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Abstract

This study aims to examine the patterns of climatic variables and delineate climatically homogeneous regions among Brazilian capitals using
Principal Component Analysis (PCA) and clustering techniques. Annual climate data from 26 state capitals and the Federal District of Brazil were
analyzed, covering the period from 1958 to 2022, representing different regions of the country. The PCA results revealed that the first three
principal components accounted for 91.8% of the total data variability. Four climatically homogeneous regions were identified: the East region, the
Northeast region, the North region and another region that comprises the rest of the country. Cluster Analysis (CA) also confirmed the formation of
four homogeneous groups among municipalities based on climatic variables. The analysis of spatial distribution showed significant variations in
annual climate variables between Brazilian capitals, with maximum values observed for maximum and minimum temperatures, precipitation, wind
speed, relative humidity, evapotranspiration and soil moisture. These findings contribute to a deeper understanding of climate variability in
Brazilian capitals and provide a basis for future studies on climate dynamics and regional impacts.

Keywords: Principal Component Analysis, Cluster Analysis, Multivariate Analysis; Biplot

Resumo / Resumen

EXPLORANDO PADROES CLIMATICOS ENTRE CAPITAIS BRASILEIRAS

Este estudo tem como objetivo examinar os padrdes das variaveis climaticas e delinear regides climaticamente homogéneas entre as capitais
brasileiras utilizando Analise de Componentes Principais (ACP) e técnicas de agrupamento. Foram analisados dados climaticos anuais de 26
capitais e do Distrito Federal do Brasil, abrangendo o periodo de 1958 a 2022, representando diferentes regides do pais. Os resultados do PCA
revelaram que os trés primeiros componentes principais representaram 91,8% da variabilidade total dos dados. Foram identificadas quatro regides
climaticamente homogéneas: a regido Leste, a regiao Nordeste, a regido Norte e outra regido que compreende o restante do pais. A Analise de
Cluster (AC) também confirmou a formagao de quatro grupos homogéneos entre os municipios com base nas varidveis climaticas. A analise da
distribui¢do espacial mostrou variagdes significativas nas variaveis climaticas anuais entre as capitais brasileiras, sendo observados valores maximos
para temperaturas maximas e minimas, precipita¢do, velocidade do vento, umidade relativa, evapotranspira¢ao e umidade do solo. Essas descobertas
contribuem para uma compreensao mais profunda da variabilidade climatica nas capitais brasileiras e fornecem base para estudos futuros sobre
dinamica climatica e impactos regionais.

Palavras-chave: Analise de Componentes Principais, Analise de Cluster, Analise Multivariada

EXPLORANDO LOS PATRONES CLIMATICOS ENTRE LAS CAPITALES BRASILENAS

Este estudio tiene como objetivo examinar los patrones de las variables climaticas y delinear regiones climaticamente homogéneas entre las
capitales brasilefias utilizando el Andlisis de Componentes Principales (PCA) y técnicas de agrupamiento. Se analizaron datos climaticos anuales de
26 capitales de estados y del Distrito Federal de Brasil, cubriendo el periodo de 1958 a 2022, representando diferentes regiones del pais. Los
resultados del PCA revelaron que los primeros tres componentes principales representaron el 91,8% de la variabilidad total de los datos. Se
identificaron cuatro regiones climaticamente homogéneas: la region Este, la region Noreste, la region Norte y otra region que comprende el resto del
pais. El Analisis de Conglomerados (AC) también confirmoé la formacién de cuatro grupos homogéneos entre municipios en funcion de variables
climaticas. El analisis de la distribucion espacial mostrd variaciones significativas en las variables climaticas anuales entre las capitales brasilefias,
observandose valores maximos para las temperaturas maximas y minimas, las precipitaciones, la velocidad del viento, la humedad relativa, la
evapotranspiracion y la humedad del suelo. Estos hallazgos contribuyen a una comprension mas profunda de la variabilidad climatica en las
capitales brasilefias y proporcionan una base para futuros estudios sobre la dindmica climatica y los impactos regionales.

Palabras-clave: Analisis de Componentes Principales, Analisis de Conglomerados, Analisis Multivariado; Biplot.
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INTRODUCTION

The patterns of climatic variables and the delineation of climatically homogeneous regions
between Brazilian capitals involve a complex and detailed analysis of climatic conditions throughout the
country (Hénsel et al., 2016). Brazilian capitals represent a diversity of climates due to Brazil's vast
territorial extension and its variation, which includes plains, mountains, tropical forests, and coastal
areas (Fritzsons et al., 2017). To understand the patterns of climatic variables among Brazilian capitals,
it is necessary to consider factors such as temperature, precipitation, humidity, atmospheric pressure,
winds, and other relevant climatic elements.

Brazil has a great diversity of temperatures, ranging from the hot and humid equatorial climate in
the Amazon to the cooler subtropical climate in the south of the country (Dubreuil et al., 2018). Capital
cities located in the north and northeast generally have higher temperatures throughout the year, while
those in the south and southeast may experience more pronounced seasonal variations. Rainfall also
varies significantly between Brazilian capitals. Capitals such as Manaus and Belém experience high
rainfall throughout the year, while others, such as Brasilia and Sdo Paulo, have distinct periods of rain
and drought (Rao et al., 2016). Relative humidity can vary significantly between different regions of
Brazil. Coastal areas tend to have a higher humidity, while more continental regions may have lower
humidity. Wind patterns and atmospheric pressure also influence the climate of different regions.
Capitals located in coastal areas may be influenced by offshore winds, while others may be subject to
specific regional high-pressure systems or winds (Fritzsons et al., 2017).

The delineation of climatically homogeneous regions among Brazilian capitals involves the
identification of consistent patterns in the climatic variables mentioned above. This can be done through
statistical analyses such as cluster analysis, principal component analysis (PCA), and other multivariate
analysis techniques.

Precipitation is considered the most important meteorological variable for agricultural production
and regional climate. Knowledge of the behavior of this variable is essential for the planning of
activities in many sectors of society, such as agriculture, the energy sector, water resources, and the
hydrological cycle. Agriculture has the rainfall pattern as the main source of water, which sometimes
compromises agricultural production due to its variability, sometimes with long periods of drought,
sometimes with extreme events that exceed the water retention capacity of the soil, causing flooding (da
Silva et al., 2007; Soccol et al., 2010; Vieira et al., 2010), and in some cases flooding entire
communities or even large plains. In addition to influencing agriculture, severe droughts and droughts
affect the water level of water sources and hydroelectric power plant reservoirs, causing problems for
urban water supply and power generation (Rodrigues et al., 2013; Oliveira Junior et al., 2014; Teodoro
etal., 2015).

The total area of Brazil is approximately 8,515,767 square kilometers. Regarding the area
destined to agriculture, about 30% of the Brazilian territory is used for agricultural activities, which
corresponds to approximately 2.55 million square kilometers. This number can vary over time due to
changes in farming practices, urban sprawl, and other factors. the most important crops are soybeans,
corn, cotton, sugarcane and irrigated rice, followed by beef cattle, favored by extensive flat areas of
fields and, finally, initiatives for the construction of hydroelectric and thermoelectric plants that
contribute to the degradation of environmental conditions (CONAB, 2014). On the other hand, in this
region, there are several meteorological phenomena, from micro-scale to large-scale, which require a
greater understanding, for example, soil-vegetation-atmosphere interaction processes during droughts
and floods, which have local and climatic effects and, especially, on precipitation patterns (Domingues
et al., 2004; Mesquita et al., 2013).

There are several climatological studies that use cluster analysis to investigate meteorological
systems and climatic variables in Brazil that include:Identification of Precipitation Patterns, studies have
applied cluster analysis to identify precipitation patterns in different regions of Brazil over different
seasonal and annual periods (Souza et al 2022; Chou et al, 2014; Santos et al, 2019), to understand the
distribution of temperature in different areas of the country and identify warming or cooling trends in
certain regions (Santos, et al, 2019; Marengo et al, 2001), studies on wind patterns and atmospheric
circulation through cluster techniques to understand atmospheric dynamics and their effects on local and
regional climate (Guarienti et al 2020; Grimm et al, 2003; Carvalho et al, 2004), cluster analysis has
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been used to investigate climate variability at different temporal and spatial scales (Amorim et al, 2020),
including extreme events such as droughts, heavy rainfall, and heat waves, climate modeling, cluster
analysis can be used to evaluate the performance of climate models in reproducing observed patterns of
climate variables, studies have applied cluster analysis to assess the impacts of climate change in
different regions of Brazil, identifying patterns of variability and possible future trends (Silva et al,
2022).

These are just a few examples of how cluster analysis has been used in climatological studies on
meteorological systems and climate variables in Brazil. The results of these studies contribute to a better
understanding of the Brazilian climate and assist in decision-making in several areas, including
agriculture, water resources, urban planning, and environmental management.

In an attempt to establish spatial patterns for meteorological variables, the cluster analysis (CA)
tool is the most widely used tool in the literature on classification processes (Jackson and Weinand,
1995). The AC technique consists of determining the level of similarity or dissimilarity between
individuals by applying a clustering function to a given variable (Macedo et al., 2010; Oliveira et al.,
2010). Research in various regions of the world has applied multivariate techniques to investigate the
spatial, seasonal, and annual variability of climatic variables.

Unal et al. (2003) suggest the use of the AC technique because it is an effective statistical
algorithm that can use observed meteorological elements. Among the main clustering methods, Ward's
method is widely used in climatological studies with satisfactory results (Lyra et al., 2014). Ramos
(2001) analyzed rainfall distribution patterns by the k-means methods and Ward's algorithm for the
northeast (NE) of Spain, where the two methods showed similar evaluations, but Ward's method
identified the best patterns. Unal et al. (2003) used the AC technique in air temperature data and
obtained seven homogeneous regions in Turkey, highlighting the a priori hypothesis of divergence
between them. These results support the effective use of the AC technique.

Thus, the identification of similar regions in the spatio-temporal variability of rainfall provides the
basis for new data that can be used in climate study programs with greater precision.

Thus, this study can perform a cluster analysis (K-Means) in the context of Brazil. The study also
applies this method to precipitation and wind temperature and velocity (CRU) data to create spatially
homogeneous groups of these climate variables in Brazil.

Material and Methods

Monthly climate data, considering from 1958 to 2022, obtained from the TerraClimate dataset
(https://www.climatologylab.org/terraclimate.html), which is a high-resolution global dataset that
provides information on various climate variables on a monthly scale.

1. tmax (Maximum Temperature): This variable represents the monthly maximum temperature. It
is the highest temperature recorded during the month in question. The unit is degrees Celsius (°C).

2. tmin (Minimum Temperature): This variable represents the monthly minimum temperature. It
is the lowest temperature recorded during the month in question. The unit of measurement is also in
degrees Celsius (°C).

3.ppt (Precipitation): This variable represents the monthly precipitation, i.e., the amount of rain
that fell during the month. The unit of measurement is millimeters (mm).

4. ws (Wind Speed): This variable represents the monthly average wind speed. It is a measure of
the average wind speed during the month, measured in meters per second (m/s).

5. q (Runoff): This variable represents monthly runoff, which is the amount of water that flows
surfacely, often resulting from excessive precipitation. The unit of measurement is in millimeters (mm).

6. aet (Current Evapotranspiration): This variable represents the actual monthly
evapotranspiration, which is the amount of water that evaporates from the soil surface and is transpired
by plants during the month. The unit of measurement is millimeters (mm).

7. soil (Soil Moisture): This variable represents the monthly soil moisture. It indicates the amount
of water present in the soil at the end of the month. The unit is in millimeters (mm).

These climate variables are essential for understanding the climatic conditions in a given region
over time and can be used in a variety of applications, such as climate studies, environmental
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monitoring, hydrological modeling, agriculture, and more. TerraClimate provides high-quality,
spatial-resolution data for these variables on a global scale.

Consolidating the monthly data for annual averages, adding precipitation (ppt), runoff (q), real
evapotranspiration (aet) and Soil Moisture (soil) throughout the year, and calculating the average for the
other variables. We then averaged over the 65 years to get the annual average for each city.

Due to the difference in magnitude between the scales of the variables, we applied standardization
to the data for each variable by means of the following expression:

=22 (0

5

In Equation 1, xi represents the observed value of the variable in the -th capital, while x and s
represent the mean and standard deviation, respectively. Therefore, all multivariate analyses will be
conducted using the standardized data.

Principal component analysis (PCA), using the structure of covariances, was performed to
determine the linear combinations of climatic variables. Mathematically, PCA represents linear
combinations of random variables, and the number of climatic variables used in our study. The -th
principal component is expressed as follows:k

Yk = E;{JJ_ZJ_ + Eklzzz + + E‘kJE?. (2}

In Equation (2), we have the random vector Z' = [Z,,Z,,--,Z;] sampled from a
population with covariances X, whose eigenvalues are 4; 2 A4, = =2 1; 2 0 and ¢;,
represent the eigenvectors of the matrix X [Ferreira, 2018]. The percentage of total

variance explamned by the A-th principal component is given by: %WVarExp(Y,) =

Ax
I A

X 100.

Determining the optimal number of clusters for a K-Means analysis is a major challenge. There
are several techniques that can help you choose the appropriate number of clusters. In our study, we
applied the Elbow method and the method proposed by Pham et al. (2005).

The method proposed by Pham et al. (2005) is an approach to selecting the optimal number of
clusters (K) when applying the K-Means algorithm to a dataset. The fundamental idea behind this
method is to evaluate the quality of the resulting clustering for different K values and, based on that
evaluation, determine which K value is most appropriate for the data set. The method uses a function
called f(K) (Eq. 3) to evaluate the quality of the clusters. This function is a metric that measures how
well the data has been clustered for a given value of K. The metric f(K) is defined in a way that reflects
the internal cohesion of the clusters (the proximity of the points within the same clusters) and the
separation between the clusters (the distance between the clusters).

1, ifKk=1

s
f(K)= g AESL., EOREET (3)

1, HFSp, =0¥K>31
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In Equation (3), SK it represents the sum of the distortion of all clusters and aK is a weighting
factor expressed as follows:

3
1-—, ifK=2andN,>1
4N,

1—agy
6

flK) = 4

@)+ ' ifK >2andN; = 1

In Equation (4), Nd represents the number of dimensions in the dataset. The value of K at which
the metric f(K) begins to stabilize or decrease is considered the optimal number of clusters for the
dataset. In this study, we considered a k-threshold of 0.80.

Elbow Method: This is one of the most common methods for choosing the number of clusters. It
runs K-Means for different numbers of clusters, and for each number it calculates the variance within
the clusters (total within sum of square - wss). It then plots the wss relative to the number of clusters and
looks for an "elbow" point on the curve where the variance reduction stabilizes. This point is generally
considered the optimal number of clusters.

RESULTS

Figure 1 shows the data set used in the statistical analysis
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Figure 1 - Annual averages of the variables maximum temperature (a), minimum temperature (b),
precpitation (c), wind speed (d), runoff (e), evapotranspiration (f) and soil moisture (g), referring to the
27 Brazilian capitals for the period from 1958 to 2022.

By examining the spatial distribution of annual climate variables, we observed the following
maximum annual values: the annual average of the maximum temperature was 33.5°C in Teresina, while

Mercator, Fortaleza, v. 23, €23028, 2024. ISSN:1984-2201

5/15

L Avowan

ERiolNR-)

N—


http://www.mercator.ufc.br

MERCA@

ARTICLE

6/15

Souza, Amaury - Medeiros, E.S.

the average temperature average was 23 °C in Curitiba. For the the minimum annual average in Curitiba,
with 12.5 °C. Regarding precipitation, the maximum annual average was 2513 mm to Macapa, while the
minimum annual average was 1188 mm to Rio de Janeiro. The maximum average wind speeds were
recorded in Porto Alegre, with 3.29 m/s, while the minimum average was in Teresina, with 1.06 m/s.
The maximum average relative humidity index was in Macapa, with 1356 mm, and the minimum in Rio
de Janeiro, with 196 mm. The maximum average evapotranspiration was in Salvador, with 1189 mm,
and the minimum in Sdo Paulo, with 879 mm. Soil presented its maximum value in Sao Luis, with 4972
mm, and the minimum in Sao Paulo, with 586 mm (Figure 1).

Figure 2 shows the correlation of the annual averages of the climatic variables. The data showed
strong correlations, both negative and positive, among the climatic variables examined in this study, thus
providing justification for a detailed analysis using multivariate statistical techniques.

ppt -
aet Corr
1.0
tmin 041 0.31 0.5
0.0

tmax 0.37 037 0.34

soil - 0.
WS 013 -04
soil tmax tmin aet ppt q

Figure 2 — Correlogram on the annual averages of the variables maximum temperature (tmax), minimum
temperature (tmin), precipitation (ppt), wind speed (ws), runoff (q), evapotranspiration (aet) and soil
moisture (soil), referring to the 27 Brazilian capitals for the period from 1958 to 2022.

Table 1 shows the results of the multivariate analysis, highlighting the eigenvalues in the PCA
and the respective percentages of the total variation explained by each component. In addition, the
eigenvectors that represent the linear combination of climatic variables are presented. The first two
principal components explained 75.6% of the total variability, with the first principal component
accounting for 56.5% of this variability and showing all positive coefficients, except for the variable
wind speed.
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Components PC1 PC2 PC3 PC4 PCs PC6 PC7
Standard deviation (\/Tk) 1988 1.156 1.064 0.564 0441 0254 0.001
Proportion of Variance 56.5% 19.1% 16.2% 4.5% 2.8% 0.9% 0.0%
Cumulative Proportion 56.5% 75.6% 91.8% 96.3% 99.1% 100.0%  100.0%
Variables Autovectors

Maximum Temperature 0.375 0.071 0560 -0.434 0.040 0.592 -0.001
Minimum Temperature 0.369 0.458 0331 0.010 0.398 -0.621 0.000
Precipitation 0435 -0.116 -0.444 -0.140 0.170 0.043 -0.742
Wind speed -0.258 0.665 -0.281 0.184 0414 0.456 0.000
Runoff 0412  -0.254 -0.432 -0.131 0365 0.059 0.652
Evapotranspiration 0.339 0.506 -0.299 -0.126 -0.705 -0.038 0.158
Soil moisture 0428 -0.096 0.158 0.851 -0.094 0.222 0.002

Table 1— Results of the main component analysis applied to climatic variables in the capitals of Brazil.

Therefore, we will construct a Biplot plot presenting the results of the two main components, in
order to investigate the relationships between the variables and the capitals when observing the climatic

variables (Figure 3).
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Figure 3 — Biplot of the two main components on the annual averages of the variables maximum
temperature (tmax), minimum temperature (tmin), precpitation (ppt), wind speed (ws), runoff (q),

evapotranspiration (aet) and sun moisture (soil), referring to the 27 Brazilian capitals for the period from
1958 to 2022.

Figure 4 presents the results for identifying the number of groups for the cluster analysis. Thus,
this study proposed the creation of four groups.
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Figure 4 — Determination of the optimal number of clusters for a K-Means analysis using the method
proposed by Pham et al. (2005) (a) and Elbow Method (b)

Similar to Figure 3, Figure 5 consists of a Biplot graph, but with the presentation of the cluster

analysis, identifying the capitals within each of the four groups.

2 wSs —
| Joason

(‘am;@raudé tmin

Port@egre
Flor@mlis (@S[a

PC2 (19.1%)
%
00O

Bia : Pnr@lhn
2 Saa Belo zunlc :

-2 0

PC1 (56.5%)

)
~

Figure 5 — Biplot with identification of the clusters on the annual averages of the variables maximum
temperature (tmax), minimum temperature (tmin), precpitation (ppt), wind speed (ws), runoff (q),
evapotranspiration (aet) and soil moisture (soil), referring to the 27 Brazilian capitals for the period from
1958 to 2022.
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Figure 6 — Map of the clusters in the capitals

Based on Grouping Analysis (CA), we identified the formation of four homogeneous groups (Fig.
6). Group 1 (G1) covers the municipalities of Porto Velho, Manaus, Sao Luis, Belém and Macapa.
Group 2 (G2) includes the municipalities of Campo Grande, Rio de Janeiro, Vitdria, Salvador, Aracaju,
Maceio, Recife, Jodo Pessoa, Natal and Fortaleza. Group 3 (G3) is composed of the municipalities of
Rio Branco, Porto Velho, Macap4, Cuiaba, Goidnia, Tocantins and Teresina. Group 4 (G4) encompasses
the municipalities of Porto Alegre, Floriandpolis, Curitiba, Sdo Paulo, Belo Horizonte and Brasilia.

The municipalities that make up the G1 groups are located in the North and Northeast regions,
while G2 is in the Center-South and Northeast region, G3 covers the North and Midwest, and G4 is in
the South and Southeast region.

The regions of Brazil are influenced by different climatic systems that determine their standards
of temperature, precipitation and other climate characteristics (Rao et al., 2016; Luiz-Silva et al., 2020).
Northern Region: characterized by equatorial climate, with high temperatures and abundant rainfall
throughout the year, and small seasonal variations; Northeast Region: presents a great climate diversity,
with predominance of semi-arid climate in the backlands and tropical climate in the coastal areas;
Midwest Region: It has tropical and tropical climate of altitude, with two well-defined stations: rainy in
summer and dry in winter; Southern Region: It has a subtropical and tempered climate, with
well-defined stations, hot summers and cold winters, with frost; Center-South Region: A combination of
climatic systems from the South, Southeast and Midwest, predominantly of a subtropical and tropical
climate, well-defined stations and summer concentrated rains.

These descriptions provide an overview of climatic systems that influence each region. However,
it is important to emphasize that there are variations within each of them due to factors such as altitude,
proximity to the ocean, relief and local influences.
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DISCUSSIONS

The analysis of Principal Components (PCA) applied to the monthly average data of climate
variables has yielded significant insights into the patterns of variability and distribution across different
regions of Brazil. The retention of the first three Principal Components (PCs), explaining 91.8% of total
data variation, is a standard practice in PCA analysis. These PCs encapsulate the most prominent
patterns of variability in climate data, effectively capturing the underlying structure and serving as
representative indicators of the main standards of climate variability in Brazil.

Correlations between retained PCs and original variables highlight the relationship between
identified weather patterns and specific climate variables. The substantial correlation (0.98) observed for
PC1 signifies a significant association, suggesting that PC1 represents a distinctive climate pattern.

Analysis of precipitation patterns across different PCs reveals substantial spatial and temporal
variations in the distribution of rainfall throughout Brazil. The gradual transition between climate
patterns from one region to another, especially between coastal and southwest regions, underscores the
intricate interactions between climatic and geographical factors.

In comparison with prior studies in other Brazilian regions such as Para, Parana, and Maranhao,
the applicability and effectiveness of the main component analysis in identifying distinct climate
patterns in diverse geographical contexts (Nery 2005; Santos et al, 2014; Nascimento et al, 2015; Araujo
et al, 2015; Pansera et al, 2015; Gebert et al 2018; Souza, et al, 2022) are underscored. The variation in
the most correlated months with each PC across different regions suggests significant differences in
precipitation patterns, even within the same country.

The findings of this study establish a robust foundation for future investigations into climate
patterns and precipitation trends in Brazil. The application of diverse grouping and analysis techniques,
including K-Means, hierarchical, and hybrid methods, in precipitation regionalization studies can aid in
identifying homogeneous regions and enhance our understanding of spatial rainfall distribution on a
regional scale. In summary, principal component analysis furnishes valuable insights into climate
variability standards and precipitation distribution in Brazil, contributing to a nuanced understanding of
climate processes and offering crucial information for environmental planning and management.

The Principal Component Analysis Method (PCA) emerges as an innovative alternative to
conventional cluster analysis approaches (AC) for identifying homogeneous groups. In PCA, variables
are categorized into groups based on their load factor values. It is noteworthy that the "PCA regions"
exhibit an intriguing feature, being potentially "confusing" due to the possibility of overlapping
solutions, where some variables may be included in more than one group (Gong and Richman, 1995).
The analyses performed indicate the presence of four distinct regions (or groups) of seasonal climatic
environments on the Brazilian territory.

Numerous climatological studies focused on Brazil, utilizing parameters provided by national
agencies, cover a broad spectrum of analyses, including rainfall characterization, trends in extreme
rainfall events, vegetation dynamics, as well as trends in maximum and minimum temperatures and
wind speed (Grimm, 2003; Nobre & Borma, 2009; Nobre et al 2016; Nobre, 2014; Klink & Machado,
2005; Klink & Moreira 2002; Marengo and Nobre & Tomasella 2001; Marengo, 2009; Artaxo et al,
2002).

These studies provide a deeper understanding of temperature extremes in Brazil and their
implications for regional climate and natural systems. They are pivotal for formulating adaptation and
mitigation policies to address climate change at local, regional, and national levels.

There exists a gap in information regarding the homogeneity of climatological data series in
Brazil, as exemplified by Roziane's et al 2012, study for the state of Minas Gerais. Detecting
heterogeneities necessitates a combination of statistical and metadata-based methods, and the absence of
such information renders the assessment of homogeneity in climatic time series more challenging.

Brazil is recognized for its significant spatiotemporal variability in precipitation, characterized by
the highest rainfall levels in coastal and forested regions such as the Atlantic Forest and the Amazon
biome, which gradually decrease towards the interior. This variability is closely linked to the presence
and dynamics of various meteorological systems, including the Intertropical Convergence Zone (ITCZ),
cold fronts, and intense cyclones, among others (Molion and Bernardo, 2002). Moreover, phenomena
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like the El Nifio Southern Oscillation (ENSO) and the Atlantic Ocean dipole play pivotal roles in
shaping the quantity and distribution of rainfall (Kayano and Andreoli 2006; Andreoli and Kayano,
2009).

During El Nifio events, for instance, the warming of the Equatorial Pacific Ocean often leads to
extended dry periods in Northeast Brazil (NEB), while La Nifia events typically bring about high rainfall
variability in this region. The favorable dipole of the Atlantic Ocean also exerts influence on
precipitation patterns, where temperature increases are associated with drier conditions due to alterations
in atmospheric circulation (Berlato and Fontana, 2003).

Various studies have delved into the interrelationships between climatic anomalies in the tropical
Atlantic and the El Nifio phenomenon in the Pacific, proposing an atmospheric connection that
modulates wind and temperature patterns, consequently affecting rainfall distribution across Brazil
(Hastenrath, 2006). Although the impacts of ENSO and the Atlantic Ocean dipole on temperatures are
relatively smaller compared to their effects on rainfall, they nonetheless remain significant factors in
observed climate patterns (Halpert, and Ropelewski 1992).

Cluster analysis with total precipitation and average, minimum, and maximum temperatures poses
significant challenges when evaluating data homogeneity and detecting signs of climatic variability.
Total precipitation and temperature data are often affected by homogeneity issues, especially due to
changes in measurement practices, location of meteorological stations, instrumentation, and surrounding
environment over time. Data heterogeneity can lead to incorrect or distorted cluster groupings, as
different meteorological stations may exhibit different behaviors over time due to non-climatic factors.

The temporal resolution of data can be excessively high for certain analytical purposes. Cluster
analysis with data can result in groupings overly sensitive to short-term variations that may not represent
significant climatic variations.

Detecting signals of climatic variability in data can be complex due to the presence of noise and
random fluctuations. Climatic variability patterns, such as El Nifio and La Nifia, may manifest on
temporal scales broader than the data resolution. Therefore, special care is needed when interpreting
cluster analysis results regarding these patterns.

The representativeness of meteorological stations used in cluster analysis may be questionable. In
many cases, stations are not distributed homogeneously or representatively of the study region, leading
to inadequate generalizations about local climate patterns.

The presence of outliers and data failures can significantly affect the results of cluster analysis,
distorting the identified groupings and impairing the interpretation of climatic patterns.

In summary, while cluster analysis with total precipitation and temperature data can offer insights
into climatic variability, it is essential to critically address the limitations inherent in this data and
carefully consider challenges related to data homogeneity, temporal resolution, interpretation of climatic
variability signals, and the representativeness of meteorological stations used.

CONCLUSION

In this study, we conducted an extensive analysis of climate variables among Brazilian capitals
using Principal Component Analysis (PCA) and clustering techniques. Analysis of annual climate data
spanning 1958 to 2022 provided insights into the spatial and temporal variability of weather patterns
across the country.

The PCA results revealed that the first three principal components accounted for a significant
portion (91.8%) of the total variability in the climatic data, effectively capturing distinct patterns among
Brazilian capitals. Through PCA, we identified changes in climate patterns occurring in a
southwest-to-northeast direction, highlighting the analysis's ability to discern known climatic patterns in
Brazil.

Furthermore, the grouping analysis based on climatic variables delineated Brazil into four distinct
regions: east, northeast, north, and another region encompassing the remainder of the country. These
findings offer valuable insights into the spatial distribution of climate patterns and provide a foundation
for understanding regional climate dynamics and their impacts.
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The application of PCA to monthly climate data proved effective in revealing climate variability
and precipitation patterns throughout Brazil. By retaining the first three principal components, PCA
captured significant variations in climate across different regions. Moreover, the correlation between
retained principal components and original variables underscored the relationships between weather
patterns and climate variables.

While PCA emerged as an innovative approach for identifying homogeneous climate groups,
challenges such as data homogeneity, temporal resolution, and representativeness of weather stations
must be addressed. Additionally, factors like El Nifio, La Nifia, and the Atlantic Ocean dipole influence
Brazil's climate, complicating the interpretation of climate variability patterns.

Despite these challenges, understanding climate variability in Brazil is crucial for informing
adaptation and mitigation policies at various levels. Overcoming these obstacles will enhance our
comprehension of Brazil's climate processes and support informed decision-making in environmental
planning and management.

In conclusion, this study contributes to the broader understanding of Brazil's climate dynamics
and lays the groundwork for future research aimed at addressing the complex challenges posed by
climate variability in the region.
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