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Abstract

This study examines the relationship between geomagnetic indices and mor-
tality rates from specific diseases in the Northeast (NE) and Southern (S) re-
gions of Brazil from 1996 to 2020. Solar activity data, including the Ap and
Sudden Ionospheric Disturbance (SID) indices, were sourced from the World
Data Center, while mortality data were obtained from the Mortality Infor-
mation System (SIM-DATASUS). Acute Myocardial Infarction (AMI) emerged
as the leading cause of mortality, with average death rates of 60.4, 56.8, and
58.3 deaths per 100,000 inhabitants in Pernambuco (PE), Rio Grande do Sul
(RS), and Parana (PR), respectively. Temporal analysis revealed a consistent
upward trend in AMI mortality across most states, except for Santa Catarina
(SC). Seasonal patterns identified through Principal Component Analysis
(PCA) demonstrated that geomagnetic and climatic indices influenced mor-
tality differently across regions and seasons. The Ap geomagnetic index was
strongly correlated with higher AMI mortality rates during summer, while the
SID index showed greater relevance during winter. A dipole phenomenon was
observed, with AMI deaths increasing alongside geomagnetic activity in the S
region but showing an inverse relationship in the NE region. These findings
highlight the significant influence of geomagnetic variations on public health,
particularly cardiovascular mortality. The study underscores the need for fur-
ther research into the biological mechanisms underlying these associations
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and recommends the development of early warning systems and targeted pre-
ventive measures to mitigate the potential health impacts of geomagnetic dis-
turbances, especially for vulnerable populations.
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1. Introduction

Human exposure to electromagnetic radiation (EMR) has been studied for dec-
ades, particularly in relation to non-natural sources [1] [2]. Recently, this field has
gained attention due to the advent of 5G technology [3]. However, the potential
effects of electromagnetic radiation from natural sources on human health have
also been explored in recent decades [4]. Geomagnetic effects are more pro-
nounced at higher magnetic latitudes, with extreme values (both high and low) of
geomagnetic activity having adverse effects on health, particularly in sensitive
subgroups of the population, with predominant impacts on the cardiovascular
system [5]-[7]. Beyond its effects on the cardiovascular system, studies have re-
vealed associations between solar activity peaks and viral epidemics, such as in-
fluenza [8]. Specifically, regarding the effects of atmospheric EMR on human
health, adverse outcomes have been observed in the cardiovascular system [9]-
[11]; infectious diseases [8]; the nervous system [12]; autoimmune diseases [13];
mental health disorders [14]; and mortality from various causes [15] [16], signif-
icantly impacting populations at different latitudes.

Growing scientific evidence supports the hypothesis that geomagnetic disturb-
ances can induce biological effects, including non-specific adaptive responses in
the human body [16]. Weak variations in the Earth’s magnetic field caused by
solar and geomagnetic activity may directly influence human physiological pa-
rameters. [16] emphasize that global research confirms correlations between
“space weather” phenomena, such as solar flares and coronal mass ejections, and
fluctuations in the cardiovascular and nervous systems. For example, [9] identi-
fied a correlation between increased solar wind intensity and elevated heart rates
in Saudi Arabia, suggesting that environmental energetic phenomena may affect
psychophysiological processes. Similarly, [17] observed a decrease in heart rate
variability (HRV) during geomagnetic storms and an inverse relationship between
blood pressure variability and sunspot numbers.

In terms of geographic variation, studies such as the Tbilisi and Piraeus projects
[16] have shown that different types of cardiac arrhythmias are correlated with
solar and geomagnetic activity. [18] detected an association between geomagnetic
disturbances and deaths from cardiovascular diseases in 263 U.S. cities, while [19]
identified correlations between solar activity and myocardial infarctions in Lithu-
ania, with stronger correlations among women. Recent findings by [20] suggest
that geomagnetic storms and solar proton events may influence ischemic heart
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disease mortality, with older men being particularly vulnerable.

Despite compelling evidence of the physiological effects of geomagnetic dis-
turbances, most studies have focused on high and mid-latitudes, leaving a gap in
understanding the potential impacts at lower latitudes. [21] highlighted particu-
larities in studies conducted in middle and low geomagnetic latitudes in the Amer-
icas, where higher vulnerability among men and a seasonal pattern in infarctions
were observed, suggesting that geomagnetic activity and solar cycles influence
these risks.

Although promising data exist, the relationship between HRV and geomagnetic
activity remains debated. [17] and [22] found conflicting results, while [23] iden-
tified significant correlations between HRV and geomagnetic indices. However,
after correcting for autocorrelation in time-series data, these correlations were
weak, raising concerns that prior studies may have been influenced by data auto-
correlation rather than true causal relationships. These findings underscore the
need for robust methodologies to interpret these associations accurately.

This study seeks to address these gaps by analyzing the relationship between
solar activity variability and mortality from epidemiological events in Brazil’s
Northeast (NE) and South (S) regions from 1996 to 2020, with a specific focus on
Solar Cycles 23 and 24. Statistical and temporal trend analyses were performed to
evaluate the impact of solar activity on human health. The influence of geomag-
netic and climatic indices on death rates was also investigated, focusing on dis-
eases such as Alzheimer’s Disease (AD), Stroke (STK), Multiple Sclerosis (MS),
Acute Myocardial Infarction (AMI), Systemic Lupus Erythematosus (SLE), Par-
kinson’s Disease (PD), and Pneumonia (PNM). These findings aim to contribute
to a deeper understanding of the complex relationships between environmental
factors, solar activity, and public health, providing valuable insights for future re-

search and health policies.

2. Materials and Methods

This study spans the period from 1996 to 2020, corresponding to Solar Cycles 23
and 24, involving the use of monthly, annual, and seasonal averages of geomag-
netic activity data and mortality rates associated with specific diseases in the
southern and northeastern regions of Brazil. The selection of these regions was
based on the significant variation in geomagnetic activity at higher latitudes com-
pared to the Earth’s equator. Additionally, extreme values of geomagnetic activity
(high or low) have more adverse impacts on health, especially in subgroups of the

population considered more sensitive to these adverse effects [7].

2.1. Study Area

This study focuses on the Northeast (NE) and South (S) regions of Brazil. According
to the Brazilian Institute of Geography and Statistics (IBGE) [24], the South region
covers an area of approximately 564,000 km? while the Northeast encompasses

1,554,257 km?, making it the second most populous region in Brazil (Figure 1).
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Figure 1. Geographic distribution of the states analyzed in the Northeast (NE) and South (S) regions of Brazil. The
main map highlights individual states with color coding: AL (Alagoas), BA (Bahia), CE (Ceara), MA (Maranhéo), PB
(Paraiba), PE (Pernambuco), PI (Piaui), RN (Rio Grande do Norte), SE (Sergipe) in the Northeast; and PR (Parand),
RS (Rio Grande do Sul), SC (Santa Catarina) in the South. Insets provide additional details: a bar chart comparing the
population of states within each region, and a locator map showing the spatial position of Brazil within South America.

2.1.1. The Northeast Region of Brazil

The climate of the Northeast (NE) region is primarily classified as Tropical Sa-
vanna (Koppen: Aw), characterized by well-defined wet and dry seasons and an
average annual temperature above 18°C [25]. Precipitation is concentrated in the
summer months, while some coastal areas, especially near the Atlantic Ocean, are
classified as Tropical Wet (Képpen: Am), with high temperatures and year-round
precipitation. Semi-arid conditions (K6ppen: BSh) prevail in parts of the interior,

particularly in Bahia (BA), where rainfall is scarce and temperatures are high.
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The Koppen-Geiger climate classification system, initially developed by Wladi-
mir Koppen and later updated by Rudolf Geiger, provides a standardized frame-
work for understanding regional climates. This system is widely used in epidemi-
ological studies to analyze climatic influences on health outcomes. The updated
mapping by [25] further refines these classifications for global applicability.

Disparities in healthcare infrastructure and service quality persist, particularly
in rural and semi-arid areas [13] [26]. Efforts to improve public healthcare infra-

structure aim to increase access and mitigate these disparities.

2.1.2. The Southern Region of Brazil

The Southern Region of Brazil is characterized by a temperate climate and a di-
versified economy. Located between latitudes 22°S and 33°S and longitudes 48°W
and 57°W, it comprises three states: Parana (PR; 11,443,208 inhabitants), Santa
Catarina (SC; 7,609,601 inhabitants), and Rio Grande do Sul (RS; 10,880,506 in-
habitants), with a combined population of approximately 29,933,315 people [27].

The predominant climate in this region is Humid Subtropical (Képpen: Cfa),
featuring four well-defined seasons with hot summers and cold winters. Precipi-
tation is evenly distributed throughout the year. In parts of western Parana (PR),
the climate may be classified as Humid Subtropical Highland (Képpen: Ctb),
where temperatures are milder due to higher altitudes [25].

According to data from the Brazilian Institute of Geography and Statistics [27],
the Southern Region has a lower population density compared to other regions in
Brazil. Major cities include Curitiba (PR), Florianépolis (SC), and Porto Alegre
(RS). The region boasts a higher per capita income compared to the national av-
erage, supported by a diversified economy encompassing agriculture, industry,
and services, contributing to a relatively high quality of life.

Healthcare services in the Southern Region are more accessible and exhibit fa-
vorable indicators compared to regions such as the Northeast (NE). The region
has one of the highest concentrations of physicians per thousand inhabitants, with
a significant distribution in inland areas. For example, in SC, 70.8% of doctors
practice in inland areas, while in Sergipe (SE), a state in the NE, 91.8% of doctors

are concentrated in the capital, Aracaju [13].

2.2. Mortality Data

The mortality data analyzed in this study were obtained from the Mortality Infor-
mation System (SIM), provided by the Department of Informatics of the Unified
Health System (DATASUS). The 10th revision of the International Classification
of Diseases, Brazilian version (ICD-10 BR), was used to classify epidemiological
outcomes, including neurodegenerative diseases, infectious diseases, autoimmune
diseases, and all-cause mortality.

The study focused on the NE and S regions of Brazil (Figure 1). Data on the
estimated resident population in each state were sourced from IBGE [27]. The
mortality data were filtered by state, month, year of death, and cause of death as
defined by ICD-10, covering the period from 1996 to 2020.
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The mortality rate (MR) was calculated using the following formula:
_ Absolut number of deaths per cause per month/year
Total population of the state in the same period

x100000 (1)

2.3. Solar and Geomagnetic Activity Data

The solar activity data used in this study include the Sunspot Number (SN) and
the F10.7 index, both of which are solar indices. Additionally, Sudden Ionospheric
Disturbances (SIDs) were analyzed, representing ionospheric disturbances caused
by solar flares. The geophysical data used are limited to the Kp and Ap indices,
which measure geomagnetic activity. It is essential to classify these indices accu-
rately according to their nature, as they are interrelated but serve distinct roles.

The Sunspot Number (SN) is a direct measure of solar activity, based on the
number of visible sunspots on the Sun’s surface. This index is calculated by aver-
aging daily sunspot counts to derive annual values. The data are provided by the
WDC-SILSO (World Data Center - Sunspot Index and Long-term Solar Observa-
tions) from the Solar Influences Data Analysis Center (SIDC) at the Royal Obser-
vatory of Belgium. In this study, daily sunspot data were used to capture finer
temporal variations that might be overlooked in annual averages, enabling a more
detailed investigation of potential correlations between solar activity and health
outcomes [28].

The F10.7 index, also a direct measure of solar activity, represents the solar ra-
dio flux at a wavelength of 10.7 cm. This index is widely used in both short- and
long-term analyses of solar variability, as it reliably reflects changes in the Sun’s
magnetic activity. It is critical for understanding variations in solar radiation and
their potential impacts on Earth’s atmospheric systems [29].

The Sudden Ionospheric Disturbances (SIDs) index reflects disruptions in
Earth’s ionosphere caused by solar flares. These disturbances are detected through
ionospheric monitoring networks that analyze variations in radio signals, often
transmitted by satellite navigation systems. SIDs provide valuable insights into
how solar events influence the ionosphere [30] [31].

For geomagnetic activity, this study uses the Kp and Ap indices. The Kp index
is a normalized global measure of geomagnetic activity, with values ranging from
0 (quiet conditions) to 9 (extreme disturbances). The Ap index, derived from the
Kp index, converts these values into a linear scale (0 - 400), offering a more de-
tailed representation of geomagnetic activity intensity. These indices are widely
employed to monitor geomagnetic storms and analyze variations in Earth’s mag-
netic field [32] [33].

This study carefully differentiates the indices: SN and F10.7 as solar indices,
SIDs as an ionospheric index, and Kp and Ap as geomagnetic indices. This classi-
fication ensures their interrelations and distinct contributions are accurately rep-

resented throughout the manuscript.

2.4. Statistical Analyses

This study applied various statistical methods to investigate the spatial and
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temporal variations in mortality data. Boxplots were used to visually summarize
the distribution of the data, displaying the median, interquartile range (IQR), and
potential outliers. This method provides an effective way to detect variability and
identify outliers within the dataset [34].

Pearson’s correlation coefficient was calculated to assess the strength and direc-
tion of the linear relationship between two continuous variables. The coefficient
ranges from —1 to 1, where values near —1 indicate a strong negative correlation,
0 indicates no correlation, and values near 1 indicate a strong positive correlation
[35].

Least squares linear regression was employed to analyze temporal trends by
modeling the relationship between a dependent variable and one or more inde-
pendent variables. This method fits a line that minimizes the sum of squared re-
siduals, enabling the detection of trends in mortality data over time [36].

Student’s t-test was conducted to compare the means of two groups, determin-
ing whether they were statistically different. This test assumes the data follows a
normal distribution and is commonly used to evaluate differences between group
means [37].

Significance levels for correlations were evaluated to determine whether ob-
served relationships between variables were statistically significant. The p-value
was used to assess the likelihood that the observed correlation occurred by chance,
with a significance threshold commonly set at 0.05 [32].

Principal Component Analysis (PCA) was applied to identify spatial and tem-
poral oscillation patterns in mortality data. PCA reduces the dimensionality of the
dataset while preserving variability, facilitating the assessment of relationships
among variables and uncovering patterns [38].

Trend removal was also applied to temporal data when necessary, ensuring that
analyses focused on seasonal patterns and the impacts of geomagnetic activity and
climatic factors. This preprocessing step enhanced the clarity of the results by iso-

lating relevant variations in the data.

3. Results and Discussion

3.1. Geophysical Indices

The analysis of solar activity from 1996 to 2020 revealed significant variability in
sunspot numbers (SN), capturing distinct phases of heightened and reduced ac-
tivity. Figure 2, using boxplots, illustrates this variability, highlighting two solar
cycles: Solar Cycle 23 (1996-2008) and Solar Cycle 24 (2008-2020). Solar Cycle 23
was characterized by higher activity, with an average sunspot count of 45.8 and
peaks reaching approximately 175 sunspots during periods of maximum activity.
In contrast, Solar Cycle 24 exhibited lower activity levels, reflecting a general de-
cline in solar intensity [28].

The peaks observed during Solar Cycle 23 indicate periods of elevated solar ra-
diation and geomagnetic disturbances, aligning with intensified space weather ef-

fects. Conversely, the lower quartiles correspond to solar minimum phases,
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representing periods of reduced solar activity. This cyclical variability is consistent
with well-established solar behavior, which directly impacts Earth’s ionosphere
and geomagnetic field conditions [33].

The quartile plot in Figure 2 visually conveys these fluctuations, emphasizing
the solar maximum and minimum phases across the study period. The substantial
range observed in the quartiles reflects the extremes of solar activity and highlights
the necessity of examining their correlations with geomagnetic disturbances and
mortality data. These findings underscore the relevance of understanding how so-
lar cycles influence geophysical and biological systems, providing a foundation for

the subsequent analysis of health impacts [30].
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Figure 2. Box plot of the Sunspot Number (SN) distribution for the study period (1996-
2020). The plot shows the interquartile range, median, and variability in solar activity, with
the y-axis representing the Sunspot Number (SN). This representation highlights the
spread of the SN values over the analyzed period.

The indices analyzed in this study—Sunspot Number (SN), Ap Index, Kp In-
dex, and F10.7 Index—highlight variations in solar and geomagnetic activity from
1996 to 2020 (Figure 3). Consistent with previous studies, such as those by [28]
and [39], significant fluctuations in solar activity were observed across Solar Cy-
cles 23 (1996-2008) and 24 (2008-2020). These variations are particularly evident
in the SN, a primary indicator of solar magnetic activity and solar cycle phases, as
shown in Figure 3(a).

Solar Cycle 23, considered the longest in the space age [40], was characterized
by a moderate activity peak, with the SN reaching values above 200 sunspots per
month around the early 2000s. As the cycle progressed, a gradual decline in activ-
ity was observed, interspersed with temporary increases in sunspot counts, though
they did not match the peak levels. In contrast, Solar Cycle 24, one of the weakest
solar cycles in recent history, began with a significant delay in solar activity [33].

According to [33], this delay may signal changes in solar variability, similar to

those observed during Solar Cycle 14 (1902-1913). Geomagnetic storm activity
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also differed between the cycles, with Solar Cycle 23 recording 22 events of mag-
nitude Kp = 8 (G5), compared to only 7 such events in Solar Cycle 24 [34]. These
findings suggest a notable decline in both solar and geomagnetic activity during

Solar Cycle 24, potentially reflecting broader trends in solar behavior.
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Figure 3. Solar and geomagnetic activity variation during the period 1996-2020 for Solar Cycles 23 and 24. (a) Sunspot Number
(SN), representing solar magnetic activity; (b) Ap index, a measure of geomagnetic activity intensity; (c) Kp index, a global measure
of geomagnetic activity; and (d) F10.7 index, representing solar radio flux at a wavelength of 10.7 cm. Abbreviations: SN (Sunspot

Number), Ap (Ap index), Kp (Kp index), F10.7 (solar radio flux index).

The significant reduction in geomagnetic activity between Solar Cycle 23 and
Solar Cycle 24 has been attributed to the smaller size and mid-latitude positioning
of coronal holes during this period, as emphasized by [26]. This condition resulted
in weaker solar wind speeds and reduced magnetic field fluctuations.

During Solar Cycle 24, the Sunspot Number (SN) remained historically low in
the early years, reaching its minimum during 2008-2009. Notably, the cycle’s max-
imum sunspot count was approximately 100 sunspots per month, a marked re-
duction compared to Solar Cycle 23. These variations are critical for understand-
ing solar activity patterns and their implications for space weather, human health,
and technical systems. Despite advances in solar research, accurately predicting
solar magnetic activity remains challenging, as noted by [29].

The SN remains a key metric for monitoring solar activity, complemented by
other indices such as X-ray flux, the F10.7 index, and magnetic field parameters,
providing a comprehensive analysis of solar variability.

[41] identified four distinct phases in Solar Cycle 24: the minimum phase (2008-
2009), the ascending phase (2010-2011), the maximum phase (2012-2014), and
the descending phase (2015-2018). These phases align with observed correlations
between solar activity and death rates in the Northeast (NE) and South (S) regions

DOI: 10.4236/acs.2025.151012 256 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2025.151012

R. A. P. Freitas et al.

of Brazil.

In Figure 3(b), the Ap index reflects considerable variation in geomagnetic ac-
tivity from 1996 to 2020. During Solar Cycle 23 (1996-2008), the Ap index showed
moderate activity with occasional geomagnetic storms but did not reach extreme
levels. By contrast, Solar Cycle 24 (2008-2020) exhibited a decreasing trend in the
Ap index, which reached its lowest recorded levels. These results are consistent
with [30], who noted that geomagnetic activity was influenced by both solar changes
and the Earth’s position relative to coronal holes.

In Figure 3(c), the Kp index demonstrates the variability in geomagnetic activ-
ity. During Solar Cycle 23, the peak occurred around mid-2002, with several sig-
nificant geomagnetic storms (Kp = 8, classified as G5). These events affected sat-
ellite navigation systems, radio communications, and power grids in some re-
gions. Solar Cycle 24, despite weaker solar activity overall, still experienced mod-
erate geomagnetic events, with temporary increases in the Kp index. [42] attributed
these fluctuations to interactions between the ionosphere, magnetosphere, and
planetary magnetic fields.

In Figure 3(d), the F10.7 index highlights the solar radio flux at 10.7 cm, which
exhibited relatively low levels during the early Solar Cycle 23 but peaked twice—
first in 2000 and then in 2002, with the latter being stronger. These peaks corre-
spond to periods of intense solar radio emissions and heightened sunspot num-
bers. As Solar Cycle 23 transitioned into Solar Cycle 24, the F10.7 index gradually
decreased, reflecting the overall decline in solar activity.

The F10.7 index, a direct measure of solar activity, correlates with sunspot num-
bers and serves as a key proxy for tracking fluctuations in solar activity. Sunspots,
dark regions of intense magnetic fields on the Sun’s surface, directly influence this

index, providing insights into broader patterns of solar variability [8] [31].

3.2. Variability of the Mortality Rates

The analysis of mortality data facilitates the identification of temporal trends, dif-
ferences among demographic and geographic groups, and the investigation of risk
factors associated with deaths. Boxplots play a critical role in this context by sum-
marizing statistical measures, identifying outliers, and enabling the comparison
of distributions across groups. In Figure 4, the boxplot graph illustrates the vari-
ability in death rates for each state within the Northeast (NE) and South (S) re-
gions, highlighting specific diseases under study.

The highest death rates in both regions are associated with Stroke (STK), Pneu-
monia (PNM), and Acute Myocardial Infarction (AMI). Notably, Multiple Scle-
rosis (MS) exhibits the highest number of outliers, indicating extreme death
events that deviate from normal patterns. In contrast, Systemic Lupus Erythema-
tosus (SLE) has the lowest death rate among the diseases analyzed.

Comparing the variability in death rates between the NE and S regions, as
shown in Figure 5, AMI consistently exhibits the highest average mortality rates
in both regions. In the NE, AMI is followed by PNM and STK, whereas in the S
region, STK and PNM follow AMI in terms of average death rates. These findings
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underscore regional differences and highlight AMI as a leading cause of mortality
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Figure 4. Annual variability of death rates in Brazilian regions from 1996 to 2020 for (a) Alz-
heimer’s Disease (AD), (b) Stroke (STK), (c) Multiple Sclerosis (MS), (d) Acute Myocardial In-
farction (AMI), (e) Systemic Lupus Erythematosus (SLE), (f) Parkinson’s Disease (PD), and (g)
Pneumonia (PNM). The suffixes “NE” and “S” refer to the Northeast and Southern regions, re-
spectively. Each boxplot represents the distribution of mortality rates, where the central line indi-
cates the median, the box spans the interquartile range (IQR) from the 25th percentile (Q1) to the
75th percentile (Q3), and the whiskers extend to 1.5 times the IQR from the box edges. Data points
beyond these whiskers are considered outliers and are represented as individual markers.
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Figure 6. Boxplot illustrating the variability of mortality rates in the Northeast (NE: AL, BA, CE, MA, PB, PE,
PL RN, SE) and Southern (S: PR, RS, SC) regions of Brazil from 1996 to 2020 for the following causes of death:
Stroke (STK), Acute Myocardial Infarction (AMI), and Pneumonia (PNM). The suffixes “NE” and “S” indicate
the respective regions. Each boxplot represents the distribution of mortality rates, with the central line indi-
cating the median, the box spanning the interquartile range (IQR) from the 25th percentile (Q1) to the 75th
percentile (Q3), and whiskers extending to 1.5 times the IQR. Points beyond the whiskers are considered out-
liers and are displayed as individual markers.
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Among the diseases analyzed in this study, the three most representative in both
the Northeast (NE) and Southern (S) regions were Stroke (STK), Acute Myocar-
dial Infarction (AMI), and Pneumonia (PNM). To enhance comparability, the
original variability of death rates was transformed into standardized anomalies.
This method, depicted in Figure 6, standardizes fluctuations based on the mean
and standard deviation, allowing for a more precise comparison across regions
and diseases.

As shown in Figure 6, the highest mean anomalies for deaths were observed for
AMI in both regions, with emphasis on Pernambuco (PE), Rio Grande do Sul
(RS), Paraiba (PB), and Parana (PR). Maximum anomaly values were predomi-
nantly concentrated in the NE, particularly in PB, Rio Grande do Norte (RN), and
PE. For PNM, the highest mean anomalies were identified in RS, PR, RN, and
Ceara (CE), with CE presenting the highest number of deaths and outliers. In con-
trast, STK-related deaths were the least representative in this analysis.

Given the prominence of AMI-related deaths, a focused analysis was conducted
for this event due to its relevance in cardiovascular disease contexts. Figure 7
highlights the highest AMI death rate averages in PE, RS, and PB, indicating a
significant concentration of these events in these states. Conversely, the lowest
values were observed in Maranhido (MA) and Piaui (PI), revealing notable dispar-

ities in AMI mortality between the S and NE regions of Brazil.
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Figure 7. Boxplot illustrating the variability of Acute Myocardial Infarction
(AMI) mortality rates across states in the Northeast (NE: AL, BA, CE, MA, PB,
PE, P, RN, SE) and Southern (S: PR, RS, SC) regions of Brazil. The x-axis rep-
resents the states, while the y-axis shows mortality rates per 100,000 inhabitants
from 1996 to 2020. Each boxplot represents the median, interquartile range
(IQR) from the 25th percentile (Q1) to the 75th percentile (Q3), and potential
outliers beyond 1.5 times the IQR.

An additional noteworthy aspect is the presence of outliers in AMI death rates
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in the S region, as shown in Figure 7. These outlier values warrant further inves-
tigation to uncover potential risk factors or demographic characteristics contrib-
uting to the variability in AMI-related mortality. Such findings could provide val-
uable insights for targeted public health interventions.

Temporal trends in AMI death rates were calculated with a statistical signifi-
cance level of 1%, except in Santa Catarina (SC), where the trend was not statisti-
cally significant. To identify and characterize these trends, a least squares fitting
approach was applied, plotting death rates against time (in months).

When interpreting the annual variations presented in Figure 4, Figure 6, and
Figure 7, it is important to note that while error bars indicate variability, these
differences are not always statistically significant. The error bars represent inter-
quartile ranges (IQR), reflecting the data spread. Overlapping error bars across
years and states suggest that observed variations may fall within the margin of
error. Although the figures visually highlight variability, additional statistical tests,
such as ANOVA, were performed to assess the significance of these differences.
While detailed results of these tests are not shown here, they indicated that yearly
variations generally fell within the expected range of variability and were not sta-
tistically significant. As this article focuses on broader spatial and temporal pat-
terns, these calculations were excluded but are available for further discussion if
necessary.

Trend analysis and subsequent trend removal were conducted for all states an-
alyzed. In Figure 8, data for two states, Parana (PR) and Rio Grande do Norte
(RN), are presented through scatter plots. These plots display the raw data for
AMI deaths and their respective trends over the study period (Table 1). Addition-
ally, the data are shown after trend removal, emphasizing the importance of sea-
sonality, which is evident in the adjusted data.

In the state of Parand (PR) (Figure 8(a)), the trend analysis reveals a minimal
positive slope, described by the equation y =0.0036x+3.68, withan R’ value
of 0.03. This indicates that the trend minimally explains the variability in AMI
deaths over time, suggesting a relatively stable pattern. After removing this trend
(Figure 8(b)), the residuals fluctuate around a zero baseline, confirming that the
AMI death index has remained fairly constant over the years, with no significant
underlying trend. The trend removal emphasizes the random variability in the

data, indicating that further modeling is unnecessary.

Table 1. Linear regression equations and corresponding R values for the AMI death index
trends in the states of Parand (PR) and Rio Grande do Norte (RN) over the study period.
The equations describe the relationship between time (years) and the AMI death index,
while the R values indicate the proportion of variability in the data explained by the linear
model for each state.

State Fitting Equation R Value
Parana y =0.0036x + 3.68 0.03
Rio Grande do Norte y =0.0407x -76.49 0.67
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Figure 8. Scatter plots of Acute Myocardial Infarction (AMI) death data for Parana (PR) and Rio Grande do Norte (RN):
(a) Trend analysis for PR, showing the variability of AMI deaths over time, with years on the x-axis and relative variance
on the y-axis. (b) Trend removal for PR, displaying the residuals of the AMI death index after subtracting the trend, with
years on the x-axis and relative variance on the y-axis. (c) Trend analysis for RN, with years on the x-axis and relative

variance on the y-axis. (d) Tr

end removal for RN, showing the residuals after trend subtraction, with years on the x-axis

and relative variance on the y-axis. Axis titles have been enlarged for clarity.

Conversely, in Rio Grande do Norte (RN) (Figure 8(c)), the trend analysis re-
veals a significant upward slope, described by the equation Yy =0.0407x—-76.49,
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withan R? value of 0.67. This indicates that the trend accounts for a substantial
portion of the variability in AMI deaths. After removing this trend (Figure 8(d)),
the residual plot shows data fluctuating around the zero line, confirming that the
linear trend effectively captures the increasing pattern in AMI deaths, with no ad-
ditional trends remaining after adjustment.

Percentage of Explained Variance in Summer Mortality Indices
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Figure 9. Percentage of variance explained for AMI death indices in (a) Summer (January-
February-March, JFM) and (b) Winter (June-July-August, JJA). The x-axis represents the
principal components (PCs), and the y-axis shows the percentage of variance explained by
each component for mortality rates during the respective seasons.
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Seasonality becomes evident in these figures, highlighting systematic variations
in AMI deaths across different months of the year. These seasonal fluctuations are
crucial for understanding underlying dynamics and formulating intervention
strategies. Specific analyses focusing on months typically associated with summer
(January-February-March, JFM) and winter (June-July-August, JJA) in the South-
ern Hemisphere are essential to fully explore the relationships between solar ac-
tivity, climatic factors, and the occurrence of AMI deaths.

Principal Component Analysis (PCA) (Figure 9), performed on the standard-
ized matrix of AMI data with trends removed, shows that the first principal com-
ponent explains over 57% of the variance in summer, while in winter, this com-
ponent accounts for approximately 47%. The second principal component ex-
plains about 10% of the variance in summer and 20% in winter. Notably, compo-
nent decomposition was conducted separately for summer and winter to capture
the distinct seasonal patterns.

To identify the state that best represents the combined primary oscillation pat-
tern of AMI in Brazil, correlations were calculated between the scores of the first
combined principal component and the individual indices (Figure 10(a)). This
analysis revealed that Sergipe (SE) and Bahia (BA) are the most representative
states in explaining variations during the summer months. For the winter months,
Parana (PR) and Rio Grande do Norte (RN) emerged as more relevant. Notably,
the correlation coefficients between these highlighted states are inverse between
the seasons, creating a dipole pattern between the locations.

Based on the correlogram presented for winter (Figure 10(b)), the results high-
light that the AMI mortality index shows a strong negative correlation with the
state of Rio Grande do Norte (RN), with a coefficient of —0.82. This pattern re-
flects the relevance of RN in capturing variations associated with winter seasonal
conditions. Conversely, Parana (PR) exhibited a significant positive correlation
(0.53), indicating an inverse relationship between the two regions in terms of AMI
mortality variations during winter. These findings reinforce the existence of a di-
polar pattern between these locations, suggesting that climatic and geomagnetic
factors influencing mortality indices operate differently across these regions dur-
ing the cold season. These results underscore the importance of detailed spatial
analysis to understand the interactions between environmental variables and pub-
lic health in different regional and seasonal contexts in Brazil.

Although numerous studies in recent decades have explored the effects of arti-
ficial electromagnetic fields (EMFs) on human health, particularly in relation to
childhood leukemia, fewer studies have investigated the potential effects of expo-
sure to natural radiation from the magnetosphere. Regarding possible biophysical
interaction mechanisms explaining the effects of non-ionizing EMFs on human
physiology, proposed hypotheses include genotoxicity, suppression of melatonin
secretion, increased tissue free radical concentrations, and altered calcium ion ho-
meostasis. Furthermore, it has been suggested that Schumann Resonance signals
could act as a global signal absorbed by the human body, linking geomagnetic
activity to human health.
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Figure 10. Correlation between the first principal component scores and AMI death indices,
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Figure 11. Correlation matrix between AMI Index Scores and Climate In-
dices for (a) summer and (b) winter.

After identifying the most relevant regions for seasonal variation in AMI deaths

during summer and winter, correlations were conducted between these regions
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and standardized geomagnetic data, referred to as the Climate Index. Figure 11
presents the correlation matrix between the scores of the first principal compo-
nent of the AMI indices and the Climate Index for the summer months (a) and
the winter months (b).

The correlation matrix highlights that the Ap index is the most significant geo-
magnetic variable for the AMI Index during the summer months, with a correla-
tion coefficient of 0.69. Conversely, in the winter months, the SID variable
emerged as the most relevant, with a correlation coefficient of —0.61. Both corre-
lations are highly significant at the 1% probability level, underscoring the im-

portance of these variables in understanding the seasonal dynamics of AMI mor-

tality.
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Figure 12. Climate Index SID and AMI deaths that occurred in summer in the states of (a)
Rio Grande do Norte and (b) Parana.
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The results of the seasonal analysis reveal notable patterns. During the summer,
Bahia (BA) and Sergipe (SE) emerge as particularly influential states, as shown in
Figure 12. During this period, the geomagnetic variable Ap is identified as the
most relevant in explaining variations among climate variables. Figure 12 illus-
trates these relationships, highlighting a striking similarity in the time series vari-
ations of the Ap index for BA and SE during the summer months.

Conversely, during the winter months, the analysis highlights a distinct dy-
namic. Figure 13 depicts the variation of the Climate Index SID in Rio Grande do
Norte (RN) and Parana (PR). This suggests that, in winter, these states play a
prominent role in climate variations, demonstrating their influence on the rela-

tionship between solar activity and AMI mortality.
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Figure 13. Climate Index SID and AMI deaths that occurred in winter for (a) Rio Grande
do Norte and (b) Parana.
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The dipole observed between the Climate Index Ap in BA and SE during the
summer months, and the Climate Index SID in RN and PR during the winter
months, is compared with the AMI Death Index. Their extremes are summarized
in Table 2, providing a detailed view of these seasonal dynamics.

In Table 2, it becomes evident how extremes in climate indices are associated
with peaks in the AMI Death Index in the corresponding regions. This association
is particularly pronounced during the summer months, where Bahia (BA) and
Sergipe (SE) exhibit positive extremes in the Climate Index Ap, which correlate
with significant increases in the AMI Death Index. Similarly, during the winter
months, Rio Grande do Norte (RN) and Parand (PR) show negative extremes in

the Climate Index SID, also correlated with increased AMI deaths in these regions.

Table 2. Years with the highest and lowest occurrences of deaths during the winter and
summer seasons in states exhibiting a dipole pattern. The abbreviations are as follows: BA
(Bahia), SE (Sergipe), RN (Rio Grande do Norte), and PR (Parana). “Max” refers to the
years with the highest AMI (Acute Myocardial Infarction) death rates, while “Min” indi-
cates the years with the lowest death rates.

State Summer Max Winter Max Summer Min Winter Min
(Climate Index) (AMI Index) (Climate Index) (AMI Index)
BA 2016, 2011 2010, 2011 2001, 2003, 2020 1999, 2017, 2020
SE 2011, 2016 2011, 2016 2001, 2003, 2020 2000, 2020
RN 1999, 2018, 2020 2011, 2014 2008, 2012 2018, 2020
PR 2000, 2018, 2020 2000, 2004, 2016 2008, 2012 2006, 2020

These findings suggest that variations in geomagnetic and climatic indices may
play a significant role in the occurrence of AMI deaths across different regions of
Brazil, with distinct seasonal patterns. Although some evidence supports the rela-
tionship between geomagnetic activity and physiological processes, such as heart
rate variability (HRV), this connection remains a topic of debate. For instance,
[17] and [22] reported inconsistent findings, whereas [23] observed weak correla-
tions between HRV and geomagnetic indices after accounting for autocorrelations
in time-series data.

The precise mechanisms through which geomagnetic variations influence bio-
logical processes remain unclear, warranting further research, particularly in low-
latitude regions. It is also important to acknowledge the limitations inherent to
ecological studies. While statistical significance is observed, it does not necessarily
imply biological relevance. Confounding factors, which are difficult to control in
this type of study, may bias the results and should be carefully considered in future
analyses.

Moreover, psychological or biological variables that could explain individual
differences in the measured outcomes were not assessed. The analysis also ac-
counted for the unique conditions of the Brazilian population during the study
period, including distinctive demographic characteristics, healthcare quality and

accessibility, and other factors influencing health outcomes [41]. Consequently,
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similar geophysical events may produce varying effects in different populations,
underscoring the need for careful interpretation of these findings.

Despite these limitations, this study contributes valuable insights into the po-
tential effects of geomagnetic activity on health, warranting further investigation
to elucidate these relationships and their underlying mechanisms, particularly in
underexplored regions like Brazil.

4. Conclusions

This study reveals a significant relationship between solar activity and cardiovas-
cular disease mortality rates across different regions of Brazil, with Acute Myo-
cardial Infarction (AMI) identified as the leading cause of death. Regions such as
Pernambuco (PE), Rio Grande do Sul (RS), and Parana (PR) exhibited the highest
average AMI mortality rates, with values of 60.4, 56.8, and 58.3 deaths per 100,000
inhabitants, respectively. Temporal trends showed a consistent increase in AMI
mortality across most states, except for Santa Catarina (SC), which displayed a
different trajectory. These findings highlight the importance of understanding the
interplay between solar activity and broader environmental and socioeconomic
factors in shaping health outcomes.

Principal Component Analysis (PCA) revealed distinct seasonal patterns, em-
phasizing the influence of geomagnetic and climatic variables on mortality rates
throughout the year. The Ap geomagnetic index showed a strong correlation with
AMI mortality during summer, while the SID index had a greater impact during
winter. Additionally, a dipole phenomenon was observed, with geomagnetic var-
iations affecting the Northeast (NE) and Southern (S) regions in opposite direc-
tions depending on the season. These spatial and temporal variations suggest
complex interactions that warrant further investigation to elucidate the underly-
ing mechanisms.

The study significantly contributes to forecasting in biometeorology and public
health interventions by exploring the potential effects of geomagnetic activity on
biological systems, particularly in relation to cardiovascular health. The findings
demonstrate notable associations between geomagnetic indices and mortality
rates; however, the mechanisms driving these associations remain poorly under-
stood. Future research should focus on exploring how geomagnetic disturbances
interact with cardiovascular, neurological, and immune system functions. More-
over, it is essential to address confounding factors, including air pollution, socio-
economic conditions, and healthcare accessibility, which may influence the ob-
served relationships.

The practical implications of this research are considerable. Public health sys-
tems could implement early warning systems to alert populations during periods
of heightened geomagnetic activity, enabling healthcare providers and individuals
to take preventive measures. Preventive care strategies could be tailored to ac-
count for seasonal variations in geomagnetic activity, with a particular focus on

vulnerable groups, such as individuals at higher risk of cardiovascular diseases.
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Additionally, training programs for healthcare professionals could enhance
awareness of the potential health impacts of solar and geomagnetic activity, im-
proving patient care and outcomes.

Despite its contributions, this study is not without limitations. The ecological
design restricts the ability to control for individual-level confounding factors, and
while statistically significant associations have been identified, these do not always
reflect biological relevance. Furthermore, the study emphasizes the need for fur-
ther research in underexplored regions like Brazil, particularly in low-latitude ar-
eas, to validate these findings. Incorporating advanced methodologies, such as
machine learning and long-term multivariate analyses, could provide deeper in-
sights into the complex interactions between geomagnetic activity, environmental
factors, and health outcomes.

In conclusion, this study enhances the understanding of the intricate relation-
ship between solar activity and cardiovascular mortality. By addressing biological,
environmental, and socioeconomic factors in future research, it will be possible to
improve the prediction and mitigation of public health risks during periods of
heightened solar activity, especially in regions more vulnerable to cardiovascular
mortality. The integration of advanced methodologies and a focus on region-spe-
cific analyses could further refine the understanding of these associations and

guide the development of effective public health interventions.
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