weather changes, leading to
the absence of rings or the creation of false rings when signals are misleading (RAMSTEIN
et al., 2021e). Despite requiring more time for dating due to these variabilities, species
from subtropical/tropical climates are interesting for study due to greater biodiversity and
limited research (LISI, 2000).
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3 MATERIALS AND METHODS

In Figure 17, the flowchart visually illustrates the main steps and schedule proposed
by this thesis. This figure o�ers an overview of the milestones and activities carried out for
the research, helping to understand the organization and planning of subsequent stages.
The following sections will detail each of these steps, the materials used, and provide
insights into the methodologies and analyzes employed throughout the study.

Figure 17: Methodology proposed and carried out for the development of this study.

Source: The author.
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3.1 TREE-RING SPECIES - ARAUCARIA ANGUSTIFOLIA

Native to Brazil and with a widespread distribution, Araucaria angustifolia (Figure
18) is a long-lived tree species (between 200 and 300 years) that can also be found in small
areas in the extreme northeast of Argentina’s province of Misiones (GURGEL; FILHO,
1965; COZZO, 1980). It has a straight and cylindrical trunk, with branches arranged in 8
to 15 whorls, with 6 to 10 branches per whorl. As they get older, they take on a chandelier
shape due to the loss of basal whorls (ZANETTE et al., 2017). The tree species exhibit
demarcated annual growth rings visible to the naked eye, allowing for easy age estimation.
Araucaria angustifolia is characterized as an evergreen tree (long life cycle) that can reach
heights of approximately 50 m and 250 cm or more in diameter at breast height (DBH)
when fully mature, according to Lisi, Pessenda & Filho (1998).

Figure 18: Individual of the Araucaria angustifolia species.

Source: Natural Records Laboratory (LRN)

However, the colonization of the country brought about significant changes. From the
19th century onwards, logging activities targeting Araucaria angustifolia began, continuing
for more than a century. The tree’s resistance and malleability made it a valuable resource
for constructing houses, furniture, and railways, leading to the species occupying 92% of
the country’s timber exports. Unfortunately, due to the intense exploitation such as logging
activities (which ceased in the 1970s), and lack of replanting, only 2% of the original forest
remains. As a result, Araucaria angustifolia is now on the brink of extinction (BRASIL,
2008).
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After ceasing the logging activities of Araucaria angustifolia, other forest species
with genetic improvements were introduced in Brazil (e.g. pine and eucalyptus). These
trees became more profitable than the araucaria since the araucaria demands a high cost
of investment and grows slowly. Moreover, exotic species need much less bureaucracy for
cutting and replanting than native species, according to Brazilian law (ZANETTE et al.,
2017).

Araucaria angustifolia belongs to the family Araucariaceae, which is the most
ancestral group of conifers still alive. It appeared around 308 ± 53 million years ago during
the Paleozoic Era (ZANETTE et al., 2017). Currently, the family is found exclusively in
the Southern Hemisphere (South America and Oceania) as illustrated in Figure 19, and
consists of three genera, according to Zanette et al. (2017): Araucaria (divided into 19
species); Agathis (Agathis dammara); and Wollemia (Wollemia nobilis). Of these, only two
are found in South America: Araucaria angustifolia in Brazil, Argentina, and Paraguay,
and Araucaria araucana in Chile and Argentina; the rest of the species are found in
Oceania (ZANETTE et al., 2017).

Figure 19: Geographic distribution of the Araycaruaceae family.

Source: Dutra & Stranz (2003).

Araucaria angustifolia underwent major climatic changes, which modified its disse-
mination in Brazil. The Pleistocene period (11,500 years ago) marked the end of the last
ice age, and the Southern and southeastern regions of Brazil had a cold and dry climate,
being an inhospitable environment for the araucaria. It developed only in small areas close
to rivers. Fossil analysis shows that this region was covered by grass pastures, with no
forests. However, during the Holocene (6,000 to 4,000 years ago), the temperature and
humidity in the region increased, facilitating the establishment and expansion of areas
with araucaria. Around 1,500 years ago, araucarias occupied large areas, forming araucaria
forests in the Brazilian South, while the Southeast maintained small communities of the
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species (ZANETTE et al., 2017).

3.2 DATA LOCATIONS

The tree ring data used in this thesis were obtained from 10 di�erent cities
in the South of Brazil (Figure 20). The samples from Canela were used for the first
time in the development of this thesis. The samples from Curitibanos belong to Dr.
Marcelo Scipionni from the Federal University of Santa Catarina (SCIPIONI et al., 2021),
and the time series were provided for this study. The other dendrochronological series
were used in previous studies by other LRN researchers and their research partners and
published as scientific articles or congress articles, except Irineópolis and Coxilha. The
works generated by the previous studies are listed as follows: Açungui (SOUZA, 2010;
SILVA; PRESTES; SOUZA, 2011; SOUZA; PRESTES; SILVA, 2011; SOUZA; SILVA;
PRESTES, 2012); General Carneiro (LORENSI; PRESTES, 2013; LORENSI; PRESTES,
2014; LORENSI, 2016); Chapecó (GOERGEN et al., 2014); Irani (LORENSI, 2016); Passo
Fundo (PRESTES et al., 2018b; PRESTES et al., 2018a); São Francisco de Paula (SILVA;
PRESTES, 2010; SILVA; PRESTES; SOUZA, 2011; SILVA; SOUZA; PRESTES, 2012).

Figure 20: Map of Brazil and a zoom in the Southern region with the location of the sampling
places.

Source: The author.
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3.3 TREE-RING DATA

The following tables present important information about the tree ring data; Table
2 for Paraná, Table 3 for Santa Catarina, and Table 4 for Rio Grande do Sul.

Table 2: Fieldwork informations performed by the Laboratory of Natural Records (Laboratório
de Registros Naturais - LRN) in Paraná state.

Dendrochronology Fieldwork Performed in Paraná State

City (Acronym) Collect Place Altitude∼(m)
∼Lat∼Lon Year N°

Trees
N°

Samples

Açungui (AÇU) National Forest
of Açungui 784 -25°10’

-49°38’ 2005 18 36

General Carneiro
(GCA) Fazenda Pizzatto 1067 -26°43’

-51°20’ 2013 21 67
Source: The author.

Table 3: Fieldwork informations performed by the Laboratory of Natural Records (Laboratório
de Registros Naturais - LRN) in Santa Catarina state. The Data from Curitibanos was obtained
from Dr. Marcelo Scipionni, from the Federal University of Santa Catarina.

Dendrochronology Fieldwork Performed in Santa Catarina State

City (Acronym) Collect Place Altitude∼(m)
∼Lat∼Lon Year Nº

Trees
Nº

Samples
Chapecó
(CHA)

National Forest
of Chapecó 557 -27°06’

-52°45’ 2005 15 30

Irani (IRA) Irani Celulose Factory 1040 -26°50’
-51°45’ 2011 14 30

Irineópolis
(IRI) In the municipality 767 -26°15’

-50°43’ 2011 11 35

Curitibanos
(CUR)

Campus of the Federal
University of Santa
Catarina (UFSC)

1100 -27°17’
-50°31’ 2018 13 16

Source: The author.
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Table 4: Fieldwork information performed by the Laboratory of Natural Records (Laboratório
de Registros Naturais - LRN) in Rio Grande do Sul state.

Dendrochronology Fieldwork Performed in Rio Grande do Sul State

City (Acronym) Collect Place Altitude∼(m)
∼Lat∼Lon Year Nº

Trees
Nº

Samples

Passo Fundo
(PFU)

National Forest of
Passo Fundo and
Private properties

740 -28°16’
-52°11’ 2005 12 32

Canela (CAN) National Forest of
Canela 760 -29°19’

-50°48’ 2005 6 18

São Francisco
de Paula (SFP)

National Forest of
São Francisco
de Paula

913 -29°25’
-50°23’ 2005 11 32

Coxilha (COX) Private properties 702 -28°09’
-52°18’ 2011 11 43

Source: The author.

The cities where the trees’ samples were collected can be classified into two groups
that were created following Köppen’s classification and using the website Climate Data
guidance, these groups are:

1. Group Cfa - This group is composed of the cities Açungui, Chapecó, Passo Fundo,
and Coxilha. It has equal distribution of precipitation during the year but with hot
summers (the hottest month’s mean temperature is higher than 22°C) (DUBREUIL
et al., 2019).

2. Group Cfb - The cities that constitute this group are Irati, General Carneiro, Irani,
Irineópolis, Curitibanos, Canela, São Francisco de Paula. Similarly to Cfa, it has equal
distribution of precipitation over the year, but the di�erence is the cool summers
(the hottest month has a mean temperature lower than 22°C) (DUBREUIL et al.,
2019).

3.4 DENDROCHRONOLOGY STEPS

Here the steps of Dendrochronological studies will be explained, from the sampling
of the tree samples to the measuring and dating processes, to avoid errors as many as
possible in obtaining our tree-ring series. The functions to perform the analysis here are
from the dplR package in R.

3.4.1 FIELDWORKS AND TREATMENTS

The samples of Araucaria angustifolia were collected during four di�erent fieldwork
campaigns in 2005, 2011, 2013, and 2018, using the non-destructive method with a Pressler

https://pt.climate-data.org/america-do-sul/brasil/parana/irati-43661/
https://cran.r-project.org/web/packages/dplR/dplR.pdf
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Probe (Figure 21). The selected trees were first inspected to ensure they were free of signs
of pests, such as ant attacks, both on the tree and its surroundings, to avoid any additional
influence on the tree’s growth rings.

Figure 21: Sample extraction using a Pressler Probe.

Source: Natural Records Laboratory (LRN).

An average of 4 (four) samples were collected from each tree, although some trees
had slightly fewer samples due to collection di�culties or hollowness. To make the growth
rings visible, the samples underwent a transverse surface sanding and polishing procedure
using sandpaper with di�erent grits, starting from the smallest (300) and progressing to
the largest (50) (Figure 22). Each ring was then marked with a pencil using a microscope
to facilitate ring measurement.

3.4.2 METHODOLOGIES FOR MEASURING AND CROSSDATING

Andrew E. Douglass, an American astronomer, introduced crossdating in 1904
(SPEER, 1971). This method compares the width of tree rings among di�erent dated
samples to reveal environmental conditions. As an example, narrow rings may indicate
drought or stress, while wider rings suggest optimal growing conditions. These “marker
rings” are compared between trees, but samples must be collected from similar areas with
comparable limiting factors (e.g., topography, water, and light availability). False rings can
also serve as marker rings but require careful analysis. Crossdating synchronizes samples
with unknown dates using dated samples from the same region and species (RAMSTEIN
et al., 2021e). Various crossdating techniques exist, all aiming to avoid dating errors or
adding/removing rings. The main techniques are illustrated in Figure 23.



62

Figure 22: (A) Samples before being polished and (B) sanded, polished and marked samples.

Source: Natural Records Laboratory (LRN).

The correlation coe�cient is a measure of the strength of the linear relationship
between two variables. In crossdating, it is used to determine correlations between samples.
In Figure 23A, correlations are calculated between sample 1 (red) and samples 2 (yellow),
3 (blue), and 4 (green). Then, sample 2 is correlated with samples 3 and 4, sample 3 is
only correlated with sample 4, and sample 4 is already correlated with all other samples.
The samples with the highest correlations are selected to build the chronology (SILVA et
al., 2021b; SPEER, 1971).

The Skeleton Plot (Figure 23 B) involves marking narrow rings with a long mark
(blue), leaving normal rings unmarked, and marking wide rings with half the length of the
narrow rings’ mark (green). Additionally, normal-sized rings that appear narrow compared
to the previous and next rings are marked (red). These markings are then correlated
between samples to verify if they are dated in the same years (SPEER, 1971).

The List Method (Figure 23C) also focuses on identifying marker rings, which are
then compiled in a list and compared between samples. In the example shown in Figure
23C, sample 1A is well-dated, sample 1B is accurately dated until 1915 (although it lacks
a marker ring for 1905), followed by an extra ring before 1927 and a missing ring after
1927, and sample 1C appears to be missing one ring, in the beginning, (SPEER, 1971).

Two di�erent methodologies were employed to measure and crossdate the samples.
Method 1 was used for samples referenced in previous works, while Method 2 was applied
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Figure 23: The Figure shows the Crossdating methods. (A) The correlation coe�cients method:
In this approach, correlation is performed between all the samples. For example, sample 1 (red)
correlates with samples 2, 3, and 4. Sample 2 (yellow) correlates with samples 3 and 4. Sample 3
(blue) correlates with sample 4. Sample 4 (green) already has correlations with all samples. (B)
Skeleton Plot: This method uses di�erent marks to represent ring widths. Narrow rings (blue)
receive a long mark, wide rings (green) receive a half-size mark, and normal rings that are narrow
compared to the previous and following rings receive a small mark in red. (C) Method List:
Similar to the Skeleton Plot, but presented in a list shape. This method allows us to observe
similarities between the samples, while small di�erences (one more or one less year) may indicate
the presence of an extra or missing ring. (D) CDendro Software combined with CooRecorder
Software: CDendro Software creates a reference (mean value) using all the samples, performs the
correlation between the reference and all samples, and generates a new reference based on high
correlations. The sample time series (red line) with low correlation can be opened and compared
to the reference time series (black line) to identify and fix low correlation periods by checking
the measurements in CooRecorder.

Source: The author.
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to the Canela and Curitibanos tree-ring data. For the tree rings from Canela city, Daniela
Muraja marked and scanned them. The measurements and crossdating were carried
out by the scientific initiation student Cecília Lemes Leite, and Daniela Muraja was
responsible for minor adjustments to Canela tree-ring series crossdating. The tree-ring
series from Curitibanos had the measuring and crossdating made by Dr. Marcelo Scipioni.
Data obtained through Method 1 were provided by Dr. Alan Prestes and by Daniela
Muraja performed minor adjustments, by checking the correlation between all the tree-
ring series per city and removing those with low correlation values, under Dr. Tuomas
Aakala guidance. Daniela Muraja oversaw all subsequent steps in the analysis of tree-
ring series, including detrending, calculating series statistics, scripts development, and
dendroclimatology analysis.

3.4.2.1 METHOD 1

Method 1 served as the primary approach to measure and crossdate the samples
collected in previous fieldwork studies. Measurements were taken using a VELMEX
measuring table connected to a stereoscopic microscope with a micrometric reticle, located
in the Laboratory of Natural Records at the University of Vale do Paraíba - UNIVAP,
with a precision of 0.001 mm. Dating was conducted from the bark to the pith, starting
from the known last formed ring, taking into account the collection date, and considering
that Araucaria angustifolia growth rings begin to form in Spring/Summer (SANTAROSA
et al., 2007). Measurement values were recorded in spreadsheets.

Crossdating was performed by calculating correlation coe�cients between the dated
measurement rings among samples from the same tree. The samples with higher correlations
were kept in the analysis. The quality of crossdating was assessed using COFECHA software,
and only samples with the best correlations were retained (LORENSI, 2016).

COFECHA is a widely used software to check the crossdating quality, which
evaluates the precision of ring measurements. Created by Richard L. Holmes in 1982,
Cofecha is an important tool for dendrochronologists, but it is not a crossdating tool itself
(GRISSINO-MAYER, 2000).

3.4.2.2 METHOD 2

Method 2 was introduced to measure and crossdate the samples collected in the
current thesis. The samples were scanned using an EPSON Scanner with a resolution of
1200 dpi, generating .jpg format files. CooRecorder software was used to measure the rings
from the .jpg files. CooRecorder is common software used in dendrochronology studies,
specifically for measuring tree rings from digital images of tree core samples (check CYBIS
website).

https://www.cybis.se/forfun/dendro/
https://www.cybis.se/forfun/dendro/
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The software o�ers a zoom function and a support line to ensure measurements
were exactly perpendicular to the rings. To determine the beginning and end of each ring,
a support line (black line) and marked points were used, as shown in Figure 24. The
software was also helpful in identifying possible false rings that could be confused with
wood scars. The final file was saved in .pos format and used for CDendro software to
perform crossdating.

Figure 24: An example of measurements using CooRecorder. The black line is the support line,
the points correspond to the beginning/ending of each ring, and the small window shows the
type of data loaded.

Source: Natural Records Laboratory (LRN).

CDendro is a software widely used in dendrochronology, it helps in crossdating,
and quality control, ensuring accurate measurement of tree rings, and identifying missing
or false rings (check CYBIS website). In CDendro, all the .pos files were opened and added
to a “Collection”. A mean series was created from these files, and individual series were
compared to this mean series. Series that showed a good correlation with the “first mean”
were moved to another collection, where a new mean series was generated. The remaining
series from the first collection were compared to the new mean value to obtain new
correlations. Each series was then carefully reviewed in both CDendro and CooRecorder
to check for possible incorrectly marked or missing rings.

Crossdating was performed by comparing the years from the mean series to each
individual series, allowing us to identify false or missing rings, which are common in
tropical trees. Once a sample was accurately dated and showed a good correlation with
the mean value, it was added to the second collection, and a new mean value was created.
This step-by-step process is illustrated in Figure 25.

https://www.cybis.se/forfun/dendro/
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Figure 25: CDendro software example. Step 1 - load all the samples. Step 2 - create a mean
series named reference and test all the samples with it. Step 3 - select the best member (high
correlation). Step 4 - create a new reference with the best members and calculate the correlation
again. Step 5 - Identify the low correlation members. Step 6 - compare each time series with the
reference time series, identify low correlation periods, go back in CooRecorder, and adjust the
measurements for that period.

Source: The author.

CDendro software, in conjunction with CooRecorder software, o�ers multiple
crossdating options depending on the samples. For well-behaved trees, a single ideal sample
can be used as a reference, and all other samples can be compared to it. For less-behaved
trees, an average time series can be created from all or some of the samples, and each
sample can be compared to it (RAMSTEIN et al., 2021e).

3.4.3 DETRENDING METHODS

Considering the influence of various factors on tree development, statistical approa-
ches are applied to remove non-intersting signals. It depends on what is the objective of
the study, so in this case, climate signals are the focus (what it is wanted to maintain),
so other signals, such as the natural growth trend of the species will be removed by the
detrending (filtering). The most common methods are the Regional Curve Standardization,
the Cubic Spline, and the Negative Exponential or Linear Regression Curve.

Regional Curve Standardization (RCS) uses a 67% spline to create a smooth
RCS curve, and each tree-ring series is divided or subtracted by this curve according to its
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biological age, resulting in an index (Figure 26A). After filtering, all the time series are
realigned to their original dated years (HELAMA et al., 2004; BUNN, 2008; HELAMA;
MELVIN; BRIFFA, 2017; SILVA et al., 2021a).

Cubic Spline (SPL) is a stochastic method that uses a low-pass filter (Figure
26B) (SPEER, 1971; COOK, 1985). Di�erent frequencies of splines can be applied, such
as a 32-year spline that preserves no more than half the range of variations at wavelengths
higher than 32 years, retaining some of the shorter-term fluctuations. On the other hand,
the 67-year is more restrictive than the 32-year spline, by emphasizing longer-term trends
with a wavelength of two-thirds of the series length (BRIFFA et al., 1990; LINDHOLM et
al., 1999; HELAMA et al., 2004; BRIENEN; ZUIDEMA, 2005; BUNN, 2008; SILVA et al.,
2021a).

A Negative Exponential or Linear Regression Curve (NEGEXP) is cal-
culated for each time series (Figure 26C). In other words, the curve that best fits each
tree-ring series is determined, and this curve is then divided or subtracted from the original
time series (COOK et al., 1990; BUNN, 2008; PRESTES, 2009; LORENSI; PRESTES,
2016; SILVA et al., 2021a).

All detrending methods can be applied either by taking the di�erence or by
performing the division with the tree-ring series. In this thesis, the division method was
chosen, and all three methods were applied to the data, as suggested by Helama, Melvin
& Bri�a (2017), Silva et al. (2021a), and it was found that all of them maintain climatic
signals. After comparing the statistics, the Regional Curve Standardization was selected
for the analysis.

3.4.4 SERIES STATISTICS

To guarantee a final chronology with high quality it is necessary to check a few
statistics parameters, the Mean Series Intercorrelation (rbt), Expressed Population Signal
(EPS), and Signal to Noise Ratio (SNR) (COOK et al., 1990).

Mean Series Intercorrelation (rbt) is the mean of all the correlations between
di�erent pairs of samples, given by the Equation 3.1:

rbt = 1
Nbt
(rtotNtot − rwtNwt) (3.1)

considering rtot as the mean of all correlations among di�erent samples (within and between
di�erent trees), Ntot is the total number of samples, Nwt is the number of trees (COOK et
al., 1990), and rwt is the within-tree signal obtained by averaging the coe�cients between
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Figure 26: Example of three di�erent detrending methods. (A) Original tree-ring series (blue
line) and the Cubic Spline with 67% frequency (orange line). (B) The residual tree-ring series by
both division (blue line) and subtraction (orange line). (C) Original tree-ring series (blue line)
and the Regional Curve Standardization (orange line). (D) The residual tree-ring series by both
division (blue line) and subtraction (orange line). (E) Original tree-ring series (blue line) and
the Negative Exponential Curve (orange line). (F) The residual tree-ring series by both division
(blue line) and subtraction (orange line).

Source: Silva et al. (2021a)

samples from the same tree. And Nbt is calculated by Equation 3.2.

Nbt = Ntot −Nwt (3.2)

Although, rbt is not the best parameter to estimate the chronology signal when
using a di�erent number of samples per tree. The E�ective Chronology Signal (reff)
is an estimation of the chronology-signal using within and between tree signals, used when
there is a dissimilarity of the number of samples per tree. It is defined by

reff = rbt

rwt + 1−rwt
ceff

(3.3)

where ceff is the e�ective number of samples (if there is a di�erent number of samples per
tree).
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Expressed Population Signal (EPS) is the proportion of variance of a popula-
tion in a chronology that can be described by a subsample, it tells how good the chronology
is representing an infinite population (WIGLEY; BRIFFA; JONES, 1984; COOK et al.,
1990; BRIFFA et al., 1990), in other words, guarantees that the mean chronology will be
created using all tree-ring series in a homogenous way (SILVA et al., 2021b). EPS can be
calculated by

EPS(t) = t∗rbt

t∗rbt + (1 − rbt) , (3.4)

where rbt can be replaced by reff . Moreover, t is the number of tree series (one sample per
tree or tree indices made by averaging all the samples per tree).

Figure 27 illustrates the dependency of EPS and reff . Statistically significant values
are considered above 0.85, this value indicates the number of trees necessary to obtain a
good EPS value. If the point is to work with the samples without doing an average per
tree, it is possible to just replace rbt per reff (COOK et al., 1990).

Figure 27: The plot of mean series intercorrelation e�ective signal (reff -exponential curves),
as y-axis the EPS values and as x-axis the number of trees (t). An EPS with a minimum of 0.85
is considered a chronology with a significance level. With the increase of reff the number of trees
needed to reach an EPS > 0.85 is lower.

Source: Cook et al. (1990)

Signal to Noise Ratio (SNR) gives the strength of the common signal in the
trees and can be used instead of the EPS value (COOK et al., 1990). According to Wigley,
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Bri�a & Jones (1984), it is defined by

SNR = Nr�(1 − r), (3.5)

considering N as the number of trees and r is the average correlation between the trees.
The SNR value gives how many times stronger the signals of the series are compared to
the noise signals.

3.4.5 OBTAINING THE CHRONOLOGY

To obtain a master chronology (Ring Width Index - RWI) to perform dendroclimatic
and paleo reconstructions studies it is necessary to make sure the chronology is well
constructed. If the number of samples per tree is di�erent, it is important to create a mean
value per tree, to avoid tendency problems.

To estimate the chronology, the averaging of the samples is generally used according
to Cook et al. (1990), using the Equation 3.6

I t = m�
j=1

It�m. (3.6)

where It is each of the indices, and m is the number of indices.

Therefore, a master chronology can also be made by using the biweight robust
mean. This is one way to help with noise reduction outliers or extreme values, since it
automatically discounts the influence of noise values, reducing the variance caused by it
(MOSTELLER; TUKEY, 1977; COOK et al., 1990). The Equation 3.7 is used to obtain
the chronology using biweight robust mean.

I t = m�
j=1

wtIt, (3.7)

considering wt is calculated by

wt =
������1 − �

It − I
∗
t

cS∗t
�

2������
2

, (3.8)

for � It−I
∗
t

cS∗t �
2

< 1 (COOK et al., 1990). Considering c as a constant defined by Mosteller &
Tukey (1977) as 6 or 9. Therefore, the choice between const = 6 and const = 9 determines
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how smoothing handles extreme values and how sensitive it is to detecting outliers. The
constant 6 is more sensitive to outlier detection than 9, as it requires values to be closer
to the mean to be considered outliers. Here, the constant 9 is used. And finally, the S∗t is
the standard deviation of the frequency distribution (COOK et al., 1990) obtained by the
Equation 3.9:

cS∗t =median{It − I
∗
t } (3.9)

After estimating the master chronology it is important to correct the variation
created if the samples have di�erent sizes, in other words, if the trees do not have the
same age . The variance correction is applied for each time period based on the change in
the number of trees, as shown in Equation 3.10.

I t
cor = (I t

act − I) ∗ k + I, (3.10)

where I t
cor is the new chronology (after the variance correction), I t

act is the old chronology
(before the variance correction), I is the mean of the chronology, and k is the coe�cient of
contraction, defined by the division of the coe�cient of variation of the maximum time
period for the sample size. Cook et al. (1990) and Shiyatov & Mazepa (1987) studies
suggest that less than 10 samples is more likely to occur variance e�ects when creating a
chronology.

3.5 OCEAN-ATMOSPHERE AND SOLAR DATA

To analyze the ocean-atmosphere and solar signals in tree growth, specific ocean-
atmosphere, and solar parameters were defined for this analysis. The data selected for this
thesis are listed as subsections, and the main databases used are the National Oceanic
and Atmospheric Administration (NOAA) and the National Weather Service - Climate
Prediction Center (NCEP).

3.5.1 SUNSPOT

The solar parameter “Sunspot” is used as a representative of solar activity. The
data represents the monthly sunspot numbers, which are the main characteristic defining
the 11-year solar cycles. The Sunspot data is accessible at SIDC, RWC Belgium, World
Data Center for the Sunspot Index, Royal Observatory of Belgium, covering the time span
from 1749 to 2022. The data was transformed into an annual scale to facilitate the analysis
(Figure 28).

https://psl.noaa.gov/gcos_wgsp/Timeseries/
https://psl.noaa.gov/gcos_wgsp/Timeseries/
https://www.cpc.ncep.noaa.gov/data/indices/
https://www.cpc.ncep.noaa.gov/data/indices/
https://www.sidc.be/SILSO/datafiles
https://www.sidc.be/SILSO/datafiles
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Figure 28: Annual time series of SUNSPOT numbers. The dashed line marks every 11 years
(approximately one solar cycle).

Source: The author.

3.5.2 SOUTHERN OSCILLATION INDEX (SOI)

The Southern Oscillation Index (SOI) used in this thesis is the pressure di�erence
between Tahiti (in the French Polynesia region of the central Pacific) and Darwin (in
Northern Australia). It was calculated using the method provided in Ropelewski & Jones
(1987) and is accessible on the Climatic Research Unit. The data time span is from 1866 to
2022, and it was calculated into an annual scale for the analysis (Figure 29). As mentioned
in the literature review, the SOI is one of the parameters used to study ENSO events,
where pressure values above 0 (zero) correspond to La Niña events, and values below 0
(zero) indicate El Niño events (INPE; CPTEC, 2023).

Figure 29: Annual time series of Southern Oscillation Index (SOI) numbers. The negative values
are related to El Niño events and positive values indicate La Niña events.

Source: The author.

https://crudata.uea.ac.uk/cru/data//soi/
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3.5.3 NIÑO 3.4

To analyze the Equatorial Pacific Ocean’s influence on precipitation and the RWI,
the NIÑO 3.4 region (5°N - 5°S; 120°W - 170°W) was selected due to its large variability
during El Niño events, compared to the other NIÑO regions (EDU, 2023). The time series
is composed of area-averaged SST measured in this region . In Figure 30a, all the NIÑO
regions are illustrated, with “NIÑO 3.4” located between the NIÑO 4 and NIÑO 3 regions.
The monthly data was downloaded from the NCEP Database and calculated as annual
data (Figure 30b) from 1950 to 2023.

Figure 30: NIÑO 3.4 region location and time series used in this thesis.

(a) The NIÑO regions and the location of NIÑO 3.4 region in the map.

(b) Annual time series of NIÑO 3.4 region in °C.

Source: (a) Edu (2023). (b) The author.

3.5.4 ATLANTIC OCEAN - SOUTHWEST REGION (ATLSW)

To analyze the influence of the Atlantic Ocean on precipitation and the RWI, the
SST data from the Atlantic Ocean - Southwest region (ATLSW) was used. This region
is defined by geographical coordinates ranging from 10°S to 40°S latitude and 60°W to
10°W longitude (see Figure 31). The data covers the period from 1854 to 2015. Monthly

https://www.cpc.ncep.noaa.gov/data/indices/
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SST data was obtained from the National Weather Service - Climate Prediction Center
(NCEP), and the annual mean was computed and used in this thesis (Figure 31).

Figure 31: Atlantic Ocean - Southwest region (ATLSW) Location and Time series

(a) The South Atlantic regions and the location of Atlantic
Ocean SST - Southwest region (ATLSW) in the map.

(b) Annual time series of Atlantic Ocean SST - Southwest region (ATLSW) in °C.

Source: (a) Silva (2004). (b) The author.

3.5.5 REGIONAL PRECIPITATION AND TEMPERATURE

Regional precipitation and temperature monthly data were obtained in the Meteo-
rological Database (BDMEP) of the National Meteorological Institute (INMET). For each
city, data from the closest stations (with the same Köppen classification) was collected
and a correlation analysis between the parameters and the RWI was performed. The
stations chosen are the best correlated to its corresponding RWI. Table 5 presents which
precipitation, maximum temperature, mean temperature, and minimum temperature were

https://www.cpc.ncep.noaa.gov/data/indices/
https://www.cpc.ncep.noaa.gov/data/indices/
https://bdmep.inmet.gov.br/
https://bdmep.inmet.gov.br/
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used for the cities analyzed in this thesis. The location of the stations in relation to the
chronologies can be seem in Figure 32.

Table 5: Precipitation and temperature (maximum, mean, and minimum) information. The
station column shows the name of each meteorological station used, and in the City column the
corresponding cities that used the same station data. The cities’ acronyms can be found in the
subsection “Data Locations”.

Station Cities Precipitation TMAX TMEAN TMIN
Irati AÇU. 1966-2004 1966-2004 1966-2004 1966-2004

Caxias do Sul CAN.
SFP. 1961-2004 1961-2004 1961-2004 1961-2004

Chapecó CHA. 1973-2004 1973-2004 1973-2004 1973-2004

Passo Fundo COX.
PAF. 1961-2010 1961-2022 1961-2022 1961-2022

Curitibanos CUR. 2008-2022 2008-2022 2008-2022 2008-2022

Porto União GCA
IRI. 1961-1991 1961-1991 1961-1991 1961-1991

Joaçaba IRA. 1986-2007 1986-2007 1986-2007 1986-2007
Source: The author.

Figure 32: Map of southern Brazil with the location of the cities and the climatic stations (X).

Source: The author.

The provided data by INMET unfortunately has a lot of missing data (gaps). Some
approaches widely used in research were applied in order to overcome this problem, these
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methods were Multiple Imputation (MICE), MissForest, Principal Component Regression
with MICE, and Mean Imputation. The choice of the methodology to deal with missing
data is crucial to maintaining important information from the original and inputting fewer
errors as possible, as discussed in Patrician (2002), the best approach can vary with each
data type (SHRIVE et al., 2006). Here, all the aforementioned methodologies were tried,
but the mean imputation approach was the only one that worked for the data used here,
considering the large gaps found in the data. This approach can also be found in the
literature as “individual mean”, and it consists in filling the gaps with the mean of the
variable, so in this case, the monthly mean was used to fill gaps in the corresponding
month column.

3.6 DENDROCLIMATOLOGY

To analyze the relationship between RWI and ocean-atmosphere and solar pa-
rameters, Pearson’s correlation and Partial correlation were used as a pre-analysis to
identify strong linear responses. The t-distribution was employed as the significance test
for correlation. For identifying non-linear responses in this relationship, the cross wavelet
coherence methodology was chosen, as it is commonly used in geophysical series (GRINS-
TED; MOORE; JEVREJEVA, 2004; RIGOZO et al., 2012; SILVA et al., 2021b; MURAJA
et al., 2023). The Continuous Wavelet Transform and the Cross Wavelet Coherence are
further described in the following subsections.

3.6.1 CORRELATION AND PARTIAL CORRELATION

Pearson correlation is commonly used to measure the linear relationship between two
variables, especially in Dendrochronology studies (CORREA-DíAZ et al., 2019; CORREA-
DíAZ et al., 2020; RUBIO-CUADRADO; CAMARERO; BOSELA, 2022) It is defined by
the Equation 3.11:

rX,Y = ∑n
i=1(Xi − X̄)(Yi − Ȳ )�∑n

i=1(Xi − X̄)2∑n
i=1(Yi − Ȳ )2 (3.11)

where rX,Y represents the Pearson correlation coe�cient between variables X and Y . n

is the number of data points in the sample. Xi and Yi are the individual data points of
variables X and Y , respectively. X̄ and Ȳ are the sample means of variables X and Y ,
respectively (MARTINS, 2014).

However, climatic parameters can be influenced by other variables; for instance,
the precipitation level may be a�ected to some extent by the temperature of the region.
The correlation between two variables can thus be influenced by a third variable (ZUO
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et al., 2014). The Equation 3.12 shows the partial correlation between X and Y while
excluding the influence of the variable Z.

rXY ⋅Z = rXY − rXZrZY�(1 − r2
XZ)(1 − r2

ZY ) (3.12)

where rXY ⋅Z represents the partial correlation between variables X and Y , controlling
for Z. rXY is the correlation between variables X and Y . rXZ is the correlation between
variables X and Z. rY Z is the correlation between variables Y and Z.

The denominator
�(1 − r2

XZ)(1 − r2
ZY ) adjusts the partial correlation, taking into

account the variability of Z in relation to X and Y , avoiding it from being excessively
influenced by strong correlations between X and Z or between Y and Z (EPSKAMP;
FRIED, 2018).

3.6.2 CONTINUOUS WAVELET TRANSFORM (CWT)

The wavelet transform of a time series involves decomposing it into time-frequency
space, allowing the identification of periodicities in the frequency domain and their
occurrence in time. This provides a significant advantage over other frequency analyses,
such as Fourier analysis, because it not only identifies frequency patterns but also reveals
when these patterns occur in time (GRINSTED; MOORE; JEVREJEVA, 2004; HADDAD;
SERDIJN, 2009). In this thesis, the CWT is utilized on the RWI, ocean-atmosphere, and
solar time series to extract patterns or cycles of behavior (periodicities), these could be
short-term fluctuations or longer-term trends. The wavelet transform has been extensively
used in dendrochronology, particularly in studying the El Niño-Southern Oscillation
(GRINSTED; MOORE; JEVREJEVA, 2004; RIGOZO et al., 2012; PRESTES et al.,
2018b; SILVA et al., 2021b; MURAJA et al., 2023).

According to Torrence & Compo (1998), for a function to be considered a “wavelet”,
it must be localized in both time and frequency space with a mean value of zero. Thus,
the time series xn CWT can be represented as the convolution of xn with a scaled version
of the “mother wavelet” function Â:

Wn(s) = N−1�
n′=0

xn′Â∗ �(n′ − n) ”t

s
� (3.13)

where (*) indicates the complex conjugate. The scale (s) can be adjusted to fit the
characteristics of each signal, depending on the time series being analyzed. However, it is
essential to be cautious with scale adjustments, as significant increments can lead to the
loss of time information, and vice versa (TORRENCE; COMPO, 1998). This is analogous
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to the Heisenberg Uncertainty principle, which sets limitations on operational possibilities
in quantum physics (BUSCH; HEINONEN; LAHTI, 2007).

Since this work deals with finite-length time series, edge e�ects may occur at the
beginning and end of the wavelet power spectrum, as mentioned by Torrence & Compo
(1998). To determine the region where there are no edge e�ects, a Cone of Influence (COI)
is defined for each “mother wavelet”. In this work, the Morlet wavelet was employed as
the “mother wavelet” with central frequency of 6 and the standard deviation is implicit in
the formula used to calculate the Morlet wavelet (using the scale, wavenumber vector, and
central frequency), and its COI is defined as half of the time-series length. The period
scale was chosen accordingly for each time series’ COI or, more specifically, in the period
where the COI ends.

Here, the R package “dplR” was employed to obtain the CWT for each time series,
the default parameters can be found in the Torrence Wavelet program (wavelet.pro), used
to build the function. The wavelet spectrums were visualized using “wavelet.plot” (BUNN,
2020).

3.6.3 CROSS WAVELET COHERENCE (WTC)

To evaluate the non-linear relationship between the RWI and each ocean-atmosphere
and solar parameter, the cross-wavelet coherence (WTC) was applied. The WTC is a
measure used to investigate the coherent phase relationship between two non-stationary
time series in the time-frequency domain. It is an extension of classical coherence analysis
for the analysis of non-stationary signals, such as climatic or geophysical time series.

As described in Torrence & Compo (1998), the wavelet coherence of two time series
is defined as:

Rxy =
N−1�
i=0

W ∗
x (a, b, i) ⋅Wy(a, b, i)

�N−1�
i=0
�Wx(a, b, i)�2 ⋅ N−1�

i=0
�Wy(a, b, i)�2�

1
2

(3.14)

where Rxy represents the wavelet cross coherence between two time series x(t) and y(t).
Wx(a, b, i) and Wy(a, b, i) are the wavelet coe�cients of x(t) and y(t) in the scale a, time
displacement b, and N is the total number of points in the time series. This definition
closely resembles that of a traditional correlation coe�cient, making it useful to consider
wavelet coherence as a localized correlation coe�cient in time-frequency space.

In the context of wavelet analysis, the phase represents the local relative phase
between two-time series in the time-frequency domain. It indicates the synchronization
or lag between two signals at di�erent time points and frequencies. The phase can be

https://web.archive.org/web/20141110024425/http://paos.colorado.edu/research/wavelets/wave_idl/wavelet.pro
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visualized using arrows in the time-frequency plane. In Figure 33, the arrows illustrate
the direction of cross-wavelet coherence. Arrows pointing to the right indicate in-phase
synchronization, while arrows pointing to the left represent anti-phase (lag). The angle of
the arrows reflects the degree of this synchrony or lag (VACHAA; BARUNIK, 2012).

Figure 33: This diagram illustrates the phase representation of the coherence wavelet based on
the arrow’s direction. In the upper left box, the arrow points 90° to the left in the 2nd quadrant,
indicating that series x lags behind series y. In the upper right frame, the arrow is in the 1st
quadrant, pointing 90° to the right, signifying that y lags behind x. In the lower left box, the
arrow is in the 3rd quadrant, suggesting that y lags behind x. Lastly, in the lower right frame,
the arrow points 90° to the right in the 4th quadrant, indicating that x lags behind y.

Source: Schmidbauer & Roesch (2018).

According to the Nyquist criterion, finding periodicities between a RWI and ocean-
atmosphere-solar time series is possible. In Sidhu, Bhajla & Das (2023), the maximum
order of frequency (NF ) is defined as:

NF = fs

2
f

(3.15)

where fs is the sampling frequency and f is the fundamental frequency. The energy of high
order harmonics will reflect into the low order harmonics if the original signal contains
harmonics greater than NF (aliasing e�ect). To avoid this it is crucial to ensure that
the sampling rate is adequate, otherwise, high-frequency components may be wrongly
represented as low-frequency components, introducing errors into signal analysis.

The R package biwavelet was implemented with the function “wtc” to compute
the cross wavelet coherence between the time-series. To plot the results, the function
“plot.biwavelet” using the normalized power by variance (type = power.norm) was applied.

https://cran.r-project.org/web/packages/biwavelet/biwavelet.pdf
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4 RESULTS AND DISCUSSION

In this chapter, the main findings regarding the identified patterns in the time
series, as well as their implications for understanding the interactions between climatic
factors and the RWI are presented. The results obtained from the analysis of data in the
stages of Regional Chronologies Processing; Ocean-Atmosphere, and Solar Data Processing;
Pearson’s correlation; Continuous Wavelet Transform; and the Cross Wavelet Coherence
are discussed. The scripts developed for the analysis are available at GitHub.

4.1 REGIONAL CHRONOLOGIES PROCESSING

The tree-ring time series per city were averaged so it would become a tree-ring
index per city, here called RWI. Each city tree-ring time series and respective chronology
(RWI) are shown in Appendix A (Figures 41, 42, 43, 44, 45, 46, 47, 48, 49, 50).

Three detrending methods were applied to the RWIs, and based on the EPS values
obtained, the Regional Curve Standardization (RCS) method was selected for this thesis.
RCS consistently yielded superior EPS values across most of the chronologies, and its
widespread utilization in dendroclimatic studies made it the preferred choice. Table 6
contains the EPS, Rbt, and SNR values for each RWI. The AÇU, CHA, COX, GCA, IRA,
PFU, and SFP RWIs had EPS values between 0.5 and 0.6. For CAN, CUR, and IRI RWIs,
the EPS values were greater than 0.6.

Table 6: The statistics per chronology (city). Expressed Population Signal (EPS) values greater
than 0.6 are colored in blue. The only EPS value that almost reached the 0.85 criteria is in bold.

RWI Rbt EPS SNR
Açungui (AÇU) 0.073 0.572 1.338
Canela (CAN) 0.474 0.844 5.399
Chapecó (CHA) 0.089 0.595 1.468
Coxilha (COX) 0.111 0.578 1.367
Curitibanos (CUR) 0.145 0.670 2.03
General Carneiro (GCA) 0.052 0.545 1.199
Irani (IRA) 0.088 0.575 1.355
Irineópolis (IRI) 0.205 0.740 2.844
Passo Fundo (PFU) 0.093 0.551 1.226
São Francisco de Paula (SFP) 0.088 0.516 1.065

Source: The author.

The RWIs are not reaching the required EPS value (> 0.85), Canela RWI is the
only one that was close enough (EPS = 0.84) to be considered statistically significant.
This suggests that all the trees collected in Canela are responding to the same limiting
factor, and consequently, are well-dated. For the other cities, there are two possibilities for

https://github.com/MurajaDOS/DendrochronologySteps
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the lower values: some trees were a�ected by a very specific regional external factor or
there is an issue with the cross-dating. Since these trees’ time series were worked on by
other researchers, there is no easy way to find the original problem, besides re-doing the
measurements and cross-dating. However, doing this is very time-demanding and not the
scope of this thesis, so the RWIs will be used for the analysis anyway. It is important to
highlight that the climate a�ects these trees, the only thing the statistics are showing is
that there are other limiting factors between the trees.

Furthermore, the choice of the detrending method may influence these statistics. For
example: using SPL detrending, the EPS value for Curitibanos RWI is 0.821; for Irineópolis
RWI using NegExp, the EPS value is 0.855. Moreover, adding more trees to the study can
help in identifying errors in cross-dating, such as the existence of missing and false rings.
It’s crucial to emphasize that working with trees in tropical regions presents significant
challenges due to the influence of climate variability and other ecological processes, which
can lead to the formation of false or missing rings.

4.2 OCEAN-ATMOSPHERE AND SOLAR DATA PROCESSING

In this section, the ocean-atmosphere and solar time series are displayed in Figures
34, 35, 36, 37, 38, 39, 40. The regional precipitations and temperatures with missing values
were filled with the mean imputation methodology.

The climate in the Irati station (Figure 34), located in the state of Paraná, Brazil,
is primarily influenced by two climatic systems. During the spring and summer months
(October to March), the area experiences a warm and humid tropical continental climate,
characterized by higher temperatures and more frequent rainfall, with January being the
rainiest month. In contrast, during autumn and winter (April to September), Irati is
a�ected by the polar Atlantic system, resulting in lower temperatures and drier conditions,
with August being notably dry. This seasonal variation leads to a distinct pattern of rainy
and hot seasons in spring and summer, followed by dry and cold conditions in autumn
and winter.

For Chapecó station (Figure 35), the high precipitation level, averaging around
250 mm, is primarily influenced by two distinct climatic systems. The rainiest months,
February (summer) and October (spring), can be attributed to the influence of the tropical
continental climate, which brings warm, moist air. In contrast, the remaining months
maintain an average of approximately 150 mm of rainfall per month, reflecting the impact
of the polar Atlantic system, which contributes to drier and cooler conditions. As a result,
Chapecó maintains a consistent rainy characteristic throughout the year, with no dry
months or seasons. While temperatures vary by only about 5°C, there is a noticeable
pattern between the hotter months of spring and summer, driven by the tropical influence,
and the colder months of autumn and winter, influenced by the polar Atlantic system,
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Figure 34: (a) Precipitation,(b) mean temperature, (c) maximum temperature, and (d) minimum
temperature bar series for Irati station (used with Açungui RWI). It was calculated as the mean
per month through the time period.

(a) (b)

(c) (d)

Source: The author.

making Chapecó distinct in its climatic patterns compared to the other cities analyzed.

Figure 35: (a) Precipitation,(b) mean temperature, (c) maximum temperature, and (d) minimum
temperature bar series for Chapecó station (used with Chapecó RWI). It was calculated as the
mean per month through the time period.

(a) (b)

(c) (d)

Source: The author.

The Passo Fundo station (Figure 36) exhibits a higher level of precipitation,
averaging around 200 mm, particularly during September and October, which corresponds
to the spring season. Similar to Chapecó station, the remaining months maintain an
average precipitation level of approximately 150 mm. Additionally, temperatures in Passo
Fundo show significant variations of more than 5°C, with distinct patterns evident between
the hotter seasons of spring and summer. The tropical continental climate and the polar
Atlantic systems plays a similar role in this region as described for Irati and Chapecó.

In Caxias station (Figure 37), the precipitation levels are lower (< 175 mm) and
they vary from 100 mm in May (end of autumn) to 175 mm in September, October, and
December (spring and beginning of summer). Interesting to notice that June and July are
the coldest months but also one of the rainiest. Two key factors may be contributing to
it. Firstly, the influence of polar air masses from the south leads to lower temperatures,
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Figure 36: (a) Precipitation,(b) mean temperature, (c) maximum temperature, and (d) minimum
temperature bar series for Passo Fundo station (used with Coxilha and Passo Fundo RWIs). It
was calculated as the mean per month through the time period.

(a) (b)

(c) (d)

Source: The author.

making these months the coldest of the year. Secondly, the proximity to the Atlantic Ocean
plays a crucial role, as ocean moisture can be transported inland, resulting in substantial
winter precipitation. Temperature patterns can vary until 10°C in mean temperature.
Winter contains the coldest months, but the di�erence for this station is that spring is
colder than autumn. Summer months are very hot here, compared to the other stations’
patterns.

Figure 37: (a) Precipitation,(b) mean temperature, (c) maximum temperature, and (d) minimum
temperature bar series for Caxias do Sul station (used with Canela RWI, and São Francisco de
Paula RWI). It was calculated as the mean per month through the time period.

(a) (b)

(c) (d)

Source: The author.

Upon analyzing the data from Porto União station (Figure 38), it becomes apparent
that the patterns of precipitation and temperatures closely resemble those of Caxias station.
However, there is a noteworthy distinction in the minimum temperature pattern, with June
and July experiencing colder temperatures. This divergence in minimum temperatures
can be attributed to localized factors such as geographical variations, elevation di�erences,
and microclimatic influences that may exist in the Porto União area. These factors can
intensify the cooling e�ect during winter months, leading to the observed colder nights in
Porto União as compared to Caxias
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Figure 38: (a) Precipitation,(b) mean temperature, (c) maximum temperature, and (d) minimum
temperature bar series for Porto União station (used with General Carneiro RWI, and Irineópolis
RWI). It was calculated as the mean per month through the time period.

(a) (b)

(c) (d)

Source: The author.

In Joaçaba station (Figure 39), high levels of precipitation (> 175mm) were identi-
fied for January, February, and October. These increased precipitation levels during the
warmer months can be attributed to the influence of the regional tropical continental
climate system, which brings warm and humid air masses, leading to more intense rainfall.
Conversely, very low precipitation values occur in March and August. Regarding tempe-
rature, the values are consistently high, particularly for maximum temperatures. Spring,
summer, and autumn are considered hot seasons, characterized by warm temperatures.
This temperature pattern aligns with the influence of the tropical continental climate.
However, there is a notable shift to colder temperatures only at the beginning of winter,
specifically in June and July. This cooling trend during early winter can be attributed to
the influence of the polar Atlantic system, which brings cooler air masses to the region.
These climatic factors contribute to the unique precipitation and temperature patterns
observed in Joaçaba throughout the year. Additionally, local topography and geography
may play a role in climate variability in Joaçaba

Figure 39: (a) Precipitation,(b) mean temperature, (c) maximum temperature, and (d) minimum
temperature bar series for Joaçaba station (used with Irani RWI). It was calculated as the mean
per month through the time period.

(a) (b)

(c) (d)

Source: The author.
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On the INMET website, only the mean temperature for Curitibanos (Figure 40)
was provided. However, this data allows us to identify the presence of distinct hot and
cold seasons, even though the temperature variation doesn’t exceed 10°C. This pattern
can be attributed to the influence of regional climatic systems. Conversely, a distinct
pattern is observed for precipitation. Curitibanos experiences rainy months during the
summer and at the beginning of spring, particularly in September and October. This
seasonal rainfall pattern aligns with the influence of the tropical continental climate system,
characterized by warm and humid air masses, leading to more intense rainfall during
these periods. Surprisingly, the lowest precipitation levels occur in April, which is typically
considered mid-autumn. This deviation from the expected pattern suggests that, unlike
the other stations, winter is not the driest season in Curitibanos. These unique climate
characteristics reflect a combination of regional climatic influences, geographical factors,
and local topography, which collectively shape the temperature and precipitation patterns
in Curitibanos.

Figure 40: (a) Precipitation and (b) mean temperature bar series for Curitibanos station (used
with Curitibanos RWI). It was calculated as the mean per month through the time period.

(a) (b)

Source: The author.

4.3 DENDROCLIMATOLOGY ANALYSIS

In this Chapter, the results obtained from the analysis of the RWIs are presented as
stages: Regional Chronologies Processing; Ocean-Atmosphere, and Solar Data Processing;
Pearson’s correlation; Continuous Wavelet Transform; and Cross Wavelet Coherence. The
relationship between RWI and climatic or solar parameters was investigated using Pearson’s
correlation to identify linear connections and the Cross Wavelet Coherence to uncover
non-linear relationships between the analyzed series.

4.3.1 PRE-ANALYSIS

Pearson’s correlation is the most common and easy tool to apply. Here it was applied
as a pre-analysis to identify how the trees are responding to the selected parameters for
this thesis. The RWI was correlated to the parameters using monthly, seasonal, semester,
and annual data. The t-test was applied to obtain a significance level of 95%. The
significance t-test is a statistical method used to determine whether the di�erence between
the means of two groups is statistically significant or due to random chance. Next, a
brief description of the correlations obtained by parameter, as in general the values were
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not significant. The correlation was also calculated with precipitation and temperature
(TMAX, TMEAN, TMIN) using partial correlation, for example, the correlation between
RWI and precipitation excluding the variance of temperature (TMAX, TMEAN, TMIN)
in the precipitation time series.

1. Precipitation (PREC): Monthly correlations were greater than 20% and greater
than -20% (indicating that, as one variable increases, the other tends to decrease),
but most of them were not significant (p-value < 0.05), except by SFP RWI. Similarly,
for Seasonal and Semester, SFP RWI responded with positive correlations for spring-
summer. And Annual only SFP RWI and GCA RWI obtained high correlations with
significance levels.

2. Temperature (TMAX, TMEAN, TMIN): Similarly to precipitation, the monthly
correlations of each temperature were not significant for most of the RWI, except
for IRI and IRA for TMIN. For Seasonal correlation, most of them responded to
summer with negative correlations (anticorrelations). In Seasonal evaluation, the
spring-summer had a greater response, especially for TMEAN, also all correlations
were negative. And finally, for Annual correlations, 5 cities had significant correlation
values, especially in TMEAN, and again, only negative values.

3. Southern Oscillation Index (SOI): Mainly correlation values were low and not
significant, with a better response only in Seasonal correlations during autumn for 3
RWI, where 2 of them were negative correlations (anticorrelations).

4. Sunspot: Here good correlation (significant) values were found. In the Monthly,
Seasonal, and Semester correlation, 6 RWI (CAN, CHA, COX, IRI, PFU, SFP)
presented high correlation values. And in Annual correlation, CHA and SFP RWIs
presented highly significant correlations.

5. NIÑO 3.4: Two RWIs (COX, GCA) presented positive high correlations during
April. For Annual analysis, SFP RWI presented high correlation values, -20% and
18%, respectively.

6. Atlantic Ocean - Southwest Region (ATLSW): All the cities responded with
high significant correlation values for Monthly, Seasonal, and Semester analyses. For
Annual analysis, CAN RWI, and COX RWI had high positive correlations, and IRA,
IRI, and PFU RWIs obtained high negative correlations (anticorrelations).

7. Precipitation excluding Temperature (TMAX, TMEAN, TMIN) vari-
ance: The results of the partial correlation here were better than the common
correlation. SFP RWI is still the city with better correlation values. What changes is
that correlation values are greater in autumn-winter now. An important observation
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worth noting is that the correlation results improved notably when the variance in
maximum temperature (TMAX) was excluded. This observation suggests a strong
influence of higher temperatures on the availability of water.

8. Temperature (TMAX, TMEAN, TMIN) excluding Precipitation: In this
partial correlation analysis, IRI RWI has much less significant values compared to the
temperature correlation analysis. The RWIs IRA and GCA have greater correlation
values, positive for IRA and negative for GCA. Better responses were obtained for
Semester and Annual analyses, with 6 RWIs, for TMAX, TMED, and TMIN.

Evaluating the results obtained in this pre-analysis, it would be expected more
significant responses to the parameters that are known to influence the region, such as
precipitation, as obtained in Lorensi & Prestes (2018). Negative values of correlation
were expected for precipitation when followed by low temperatures, since the Araucaria
angustifolia tree species has a tendency to su�er with the increase of water it receives
(ZANON, 2007). The absence of more significant correlation values can be attributed to
several factors. Firstly, there may be potential cross-dating issues in some of the RWIs, as
detailed in section 4.1.1 on Regional Chronologies Processing. Secondly, the relatively short
duration of the precipitation and temperature (TMAX, TMEAN, TMIN) time series could
also contribute to this outcome. Finally, the presence of gaps within the aforementioned
time series may further impact the ability to establish stronger correlations.

4.3.2 CONTINUOUS WAVELET TRANSFORM (CWT)

The CWTs were computed to identify non-linear responses between the RWIs and
the climatic and solar parameters, benefiting from wavelet analysis’s ability to handle
outliers in time series. CWTs serve as the initial step for the Cross Wavelet Coherence
analysis, o�ering an exploration of the RWI signal’s time-frequency characteristics and
enabling further investigation of climate-environment interactions and their impact on tree
growth dynamics in the region. Significant areas are represented by black color contours
inside the cone of influence (COI), all the Figures are located in Appendix B, for better
visualization.

For the Açungui RWI (Figure 51a), a significant region within the cone of influence
is revealed, spanning approximately from 1930 to 1965. This region displays pronounced
wavelet power concentration in the 16 to 32-year period band, potentially indicating the
Hale Solar Cycle, and can be associated with relevant climate phenomena or environmental
influences on tree growth during the mid-20th century.

Canela RWI (Figure 51b) exhibits two small yet significant regions within the
period range of approximately 2 to 4 years. The first significant region is around 1950,
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while the second region is centered around 1920, indicating short-term cyclic variations in
the RWI data during those periods.

The CWT analysis of Chapecó RWI (Figure 51c) reveals a significant cyclic pattern
between 1930 and 1945, with a periodicity of 16 to 32 years. This may be associated with
Hale Solar Cycle and/or other climatic factors impacting tree growth during this period.

For Coxilha RWI (Figure 51d), a significant and prominent region emerges within
the period range from 1925 to 1965. This region is characterized by a robust concentration
of wavelet power within the 32-64 year period band. This indicates the presence of a
distinct and prolonged cyclic variation in the RWI signal during this time frame, which
may be associated with longer-term solar cycles, such as the 60-year cycle known as the
Solar Gleissberg Cycle. Additionally, these long-term cyclic patterns could be influenced
by other climatic factors and oceanic oscillations that might have impacted tree growth
over several decades.

For Curitibanos RWI (Figure 51e), the CWT analysis reveals two significant regions
at di�erent period ranges. The first one, with a periodicity of 2 to 4 years, centered around
the year 1970, suggests short-term cyclic variations in the RWI signal. These short-term
fluctuations may be associated with climate patterns influenced by phenomena such as
the El Niño-Southern Oscillation (ENSO) or other regional atmospheric systems. The
second region, spanning 8 to 16 years and covering the period from 1960 to 1990, indicates
longer-term cyclic variations in the RWI data. These longer-term patterns may potentially
be associated with solar cycles, including the 11-year Schwabe solar cycle or the 22-year
Hale solar cycle. Additionally, regional climatic factors, such as variations in temperature
and precipitation, could contribute to these longer-term cyclic variations, impacting tree
growth over extended periods.

The CWT analysis of General Carneiro RWI (Figure 51g) reveals significant short-
term cyclic variations within the 4 to 8-year period range, particularly around 1650 to 1670.
These variations may be associated with a combination of climatic influences, including
regional climatic systems like the South American Monsoon, as well as shorter solar cycles
such as segments of the 11-year Schwabe solar cycle. These factors could have collectively
influenced tree growth during this specific period, leading to the observed cyclic pattern
in the RWI data.

The CWT analysis for Irani RWI (Figure 51h) uncovers several significant regions,
primarily outside the Cone of Influence (COI), with some extending into the COI. These
regions correspond to di�erent time periods, indicating the presence of cyclic variations
and oscillations in the RWI signal. While the specific climatic systems and solar cycles
aren’t explicitly identified in this analysis, the observed cyclic variations could potentially
be associated with a combination of factors, including regional climatic systems such as
the South American Monsoon and shorter solar cycles like segments of the 22-year Hale
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solar cycle. Further detailed analysis and research may be necessary to pinpoint the exact
climatic and solar influences on the tree growth patterns observed in Irani RWI.

For Irineópolis RWI (Figure 51i), a continuous significant region spanning ap-
proximately 32 to 128 years, from 1825 to 1970, suggests the presence of longer-term
periodicities. While specific climatic systems and solar cycles aren’t explicitly identified,
these longer-term patterns may be associated with segments of the 87 to 96-year Gleissberg
solar cycle, as well as regional climatic systems like the South American Monsoon and the
Pacific Decadal Oscillation, which could collectively influence tree growth over extended
periods.

The CWT analysis of the Passo Fundo RWI (Figure 51j) reveals various significant
regions at di�erent time periods. Short-term patterns emerge within the 8-year period
around 1920, potentially associated with regional climatic systems such as the South
American Monsoon. Additionally, longer-term cyclic variations spanning from 1902 to
1945 within the 16 to 32-year period range suggest the influence of solar cycles, such as
segments of the 22-year Hale solar cycle. These findings indicate a combination of climatic
and solar influences shaping tree growth patterns during the early to mid-20th century in
Passo Fundo.

No significant regions are detected within the COI for the São Francisco de Paula
RWI (Figure 51k). This might indicate the possibility of other factors influencing the RWI
signal.

The CWTs were also calculated for the climatic and solar parameters (Figure
52) following the same setting as for the RWIs. Figure 52a displays the CWT plot for
SUNSPOT, revealing a significant area covering the period range of approximately 8 to 16
years, spanning the entire analyzed time period. This suggests pronounced cyclic variations
in sunspot activity at these time scales. Another significant region is observed in the
period range of approximately 32 to 128 years, both inside and outside the COI, with the
inside part extending from 1815 to 1915. These findings indicate cyclic patterns in sunspot
activity at both shorter (8-16 years) and longer (32-128 years) time scales.

The CWT analysis for the SOI data (Figure 52b) shows multiple significant
areas within the period range of approximately 2 to 8 years, from 1885 to 1975. These
regions suggest short-term cyclic variations in the SOI data during this time frame,
reflecting potential variations in the El Niño-Southern Oscillation (ENSO) phenomenon
at interannual time scales. Another significant area is observed in the period range of
approximately 8 to 16 years, from 1975 to 2010, indicating longer-term cyclic variations in
the SOI signal at decadal time scales, reflecting potential variations in ENSO. Furthermore,
these variations can interact with other long-term climate phenomena, such as the Pacific
Decadal Oscillation (PDO), further influencing global climate patterns.
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The CWT analysis of the NIÑO 3.4 data (Figure 52c) also reveals multiple significant
areas at di�erent period ranges, similar to the SOI analysis. Additionally, a significant area
is observed within the period range of approximately 16 to 32 years, from 1875 to 1900.
These results are expected as both the SOI and NIÑO 3.4 are essential components of the
El Niño-Southern Oscillation (ENSO) phenomenon, which exhibits variability at various
time scales, ranging from interannual (2-8 years) to decadal (8-16 years) and longer.

However, the ATLSW CWT Figure 52d) did not show significant regions inside
the COI, indicating that cyclic variations present in the data may not well-resolved by
the wavelet analysis. However, the wavelet power is stronger from periods 8 to around 32,
around 1940. Caution should be exercised when interpreting results at certain time scales.

Figures 53, 54, 55, 56, 57, and 58 present the CWTs for precipitation, maximum
temperature, minimum temperature, and mean temperature per station. It is important
to note that the short length of some time series can pose challenges for wavelet analysis,
impacting the reliability and interpretability of the results.

For the Irati station, the precipitation CWT plot (Figure 53a) shows significant
regions within the period range of approximately 2 to 4 years, spanning from 1978 to
1990, and within the period range of approximately 4 to 8 years, from 1967 to 1974 and
from 1993 to 2002. The maximum temperature CWT (Figure 53b) reveals a significant
region within the period range of approximately 8 to 16 years, from 1995 to 2007. The
CWT analysis of minimum temperature data (Figure 53c) does not show any significant
cyclic patterns within the COI. The CWT for mean temperature (Figure 53d) identifies a
significant region around the period of approximately 4 years, specifically from 2000 to
2005. While both precipitation and mean temperature data display repetitive fluctuations
over certain years, no significant cyclic patterns are observed for maximum and minimum
temperatures during the examined time scales.

At the Caxias do Sul station, the CWT analysis (Figures 54a) for precipitation did
not reveal any significant cyclic patterns or variations within the analyzed time scales. The
CWT plot for maximum temperature (Figure 54b) shows a significant region within the
period range of approximately 8 to 16 years, spanning from 1973 to 1987. For minimum
temperature (Figure 54c) and mean temperature (Figure 54d), a significant point around
a period of approximately 2 years is observed, specifically around 1965.

At Chapecó station, the CWT analysis reveals short-term cyclic variation in
precipitation (Figure 55a), while the temperature parameters (maximum, minimum, and
mean temperature) do not show clear cyclic patterns during the examined period. This
highlights the importance of considering di�erent climate variables separately, as they
may exhibit distinct temporal behaviors and responses to climatic and environmental
influences.
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For Passo Fundo station, the CWT analysis shows short-term cyclic variations in
precipitation (Figure 56a) over di�erent periods, ranging from 1967 to 2005. The CWT
plot for maximum temperature (Figure 56b) indicates cyclic variations within the period
range of approximately 2 to 4 years, spanning from 1974 to 1982. Significant areas are
also observed for minimum temperature (Figure 56c) and mean temperature (Figure
56d) around the period of approximately 2 years, specifically around 1965, with another
significant region around the year 2000.

At Porto União Station, the CWT analysis indicates significant cyclic patterns in
precipitation (Figure 57a) at short to medium-term time scales around 1977 and from
1977-1985. A significant cyclic pattern is observed at a short-term time scale for mean
temperature around the year 1965 (Figure 57b). Similar cyclic patterns are observed in
maximum temperature (Figure 57c) from 1975 to 1980. However, no significant cyclic
patterns are identified in the minimum temperature data (Figure 57d) during the analyzed
time scales.

Regarding Curitibanos stations, due to the short length of the time series for preci-
pitation and temperature, the CWT analysis did not yield meaningful results. Therefore,
they were not evaluated by cross-wavelet coherence.

Finally, for Joaçaba station, precipitation, maximum and minimum temperature
(Figure 58a, b, and c) did not show any significant periodicities in their CWT. However, a
significant cyclic pattern is observed at short to medium-term time scales (periods 2-4) for
mean temperature (Figure 58d).

The significant areas in the CWTs between periods 2-8 are expected to be related
to the ENSO influence on tree-ring development and will be further analyzed using SOI
and NIÑO 3.4 time series in the next section using cross-wavelet coherence. The periods
between 8-14 years may likely be related to the Schwabe Solar Cycle, while periods from
20 to 28 years are expected to indicate the influence of the Hale Solar Cycle. These aspects
will be detailed in the following section.

4.3.3 CROSS WAVELET COHERENCE (WTC)

For the graphical representations of the Cross Wavelet Coherence analysis, please
refer to Appendix C (Figures 59, 60, 61, 62, 63, 64, 65, 66, 67, 68. The white arrows on
the coherence plots indicate the phase angle and direction of the relationships between
the RWI and the ocean-atmosphere and solar parameters within the significant regions.

Açungui City:

Analyzing the WTC between Sunspot and Açungui RWI, in the time-frequency
domain of Figure 59a, there are significant short-term periodicities between periods 2
and 8. The most prominent feature in the WTC analysis appears between periods 8
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and 16. This significant coherence region spans a substantial time period (1940 to 1980).
The extended duration of coherence suggests a more prolonged and potentially impactful
interaction between the Açungui RWI and the Schwabe solar cycle (∼ 11 years). The
right-pointing arrows suggest an “in-phase” relationship, where RWI is in lag related
to sunspot, indicating that both the Açungui RWI and Sunspot Activity share similar
variations at specific time-frequency intervals.

Figure 59b shows two distinct time intervals for the WCT between Açungui RWI
and SOI, from 1910 to 1925 and 1935 to 1965, with small regions of statistical significance
in periods 4 to 8. The appearance of arrows pointing left within these coherence regions
indicates an “anti-phase” (negative) relationship (correlation), where SOI is lagging relating
to RWI. Between 1910 and 1930, a more prolonged coherence region is observed in periods
8 to 16, characterized by similar arrows pointing left.

The WTC analysis between Açungui RWI and the NIÑO 3.4 (Figure 59c) shows a
strong in-phase influence between the periods 4 to 16, starting in 1910 and ending in 1965,
with NIÑO 3.4 lagging related to the RWI. Periods 2-4 also present only one anti-phase
periodicity around 1925. Similar years were obtained in the SOI responses described before.

The ATLSW periodicities in the Açungui RWI (Figure 59d) were found between
periods 2 and 4 around 1965 and around 1980. Between the periods 4 to 8, a unique
significant region was obtained from the WTC analysis from 1910 to 1920.

Figure 59e shows the precipitation periodicities in the Açungui RWI, around the
periods 2-4 from 1972-1979 (in phase), and another between the periods 4-8 from 1987-1995.
These periods of years indicate that precipitation has an intense influence on tree growth.
Precipitation in Açungui, is influenced by several climate systems, including the SACZ,
the ITCZ, ENSO (El Niño-La Niña), and the SAM, which can influence precipitation
patterns in the region. These weather systems can interact in complex ways, resulting in
variations in precipitation conditions over time.

The temperature periodicities in the Açungui RWI are presented between 2 to 6
periods, around 1980 (anti-phase), for maximum (Figure 59f), minimum (Figure 59g), and
mean temperature with a lag of TMEAN related to the RWI ((Figure 59h). The latitude of
the region plays a fundamental role in determining seasonal variations in temperature. In
addition, the local topography, proximity to the ocean and the air masses that predominate
in the area play an important role. The influence of tropical, polar and Atlantic air masses,
as well as global climate systems such as El Niño and La Niña, can also a�ect temperature
conditions in the region, leading to interannual variations in temperature averages.

Canela City:

For the WTC between Canela RWI and Sunspot (Figure 60a) one small region of
statistical significance is observed in periods 2 to 4 around 1975 and again in periods 4
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to 8 around 1890. Two significant coherence regions are observed for the period 8 to 16
(Schwabe Cycle), spanning from 1850 to 1875 in phase (Sunspot lagged in relation to the
RWI ), and from 1960 to 1985 also in-phase, with the RWI lagging behind the Sunspot
series (during the same time period of Açungui city responses). A response to the Hale
Cycle was also identified (periods 16 to 32) during the years 1875-1925 and 1940-1975,
both in anti-phase, probably indicating a lagged response from the tree’s growth to the
solar e�ect.

The analysis of the WTC between Canela RWI and SOI (Figure 60b) provided
small significant regions approximately in the period of 4, around the years 1900, 1915,
1940, and 1965. These last 3 years were also found in the WTC for SOI and Açungui RWI.

The results for NIÑO 3.4 WTC and Canela RWI (Figure 60c) show almost the
same years as the WTC for the SOI. The di�erences are that the periods extend from 2 to
8 periods, and were obtained periodicities around 1890, 1910 (anti-phase where the RWI
is lagging behind NIÑO 3.4), and 1920 (in-phase, RWI is algo lagged behing NINÑO 3.4),
which may indicate just a lagged response of the tree’s growth to the ENSO events.

The WTC between Canela RWI and ATLSW (Figure 60d) showed periodicities
from 2-4 periods in 1865 (in-phase, ATLSW lagging behind the RWI), from 4-8 periods in
1880 ( anti-phase, ATLSW lagging behind the RWI) and in 1965, and from 8-16 periods
in 1870 (in-phase) and in 1960. No similarities were found between Canela and Açungui
ATLSW periodicities.

Figure 60e present periodicities between the periods 2-4 around 1962, 1965-1975
(similarly, Açungui responded in 1965), and 1990-1993; periods from 4-8 around 1962-1967;
and a strong anti-phase (with the RWI lagging behind the precipitation series) periodicity
between the periods 4-16 from 1952-1985, showing a strong influence of precipitation on
tree growth. The region is significantly influenced by larger climate systems, such as the
SACZ, the MJO and the El Niño-La Niña phenomena, which influence rainfall conditions
in the southern region of the Atlantic Ocean. Brazil.

Mean and minimum temperature (Figure 60g and Figure 60h, respectively) do not
show any temperature influence, probably because there is a strong influence of precipitation
in the RWI. However, mean temperature (Figure 60f) presented one periodicity between
2-4 periods around 1980, similar to Açungui RWI. The temperature in Canela can be
influenced by several climatic factors, including atmospheric circulation, which involves
changes in the position of high and low pressure systems, such as the South Atlantic
subtropical high pressure system (SASH), which a�ect regional temperatures. In addition,
movements of cold fronts, polar or tropical air masses, and variations in SST and ocean
patterns, also play crucial roles in determining local thermal conditions.

Chapecó City:
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The Sunspot relationship with the Chapecó RWI analyzed by the WTC (Figure
61a), similar to the previous cities identified small significant regions between 2 and 4
(around 1915 and 1955) and a small significant region around 1990 between the periods 8
and 16 (in phase). Di�erently from other cities, Chapecó didn’t show much response to
solar activity influence. This can maybe be caused by stronger signals from other influences
in the RWI, such as, local climatic factors, extreme weather events and non-climatic nature
factors, such as disturbances in the environment, changes in the surrounding vegetation,
among others.

The WTC between SOI and Chapecó RWI (61b) provided significant areas in phases
between 2 and 4 periods, from 1910 to 1925 (same period as Açungui but anti-phase) with
SOI series lagging behind RWI, and around 1965 (also obtained for Açungui as anti-phase
and in-phase for Canela) with RWI lagging behing SOI, 1985, and 1995. There is also
a long-term response between the periods 8 to 16 from 1970 to 1990 in anti-phase (also
obtained for Canela in 1975) with SOI series lagging behind RWI.

Figure 61c provides the WTC between the NIÑO 3.4 and the Chapecó RWI. Most of
the areas are similar to what was obtained for the SOI WTC, besides that the periodicities
1965 and 1970-1990 present opposite phases compared to the SOI. The periodicity in 1985
was found between periods 2-8, di�erently from the SOI analysis. Another significant area
was observed from 4 to 8 around 1945 and 1950.

In-phases (ASTLSW lagging behind RWI) periodicities were found in the ATLSW
and Chapecó RWI WTC in (Figure 61d) the 2-4 period (1915-1920 and 1985-1990) and
in the 16-32 (1910-1960). Again, no similar periodicities were found with the previously
analyzed RWIs (Açungui and Canela).

Figure 61e shows a very strong anti-phase influence of precipitation in the Chapecó
RWI from 2-8 periods between 1980 and 1990. This is expected since the analyzed species
(Araucaria angustifolia) tends to su�er with the increase in precipitation, a�ecting its
growth. The 1980 periodicity is also found in the Açungui WTC response to precipitation.
The result suggests a possible interaction of local and regional climate systems, such as
the SACZ and atmospheric circulation patterns.

Chapecó RWI has a strong influence by the maximum temperature (Figure 61f) in
the periods 2-4 around 1977 and from 1987 to 199 (in-phase with RWI lagging behind
TMAX); two small influences in the period 2-4 for mean temperature (Figure 61h) located
between 1987 to 1997 (in-phase with TMEAN lagging behind RWI ), and nothing was
obtained for minimum temperature (Figure 61g). Due to the strong anti-phase influence
of precipitation, it is expected that the increase in temperature can keep a balance in the
quantity of water acquired by the trees.

Coxilha City:
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In Figure 62a, the WTC between Coxilha RWI and Sunspot is displayed. As in
the previous sunspot analysis, small significant regions between 2-4 (1890, 1950 in-phase
with Sunspot lagging behind RWI, and 1975 anti-phase with Sunspot also lagging) were
obtained. Around 1950 there is also a significant region between the periods 4 and 8. And
the Schwabe Cycle (8-16 period) appears here again between 1900-1925, with a positive
correlation, close to the time period where Açungui RWI also responds to the Sunspot
number. Furthermore, there is a full-time period significant answer between periods 32 and
64, where both time series are in-phase. The study of (PRESTES et al., 2018b) provides
the possibility of a combination between the Hale and the Gleissberg cycle exactly in this
time period.

For Coxilha RWI and SOI WTC (Figure 62b), there are several significant regions
between the periods 2 to 8, around 1900, 1910, 1920, 1940, 1970, and 1980, and a longer
period from 1945 to 1965 (in-phase with RWI lagging behind the NIÑO 3.4). The periods
between 8 and 16 present a small region around 1955 and an in-phase region from 1980 to
1995 (in-phase similarly with RWI lagging behind the NIÑO 3.4).

The NIÑO 3.4 periodicities in the Coxilha RWI (Figure 62c) are very similar to
the periodicities found in the SOI analysis but with opposite phases to the areas where
was obtained the phase arrows. The di�erences are that some areas extend to the 8-16
periods and 3 areas presented in period 2 around 1910, 1915, and 1925.

Periodicities related to ATLSW were found in the Coxilha RWI (Figure 62d).
Between the periods 2-4, the significant areas correspond to the years 1815 (in phase),
1825 (anti-phase), and, similarly to Chapecó, there are periodicities in 1915 and 1985-
1995 (anti-phase). Between periods 2 to 8, there is one significant region around 1935.
And between periods 4 to 16, there is a strong in-phase (RWI lagging behind ATLSW)
periodicity from 1875 to 1935.

Figure 62e shows a small periodicity with precipitation around the period 2 in 1970,
and a strong intensity between 2-8 periods from 1987-2002 in phase. Açungui, Canela, and
Chapecó RWI also showed some of the periodicities found here. Systems such as the SACZ,
the MJO, the ITCZ and the Chaco Low play a role in varying precipitation conditions in
the region , which in turn can a�ect tree growth.

The temperature, time series (Figures 62f, g, and h) obtained similar periodicities
between the periods 2-4 from 1975-1980 and between 4-8 from 1995-2000. The maximum
temperature still has a strong influence in the Coxilha RWI between periods 4-8 from 1970
to 1983. Some regional climate systems and climate phenomena, such as the SACZ and
variations in atmospheric circulation, may be related to these temperature variations.

Curitibanos City:

The WTC analysis between Sunspot and Curitibanos RWI (Figure 63a) shows
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the same pattern of significant regions between periods 2 and 8, that it was found in the
previous sunspot analysis. Here, the in-phase regions occur around 1970 and around 2005,
an anti-phase region between 1980-1990 (RWI lagging behind Sunspot), and there is a
significant region around 1990. The Schwabe Cycle also appears in this analysis between
the years 1960 and 2005 in anti-phase, where Agunçui, Canela, and Chapecó also presented
significant regions.

The relationship between Curitibanos RWI and the Southern Oscillation Index
(SOI) was examined in Figure 63b. Noteworthy regions of significance were identified within
the 2 to 8-year period range, spanning approximately 1955, 1970-1975 (in anti-phase, RWI
lagging behind SOI), 1970-1985, 1985 (in-phase, SOI lagging behind RWI), and 1990-2000.
Some of these influences align with findings from previous cross-wavelet coherence analyses
of RWI and SOI. Additionally, an anti-phase relationship (RWI lagging behind SOI) was
observed around the year 2000 within the 8 to 16-year period range.

Figure 63c presents the analysis for the NIÑO 3.4, showing exactly the same
periodicities found in the SOI analysis, but similarly to other cities, they are in opposite
phases.

Curitibanos RWI has periodicities of ATLSW (Figure 63d) between the periods
2-4, from 1980 to 1990 and from 2000 to 2005. Some of the same years were obtained in
Açungui (∼ 1980) and in Coxilha and Chapecó (∼ 1985-1990).

As discussed previously, it wasn’t possible to analyze Curitibanos RWI with preci-
pitation and temperature due to the short length of the climatic time series.

General Carneiro City:

The WTC between SUNSPOT and General Carneiro RWI (Figure 64a) shows small
regions between periods 2 and 4 (the same as the other cities). Two regions between 8
and 16 periods, one around 1800 and another from 1925 to 1960 (anti-phase, RWI lagging
behind Sunspot) correspond to the Schwabe Cycle, also found in the WTC in Açungui,
and Coxilha RWIs. A longer significant region was found between the periods 16 and 32,
from 1840 to 1900, probably related to the Halee Cycle, in a similar time period as in the
analysis for Canela RWI.

SOI periodicities were found in the WTC analysis (Figure 64b), especially between
periods 2 and 8, around the years 1965, 1970, 1975, and 1980 (in-phase, SOI lagging behind
RWI). Again, similar to the previous SOI analysis for other cities. Between periods 8-16,
the periodicities are located from 1925-1945 and around 1975. The years 1925-1930 were
also part of the Açungui periodicities of SOI.

General Carneiro RWI responded to NIÑO 3.4 (Figure 64c) similarly to the SOI,
with opposite phases. A few more significant regions can be found in the periods from
2 to 8. There is also a strong periodicity from 16-32 periods between 1875 to 1900 and
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another periodicity in period 32 from 1945-1975. An interesting aspect of this graphic is
that all graphics that present arrows are in anti-phase. All phases indicates NIÑO 3.4
lagging behind RWI.

General Carneiro RWI presents several periodicities related to the ATLSW in
Figure 64d. They are presented in periods from 2 to 4 (1945, 1955, and 2000), from 4 to 8
(1880-1890, 1905, and 1955-1975), in-phase from 4-16 (around 2000), between 8 and 16
(around 1950), anti-phase between the periods 16-32 (1875-1910, with ATLSW lagging
behind RWI) and an in-phase around the period 32 (from 1915 to 1970, with RWI lagging
behind ATLSW). Some of these periods were also present in Açungui, Canela, Chapecó,
and Curitibanos WTC.

No influences of precipitation were found in the General Carneiro RWI (Figure
64e), this may be caused by the lack of climatic series close to the analyzed region, and/or
to the several GAPS in the time series, or to the other climatic parameters having a
stronger influence in the tree growth.

The maximum temperature (Figure 64f) shows a strong anti-phase influence during
the years in the period band from 4 to 8, and a strong in-phase periodicity from periods
2-4 between 1973 to 1982 years, with RWI lagging behind TMAX in all periodicities. The
minimum temperature (Figure 64g) seems to have a small e�ect around 1975 in the 4-8
period band,and similarly to TMAX, RWI is lagging. And the mean temperature (Figure
64h) presented the same periodicity from 1973 to 1982. Again, here it is possible to notice
that while the temperatures seem to be very strongly influencing the RWI of General
Carneiro, the precipitation presented zero influence, probably indicating that temperature
is one of the main limiting factors in the regions where these trees were collected.

Irani City:

Similar to the WTC analysis between Açungui RWI and Sunspot (Figure 65a),
small regions of statistical significance are observed in the WTC analysis between the
Irani RWI and Sunspot Activity at periods 2 to 8. Two significant coherence regions
are identified for the period 8 to 16. The first region, centered around 1840, does not
exhibit any arrows, implying that during this time, the relationship between the Irani
RWI and Sunspot is not characterized by a specific phase direction. The second coherence
region, centered around 1975, shows arrows pointing to the left, in other words, a negative
correlation (anticorrelation). And di�erently from Açungui city, here there is a single
coherence region around 1850 observed in periods 16 to 32 (left-pointing arrow meaning
that RWI is lagging behind Sunspot).

Irani (Figure 65b) showed periodicities in the period of 2 around 1945 and 1990
anti-phase. Between the periods 4 to 8, periodicities were found around 1880, 1895-1905,
1900-1910. And more periodicities from 8 to 16 periods, around the years 1885-1910
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(anti-phase, SOI lagging behind RWI) and again in 1995. The significant responses found
for periods between 2 to 8 were mostly similar in years compared to the other cities’
analysis. For the period 8-16, Açungui, Canela, and Coxilha also obtained some similar
years.

Irani RWI obtained periodicities (Figure 65c) in some similar years as the SOI, but
much more was found here. Between 2 and 8 periods, the significant areas were found
around 1875, 1900, 1915, 1945 (anti-phase), and 1985. Between the 4 and 16 periods there
is a strong periodicity from 1900 to 1925. A similar anti-phase region that appeared in
period 16 of the SOI is also found here but from 1900 to 1930.

Figure 65d presents the ATLSW periodicities in the Irani RWI from periods 2 to 4,
from 1965-1980 and 1985 (in-phase); and from 4-16 a strong periodicity from 1920-1960
in anti-phase; a small significant area was found around the period 4 in 1910. Similar
periodicities were found among the ATLSW responses to the previous cities analyzed until
here.

Similarly to General Carneiro WTC with precipitation (Figure 65e), Irani RWI
does not present significant areas.

The maximum temperature (Figure 65f) seems to be lagging in relation to the
RWI of Irani. since it has the same time period as the mean temperature (Figure 65h) in
the 4-8 period band. The minimum temperature (Figure 65g) presented influence during
the same period, but it is in phase (RWO lagging behind TMIN) and in a shorter time,
indicating that the trees might have positive growth responses to cold temperatures.

Irineópolis City:

Several significant regions were found in the WTC analysis between Sunspot and
Irineópolis RWI (Figure 66a). Similarly to the other WTC RWIs with Sunspot, small
regions were found between periods 2 to 4. A bigger in-phase (RWI lagging behind Sunspot)
region can be seen in between periods 2 to 8 around 1775. Schwabe Cycle influence the
RWI around 1825 and from 1900 to 1950, similar time periods were obtained for Açungui,
Coxilha, and General Carneiro RWIs. The Halee Cycle is influencing the RWI from 1950
to 1975, like the Canela RWI response.

Irineópolis presented periodicities with SOI (Figure 66b) between the periods 2-4
around 1870, 1915 (anti-phase), 1930 (anti-phase, SOI lagging behind RWI), 1945 (in-phase,
RWI lagging behind SOI), and 1980, similar to the other cities responses. The periods from
4 to 8 also presented periodicities around 1880, 1940, 1990 and from 1975-1990. Another
periodicity can be seen between 16-32 from 1955-1960. Canela, Chapecó, and Coxilha
RWIs also presented periodicities in similar years for the period 4-16, and in Canela for
the period 16-32.

For the NIÑO 3.4 periodicities in Irineópolis RWI, Figure 66c shows just a few
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regions were found, and all of them are also present in the SOI analysis for Irineópolis.

Figure 66d presents the ATLSW periodicities found in the Irineópolis RWI, mainly
anti-phase between the periods 2 to 4 (1905 and 1975-1985), and in the periods 16-32
(from 1905 to 1930). The short periods were also found in the other ATLSW WTC analysis
for other RWIs. On the other hand, periodicities from 16-32 in similar years were only
found in the Chapecó and the General Carneiro RWI.

There is a strong anti-phase influence of the precipitation (leading) in the Irineópolis
RWI (Figure 66e) between 1974 to 1986 around the periods 2-4. A few of these periodicities
were found in Canela and Chapecó RWIs’ responses to precipitation. The influence of
precipitation may be related to several listed weather systems, such as the SACZ or the
MJO, which may a�ect rainfall patterns in the region.

For Irineópolis RWI, the maximum temperature (Figure 66f) presented a periodicity
around the period of 4 from 1977 to 1985. minimum temperature (Figure 66g) also presented
an anti-phase leading influence in RWI but in the 2-4 period, from 1972 to 1977. And
mean temperature (Figure 66h) did not show any influence on the RWI, indicating that
the precipitation level with cold temperatures leads the trees to not have optimal growth.

Passo Fundo City:

The Sunspot and Passo Fundo RWI WTC analysis is displayed in Figure 67a.
Small significant regions exist between 2 and 8 periods. Schwabe Cycle influenced the
RWI around 1780, 1950 (also found in Açungui, Canela, General Carneiro, and Irineópolis
RWIs), and around 1980 (similarly found in Açungui and Curitibanos RWIs). And the
Halee Cycle was identified around the year 1800.

In Passo Fundo WTC (Figure 67b) analysis with SOI, periodicities between 2-8
periods were found in 1875-1900 (the first half period is anti-phase with RWI lagging
and the second half is in-phase with SOI lagging), 1920 (anti-phase with RWI lagging),
and around 1945. Between 8-16 periods periodicities were found around 1905-1925, 1930,
and 1975-1985 (anti-phase and SOI lagging in relation to RWI). The periodicities of the
8-16 periods presented similar years as in Açungui, Canela, Chapecó, Coxilha, General
Carneiro, Irani, and Irineópolis analysis. It is likely that other long-term phenomena are
acting in conjunction with the SOI, such as the influence of solar cycles, oceanic patterns
such as the Pacific Decadal Oscillation (PDO) that influence precipitation in these regions.

The NIÑO 3.4 periodicities (Figure 67c) in Passo Fundo RWI show a slight similarity
to the SOI WTC analysis. From 2 to 8 periods, there are periodicities during 1860, 1865,
1880 (anti-phase), 1890-1900 (anti-phase), and 1910-1920 (anti-phase). The periods from 8
to 16 also present a periodicity from 1890-1925 (similarly to Chapecó, Irineópolis, and
General Carneiro RWIs).

Figure 67d presents ATLSW periodicities in Passo Fundo RWI between 2-4 periods
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around 1875 (in-phase) and in 1980; between the periods 8-16 from 1880 to 1895, around
1945 and 1970; and in the 16-32 periods from 1920 to 1955.

Precipitation periodicities in the Passo Fundo RWI (Figure 67e) were obtained
between periods 2 to 4, around 1970-1972 and 1982, and between periods 4 to 8 around
1970. Similar periodicities were obtained for most of the other RWIs analyzed (Açungui,
Canela, Chapecó, Coxilha, and Irineópolis). The analyzes show that several of these cities
presented similar periodicities in both SOI/NIÑO 3.4 and precipitation, in terms of specific
years in which the variations occurred. This suggests that fluctuations in El Niño/La Niña
conditions, represented by SOI/NIÑO 3.4, may be related to precipitation patterns in the
analyzed regions.

The mean temperature periodicities (Figure 67h) found in the WTC for Passo
Fundo RWI are located between the periods 2-6 , around the years 1977 (in-phase), 1982,
1986-1992 (in-phase, RWI lagging behind TMEAN), and 1995 (anti-phase, where RWI is
lagging). maximum temperature (Figure 67f) presented the same periodicity in the year
1982 where RWI is lagging behind TMAX, and the minimum temperature (Figure 67g)
presented the same periodicity around the year 1995 (anti-phase).

São Franciso de Paula City:

The WTC between Sunspot and São Francisco de Paula RWI (Figure 68a) presents
the same small regions as for the other cities’ responses, between the periods 2 and 4, during
1890-1900 (with an anti-phase lag of Sunspot), and around 1945. Two more periodicities
where found between 4 and 8 bands, in 1950-1960, and a in-phase periodicitie during
1970-1980.

São Francisco de Paula WTC analysis with SOI (Figure 68b) presents similar
periodicities between 2 and 8 periods as the other cities, mostly every 5-10 years, around
1900, 1910, 1915, 1930 (in-phase), 1935, 1950-1960 (anti-phase, where the SOI is lagging
in relation to the RWI), 1985, and 1995 (in-phase).

The WTC analysis of NIÑO 3.4 and São Francisco de Paula RWI (Figure 68c)
showed similar regions found in the SOI analysis (1930, 1950-1960, 1985, and 1995).
Moreover, the period of 16 shows a strong in-phase periodicity from 1930 to 1985 where
the RWI is lagged in relation to NIÑO 3.4.

Figure 68d presents very few periodicities, from 2-4 periods around 1900 and 1930
(anti-phase, ATLSW lagged in relation to the RWI); in 1920 between 8-16 periods; and
around 1945 between 16-32 periods. It does not show much influence of the ATLSW in the
tree ring development of the trees in the São Francisco de Paula RWI analysis, or maybe
other parameters are influencing more the RWI signals. For periodicities of 2-8 periods,
the SOI, NIÑO 3.4 and ATLSW analyzes present some common dates, such as 1930,
1950-1960 and 1985, where significant oscillations occur. Furthermore, some oscillations
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are in-phase, while others are anti-phase, indicating coordinated or opposite variations in
the time series.

São Francisco de Paula RWI presented only two periodicities related to precipitation
(Figure 68e). One in anti-phase around 1962 in the period of 2, where RWI is leading in
relation to precipitation. And a small periodicity around 1965, between the periods 8 to
16.

The maximum temperature (Figure 68f) presented stronger periodicities compared
to the mean and minimum. The periodicities were found in the periods from 2 to 4 around
1985 (anti-phase, TMAX lagging in relation to the RWI), from 2 to 6 around 1990-1997,
and from 6 to 8 around 1968-1977. minimum temperature WTC (Figure 68g) captured a
periodicity from 2-4 periods around 1990. The mean temperature (Figure 68g) basically
responded in the same periods as maximum temperature but in the years 1975-1980 (2-4
periods), anti-phase during 1987-1997 (2-6 periods), and around 1970 (6-8 periods).

Overview:

The solar activity e�ects in tree-ring growth were also studied in Southern Brazil
(Passo Fundo city) by Rigozo et al. (2012), where they obtained similar short-term
periodicities between the period 2-8 similar to what was obtained in all Sunspot CWTs.
When long-term responses were found in the analysis, they were generally between the
period 16-32, indicating a Halee Cycle influence, and again similarly to what Rigozo et al.
(2012) found in their study. In the study of Lorensi (2016), most of the periodicities found
in the RWI from Southern Brazil of Araucaria angustifolia correspond to the Schwabe
Cycle. Moreover, the Schwabe Cycle was also found in other dendrochronological series
from Southern Brazil, indicating that this region is a�ected by the short-term solar cycles
(RIGOZO et al., 2004; MURAJA et al., 2023).

The normal periods of frequency where the SOI responds during a time-frequency
analysis are between 2 and 8, mostly between 4 to 8. In the study of Lorensi (2016) the
second most common periodicity found in the Araucaria angustifolia RWI was the SOI.
The years with periodicities obtained here agree with the findings in Muraja et al. (2023),
where they used a di�erent species (Ocotea Porosa Barroso) to analyze the city of General
Carneiro, Southern Brazil. Similar periodicities were also found in the study of Rigozo et
al. (2012), where they also analyzed other regions of Brazil besides the South. Similar SOI
periodicities were also found when analyzing the Amazon region and a di�erent species,
but it is important to highlight that the ENSO events have opposite e�ects in Southern
and Northern Brazil (SCHÖNGART et al., 2004).

There are still few studies using the NIÑO 3.4 index with dendrochronological
series, which is one of the reasons this study presents this analysis. Recently, a significant
negative relationship between NIÑO 3.4 region and tree-ring chronology was found by
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Granato-Souza et al. (2018), mostly after 1970, but they analyzed a di�erent species
(Alchornea triplinervia) in Southern Brazil. In the study of Schöngart et al. (2004), Muraja
et al. (2023) they also obtained similar frequency bands for the SOI when performing a
cross-wavelet coherence analysis.

Both SOI and NIÑO 3.4 are indexes used to refer to the ENSO events. El Niño
events of Canonical type can be also named the “Eastern Pacific type”, the mature phase
of ENSO has observations during 1905-06; 1911-12; 1918-19; 1930-31; 1939-40; 1972-73;
1976-77; 1982-83; 1986-87; and 1997-98 according to the study of Viegas et al. (2019). All
the ENSO events are observed in the results of this thesis analyzing the periods from 2 to
8, where it is expected to have the ENSO frequency.

As reported by Viegas et al. (2019), between the years 1905 and 1998, there
were 10 observed El Niño events of the Eastern Pacific-type (or Canonical-type), 5
of which correspond to the years of periodicities found in the chronology (1911–1912,
1918–1919, 1976–1977, 1982–1983, and 1986–1987). Additionally, 14 Central Pacific-type
(or Modoki-type) El Niño events were observed between 1902 and 2005, but only one event
(1914–1915) occurred within the periodicities found in this study. This may indicate a
positive response in tree growth to Eastern Pacific-type El Niño events, as they cause
higher precipitation levels in Southern Brazil due to their propagation further westward to
the Eastern Equatorial Pacific from the coast of South America, as explained in Rasmusson
& Carpenter (1982).

Most of the RWIs presented periodicities related to the ATLSW, especially in the
2-4 and 4-8 period bands. The studies of Silva (2018), Muraja et al. (2023) analyzed the
relationship between the ATLS and tree-ring chronologies for General Carneiro using the
Ocotea Porosoa Barroso species, they also found most of its periodicities between the band
2-4. A reason for the existence of the 4-8 periods in the present thesis may be related to
the di�erent locations between the ATLSW and ATLS, here the ATLSW is being used.

The periodicities related to precipitation were obtained mostly from periods 2 to 4
and 4 to 8, in sporadic years and two cities (General Carneiro and Irani) did not show
the influence of the precipitation. This goes accordingly to the results obtained by Rigozo
et al. (2012), Silva (2018). The climate in the southern region of Brazil is a�ected by
several factors. The MJO, a tropical oscillation pattern, can bring intense rains or droughts,
depending on the phase it is in. High and low atmospheric pressure systems also play an
important role, bringing climate stability or instability. Additionally, ocean currents, such
as the Brazil Current, impact SSTs and influence coastal weather patterns. The region’s
topography, including mountains and mountain ranges, plays a role in air circulation and
local climate variations. These factors, together with other climate systems, interact in
complex ways to shape the varied and dynamic climate of the southern region of Brazil,
and can influence the non-linear signals that Cross Wavelet Coherence seeks to identify.
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An interesting finding here is that temperature influences in the RWIs started after
the year 1960, maybe as a response to the intensive logging activity in the area and cities
development (industry, land use, etc), which changed the characteristics of the forests and
the environment around the location of these trees (CABRAL; CESCO, 2008; MATOS
et al., 2016; NODARI, 2016). Most negative and strong periodicities are related to the
maximum temperature, for example in Curitibanos RWI where there is a 45 years of
anti-phase periodicity. It is important to note that only analyzing the mean temperature
of a region can mask the real influence of the temperatures. In this study, the minimum
temperature did not show much influence on the RWI, which can also reflect in the lower
responses to mean temperatures. Moreover, the RWIs which presented strong periodicities
with the temperature presented a low relationship with the precipitation. This anti-phase
relation between temperature and tree growth can be related to temperature-induced
stress since it causes high levels of evapotranspiration, decreasing the air-water potential,
which is common in tropical regions, and can decrease the tree-ring development rate, as
discussed by Rolland (1993), Locosselli, Schöngart & Ceccantini (2016).

The book of Gadow, Pukkala & Tomé (2000) discusses the important information to
develop forest management practices, as a collection of papers. The ecological considerations
in forestry have an important role, especially on a planet going through climate change and
loss of biodiversity. For this thesis, the trees’ responses to the solar and ocean-atmosphere
parameters can be valuable when developing this sustainable forest management practice,
since it gives information on how trees responded during the years to specific patterns.

Several climate systems operate in the South region, including the MJO, SACZ,
and ITCZ, among others. These systems can indeed impact tree growth in the region, as
they directly a�ect climate variability, specifically precipitation levels and temperature
regulation—two essential factors for the development of trees.

Analyzing the relationship between tree growth and climate in the region poses
challenges due to the limited number of climate stations available. As a result, researchers
often use the nearest stations that fall within the same Köppen climate classification as
the study location. However, it’s crucial to acknowledge that regional characteristics, such
as variations in topography, can introduce complexities into the analyses, as these factors
may di�er even within the same climate classification.

4.4 HIGHLIGHTS

The main results (highlights) of this thesis are:

1. The research addresses how solar activity, ENSO events and climate variables
influence the growth of tree rings in southern Brazil, with implications for studies
on climate change and tree growth dynamics in the region.
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2. Canela was identified as having a consistent tree response to one limiting factor,
while other sites may have additional factors or small dating errors.

3. Short- and long-term periodicities have been observed in tree ring time series, possibly
representing the Schwabe Cycle and the Hale Cycle, respectively.

4. ENSO events, such as El Niño, can influence tree growth in the region, a�ecting
precipitation levels.

5. After 1960, temperature began to have a more significant impact on tree growth,
possibly related to changes in forest and land use.

6. The quality of climate data is an important consideration for future studies.
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5 CONCLUSIONS

Overall, this thesis contributes to the understanding of how solar activity, ENSO
events, and climate variables influence tree-ring growth in southern Brazil. The findings
underscore the importance of considering these factors in dendrochronological research
and provide valuable information for future studies on climate change and tree growth
dynamics in the region.

In the analysis of the EPS values for each RWI, only CAN RWI presented an EPS
value (0.84) close to 0.85. This suggests that the trees collected in Canela are responding
to a consistent limiting factor, leading to well-dated chronologies. Despite the lower EPS
values for the other RWIs, it is crucial to emphasize that climate does indeed influence the
trees in this region, and the statistics presented here only suggest the presence of additional
limiting factors among the trees studied or small dating errors. The periodicities in time
series are not as sensitive to dating errors as the linear correlations, so when applying the
WTC, the cycles can still be visible in the time series even if the rings are a few years o�.

The WTC findings revealed probable significant short-term periodicities in tree-ring
growth between the periods of 2-8, and ∼ 11 periods consistent with the Schwabe Cycle
observed in other dendrochronological studies. Long-term responses were also detected,
particularly in the period 16-32, indicating a Hale Cycle influence, which aligns with other
research in the area.

The SOI and the NIÑO 3.4 index, both associated with ENSO events, were also
analyzed, and their periodicities (2-8 years) corresponded to those found in the tree-ring
chronology. This suggests that ENSO events play a role in influencing tree growth in the
region, with El Niño (negative phase) events of the Eastern Pacific type potentially leading
to higher precipitation levels in southern Brazil.

The study provided valuable insights into the relationship between the ATLSW
and tree-ring growth, with most periodicities observed in the 2-4 and 4-8 periods. This
information adds to the limited existing research on the interaction between ATLSW and
tree-ring chronologies.

Regarding climate variables, temperature showed a more pronounced impact on tree-
ring growth after the year 1960, possibly due to changes in forest characteristics and land
use in the region during that period. The study highlighted that higher temperatures led to
strong negative responses in tree growth, particularly evident in Curitibanos RWI with a
45-year anti-phase periodicity. Additionally, an opposite-phase relationship between tempe-
rature and precipitation responses was observed, indicating potential temperature-induced
stress on tree growth in tropical regions, after the water availability by evapotranspiration.
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Furthermore, the analysis of temperature and precipitation data demonstrated
varying responses in di�erent RWIs for di�erent time scales. The mean temperature
analysis showed diverse regional responses, indicating that the impact of temperature and
precipitation on tree-ring growth varies across di�erent periods and locations. It’s worth
noting that the climatic data su�er from data gaps, which can introduce complexities in
the interpretation of results.

In general, the trees collected in southern Brazil seem to su�er significant influences
from solar activity’s short-term periodicities (2-8 years) and long-term responses (16-32
years) in tree-ring growth. These long-term periodicities align with the Hale Cycle. ENSO
events, particularly El Niño (negative phase) events in the Eastern Pacific, may influence
tree growth in the region by potentially leading to higher precipitation levels. Insights into
the relationship between the ATLSW and tree-ring growth were obtained with periodicities
in the 2-4 and 4-8 year range, which could be further investigated for other tree-ring series
in southern Brazil in order to better understand its e�ects on the region’s climate. After the
year 1960, temperature appeared to have a more pronounced impact on tree-ring growth,
potentially related to changes in forest characteristics and land use in the region. However,
the presence of missing data in climatic series highlights the need for further data quality
improvement in future studies. The thesis provides valuable insights into the complex
interactions between solar activity, ENSO events, climate variables, and tree-ring growth
in southern Brazil. These findings have implications for dendrochronological research and
contribute to the understanding of climate change impacts on tree growth dynamics in
the region.

This thesis o�ers a substantial contribution to the comprehension of the factors
influencing tree-ring growth in southern Brazil. It unveils the roles in tree-growth of solar
activity, ENSO events, climate variables, and possible action of climatic systems, including
the MJO. Through an analysis of short-term and long-term periodicities, such as the
Schwabe Cycle and Hale Cycle, it enriches our understanding of the complex interplay
of these factors. The study also highlights the potential impact of El Niño events in
the Eastern Pacific on tree growth. The increasing influence of temperature on tree-ring
growth after 1960 and the importance of improving data quality in climatic series are
noteworthy findings. In conclusion, this research deepens our insights into the multifaceted
interactions shaping tree-ring growth dynamics in the region, with broader implications
for dendrochronological studies and a better understanding of how climate change a�ects
tree growth patterns.

As future research, the chronologies EPS can be improved by incorporating addi-
tional series, particularly in the Canela and São Francisco de Paula regions. These new
series can be derived from tree images already captured by Daniela Muraja, Cecília Lemes
Leite (scientific initiation student at the Laboratory of Natural Records) and Wandeclayt
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Melo (specialist in high-speed video and scientific images at the Image Registration Labo-
ratory of the Brazilian Institute of Aeronautics and Space). Furthermore, develop climatic
reconstructions of chronologies that exhibit an EPS (Expressed Population Signal) higher
0.85 after the improvement will allow to deepen the understanding and provide a more
comprehensive analysis of the climatic patterns in southern Brazil associated with these
tree-ring datasets.
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APPENDIX A – TREE-RING SERIES AND CHRONOLOGIES (RWI) FIGURES

In this appendix, the tree-ring time series and chronologies (RWIs) per city are
demonstrated.

Figure 41: (a) Tree-ring time series of the samples collected in Açungui city; (b) Tree-ring time
series for the trees (after averaging the samples per tree); (c) Ring Width Index (RWI) as black
line and sample depth in red line for Açungui city.

(a) (b)

Source: The author.
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Figure 42: (a) Tree-ring time series of the samples collected in Canela city; (b) Tree-ring time
series for the trees (after averaging the samples per tree); (c) Ring Width Index (RWI) as black
line and sample depth in red line for Canela city.

(a) (b)

(c)

Source: The author.
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Figure 43: (a) Tree-ring time series of the samples collected in Chapecó city; (b) Tree-ring time
series for the trees (after averaging the samples per tree); (c) Ring Width Index (RWI) as black
line and sample depth in red line for Chapecó city.

(a) (b)

Source: The author.
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Figure 44: (a) Tree-ring time series of the samples collected in Coxilha city; (b) Tree-ring time
series for the trees (after averaging the samples per tree); (c) Ring Width Index (RWI) as black
line and sample depth in red line for Coxilha city.

(a) (b)

Source: The author.
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Figure 45: (a) Tree-ring time series for the trees (after averaging the samples per tree), the
samples were collected in Curitibanos City, and only the tree indices were obtained for this thesis;
(b) Ring Width Index (RWI) as black line and sample depth in red line for Curitibanos city.

(a)

(b)

Source: The author.
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Figure 46: (a) Tree-ring time series of the samples collected in General Carneiro City; (b)
Tree-ring time series for the trees (after averaging the samples per tree); (c) Ring Width Index
(RWI) as black line and sample depth in red line for General Carneiro City.

(a) (b)

Source: The author.
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Figure 47: (a) Tree-ring time series of the samples collected in Irani City; (b) Tree-ring time
series for the trees (after averaging the samples per tree); (c) Ring Width Index (RWI) as black
line and sample depth in red line for Irani City.

(a) (b)

Source: The author.
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Figure 48: (a) Tree-ring time series of the samples collected in Irineópolis City; (b) Tree-ring
time series for the trees (after averaging the samples per tree); (c) Ring Width Index (RWI) as
black line and sample depth in red line for Irineópolis City.

(a) (b)

Source: The author.
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Figure 49: (a) Tree-ring time series for the trees (after averaging the samples per tree), the
samples were collected in Passo Fundo City, and only the tree indices were obtained for this
thesis; (b) Ring Width Index (RWI) as black line and sample depth in red line for Passo Fundo
City.

(a)

(b)

Source: The author.
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Figure 50: (a) Tree-ring time series of the samples collected in São Francisco de Paula City; (b)
Tree-ring time series for the trees (after averaging the samples per tree); (c) Ring Width Index
(RWI) as black line and sample depth in red line for São Francisco de Paula City.

(a) (b)

Source: The author.



133

APPENDIX B – CONTINUOUS WAVELET TRANSFORM (CWT) FIGURES

The figures presented in this appendix display the results of the continuous wavelet
transform (CWT) analysis conducted on the time series data for each parameter and RWI
for each city in this study. Each CWT figure represents the time-evolving wavelet power
spectrum and highlights potential periodicities and their time-localization. The detailed
analysis is provided in the Results - Continuous Wavelet Transform (CWT) section.

Figure 51: Continuous Wavelet Transforms (CWTs) of the Ring Width Index (RWI) of (a)
Açungui, (b) Canela, (c) Chapecó, (d) Coxilha, (e) Curitibanos, (f) General Carneiro, (g) Irani,
(h) Irineópolis, (i) Passo Fundo, and (J) São Francisco de Paula. The black contours indicate
regions with a significance level > 0.95.

(a)
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(b)

(c)
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(d)

(e)
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(f)

(g)



137

(h)

(i)
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(j)
Source: The author.
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Figure 52: Continuous Wavelet Transforms (CWTs) of the time-series: (a) SOI, (b) NIÑO 3.4,
(c) SUNSPOT, (d) and ATLSW. The black contours indicate regions with a significance level >
0.95.

(a)

(b)
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(c)

(d)
Source: The author.
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Figure 53: Continuous Wavelet Transforms (CWTs) of Climate Variables at Irati Station. (a)
Precipitation, (b) Mean Temperature, (c) Minimum Temperature, and (d) Maximum Temperature.
The black contours represent regions with a significance level greater than 0.95, indicating
statistically significant patterns.

(a)

(b)
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(c)

(d)
Source: The author.



143

Figure 54: Continuous Wavelet Transforms (CWTs) of Climate Variables at Caxias do Sul
Station. (a) Precipitation, (b) Mean Temperature, (c) Minimum Temperature, and (d) Maximum
Temperature. The black contours represent regions with a significance level greater than 0.95,
indicating statistically significant patterns.

(a)

(b)
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(c)

(d)
Source: The author.
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Figure 55: Continuous Wavelet Transforms (CWTs) of Climate Variables at Chapecó Station. (a)
Precipitation, (b) Mean Temperature, (c) Minimum Temperature, and (d) Maximum Temperature.
The black contours represent regions with a significance level greater than 0.95, indicating
statistically significant patterns.

(a)

(b)
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(c)

(d)
Source: The author.
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Figure 56: Continuous Wavelet Transforms (CWTs) of Climate Variables at Passo Fundo
Station. (a) Precipitation, (b) Mean Temperature, (c) Minimum Temperature, and (d) Maximum
Temperature. The black contours represent regions with a significance level greater than 0.95,
indicating statistically significant patterns.

(a)

(b)



148

(c)

(d)
Source: The author.
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Figure 57: Continuous Wavelet Transforms (CWTs) of Climate Variables at Porto União
Station. (a) Precipitation, (b) Mean Temperature, (c) Minimum Temperature, and (d) Maximum
Temperature. The black contours represent regions with a significance level greater than 0.95,
indicating statistically significant patterns.

(a)

(b)
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(c)

(d)
Source: The author.
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Figure 58: Continuous Wavelet Transforms (CWTs) of Climate Variables at Joaçaba Station. (a)
Precipitation, (b) Mean Temperature, (c) Minimum Temperature, and (d) Maximum Temperature.
The black contours represent regions with a significance level greater than 0.95, indicating
statistically significant patterns.

(a)

(b)
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(c)

(d)
Source: The author.
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APPENDIX C – CROSS WAVELET COHERENCE (WTC) FIGURES

In this appendix, we present the figures of the Cross Wavelet Coherence (WTC)
analysis conducted to investigate the relationships between the Ring Width Index (RWI)
and various ocean-atmosphere and solar parameters. The main goal of this investigation is
to gain insights into the potential influences of these environmental and solar factors on
the tree growth patterns captured by the RWI.

Figure 59: Cross Wavelet Coherence (WTC) Analysis between Açungui Ring Width Index (RWI)
and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results between
Açungui RWI and the Sunspot Number (SUNSPOT), Southern Oscillation Index (SOI), El
Niño 3.4 Index (NIÑO 3.4), Atlantic Sea Surface Temperature (ATLSW), Precipitation (PREC),
Maximum Temperature (TMAX), and Minimum Temperature (TMIN), Mean Temperature
(TMEAN), respectively. The contours in black indicate regions of high coherence with a significance
level > 0.95. The white arrows demonstrate the phase angle of the relationship between the RWI
and each parameter. Rightward-pointing arrows signify an “in-phase” relationship. Contrary,
leftward-pointing arrows indicate an “anti-phase” relationship.

(a)
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(b)

(c)
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(d)

(e)
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(f)

(g)
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(h)
Source: The author.



158

Figure 60: Cross Wavelet Coherence (WTC) Analysis between Canela Ring Width Index (RWI)
and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results between
Canela RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index (NIÑO 3.4), Sunspot
Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipitation (PREC), Mean
Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum Temperature (TMIN),
respectively. The contours in black indicate regions of high coherence with a significance level
> 0.95, unveiling potential associations and time-frequency relationships. The white arrows
demonstrate the phase angle and direction of the relationship between the RWI and each
parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that both
the RWI and the parameter share similar variations at specific time-frequency intervals. Contrary,
leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the parameter
exhibit opposite variations at certain time-frequency regions.

(a)
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(b)

(c)
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(d)

(e)
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(f)

(g)
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(h)
Source: The author.
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Figure 61: Cross Wavelet Coherence (WTC) Analysis between Chapecó Ring Width Index (RWI)
and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results between
Chapecó RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index (NIÑO 3.4), Sunspot
Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipitation (PREC), Mean
Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum Temperature (TMIN),
respectively. The contours in black indicate regions of high coherence with a significance level
> 0.95, unveiling potential associations and time-frequency relationships. The white arrows
demonstrate the phase angle and direction of the relationship between the RWI and each
parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that both
the RWI and the parameter share similar variations at specific time-frequency intervals. Contrary,
leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the parameter
exhibit opposite variations at certain time-frequency regions.

(a)
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(b)

(c)
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(d)

(e)
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(f)

(g)
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(h)
Source: The author.
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Figure 62: Cross Wavelet Coherence (WTC) Analysis between Coxilha Ring Width Index (RWI)
and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results between
Coxilha RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index (NIÑO 3.4), Sunspot
Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipitation (PREC), Mean
Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum Temperature (TMIN),
respectively. The contours in black indicate regions of high coherence with a significance level
> 0.95, unveiling potential associations and time-frequency relationships. The white arrows
demonstrate the phase angle and direction of the relationship between the RWI and each
parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that both
the RWI and the parameter share similar variations at specific time-frequency intervals. Contrary,
leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the parameter
exhibit opposite variations at certain time-frequency regions.

(a)
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(b)

(c)
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(d)

(e)
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(f)

(g)
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(h)
Source: The author.
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Figure 63: Cross Wavelet Coherence (WTC) Analysis between Curitibanos Ring Width Index
(RWI) and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results
between Curitibanos RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index (NIÑO
3.4), Sunspot Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipitation
(PREC), Mean Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum Tem-
perature (TMIN), respectively. The contours in black indicate regions of high coherence with a
significance level > 0.95, unveiling potential associations and time-frequency relationships. The
white arrows demonstrate the phase angle and direction of the relationship between the RWI and
each parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that
both the RWI and the parameter share similar variations at specific time-frequency intervals.
Contrary, leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the
parameter exhibit opposite variations at certain time-frequency regions.

(a)
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(b)

(c)



175

(d)
Source: The author.
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Figure 64: Cross Wavelet Coherence (WTC) Analysis between General Carneiro (GCA) Ring
Width Index (RWI) and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the
WTC results between GCA RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index
(NIÑO 3.4), Sunspot Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipi-
tation (PREC), Mean Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum
Temperature (TMIN), respectively. The contours in black indicate regions of high coherence with
a significance level > 0.95, unveiling potential associations and time-frequency relationships. The
white arrows demonstrate the phase angle and direction of the relationship between the RWI and
each parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that
both the RWI and the parameter share similar variations at specific time-frequency intervals.
Contrary, leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the
parameter exhibit opposite variations at certain time-frequency regions.

(a)
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(b)

(c)
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(d)

(e)
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(f)

(g)
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(h)
Source: The author.
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Figure 65: Cross Wavelet Coherence (WTC) Analysis between Irani Ring Width Index (RWI)
and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results between
Irani RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index (NIÑO 3.4), Sunspot
Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipitation (PREC), Mean
Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum Temperature (TMIN),
respectively. The contours in black indicate regions of high coherence with a significance level
> 0.95, unveiling potential associations and time-frequency relationships. The white arrows
demonstrate the phase angle and direction of the relationship between the RWI and each
parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that both
the RWI and the parameter share similar variations at specific time-frequency intervals. Contrary,
leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the parameter
exhibit opposite variations at certain time-frequency regions.

(a)
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(b)

(c)
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(e)
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(f)

(g)
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(h)
Source: The author.
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Figure 66: Cross Wavelet Coherence (WTC) Analysis between Irineópolis Ring Width Index
(RWI) and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results
between Irineópolis RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index (NIÑO
3.4), Sunspot Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipitation
(PREC), Mean Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum Tem-
perature (TMIN), respectively. The contours in black indicate regions of high coherence with a
significance level > 0.95, unveiling potential associations and time-frequency relationships. The
white arrows demonstrate the phase angle and direction of the relationship between the RWI and
each parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that
both the RWI and the parameter share similar variations at specific time-frequency intervals.
Contrary, leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the
parameter exhibit opposite variations at certain time-frequency regions.
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(h)
Source: The author.
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Figure 67: Cross Wavelet Coherence (WTC) Analysis between Passo Fundo Ring Width Index
(RWI) and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display the WTC results
between Passo Fundo RWI and the Southern Oscillation Index (SOI), El Niño 3.4 Index (NIÑO
3.4), Sunspot Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW), Precipitation
(PREC), Mean Temperature (TMEAN), Maximum Temperature (TMAX), and Minimum Tem-
perature (TMIN), respectively. The contours in black indicate regions of high coherence with a
significance level > 0.95, unveiling potential associations and time-frequency relationships. The
white arrows demonstrate the phase angle and direction of the relationship between the RWI and
each parameter. Rightward-pointing arrows signify an “in-phase” relationship, indicating that
both the RWI and the parameter share similar variations at specific time-frequency intervals.
Contrary, leftward-pointing arrows indicate an “anti-phase” relationship, where the RWI and the
parameter exhibit opposite variations at certain time-frequency regions.
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(h)
Source: The author.
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Figure 68: Cross Wavelet Coherence (WTC) Analysis between São Francisco de Paula (SFP)
Ring Width Index (RWI) and Ocean-Atmosphere/Solar Parameters. Panels (a) to (h) display
the WTC results between (SFP) RWI and the Southern Oscillation Index (SOI), El Niño 3.4
Index (NIÑO 3.4), Sunspot Activity (SUNSPOT), Atlantic Sea Surface Temperature (ATLSW),
Precipitation (PREC), Mean Temperature (TMEAN), Maximum Temperature (TMAX), and
Minimum Temperature (TMIN), respectively. The contours in black indicate regions of high
coherence with a significance level > 0.95, unveiling potential associations and time-frequency
relationships. The white arrows demonstrate the phase angle and direction of the relationship
between the RWI and each parameter. Rightward-pointing arrows signify an “in-phase” rela-
tionship, indicating that both the RWI and the parameter share similar variations at specific
time-frequency intervals. Contrary, leftward-pointing arrows indicate an “anti-phase” relationship,
where the RWI and the parameter exhibit opposite variations at certain time-frequency regions.
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Source: The author.
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Abstract
Tropical dendrochronology has gained significant attention in recent years, particularly with the dendrochronological study
of new species that produce annual growth rings and are responsive to environmental changes. Despite the progress, the extent
to which ocean–atmosphere interactions influence regional climate and, consequently, tree growth, is not fully understood.
Among the new species, Ocotea porosa (Nees & Mart.) Barroso (also known as Imbuia) has shown excellent potential
for climate research. This study investigates the climatic and solar influences on a chronology of 41 Imbuia tree samples.
Pearson’s correlation was used alongside Wavelet transform to evaluate periodicities between the tree-ring chronology and
climatic parameters such as the southern-oscillation index (SOI), annual precipitation, El Niño 3.4 (PACE), and the South
Atlantic Index (ATLS). Our analysis revealed evidence of the influence of the El Niño Southern Oscillation (SOI) on rainfall
variability in the region, the Hale and Gleissberg solar cycles causing precipitation variation, likely due to the influence of
the Atlantic Ocean, and the Brückner-Egeson-Lockyer climatic cycle, which is correlated with sunspot activity. Furthermore,
our wavelet analysis identified possible connections to the Eastern Pacific-type El Niño events during five specific periods:
1911–1912, 1918–1919, 1976–1977, 1982–1983, and 1986–1987. The results indicate that southern Brazil is affected by
several climatic and geophysical parameters from both the Atlantic and Pacific oceans, which directly affect the growth of
Imbuia trees as their tree-ring series display sensitivity to these parameters.

1 Introduction

The Brazilian territory is influenced by both the Atlantic and
Pacific oceans, which interact with the lower atmosphere in
different ways. These include 1) the winds above the sea
surface, which are responsible for cooling the sea surface
and balancing the heat flux, and are the main mechanisms
that generate ocean circulation; 2) the evaporation from the
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ocean mixing across the marine atmospheric boundary layer,
and subsequently transporting moisture to the troposphere;
and 3) the atmospheric circulation driven by water vapor
resulting from evaporation from the ocean, which releases
latent heat associated with condensation of the vapor to form
clouds and precipitation (Chelton and Xie 2010).

This interaction between the oceans and the lower atmo-
sphere can result in climatic phenomena such as the El Ninõ
Southern Oscillation (ENSO). The ENSO is associated with
changes in the Sea Surface Temperature (SST) patterns and
trade winds in the Equatorial Pacific region. It is defined
as positive (El Ninõ) and negative (La Ninã) anomalies
(Sampaio 2000), affecting South America (Garreaud et al
2009; Rigozo et al 2012), and specifically, Southern Brazil.
In Southern Brazil, the El Ninõ events coincide with a higher
frequency of heavy rains, and the La Ninã events corre-
spond to severe droughts. Floods and severe droughts can
cause problems with tree growth performance. Tree growth
is highly dependent on the rainfall amounts in the most
humid sector during the dry season, whereas in sites settled
in areas of lower summer temperatures, the rainfall dur-
ing the warm-rainy season is the main determining factor
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influencing tree-growth dynamics (Nordemann et al 2002;
Venegas-González et al 2018).

The regional climate system is of paramount importance
to the economy, particularly for services that depend directly
on the climate, such as natural resource management and
agriculture. Understanding environmental changes are also
critical. Studies focused on agriculture illustrate the impor-
tance of analyzing climatic phenomena. For instance, Junior
and Sentelhas (2019) found that soybean and corn crops
in the Brazilian north region are negatively affected by the
ENSO, while the same products in the Center-South region
can be positively benefited. In 1982–1983, the intense rains
caused floods in more than 400 municipalities in Paraná,
Santa Catarina states, and Rio Grande do Sul state (Gasquez
and Magalhães 1987). These climatic disasters are exam-
ples of ENSO consequences. During those years, the ENSO
exhibited thewidest range of extremes compared to any other
similar period in the 20th century.

As discussed by Haigh (2007), the Sun exerts influ-
ence on various climate “modes of variability”, for instance,
the cycles of 11, 22, and 90 years found in climatic data
are assumed to be associated with the solar variability
(Currie 1974; Lassen and Friis-christensen 1995; Lean and
Rind 1999; Hathaway 2010). To study climate variability and
perform climate predictions, the understanding of oceanic
and atmospheric circulation is fundamental, as they are inter-
connected. However, there is a lot of debate about whether
the solar effect significantly contributes to global warming
or not Scafetta (2009).

The solar activity presents several sub-intervals, including
the Schwabe cycle, which corresponds to a period band-
width of 8–13 years, the cycle of approximately 11 years
related to the variability in sunspot numbers, and the Hale
cycle of 17–26 years, which is related to the magnetic solar
cycle of 22 years. The long-term variations in solar activ-
ity, which last 70–90 years, are called the Gleissberg cycle
and can significantly affect terrestrial phenomena (Kivelson
and Russell 1995; Hoyt and Schatten 1997; Ma 2009). The
Gleissberg cycle can be directly linked to sunspot forma-
tion, and it is intrinsically related to features of the Schwabe
cycle (Peristykh and Damon 2003). The 50- and 2- to 2.5-
year cycles are possibly associated with the influences of
the Gleissberg solar activity cycle and the interannual oscil-
lations of land-atmospheric-ocean systems, respectively, as
discussed by Zhang et al (2020). The cycles of approximately
18 years (Saros lunar cycle) and approximately 30 to 35 years
(Brückner-Egeson-Lockyer climatic cycle) may be a combi-
nation of the Gleissberg and Hale cycles, as a result of the
nonlinear effects of solar activity on the terrestrial environ-
ment (Solanki and Fligge 1998; Prestes et al 2018).

On the other hand, Scafetta (2010) investigated cycleswith
periods of 10–11, 12, 15, 20–22, 30, and 60 years using sur-
face temperature records since 1850 and showed that these
cycles could be easily linked to the orbits of Jupiter and
Saturn. Additionally, the 9.1- and 18.6-year cycles were syn-
chronized with the Moon’s orbital cycles. While the idea
that planetary motions might affect climate is intriguing, it
remains controversial, and some scientists are skeptical of
these claims.Nonetheless, the studyof these long-termcycles
can provide important insights into the natural variability of
the climate system and may help to improve our understand-
ing of the complex interactions between the Earth, the Sun,
and the planets.

Dendrochronology is a widely used scientific technique
that examines and dates events recorded in tree rings over the
tree’s lifetime (Speer 1971). The technique of cross-dating
was introduced by Andrew E. Douglass, ensuring that each
tree ring is assigned its exact year by using patterns of wide
and narrow rings between cores from the same tree, making
it the most critical principle for dendrochronology studies
(Douglass 1919). In other words, tree ring data can be used to
analyze the spatial and temporal patterns of climate variation
and the solar cycle (Schweingruber 1988; Dergachev and
Raspopov 2000; Raspopov et al 2004; Fye and Cleaveland
2001; Rigozo et al 2004a).

Several studies have shown evidence of the solar cycle’s
influence on tree rings, particularly related to the cycles of
Schwabe (∼11 years), Hale (∼22 years), and Gleissberg
(∼70 to ∼90 years) (Hathaway 2010; Rigozo et al 2004b;
Prestes et al 2011, 2018). These studies indicate that varia-
tions in solar activity can influence tree growth, resulting in
changes in tree-ringwidths and patterns that reflect solar vari-
ability. However, it should be noted that other factors such
as temperature, precipitation, and soil conditions can also
influence tree growth, so the interpretation of tree-ring data
requires careful consideration of all relevant environmental
factors.

In this study, we will identify the climatic periodicities in
the tree-ring series to understand the dynamics of the ocean–
atmosphere interactions, and to evaluate how they affect or
modify the regional climate system. The study of Rigozo et al
(2012) found that tree-ring responses to the Southern Oscil-
lation Index (SOI) in 4–8-year bandwidth, and higher and
lower levels of rain due to the El Ninõ and La Ninã, respec-
tively. In this sense, the Wavelet analysis is used here since
it is a widely used tool for the study of non-stationary sig-
nals allowing us to identify the periodicities present in time
series and investigate the mechanisms of climate influence
(Velasco and Mendoza 2008; Ma 2009; Souza Echer et al
2012; Velasco Herrera 2016; Wang et al 2021).
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2 Materials andmethods

2.1 Study area and climate

The city of General Carneiro (latitude: 26◦24’S - Longitude:
51◦24’W - altitude: 983m) is located in Paraná state, South-
ern Brazil (Fig. 1), and it was chosen as the collection site of
the samples for this study.

The climatic characteristics of the Brazilian southern
region are subtropical with well-distributed rains through-
out the year. There is a slight decrease in the rainfall level
during the winter, especially in August, and an increase dur-
ing the summer. The Climograph of the region is shown in
Fig. 2.

The southern regionofBrazil is located outside the tropics,
which results in it receiving less light than theBrazilian tropi-
cal regions.However, during the summer, theEarth’s position
allows for more insolation in this southern region, leading to
high evaporation. Due to the southern region’s proximity to
the Atlantic Ocean, there is an increase in cloudiness, and
as a consequence, there is an increase in the level of rainfall
(Dittberner 2001).

The South Atlantic Anticyclone System (SAAS) has an
indirect impact on the climate of General Carneiro city. The
tropical marine mass originates from the SAAS, while the
polar anticyclone originates the polar mass. The displace-
ment of thesemasses, and their relationshipwith thewarming
of the Atlantic, is the primary cause for the abundant precipi-
tation in spring and summer (Nimer 1989). Additionally, due
to the polar fronts, General Carneiro city is subject to extreme
weather events in any season. Therefore, the city experiences
notable annual rainfall deviations in both summer andwinter.
However, the thermal variability does not vary with the same
intensity (Leal 1999). From June toAugust, on average, there
are 22 penetrations of frontal systems in the latitudinal range

of 25◦ to 35◦ S (Oliveira 1986). The cold fronts induce the
formation of instability lines, and in combination with other
phenomena, it can accentuate the formation of convective
precipitation.

Other important systems operating in this region are the
Mesoscale Convective Complexes (MCC) and the South
Atlantic Convergence Zones (SACZ). The MCC occurs
mainly in spring and summer, and the SACZgenerally occurs
from September to October, and fromMarch to April. These
systems explain the famous “Summer rains" in Brazil (Nery
2005).

The climate circulation over Brazil is mainly driven by the
South American Monsoon System (SAMS), which presents
its maximum activity during the southern hemisphere sum-
mer. It is characterized as a rainy season. The SAMS is
developed due to the large-scale thermal contrast between
ocean and continent, and considering the effects of high
topography, the Andes Mountains, the SAMS brings a large
volume of moisture from the oceans to the continent (Zhou
and Lau 1998). The SAMS also connects the Intertropical
Convergence Zone (ITCZ) with the SACZ through a large-
scale atmospheric circulation containing a low-level jet. The
South American Low-Level Jet (SALLJ) starts in the north-
ern region of SouthAmerica following theAndes topography
and transports heat and moisture from the Amazon Basin to
the Rio da Prata Basin (Vera et al 2006). This transport, in
its turn, is conditioned by the action of the low-pressure sys-
tems of the Chaco and Northern Argentina (Nogués-Paegle
and Mo 1997). The portion of the low-level jets that goes
towards the continent’s Southeast region interacts with the
winds formed by the high-pressure South Atlantic system.
This event is considered the trigger to the SACZ formation
(Saulo et al 2000).

Other important climatic features are the incursions of
polar fronts arising from east of the Andes (Marengo and

Fig. 1 The map of Brazil on
which General Carneiro’s city
location is indicated. Source:
MapChart (https://www.
mapchart.net/)
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Fig. 2 Climograph of monthly
climate data. Box shows the
median and interquartile range
(IQR). The whiskers indicate 1.5
IQR. Source: Data from Earth
System Research Laboratory
and graphic made by the authors
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Rogers 2001), and the El Niño teleconnections that con-
trol rainfall and hydrology of major river systems (Aceituno
1988; Boulanger et al 2005).

2.2 Climatic Variables

For this analysis we choose the following representative
parameters of ocean–atmosphere interaction:

• Southern-Oscillation Index (SOI) - The SOI is calculated
by the difference in sea level air pressure (SLP) between
Tahiti and Darwin (Australia), i.e., between the western
and eastern tropical Pacific Ocean during El Niño and La
Niña episodes;

• Annualprecipitation-Theprecipitationdatawere obtained
from reanalysis at Earth System Research Laboratory
(http://www.esrl.noaa.gov), having a spatial resolution
of 0.5◦ Latitude X 0.5◦ Longitude;

• El Niño 3.4 (PACE) - The SST index for the Pacific
Ocean is used to verify the influence of the Equatorial
Pacific (PACE) on precipitation and tree ring. The Niño
3.4 region (5◦ N - 5◦ S; 120X - 170X W) was selected
because it represented the monthly index of the Equato-
rial Pacific; and

• South Atlantic Index (ATLS) - The SST index represent-
ing the Atlantic ocean is calculated as the area-averaged
monthly SST anomalies between the latitudes 0◦ S and
20◦ S and longitudes 30◦ W and 10◦ E, available on the
National Center for Environmental Prediction (NCEP)
(http://www.cpc.ncep.noaa.gov/data/indices/).

The SST datasets for the Atlantic and Equatorial Pacific
Oceans were obtained from the Climate Explorer site, avail-
able from the period 1854 to 2015. The atmospheric data
selected for thiswork are the precipitation from1900 to 2010,
air temperature from 1948 to 2010, and SOI from 1880 to
2015.

2.3 Tree-ring data

The tree-ring data used in our analysis is the same dataset as
used by Silva et al (2021). In their study, all data processing
steps were described in detail, including the series detrend-
ing by Regional Curve Standardization (RCS) method. As
discussed by Silva et al (2021), 64 tree-ring samples were
collected in January 2013 from 21 different trees belonging
to the native species Ocotea porosa (Nees & Mart) Barroso,
commonly known as Imbuia. During the sample collection,
it was ensured that the trees were not diseased or attacked
by pests, to eliminate any influence on the tree-ring series.
This species was selected based on its suitability for Tropi-
cal Dendrochronology, as it exhibits clear growth rings and
annual periodicity (Nascimento 2022).

The preparation of the samples took place following these
steps: (i) dry them in the shade; (ii) polished themon the trans-
verse surface with 50–600 grit sandpaper to highlight the tree
ring; (iii) demarcated the rings using a stereomicroscope (6
to 40 times magnification) with a fiber optic lighting system;
(iv) measured the size of the rings using a VELMEX mea-
suring table with an accuracy of 0.001 mm; and (v) arranged
the tree-ring width values in spreadsheets corresponding to
each sample. The dating was made from the tree bark to the
pith. The last tree ring formed up to the date of the collection
represents the year 2011.

To improve accuracy, the cross-validation technique was
performed using a 50 years window to eliminate count-
ing errors and identify false rings or partially missing rings
(Helama et al 2004). From the initial 64 tree-ring samples,
only 41 samples were chosen to compose our chronology
from the year 1446 to 2011.

2.3.1 Chronology statistics

The chronologywas estimated usingTukey’s biweight robust
mean. However, as the tree ring for the year 2012 had not
completed its growth on the day of collection, the chronology
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ends in 2011. This is because Imbuia tree ring formation
occurs in summer/autumn, as reported by Filho et al (2003).
We used trend variance in the chronology, as was done by
Shiyatov and Mazepa (1987). Figure3 shows that when the
sample size is small (i.e., ≤ 5), corrections are needed to
account for variations. On the other hand, in periods where
there are more samples, no correction is necessary

Table 1 presents the chronology statistics. The mean
series intercorrelation (Rbar) for the full period is around
0.15, which some dendrochronologists consider an accept-
able value when working with a larger number of samples.
In these studies of Cook et al (2004); Esper et al (2002);
Anchukaitis et al (2017), the critical Rbar values used for
sample selection ranged from 0.15 to 0.18. It’s worth not-
ing that the critical Rbar value used in any given study may
depend on the specific research question, the quality of the
samples, and the method of analysis used.

The mean sensitivity obtained is also high according
to Locosselli (2012), exceeding 0.30, indicating that the
time series are sensitive, which is defined as the differ-
ence between two successive rings divided by their mean
Douglass (1919). However, it is worth noting that this value
is still uncertain, and additional parameters are required, as
discussed by Bunn et al (2013).

According to Cook and Kairiukstis (1990), an EPS value
greater than 0.85 is obtained with a chronology of nearly
36 samples when the full-period intercorrelation value is
approximately 0.1294, which agrees with our EPS results for
the full period. An EPS value greater than the critical value
indicates that the chronology is reliable, meaning that there
is no single tree-ring series that dominates the chronology,
and therefore it is homogeneous. We also obtained a signal-
to-noise ratio of 6.086, although this value can be difficult

to interpret, as it does not have an upper bound (Cook and
Kairiukstis 1990).

2.4 Wavelet analysis

Awavelet transform is a useful tool for non-stationary signal
analysis (Graps 1995). It allows identifying the periodici-
ties of a time series and its location in time (Kumar and
Foufoula-Georgiou 1997; Percival and Walden 2002). One
of the limitations of the Fourier Transform lies in the fact
that it does not allow the analysis of different parts of the sig-
nal separately (Haddad and Serdijn 2009). In addition, sine
waves are well located in frequency, but not in time, as their
supports are of infinite length. To overcome these problems,
the wavelet transform was introduced.

As discussed by Torrence and Compo (1998), the contin-
uous wavelet transform of a discrete sequence xn is defined
as the convolution of xn with a scaled and translated version
of the mother wavelet function ψ :

Wn(s) =
N−1∑

n′=0

xn′ψ∗
[(

n′ − n
)
δt

s

]

(1)

where the (∗) indicates the complex conjugate. This trans-
form useswindows of variablewidth (wavelet scale s), which
can adjust to the characteristics of each signal segment. And
by translating along the localized time index n, it is pos-
sible to construct a picture showing both the amplitude of
any features versus the scale and how this amplitude varies
with time. So, for example, if there is an increase in the res-
olution of the time domain, it implies a loss of location in
frequency and vice versa. This fact is due to the Heisen-
berg Uncertainty principle. In 1927, the physicist Werner
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Fig. 3 The chronology of 41 Imbuia samples without the variance trend correction (light gray line) and with the variance trend correction (black
line) based on the coefficient of variation. The change in the number of samples in the chronology is represented on the right y-axis (blue line)
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Table 1 Chronology statistics used to interpret the chronology quality

Period RBar EPS

1687–1736 0.3475 0.727

1712–1761 0.2020 0.695

1737–1786 0.1799 0.707

1762–1811 0.1788 0.753

1787–1836 0.1865 0.821

1812–1861 0.1425 0.806

1837–1886 0.1382 0.823

1862–1911 0.1418 0.841

1887–1936 0.1287 0.834

1912–1961 0.1407 0.855

1937–1986 0.1505 0.879

1962–2011 0.1352 0.865

Full Period 0.1294 0.859

N◦ of trees for EPS >0.85 = 10

Mean Sensitivity = 0.3991

Signal to Noise Ratio = 6.086

A period of every 50 years was used to calculate the statistics, but the
starting year starts in themiddle of the previous period. RBar is themean
intercorrelation between the series. EPS is the Expressed Population
Signal

Heisenberg determined that an object’s position and speed
cannot be measured accurately in time or even accurately
described in theory. In signal processing, it is impossible to
know simultaneously the frequency and the exact position at
the time of this frequency of any signal. To determine the
exact frequency of a signal, we must use an infinite support
mother wavelet over time, or vice versa (Gabor 1946).

In this article, for the evaluation of the time-varying rela-
tionship between two-time series, we used the cross-wavelet
transform (XWT) defined as

WXY
n (s) = WX

n (s)WY∗
n (s), (2)

where WX
n (s) and WY

n (s) are the wavelet coefficients of the
times series X and Y , respectively. Since we are using the
Morlet as the mother wavelet, the cross-wavelet spectrum is
complex, and the similarity of the two series can be given by
the cross-wavelet power, i.e., | WXY

n (s) |.
The CWT algorithm developed by Torrence and Compo

(1998) was modified to suppress the effects of the border or
edge. It is important to mention that the edge effects occur
due to the limitation of the signal length, and will be treated
here by the method of symmetrization. This method assumes
that the signals can be recovered out of their original sup-
port through their symmetrical replication (signalmirroring),
both to the left and to the right of their support. However, this
method has the disadvantage of introducing discontinuities
at the edges, but it works well in general. In addition, there is

no loss of response due to wavelet truncation, and the cone of
influence is not necessary as discussed in Prestes et al (2018).

At this point, one question arises: Is the data used in this
work enough to show and explain the fluctuations related to
the possible interrelation between climatic and solar forcing
and the tree rings? As simply stated by the Nyquist criterion,
only periodicities above at least twice the highest sampling
period can be observed. On the other hand, the length of the
signal limits the maximum observed period. For example,
the precipitation series has a length of 110 years and a time
resolution of 1 year, consequently, the cross-wavelet analysis
can verify periodicities between 2 and 110-year bands as
stated by the Nyquist criterion.

3 Results and discussion

To access the climate response of the trees, we performed the
Pearson’s (r) and Squared Pearson’s Correlations (r2), both
computed for the full period of the chronology. The Signifi-
cance Value (p) of the correlations was also computed, using
the probability density functions obtained after 1000 Monte-
Carlo iterations.Our correlation results (Table 2) indicate that
they are not significantly correlated with the GCI concerning
the full period of the chronology.

A moving correlation was performed (Fig.4) using win-
dow sizes ranging from 2 to 33 years to examine the
correlation coefficient point by point between the chronol-
ogy and the climatic series. The white contours indicate the
points with a significant correlation between the two series,
i.e., p-value = 0.05.

The analysis of the moving correlation (Fig. 4) revealed
that for PACE, there are consistently high and significant
correlation coefficients between the chronology and the cli-
matic series in the 2–15 year window for all years. Similarly,
for SOI, the 2–15 year window also exhibited high correla-
tion points for the entire series. Additionally, in the 10–33
year window, there were significant correlations between
1906–1936, 1960–1970, and 2000–2011. The ATLS also
exhibited strong influences on tree-ring growth in the 2–
15 year window throughout the full period, with an intense

Table 2 The results of Pearson correlation between the General
Carneiro chronology and climatic parameters

Parameters period r r2 p

PACE 1854–2011 0.108 0.012 0.2931

SOI 1866–2011 0.051 0.003 0.4853

ATLS 1854–2011 −0.172 0.030 0.7116

Precipitation 1901–2010 −0.079 0.006 0.3997

SSN 1700–2011 0.103 0.011 0.1141
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Fig. 4 Correlogram with 2–33-years moving windows, between the chronology and the climatic parameters. The white contours stand for a
significant correlation at 0.05 level. The color bar represents the correlation coefficient in modulus

influence, in the 10–33 year window, between 1890–1925
and 1984–2011.

The moving correlation analysis revealed that precipita-
tion had a consistent influence in the 2–15 year window
throughout the full period, indicating a strong relationship
between tree-ring growth and precipitation in the region. As
for sunspot number, the analysis showed a consistent influ-
ence in the 2–15 year window throughout the series, but there
were also intense influences during the years 1750–1770 and
1850–1870 for a 5–33 year window, and 1770–1780 and
1790–1802 for the 20–33 year window. These results sug-
gest that solar variability may have had an impact on tree
growth during those periods, possibly due to changes in the
amount of energy received by the Earth’s surface.

It should be noted that the high correlation coefficients
in the moving correlation analysis do not necessarily indi-
cate causation or prove a direct relationship between the
climatic variables and tree-ring growth. Nonetheless, they
provide useful information for further investigation and can
help guide the development of more detailed models.

A time-dependent technique, known as the cross-wavelet
transform, characterizes the interaction between the wavelet
transform of two individual time series and enables the iden-
tification of significant interactions (at a significance level of
0.05) in a specific period-band over time. Figure5(a) shows
the cross-wavelet scalogram between our GCI and the El
Niño 3.4 index, which monitors the tropical Pacific (PACE),
during the period from 1854 to 2011. Figure5(b) presents

the cross-wavelet scalogram between GCI and the Southern
Oscillation Index (SOI) for the period from 1866 to 2011. In
both scalograms, the scale values are represented by periods
in the range of 2 to 66 years.

In Fig. 5(a) and (b), significant periods with 95% confi-
dence represent periodicities between 2 and 8-years, and∼17
years. These periodicities between 2 and 8-years are located
in the temporal space for PACE-GCI during the 1875–1890,
1906–1920, 1933–1952, 1985–2010 periods; and for SOI-
GCI during the 1866–1890, 1904–1920, 1940–1950 periods.
Whereas for ∼ 17 years, the temporal location is between
1970 - 1995 in both scalograms. As expected, the 95% con-
fidence region is similar for both scalograms, especially in
the range of 2 to 8-years, because ENSO is characterized
by being an ocean–atmosphere interaction phenomenon in
which the oceanic component is associated with variations in
the sea surface temperature in the central and eastern waters
of the Equatorial Pacific Ocean.

In the study of Magdoff (2005), the major ENSO events
within our period of analysis were recorded in the years
1876–1878, 1972–1973, 1982–1983, and 1997–1998. Also,
there were at least 30 El Ninõ events from 1900 to 2020. It
is possible to notice that the cross-wavelet technique well-
detected themajor ENSO event influences in our chronology.
Prestes (2009) and Silva (2013), studying dendrochronolog-
ical series of araucaria angustifolia from southern Brazil,
found equivalent results to those found here, both for the
periodicities between 2 to 8-years and ∼ 17 years. It is inter-
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Fig. 5 The cross-wavelet spectrum using the Morlet wavelet between
General Carneiro index (GCI) and (a) theElNinõ 3.4 indexes tomonitor
the tropical Pacific (PACE); (b) Southern Oscillation Index (SOI). Top
graphs: the climatic series used. Middle graphs: GCI chronology. Bot-
tom graphs: the cross-wavelet power spectra (normalized), the squared
cross-wavelet coefficient is normalized by its maximum, and there-

fore, areas of stronger wavelet power are shown in bright yellow (“1"),
and areas of low wavelet power, in dark blue (“0”). The thick contour
encloses regions of greater than 95% confidence for a red-noise pro-
cess with a lag-1 coefficient of 0.72. Bottom right: the global wavelet
spectrum (normalized)
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esting to note that the periodicity of ∼ 17 years detected in
the cross-wavelet analysis could be related to the Moon’s
orbital cycles, as suggested by Scafetta (2010). They found
that long-term lunar cycles can induce a 9.1-year cycle in
temperature records and possibly other cycles, including
an 18.6-year cycle in some regions. However, it is worth
noting that further research would be necessary to con-
firm this relationship and to understand the mechanisms
behind it.

It is possible to notice cycles with periods of 20–22
(Fig. 5a), 30 and 60 years (Fig. 5b)whichmay be linked to the
orbits of Jupiter and Saturn, as suggested by Scafetta (2010).
The period of 20–22-years corresponds to the Hale solar
cycle. The period of 30–40-years may also be related to the
Brückner-Egeson-Lockyer climatic cycle that is correlated
with sunspot activity. The results indicate a potential causal
relationship between PACE-GCI and SOI-GCI in association
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Fig. 6 The cross-wavelet spectrum using the Morlet wavelet between General Carneiro index (GCI) (a) Tropical Southern Atlantic index (ATLS);
and (b) precipitation in the Brazilian southern region. Similar to Fig. 5
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with the lunar and solar cycles, as well as, the orbital periods
of Jupiter and Saturn.

In Fig. 6(a), the spectrumbetweenGCI andATLSpresents
sporadic regions with 2 to 5-years periodicities during 1880–
1890 and 1914–1924, and with 17 years, during 1895–1925,
and a period of ∼ 22 years appears between the years 1954
and 2011, similar to the wavelet spectra of PACE and SOI.
White et al (1997) also found periodicities related to the solar
forcing on a decadal scale (period of ∼ 11 years) and inter-
decadal (period of ∼ 22 years) in their analysis of Indian,
Pacific, and Atlantic oceans. The highest correlations were
found with a lag of 1–2-years between ocean temperatures
and solar activity, which is approximately the time scale
expected for the upper ocean layers (< 100m) to reach equi-
librium.

According to Rodrigues (2011), the Equatorial Atlantic
(30◦ S a 30◦ N) can cause a temperature increase in the
Brazilian southern region of up to 0.3 ◦C during summer
and a decrease of 0.3 ◦C during winter. They also studied the
influenceof oceanic variabilitymodes on theSouthAmerican
climate during the middle Holocene, and found that ENSO
has a positive influence in southern Brazil with a tendency to
increase precipitation up to 2.5 mm per day during the sum-
mer for the present climate. Prestes et al (2018) studied the
response ofAraucaria angustifolia growth in southern Brazil
to solar and climatic variability, and their results showed sig-
nificant periods of approximately 17 and 35 years, which
may be related to the lunar and Brückner-Egeson-Lockyer
climatic cycle, respectively. The period of ∼ 35 years may
also be interconnected to the solar cycles of Hale and Gleiss-
berg and their nonlinear effects on the atmospheric processes.
However, tree growth is not linked only to solar radiation, but
also to favorable weather conditions during its development.
Here, we will verify the atmospheric influence on the Imbuia
development by relating the tree ring to the annual precipi-
tation in the region of General Carneiro city.

In Fig. 6(b), the spectrum between GCI and precipita-
tion shows 3–5 years of periodicities during 1912–1922, and
1975–1986. There is also a consistently high cross-amplitude
in the 22-year band over the entire analyzed interval. As
reported by Viegas et al (2019), between the years 1905 and
1998, there were 10 observed El Niño events of the Eastern
Pacific-type (or Canonical-type), 5 of which correspond to
the years of periodicities found in our chronology (1911–
1912, 1918–1919, 1976–1977, 1982–1983, and 1986–1987).
Additionally, 14 Central Pacific-type (or Modoki-type) El
Niño events were observed between 1902 and 2005, but
only one event (1914–1915) occurredwithin the periodicities
found in this study. This may indicate a positive response in
tree growth to Eastern Pacific-type El Niño events, as they
cause higher precipitation levels in southern Brazil due to
their propagation further westward to the Eastern Equato-

rial Pacific from the coast of South America, as explained in
Rasmusson and Carpenter (1982).

Souza Echer et al (2008) studied the annual precipitation
series in Pelotas (southern Brazil) from 1894 to 1995 and its
relationship with ENSO, using cross-wavelet analysis. They
found significant cross-power for periodicities between 2 to
8 years in a temporal interval similar to those found here
and argued its causal relationship with SOI. The precipita-
tion in the South of Brazil is not well distributed or has a
seasonal regime. Schossler et al (2018) observe an associa-
tion between Southern Annular Mode, El Ninõ, and La Ninã
with anomalous precipitation events. In general, the southern
Brazilian region has rainfall above the climatological aver-
age during El Ninõ years from 1976 to 2010 (Teixeira Nery
and Carfan 2014).

A significant period of ∼ 17–20 years is also observed
between 1980 and 2001, which may correspond to the lunar
cycle. As explained by Camuffo (2001), the Moon, with its
tides, induces movement of the oceanic water and, conse-
quently, the transport of heat, which influences the level of
precipitation. It is also possible that the results attributed to
the lunar cycle might be more appropriately attributed to the
joint influence of Jupiter and Saturn or the Sun, or vice versa
(Camuffo 2001).

In the analysis of the araucaria growth in southern Brazil
to solar and climatic variability, Prestes et al (2018) found
periodicities between 2 and 7 years related to the El Ninõ
and La Ninã phenomena. They also found a period of ∼ 23
years related to changes in temperature, presenting a lag of
3 years with the series of the tree ring, and periods of ∼ 11,
∼ 80, and ∼ 200 years to solar activity. The period of ∼
35 years, which is related to the Brückner-Egeson-Lockyer
climatic cycle, was discussed by Prestes et al (2018) as being
a combination of the Gleissberg and Hale cycles.

In Fig. 7, the spectrum for Sunspot Number displays two
prominent periodicities: one around ∼100 years and another
around 200 years. The ∼11 year period is intermittent,
with variable energy over time. It exhibits significant inter-
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Fig. 7 The cross-wavelet spectrum using the Morlet wavelet between
General Carneiro index (GCI) and SunSpot Numbers (SSN). Similar to
Fig. 5
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vals during the years 1745–1775, 1790–1870, 1910–1945,
and 1970–1995. Lorensi (2016) found a similar spectrum
between the SSNand the series ofAraucaria angustifolia tree
rings from General Carneiro, with the Gleissberg cycle dis-
playing highwavelet-power energy. This cycle is also present
in several other dendrochronological series from southern
Brazil, including those studied byRigozo et al (2008), Prestes
et al (2011), Lorensi (2016), and Prestes et al (2018), and per-
sists throughout the entire analyzed series.

4 Conclusion

The results can be summarized as follows:

1. The periodicities between 2 and 8 years found in the
tree-ring chronology are likely due to the variability of
the Pacific Ocean related to ENSO, which affects precip-
itation variability in General Carneiro city.

2. The 17-year periodmaybe associatedwith the lunar cycle
or the Hale and Gleissberg solar cycles, which are known
to have non-linear effects on atmospheric processes.

3. The period of 22 years is mainly related to precipitation
variation, possibly due to the influence of the Atlantic
Ocean and/or its association with the Hale cycle.

4. The period of 30–40 years may also be related to the
Brückner-Egeson-Lockyer climatic cycle, which is cor-
related with sunspot activity.

5. The rainfall regime in General Carneiro city has low
annual variability, oscillating on average by±10%.There
was an increase in annual precipitation during the second
half of the century, consistent with the rise in ocean tem-
peratures, primarily related to the Atlantic Ocean.

6. The wavelet analysis identified periodicities in the years
1911–1912, 1918–1919, 1976–1977, 1982–1983, and
1986–1987, which may be indicative of Eastern Pacific-
type or Canonical-type El Niño events. These periodici-
ties were associated with increased precipitation, leading
to higher tree growth.

7. Southern Brazil is under the influence of several cli-
matic and geophysical parameters that result in ocean–
atmosphere interactions of both the Atlantic and Pacific
oceans. These parameters directly affect the development
of Imbuia trees, as indicated by the sensitivity of the tree
ring series. These results can serve as a first step for fur-
ther studies, such as paleoclimate reconstructions.
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Abstract: A dendrochronological series of Araucaria angustifolia was analyzed for a better under-
standing of the climatic factors that operate in Campos do Jordão city, São Paulo state, Brazil. The
dendroclimatic analysis was carried out using 45 samples from 16 Araucaria angustifolia trees to recon-
struct the precipitation and the temperature over the 1803–2012 yearly interval. To this end, Pearson’s
correlation was calculated between mean chronology and the climatic time series using a monthly
temporal resolution to calibrate our models. We obtained correlations as high as r = 0.22 (a = 0.1)
for precipitation (February), and r = 0.21 (a = 0.1) for temperature (March), both corresponding to
the end of the summer season. Our results show evidence of temporal instabilities because the corre-
lations for the halves of 1963–2012 were very different, as well as for the full period. To overcome this
problem, the dendrochronological series and the climatic data were investigated using the wavelet
techniques searching for time-dependent cause–effect relationships. From these analyses, we find a
strong influence of the region’s precipitation and temperature on the growth of tree ring widths.

Keywords: dendrochronology; Araucaria angustifolia; tree rings

1. Introduction

Trees are used as a natural record of climate variability in the regions in which they
grow. The study of the climate–time relationship using the variation in the width of the
tree ring growth is known as dendroclimatology. By analysing the tree ring widths, it is
possible to access how the trees responded to the regional climatic conditions. There are
many studies that prove this growth variation response [1,2], and it can vary from species
to species. Dendroclimatology determines the age of the trees by measuring the growth of
tree rings formed year by year and establishes its relationship with climatic events [3]. This
technique extracts the memory of climatic variations of the environment recorded by their
tree ring widths [4].

In regions where there is a contrast between the climate seasons, that is, mid and high
latitudes, the rings are generally well marked. Some tree species, such as pines, araucarias,
and cypress trees, have well-demarcated rings even in regions of low contrast between the
seasons [4]. Trees growing in mountain regions are excellent sources of paleoenvironmental
records because their physical and biological systems are highly sensitive to climatic
variations. Tree rings from high elevation sites provide climate-sensitive records that can
reach over a thousand years or more with annual to seasonal resolution [5]. Among the
species most used in dendrochronology, the use of Araucaria angustifolia stands out due to
the high longevity of the species, as well as its sensitivity to the climate [6–8].

Araucaria angustifolia is a subtropical and tropical conifer from South America [9–11].
This native tree of the Atlantic Forest is easily found in the southern and southeastern
Brazilian states and areas of Argentina and Paraguay. It belongs to Mixed Ombrophilous
Forests, also known as “Araucaria Forests”, due to the high occurrence of this species.
It is common to find individuals of Araucaria angustifolia in high altitudes, for instance,
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in mountainous areas in the States of Rio de Janeiro and Minas Gerais [12–14]. This species
still suffers from human exploration, causing environmental impact in the short and long
term, due to the alarming reduction of the original total forest area [15–19].

According to [20], about 60% of the Brazilian Atlantic Forest is located in southeastern
Brazil. The state of São Paulo has the highest level of fragmentation and deforestation
in this biome compared to other states in the southeastern. The Campos do Jordão city,
in the state of São Paulo, has well-defined climates as a striking feature. Its Köppen climate
classification is Cfb (temperate, no dry season, cool summer). In the study of [21], on the
structure and aspects of the natural regeneration of the Mixed Rainforest, it was found that
management actions are necessary for the in situ conservation of local conifers.

Many studies of Araucaria angustifolia were performed in southern Brazil, while the
development of dendroclimatic studies with this species in southeastern Brazil is quite
recent, and may contribute to the understanding of its growth dynamics concerning the
regional climate. To this end, our paper aims to obtain information on climate variability in
Campos do Jordão city, São Paulo, located in southeastern Brazil. We use a time-varying
correlation between the dendrochronological series of Araucaria angustifolia and the regional
climatic data (temperature and precipitation) using wavelet techniques.

2. Materials and Methods

2.1. Study Area and Species

Araucaria angustifolia trees stand out in dendrochronological studies due to their
excellent temporal resolution. When these trees present wide rings, it is possible to infer
which years had environmental conditions favorable to their development. On the other
hand, narrower rings correspond to years unfavorable to their growth [22,23]. Figure 1
shows a specimen of Araucaria angustifolia in the collection area, Pedra do Baú.

Figure 1. Samples of Araucaria angustifolia located at Pedra do Baú, 2013.

The Campos do Jordão city was selected for this study due to (i) its geographical posi-
tion and altitude; (ii) being an endemic region for the Araucaria angustifolia trees; and (iii) the
tree’s longevity. Campos do Jordão city is an Environmental Protection Area (Ordinary Law
No. 4105, dated 26 June 1984), which is located at the east of the São Paulo Capital, in Serra
da Mantiqueira (Figure 2), at an altitude of 1597 m (more information in http://www.
camposdojordao.sp.gov.br/portal/index.php/cidade/informacoes/localizacao (accessed
on 8 May 2012). Prefeitura de Campos do Jordão).
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Figure 2. Location of Campos do Jordão city (Red Point). Source: maps.google.com.br, accessed on
10 February 2021.

According to the Köppen classification, the climate of Campos do Jordão city is
Cfb, which corresponds to a subtropical climate of altitude, mesothermal and humid,
without drought, with a maximum temperature below 22 �C [24].

2.2. Samples Collection and Preparation

Samples of native Araucaria angustifolia woods were collected, under license from the
Brazilian Institute of the Environment and Renewable Natural Resources (IBAMA) in the
Campos do Jordão city in the state of São Paulo.

Through the macroscopic analysis of the wood, it is possible to observe the anatomy of
the tree rings of Araucaria angustifolia. Two parts are well-distinguished in the growth layer:
(i) earlywood (spring) and (ii) latewood (autumn or summer). The earlywood corresponds
to the tree’s growth at the beginning of the vegetative period, usually in the spring or when
conditions are favorable to the natural growth. In other words, when the plants are awak-
ened from the dormancy period and resume their physiological activities with all vigor.
As autumn approaches, environmental conditions (e.g., climate, water availability, etc.) be-
come increasingly restrictive to plant growth, causing the vascular exchange and the cells
to gradually decrease their physiological activity. As a result, the cell walls become thicker
and their cavities smaller. In general, this fact gives the latewood a darker appearance [25].

In our first campaign, we collected four samples from eight individual trees. This
campaign occurred in October 2012, within the area of the Universidade do Vale do Paraíba,
located in the central perimeter of Campos do Jordão (�22�44 and �45�36 and altitude
1520 m a.s.l.). The same number of trees and samples per tree were collected in our
second campaign carried out in March 2013 at Pedra do Baú in São Bento do Sapucaí
city, a municipality covered by Campos do Jordão (�22�40 and �45�39, and altitude
1835 m a.s.l.).

The samples were taken by the non-destructive method with the aid of an increment
borer (Pressler probe), which removes wooden cores from live trees. An incision of 1.30 m
diameter at breast height was made to remove each sample. To succeed in our analyses, the
samples were glued on support and polished with a sequence of sandpapers of different
granulations (from 50 to 400 grains). From the 16 Araucaria angustifolia trees (64 sam-
ples), only 45 samples were considered viable. The other unused samples were broken,
incomplete, too dark, or with resin stains.
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2.3. The Chronologies

The tree ring analyses were performed at the Natural Registry Laboratory (Laboratório

de Registros Naturais (LRN)), located at the Instituto de Pesquisa e Desenvolvimento (IP&D) of
the Universidade do Vale do Paraíba (UNIVAP). The samples considered viable for the study
were examined under a stereomicroscope (SMZ 168, with increases of 6.3 to 40 times),
and a fiber optic lighting system. Using this procedure, we demarcated the annual natural
tree ring width and excluded the false rings using COFECHA for cross-dating. The tree
rings were counted to determine the tree ages. Afterwards, they were correlated with their
respective calendar year. The measurement of the tree ring width was performed on a
Velmex Table.

The natural growth rate varies according to the biological characteristics of each
species; in order to maximize climate signals, a detrending in each series must be performed.
The detrending model depends on the study goal [26]. As this study aims to determine
the climatological variabilities, the following steps were: (1) to obtain the tree ring widths
for each (Figure 3); (2) to detrend the tree ring series using the 67% nspline (two-third
spline) with 50% of frequency cutoff as the individual growth trend; (3) to subtract the
trend from each tree series sample; (4) to calculate the mean chronology vising to minimize
anomalies and/or damage or any other sporadic phenomenon that may occur in any
tree (Figure 3); and (5) to improve the quality of the mean chronology, we used the
statistical program COFECHA to find possible errors between samples and to check the
synchronization between the tree ring series and the master series [27,28]. The traditional
approach to standardizing tree ring indices is to divide tree ring series by the detrended
67% nspline [29]. However, the tree ring indices are computed as residuals due to the
non-heteroscedastic nature of our tree ring series, as suggested by [28].

To measure the common variability in the chronology we calculate the value of the
expressed population signal (EPS) using

EPS(t) =
t x Rbt

t x Rbt + (1 � Rbt)
. (1)

The average number of tree series used is given by t and the mean between-tree
correlation is given by Rbt. According to [30], when the EPS < 0.85, it means that the
chronology is starting to be dominated by the individual signal of each tree series. However,
the tree series can still be used for dendrochronology as long as it is not extremely low [31].
In Table 1, one can see that the EPS value for this study is 0.86. Therefore, the series has a
coherent stand-level signal although it only contains 16 tree series.

Furthermore, we performed the variance correction due to the different sample num-
bers used in each time interval [32]. It is important to use as much of the tree ring series as
possible. A subset of size between one and ten reflects an increase in variance [33]. Given
this circumstance, the variance correction should be applied to produce a corrected tree
ring chronology. The uncorrected and corrected chronologies are shown in Figure 4. In our
case, there was a contraction in the variance of the corrected chronology below 15 samples.

2.4. Climatic Data and Analysis

In this study, monthly and annual temperature and precipitation series of the Campos
do Jordão station—SP (OMM: 83714)—were used. These series are available at the INMET
site (Instituto Nacional de Meteorologia). In this paper, we use the MATLAB functions
developed by [34], Seascorr, to summarize the seasonal climate signal in our tree ring
mean chronology. Figure 5 shows the climograph of the region. It can be observed that both
precipitation and temperature follow the same pattern of monthly distribution. However,
it can be noted that the precipitation does not vary much during the year (⇠200 mm)
and, also, the temperature (⇠10 �C). The intercorrelation between the climatic variables
(precipitation and temperature) was also evaluated, and has low correlation along the
computed periods, with the majority below 50% (Figure 6).
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Figure 3. Tree ring series of each tree from Campos do Jordão (Si in mm, where i = 1, 2, . . . , 16). Mean chronology (Mean in
mm, the last panel). The 67% nsplines (two-third splines) with 50% of frequency cutoff were applied to remove the age
trend (red lines).

Table 1. Tree ring series parameters.

Number of Tree Series (t) Period Mean between-Tree Correlation (Rbt) Expressed Population Signal (EPS)

16 1803–2012 0.28 0.86
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In the second step, we tested the temporal instability in the relationship between
the mean chronology and our primary climate variables using the Pearson correlation.
The correlation of mean chronology with our primary climate variables was also calculated
in two sub-periods: in the early period between 1961–1978, and the late period, 1979–2012.

In the third step, the relationship between the mean chronology and our primary
climate variables was also analyzed by the wavelet spectral techniques, which performs
the search for periodicities and the extraction of non-periodic signals [35]. Morlet’s cross-
wavelet spectrum shows what is common between two-time series. In the scalograms,
the Y-axis represents the scale (periods) of the spectrum in years, the X-axis is time, also in
years, and the color scale indicates the energy power for each periodicity at a given time.
The scalogram also shows the cone of influence (delimited by a white curve), in which the
outer region of this curve is where the border effects exist [36]. Here, we use the wavelet
cross-correlation to analyze the data dependent on the scales, in which each one represents
the behavior of a different frequency band. We used an updated version of the CWT
algorithm with the Morlet as the analyzing wavelet [36]. We used the symmetrization
method, to deal with the border effects [8]. Therefore, there is no need for a cone of
influence in our scalograms.

2.5. Results and Discussions

We calculated the Pearson’s correlations and partial correlations between the mean
chronology and precipitation/temperature series (Figure 7). The partial correlation was
used to remove the influence of one climatic variable from another using the Seascorr
written with MATLAB Release 2010b by [34]. Therefore, it is possible to assess the impor-
tance of only one climatic variable in the mean chronology. In the case of the southern
hemisphere, the growing season ends in March. Consequently, the correlations and partial
correlations were computed for individual months from February of the previous year to
March of the current year, 3-month seasons ending in February of the previous year to
March of the current year, and so on. The monthly temperature is significantly negatively
correlated (a = 0.05) with the mean chronology in three-month lengths ending in December
(partial correlation—without the precipitation influence). The analysis of Figure 7 shows
that the highest correlations for precipitation are in February, February#, April#, and July#
for the 1, 3, 6, and 12-month lengths, respectively, where # means “previous year”. In
the same sense, the highest correlations for temperature are in March, May#, March#,
and September#, respectively. The non-exceedance probabilities are listed in Table 2 for
each computed “season”. We note that the correlations for the observed precipitation
and temperature are higher than those for any of the corresponding 1000 simulations
in February and March, respectively. The confidence intervals for the correlations are
derived by Monte Carlo simulation, and the Empirical non-exceedance probabilities for
the simulation-based correlations were computed using the Weibull formula, as discussed
by [34].

In Table 3, we present the correlation and a for full, early and late periods, for the
precipitation and temperature as our primary variable. The a indicates that the param-
eters used in this analysis are not significantly correlated concerning the full period.
The month with the highest correlation for the full period is February. In the present
study, considering the seasons of the southern hemisphere, the precipitation during Febru-
ary (ending of the summer season) was considered the best control factor for the growth
of Araucaria angustifolia located in Campos do Jordão city. We also tested the temporal
instability using the correlation values obtained in the splitting periods. The splitting time
correlation analysis reveals temporal instability between tree ring width and summer pre-
cipitation presenting correlations of 0.34 for the early period and �0.07 for the late period.
This low correlation between the tree ring series and monthly total precipitation in the late
period suggests caution in climatic reconstructions and also in our interpretation of the rela-
tionship between the tree natural growth and precipitation. To overcome this problem, we
used a time-dependent correlation; in other words, the wavelet cross-correlation. From the
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spectral analysis (Figure 8), it is possible to verify that there is a significant correlation
(a = 0.05) around the 2–3 year band during 1974–1986, around the 3–7 year band during ⇠
1961–1977, and around the 7–11 year band during 1967–1980.

(a)

(b)

Figure 7. Correlations (top panel) and partial correlations (bottom panel) of mean chronology with the precipitation (P)
and temperature (T). In each top panel are the simple correlations with the primary climate variable, and in each bottom
panel, the partial correlations of mean chronology with the secondary climate variable. Significance at a = 0.05 and a = 0.01
color-coded. Notation rx,P (rx,t) means correlation of x (mean chronology) with P (T); rx,T.P (rx,P.T) means partial correlation
of x with T (P), controlling for influence of P (T). (a) Top—Precipitation simple correlation. Bottom—Temperature partial
correlation. (b) Top—Temperature simple correlation. Bottom—Precipitation partial correlation.
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Table 2. Highest-correlated seasons of mean chronology with precipitation and temperature. The pe-
riod analyzed is 1963–2012 with 1000 simulations. # means “previous year”.

Precipitation

m Ending Month r a Nonexceedance Probability

1 February 0.22 0.1 0.9462
3 February # 0.20 0.2 0.8866
6 April # 0.19 0.3 0.8477

12 July # 0.16 0.4 0.8092

Temperature

1 March 0.21 0.1 0.9348
3 May # 0.17 0.3 0.8725
6 March # 0.17 0.3 0.8602

12 September # 0.11 0.5 0.7464

Table 3. Temporal stability of Pearson correlation of mean chronology with precipitation and
temperature from early to late sub-periods. Full = 1961–2012, early = 1963–1987, late = 1988–2012.

Precipitation

Season Correlation Sample Size Test Results

Months Length Full Early Late N1 N2 D Z a

February 1 0.22 0.34 �0.07 24 24 0.4286 0.162
December–February 3 0.20 0.25 �0.04 21 21 0.2975 0.377

November–April 6 0.19 0.24 �0.04 18 18 0.2762 0.445
August–July 12 0.16 0.18 �0.03 17 17 0.2189 0.557

Temperature

March 1 0.21 0.36 0.02 24 24 0.3602 0.243
March–May 3 0.17 0.38 0.03 22 22 0.3647 0.258

October–March 6 0.17 0.38 �0.01 22 22 0.4190 0.193
October–September 12 0.11 0.41 �0.10 19 19 0.5399 0.122
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Figure 8. Cross-wavelets between the average growth rings’ dendrochronological series and February
precipitation time-series with the global spectrum (bottom right panel) and the confidence level of
95% (white contours).

For the full period, the highest correlation using temperature as a primary climate
variable is 0.21 for March (Table 3). In the same sense, the results for the halves of 1963–2012
are 0.36 and 0.02, respectively. This low correlation between the tree ring series and monthly
temperature in the late period once more suggests caution in climatic reconstructions.
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The a indicates that the parameters used in this analysis are not significantly correlated
with the full period. Figure 9a shows the influence of the mean temperature, especially
around the 3–7 year band during ⇠ 1964–1983, and an 8–17 year band during 1962–1969.
In Figure 9b, we can verify three bands of maximum temperature influence, a 2–3 year
band during ⇠1961–1967, a 4–7 year band during 1961–1968, and a 2–5 year band during
1968–1987. Finally, in Figure 9c, we can verify only one band of minimum temperature
influence, a 4–9 year band during ⇠1961–1981.

1962 1972 1982 1992 2002 2012
-0.4
-0.2

0
0.2
0.4

In
d

e
x 

(m
m

)

1962 1972 1982 1992 2002 2012

14

15

T
m

e
a

n
 (

°
C

)

1962 1972 1982 1992 2002 2012

Time (years)

2

3

5

7

11

17

P
e

ri
o

d
 (

ye
a

rs
)

0 0.20.40.60.8 1

(a)

1962 1972 1982 1992 2002 2012
-0.4
-0.2

0
0.2
0.4

In
d

e
x 

(m
m

)

1962 1972 1982 1992 2002 2012
20
21
22

T
m

a
x 

(°
C

)

1962 1972 1982 1992 2002 2012

Time (years)

2

3

5

7

11

17

P
e

ri
o

d
 (

ye
a

rs
)

0 0.20.40.60.8 1

(b)

1962 1972 1982 1992 2002 2012
-0.4
-0.2

0
0.2
0.4

In
d

e
x 

(m
m

)

1962 1972 1982 1992 2002 2012

8

10

T
m

in
 (

°
C

)

1962 1972 1982 1992 2002 2012

Time (years)

2

3

5

7

11

17

P
e

ri
o

d
 (

ye
a

rs
)

0 0.20.40.60.8 1

(c)

Figure 9. Cross-wavelets between the average growth rings dendrochronological series and mean
March temperature (a), with maximum March temperature (b) and with minimum March tempera-
ture (c) time-series, respectively, with the global spectrum (bottom right panel) and the confidence
level of 95% (white contours).
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As a result of the analyses mentioned above, we constructed the data scatter plot
(Figure 10) between the mean chronology and our primary climate variables for period-
groups with higher correlations. The precipitation was more significant and well-correlated
with the mean chronology, indicating that the species is sensitive to meteorological fluctua-
tions. According to [37], the trees show a reaction to the environmental variables that affect
their innumerable physiological processes, such as breathing, sap flow, transpiration, rate
of cell divisions, and so forth, reflecting on the exchange activity, and, consequently, on the
anatomy of the wood. However, some authors compared the meteorological variations
with the periodicity of the growth of forest species and concluded that the lack of season-
ality of temperature or precipitation in some regions makes it difficult to determine the
periodic activity of the vascular change [38].

(a)

(b)

Figure 10. Data distribution between mean chronology and the precipitation (a) and the
temperature (b).

A study described by [39] related the growth of Araucaria angustifolia with climatolog-
ical data and observed that January was responsible for an increase of about 22% in the
annual diametric increment of the trees. At the end of January, 57.42% of the accumulated
annual increment of the trees occurred. Another study on the seasonal growth of Araucaria
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angustifolia concluded that in regions with regular rainfall during the year, together with
other environmental factors, such as temperature, may cause the growth to decrease [40].

As discussed by [41], water stress affects other physiological processes besides photo-
synthesis. Growth is likely to be slowed down by inhibiting many sensitive processes such
as cell elongation and protein synthesis. The authors of [42] comment on the influence of
water on the physiology of plants. According to them, the availability of water in the leaf is
closely related to physiological activities such as leaf turgor, growth, stomatal conductance,
transpiration, photosynthesis and respiration.

Variations in temperature, precipitation and solar radiation, among other meteoro-
logical elements, are more significant in areas of temperate climate than in tropical, when
discussing the growth rate of the trees [43]. The relationship between meteorological
variables and the exchange activity of Araucaria angustifolia trees has been observed by sev-
eral authors [4,6,8,44,45], through growth rings that present a seasonal rhythm. However,
the exchange activity of Araucaria angustifolia presents a difference between the sample sites
regarding the periods of initial and latewood formation. It is known that the temperature
affects the vapor pressure in the leaf so that the water activity can be influenced by the tem-
perature. Temperatures below zero can lead to the formation of air bubbles and freezing,
making it difficult to transport water, which decreases or ceases biological activities [41].
In our studied region, the temperature did not show periodic or seasonal influence on the
growth of Araucaria angustifolia, as we can see in Figure 9. It suggests a good adaptation
of this tree population to the variations of maximum and minimum temperatures. Other
studies consider temperature as a limiting factor [39,40].

Our results corroborate that the tree ring growth of Araucaria angustifolia is seasonal.
The exchange rate activity, determined by the patterns of earlywood and latewood for-
mation, suggests seasonal variability regulated by the annual variation in precipitation.
We can consider that the high availability of water is a limiting factor to the growth and
development of the Araucaria angustifolia trees, since the excess of water available in the soil
causes a decrease in the photosynthetic rate, reflected in the decrease of the tree’s growth.
The behavior of the Araucaria angustifolia in relation to water depends on the precipitation
availability in the region.

3. Conclusions

The mean chronology of tree ring width in the region of Campos do Jordão-SP covered
the time interval from 1803 to 2012. Our chronology was compared to the precipitation
and temperature datasets employing Pearson correlation and cross-wavelet analysis. Our
results corroborate that the tree ring growth of Araucaria angustifolia is seasonal. The rate of
exchange activity determined the patterns of earlywood and latewood formation. This fact
suggests that exchange rate seasonality may be regulated by the months at the end of the
summer season, February (precipitation) and March (temperature).

Our results show evidence of temporal instabilities for both splitting time correlation
analysis using precipitation and temperature, especially in the last halves of 1963–2012.
To address this issue, the dendrochronological series and the climatic data were investi-
gated using the wavelet cross-correlation searching for 95% significant time-dependent
cause–effect relationships. From these analyses, we find a strong influence of the region’s
precipitation and temperature on the growth of tree rings.

A difficulty in the development of this work was the lack of longer and more complete
climatic series in the region, and this will be our next task for better results.
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