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Abstract: The aim of this paper is to statistically examine whether there are different patterns in
daily numbers of deaths during the quiet periods of solar activity, in contrast to the periods of the
strong solar storms. We considered three periods of solar storms (storm of 14 July 2000 Bastille Day
Event, storm of 28 October 2003 Halloween Solar Storms, and storm of 17 March 2015 St. Patrick’s
Day event) and three periods of continuous very low solar activity (13 September—24 October 1996,
21 July-20 August 2008, and 31 July-31 August 2009) during the Solar Cycles No. 23 and No. 24. In
particular, we focus on diseases of the nervous system (group VI from ICD-10) and diseases of the
circulatory system (group IX from ICD-10) separately for both sexes and two age groups (under 39
and 40+). We demonstrate that in the resulting graphical models there was a connection between
the daily number of deaths and all indices of solar and geomagnetic activity in periods of low solar
activity in contrast to periods of strong solar storms in some monitored groups according to age, sex,
and group of diagnosis.

Keywords: geomagnetic storms; exceptional solar events; quiet periods of solar activity; diseases of
the circulatory system; diseases of the nervous system

1. Introduction

Changes in the Earth’s magnetic field, which permeates the entire biosphere, induce an
electric field in the conductors that every living tissue is. The direct effects of high-energy
solar radiation, especially during solar storms, have a measurable impact on living organ-
isms, including human organisms [1]. Biomedical experiments confirmed changes in the
cardiograms of higher animals under the influence of fluctuations in the electromagnetic
field to which they were exposed [2]. Naturally, it can be expected that even changes in the
Earth’s magnetic and electric field will affect human heart and nerve activities. Electromag-
netic field mainly affects the condition of the patients with brain, nerve, or heart diseases,
non-specifically also the nervous system and hormonal activity. On days of magnetic
storms, changes in blood clotting, sedimentation rates, and pulse are detected [2-6].

The geosphere is exposed to severe episodic changes associated with heliospheric
disturbances. Environmental changes are monitored in both quiescent and disturbed
states, magnetohydrodynamic models are built, which describe physical processes taking
place under disturbed conditions (e.g., acceleration of electrons in radiation belts during
magnetic storms, which often occur spontaneously and without precursors) and on this
basis predict the extent of these changes. The magnetosphere is a large three-dimensional
structure, the spatially distant parts of which can be quickly and directly connected by
plasma phenomena. As in the ionosphere-thermosphere system, there are a number of very
complex bonds in the magnetosphere—ionosphere system, on which heliosphere disorders
have a major impact. The high-energy solar radiation, especially during solar flares, has an
underlying impact on all living (including human) organisms [1]. The paper [7] assumes
that neuropsychological diseases and psychiatric disorders exhibit during the periods of
increase and decrease solar activity.
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The delay of the geomagnetic storm after the solar flare is 25-60 h. Geomagnetic storms
usually have four phases in medium latitudes (including the Czech Republic). Typical is
the rapid onset of a storm with a sharply increasing intensity of the horizontal component
of the geomagnetic field lasting 2.5-5 min. This occurs by the densification of the magnetic
field lines of the Earth’s magnetic field due to their compression by the interplanetary
shock wave of the solar wind. During the next initial phase (Initial phase), which lasts a
maximum of several hours, the intensity of the horizontal component of the magnetic field
further increases due to the passed interplanetary shock wave. During the main phase, the
geomagnetic lines are connected to the lines of the magnetic field carried by the plasmoid
from the Sun, which accelerates the equatorial annular current and weakens the intensity
of the horizontal component of the magnetic field. This decline can take several hours to
a day. In the final phase (Recovery phase), the equatorial annular current decays due to
plasma instability and diffusion. The intensity of the horizontal component of the Earth’s
magnetic field returns to its original values within a few hours to days [8,9].

Changes in the Earth’s magnetic field caused by solar storms are also reflected in the
change in the electric field between the ionosphere and the Earth’s surface. This field is
also affected by induced currents from the Earth’s liquid core in the Earth’s mantle. Its
intensity at the Earth’s surface is approximately 60,000 nT at the pole and 30,000 nT at the
equator [10] (pp. 4-7). It is possible to quantify the impact of magnetic field changes at
a specific location on Earth by measuring ground magnetometers. These measurements
are performed using the worldwide SuperMAG network using 3D vector measurements.
In the Czech Republic, these measurements are performed by the geomagnetic station of
the Geophysical Institute of the ASCR Budkov in South Bohemia (BDV, 49.08° N, 14.02° E)
days [8,9].

Correlations of changes in state of human health with solar activity were identified
in papers [11-15]. These effects were also noted [16-18] as the onset of nervous diseases
and genetic disorders. A similar study was conducted [19] and reached similar results.
According to these studies, geomagnetic activity plays only a minor role in the cardiovas-
cular mortality, a finding that has been confirmed in a study [20]. Strong solar storms affect
the human circulatory system indirectly through the concentration of electric charges and
also changes in the magnetic field in the terrestrial environment in which the monitored
population lives [21]. Moreover, the impact of geomagnetic disturbances may depend
on solar magnetic field polarity [22], the course and phase of the solar cycle, and on the
strength of the exceptional solar events during the given period of observation [23-28]. The
recent studies investigate also the simultaneous effects of space weather and meteorological
situations on cardiovascular diseases [29-32], which can be important in the context of
climate change.

To compare the characteristic patterns in daily numbers of death, a period with lower
solar activity was chosen in our analysis. These periods were then confronted with periods
of strong solar storms and their temporal impact.

The mortality level in the Czech Republic (population of about 10 million) during the
investigated period from years 1994 to 2015 has evenly decreased. Registration of deaths
by cause of death and coding praxis is longitudinally very well established and organized
in the Czech Republic. The data series were provided by Czech Statistical Office [33].
The whole observed period belongs to term of validity of ICD-10 (International Statistical
Classification of Diseases and Related Health Problems 10th Revision), and the unified
version of the electronic coding system IRIS (Language independent coding system) was
operated throughout this period in the Czech Republic [34].

The time series of daily aggregated numbers of deaths by cause, men and women
separately at the age groups under 39 and 40+ were used for this analysis. For detailed
analysis, causes of death classified in chapter VI, diseases of the nervous system, and
classified in chapter IX of ICD-10, diseases of the circulatory system, were chosen. Time
series of daily numbers of deaths per group of diagnoses of ICD-10 VI, diseases of the
nervous system (codes G00-G99), and IX, circulatory system diseases (codes 100-199), per
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group of diagnoses together were used for the analysis, due to the length of the observed
period. We chose the analysis of daily numbers of deaths for the whole group of diagnoses
due to low daily numbers of deaths for detailed diagnoses [35,36].

According to the description of detailed diagnoses and already performed
studies [1,11,14], there is no presumption that an acute severe reaction of the human organ-
ism to changes in geophysical parameters could have a delay longer than 30 days [35-3§],
the same long period after the solar storm was analyzed. The period of 30 days was chosen
to monitor specific changes in the number of deaths after a solar storm because there is
no assumption that the acute deterioration after the solar/geomagnetic storm could be
causally reflected in mortality over a longer period than 30 days in the conditions of medical
care in the Czech Republic. We focused to the situations when solar-flare or shock waves
associated with coronal mass ejections produce strong solar energetic particles (SEP) events
with geomagnetic impact.

The investigated period (1994-2015) was chosen for the analysis also because the
mortality level in the Czech Republic did not fluctuate sharply. For example, it would not
be possible to perform the analysis in the current situation where the mortality level is
affected by COVID-19 disease and can be problematic in the future as well [39,40].

As a result, we focused on three exceptionally strong solar events in this period:

- class X5 storm on 14 July 2000 Bastille Day Event;
- class X17 storm on 28 October 2003 Halloween Solar Storms;
- class G4 storm on 17 March 2015 St. Patrick’s Day Event.

Daily numbers of deaths in the studied groups of diagnoses were also observed in
approximately 30 day long quiet periods. To compare the mortality patterns, a period
with lower solar activity was chosen, namely just 30 days of quiet period of very low solar
activity during Solar Cycles No. 23 and No. 24 when the relative number of sunspots R
was completely zero (R = 0):

- 13 September—24 October 1996;
- 21 July-20 August 2008;
- 31]July-31 August 2009.

These storms and continuous quiet periods were selected according to the NWRA /
CoRA catalog, NorthWest Research Associates in Boulder, CA, USA, and the Deutsches
GeoForschungsZentrum so that they occurred evenly throughout the study period. The
radiation solar activity indices F10.7 (Intensity of the Solar Radio Flux) [36], the geomagnetic
solar activity indices Kp planetary index [41,42], and Dst (Disturbance Storm Time), and
Proton density and Proton Flux > 30 MeV (FP30) represent the solar activity in our study.

2. Data and Methods
2.1. Data Sets

For detailed analysis, causes of death of the chapters VI. diseases of the nervous system
and IX. diseases of the circulatory system of ICD-10 were chosen. Time series of daily
numbers of deaths per group of diagnoses of ICD-10 VI. diseases of the nervous system
(codes G00-G99) and IX. circulatory system diseases (codes 100-199) per group of diagnoses
together were used for the analysis, due to the length of the observed period. The time
series of daily aggregated numbers of deaths by cause, men and women separately at the
age groups under 39 and 40+ were used in this study. The data were provided by Czech
Statistical Office (http://www.czso.cz, accessed on 2 November 2019). The time series of
daily numbers of deaths from studied causes of death, which met the criteria of observation
frequency for time series analysis using graphical models of conditional independence, and
the series of geophysical and solar parameters expressing the level of solar activity were
included in the complete graphical model of conditional independences CIG (solar radio
flux F10.7, geomagnetic index Kp, and solar proton flux > 30MeV PF30) which we will
describe in the method section. As already mentioned, Dst index was used to determine
the onset time of a geomagnetic storm. Moreover, the Dst time series did not pass the
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test for normality and independence of logarithmic data (at significance level of 0.05) and
therefore it was not possible to compute the minimalized graphical model of conditional
independence for it.

Figure 1 shows the changes (from top to bottom) of the values of the three-hour Kp
index, the hourly values of the Dst index, the daily values of the solar radio flux F10.7, and
the hourly PF30 values of the solar proton flux with energy greater than 30 MeV in the
observed period. The analyzed solar storms are marked by red arrow in the graphs of the
course of solar and geophysical parameters in Figure 1a—c. The Kp index was chosen in the
model to represent the geomagnetic activity in geographical latitudes where the territory
of the Czech Republic lies [43]. Dst was used to determine the onset time of a geomagnetic
storm. In Figure 2 same time series of solar and geomagnetic indices during investigated
quiet periods of solar activity are shown. For the terrestrial impact scenario, it is important
if the observed geographic location, territory of the Czech Republic in this case, is affected
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Figure 1. Solar activity variability during the investigated solar and geomagnetic storms belonging
to the Solar Cycles No. 23 and No. 24. Class X5 storm on 14 July 2000 Bastille Day Event in panel (a),
class X17 storm on 28 October 2003 Halloween Solar Storms in panel (b), class G4 storm on 17 March
2015 St. Patrick’s Day Event in panel (c). Time of solar storms are marked by red arrow in the graphs.
Note that y—axis scales are not equal on all events.
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Figure 2. Solar activity variability during the investigated quiet periods from years 1994 to 2015
belonging to the Solar Cycles No. 23 and No. 24. Period 13 September 199624 October 1996 in
panel (a), 21 July 2008-20 August 2008 in panel (b), and 31 July 2009-31 August 2009 in panel (c).
Note that y-axis scales are not equal on all events.
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2.2. Method

The graphical models are important modern instruments of multivariate statistics.
They are used for description and transparent representation of structure of the dependence
relationships in a given set of random vectors.

Today, probabilistic graphical models for climate data analysis have been developed,
to determine which variables interact, and how strongly, and to decide if the data can be
condensed without loss of information [44—46]. The theoretical basis to this technique is
the concept of conditional independence, and the prime theoretical and practical tool is the
conditional independence graph [47,48].

We used the graphical models method of conditional dependencies (CIG) [47], a
stochastic approach to find out dependencies between solar, geomagnetic, and other time
series. Due to the character of the solved problem, this method appears useful for studying
the conditional dependence between physical parameters in evolving solar cycle and daily
numbers of deaths.

The computational procedure by this method is described in detail in [49], as a means
to investigate the relationship between the Earth’s ionosphere and magnetosphere. This
method has been implemented in the field of the impact of space on human health, in [50]
which also describes in detail the calculation procedures.

In this work, we consider a structure dependence relationship of the random vector
component part. We take all full graphs of conditional independence relationships for
selecting tests of fit graphs. In this method, the best likelihood estimation of variance matrix
in conditions given by graphical model is found [51-53].

Model solutions were performed for the above-mentioned solar storms and quiet
periods. We used the procedure Backward?2 [47] (pp. 182-185) realized in Mathematica 8.0
software. On account of computational complexity, the geomagnetic index Dst was not
finally used in the resulting graphical models of conditional independence. The random
vector employed in our models is marked:

X = (I; Kp; F10.7; PF30), 1)

where [ is the daily number of deaths in the group of diagnoses by age and sex, Kp is
geomagnetic index, F10.7 solar radio flux, and PF30 is solar radio flux > 30 MeV. The
number of realizations of this random vector is 31 (lengths of observed periods after solar
storm or during continuous quiet period in days). All graphs in the calculations have
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4 vertices, so the maximum number of possible graphs is 63 in each calculation. These time
series were tested for independence and normality of logarithmic data series. The test of
the normality of logarithmical series (and not of the series themselves) is the mathematical
assumption for computing the maximum likelihood estimator of the constrained covariance
matrix [50]. The data are transformed by differences of logarithms to fulfill the assumption
of normality and independence of observed realizations within this step. In the absence of
the assumption of local normality, calculation is stopped and the model cannot be created.
The likelihood function requirements follow from the graphical model selection, using the
goodness of H; test to select the graphical model with data [54]. The test statistics have the
deviance with x? asymptotic probability distribution. In our selection of minimized model,
all edges with computed deviance less than 3.84 (the critical value 3.84 is the standard 5%
point of x> distribution with 1 degree of freedom), were excluded from the entire graph.
The stopping threshold for this calculation, thus, was the value 0.05 [55].

3. Results

In the results of the analyses described in this section, it can be observed for all
monitored solar storms that the daily numbers of deaths in groups of diagnoses VI. diseases
of the nervous system (codes G00-G99) and IX. circulatory system diseases (codes 100-199)
by age and sex have different statistical characteristics in the period of 30 days after the
solar storms compared to the three periods of low solar activity. For age groups in which
the daily death rates are low due to the nature of the disease, the results of the model
calculation are not statistically significant. There are usually age groups 0-39 years for men
and women with diseases of the circulatory system and nervous system with very low
daily numbers of deaths.

The results of the calculation of graphical models of conditional independence for both
groups of diagnoses at the time of the analyzed solar storms are presented in Tables 1 and 2.
For each investigated solar storm, the table contains the parameters of the minimized graph-
ical models after the solar storm, for the analyzed groups by sex and age. In Tables 3 and 4
results of the calculation of graphical models of conditional independence during spotless
day periods are presented. For each model, the table also shows the total deviance of the
minimized model.

The time series of number of deaths of men and women in the age group over
40 completed years inclusive, for all the mentioned solar storms and quiet periods, passed
the tests for independence and normality of logarithmic data series. For the residual compo-
nents of the random vector in the model, it is indicated whether the given edge remained in
the resulting minimized model by X mark (the edge is in the model) or by a dash (the edge
was excluded from the model). Furthermore, in the tables, we present the number of edges
in the final model, the total sum of the degrees of freedom f in the model calculation, and
p-value of the test model is shown. The stopping threshold for calculation was 0.05 in all
calculation cases. Thus, if the p-value of the test of the minimized model is greater than 0.05,
the model is statistically significant. If the time series did not pass the test for independence
and normality of logarithmic data series (due to the uncertainty of the variance matrix it
was not possible to calculate the model), this information is given in the relevant row in
the tables.

The results for groups of women up to and including 39 completed years are indicated
by the title of the Females 0-39 panel, and the results for women aged 40 and over completed
years inclusive are indicated by the title of the Females 40+ panel. The results for men up
to and including 39 completed years are indicated by the title of the panel Males 0-39, and
the results for men aged 40 and more completed years inclusive are indicated by the title of
the panel Males 40+.
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Table 1. Summary of conditional independence graphs (CIG) model computation. Diseases of the

nervous system (codes G00-G99).

Solar storm X5 14 July 2000 Bastille Day Event

Model  Deineotminimied pg;  xp opmo  FsTpmborefmirimied ) e
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 1.12680 - X - 1 46 0.26918
Females 0-39 0.37453 - X - 1 6 0.43892
Females 40+ 1.23286 - - - 0 55 0.01914
Solar storm X17 28 October 2003 Halloween Solar Storms
Model  Deviamceofmivimbied gz oy opro  Bsemumberslmbinid ¢
Males 0-39 0.71428 X - X 2 12 0.37100
Males 40+ 1.10720 X - X 2 65 0.21850
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 2.12049 X - X 2 77 0.21858
Solar storm G4 17 March 2015 St. Patrick’s Day Event
Mode  Deviamceofmivimiied gz p pro  Edsemumberlmiinind ¢
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 1.55689 X - X 2 110 0.11307
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 1.99264 X - - 1 138 0.14996

Table 2. Summary of conditional independence graphs (CIG) model computation, diseases of the

circulatory system (codes 100-199).

Solar storm X5 14 July 2000 Bastille Day Event

Moad  Dmeatmininied ;g Benmbeslwiinied o,

Males 0-39 does not pass the test for normality and independence of logarithmic data

Males 40+ 6.29273 X X X 3 2060 0.17833
Females 0-39 0.32790 - X - 1 5 0.73121
Females 40+ 9.00699 X - - 1 2506 0.06246

Solar storm X17 28 October 2003 Halloween Solar Storms

Moad  Dolmesiminmied g g opo Henmbesnbibied o

Males 0-39 0.46596 X - X 2 18 0.28350

Males 40+ 8.08860 - - X 1 2022 0.06981
Females 0-39 0.10372 X - X 2 5 0.96414
Females 40+ 8.71907 X X X 3 2486 0.09763
Solar storm G4 17 March 2015 St. Patrick’s Day Event

Moad  Dohmesiminmied g opo Heenmbesmbiied

Males 0-39 0.81789 - - - 0 13 0.06826

Males 40+ 8.40326 X - X 2 2105 0.03101
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 10.39334 X - - 1 2626 0.09645
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In the group of nervous system diseases in the period 30 days after the Halloween
Solar Storms, an increase in the conditional dependence was found for the daily number of
deaths in men and women over 40 years for the solar radio flux F10.7 and solar proton flux
FP30. The same applies to men in this age group after the St. Patrick’s Day Event.

The results of our analysis, performed by the method of graphical models of condi-
tional independence for the group of nervous system diseases, showed the conditional
dependence of the daily number of deaths during the solar storm on 28 October 2003
(Halloween Solar Storms), for all monitored age groups on solar radio flux F10.7 and solar
proton flux PF30, with the exception of the group of women 0-39. At the time of the solar
storm on 14 July 2000 (Bastille Day Event), no connection between the daily number of
deaths and all indices of solar and geomagnetic activity was found in the group of diseases
of the nervous system, during any period of the observed solar storms.

The connection of the daily number of deaths with all indices of the solar and geo-
magnetic activity was found in the group of diseases of the circulatory system during the
solar storm on 28 October 2003 (Halloween Solar Storms) for women over the age of 40,
and during the solar storm on 14 July 2000 (Bastille Day Event), in men over the age of 40.

In contrast, in a severe solar storm on 17 March 2015 (St. Patrick’s Day Event), which
hit the Earth in the early morning hours of local time, the conditional dependence of the
number of deaths on the solar proton flux PF30 manifested itself in men over the age of 40
for both monitored diagnoses groups cardiovascular and nervous diseases, but conditional
dependence on solar radio flux F10.7 manifested itself for both sexes over the age of 40.

Table 3. Summary of conditional independence graphs (CIG) model computation, diseases of the
circulatory system (codes 100-199) during spotless day periods.

13 September 1996-24 October 1996

Deviance of minimized Edge number of minimized

Model graphical model F10.7 Kp PE30 graphical model f p-value
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 0.34000 X - - 1 27 0.73121
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 0.40022 X - - 1 78 0.24884
21 July 2008-20 August 2008
Model D sl model P07 Kp pr0 B el pvalue
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 0.33080 X - - 1 43 0.35009
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 11.03420 - - - 0 47 0.034611
31 July 2009-31 August 2009
Modd  Delmeininied ;o o Feobestnbinied
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 8.19562 - - - 0 11 0.19784

Females 0-39

does not pass the test for normality and independence of logarithmic data

Females 40+

11.09207 - - - 0 32 0.24884
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Table 4. Summary of conditional independence graphs (CIG) model computation. Diseases of the

nervous system (codes G00-G99) during spotless day periods.

13 September 199624 October 1996

Deviance of minimized Edge number of minimized

Model graphical model F10.7 Kp PF30 graphical model f p-value
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 8.47768 X X - 2 18 0.19869
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 0.91364 - - - 0 29 0.75376
21 July 2008-20 August 2008
Moad  Pevmestmninied po; g g Feenebestmbinied o,
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 0.29791 - X X 2 76 0.37100
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 1.03767 - - - 0 34 0.02735
31 July 2009-31 August 2009
Moad | Pevmestmninied po; g g Seenebesmbinied o,
Males 0-39 does not pass the test for normality and independence of logarithmic data
Males 40+ 0.90116 - - - 0 15 0.22743
Females 0-39 does not pass the test for normality and independence of logarithmic data
Females 40+ 0.91364 - - - 0 62 0.16517

In the observed spotless periods of low solar activity, there are no model connections
with geomagnetic indices in diseases of the circulatory system compared to the period
after the solar storm in women in the age group over 40 years of completed age. During
these periods of low solar activity, in the minimized graphical models, no connection of
the daily number of deaths was found in parallel with all indices of solar and geomagnetic
activity (F10.7, Kp, FP30) in any of the monitored groups according to age, sex, and group

of diagnoses.

From the minimized graphs of conditional independence, the conditional dependence
in pairs of random vectors representing time series of the circulatory system diseases and
F10.7 is evident for both sexes in the age group over 40 years, and only for men over

40 years in the quiet period in the year 1996.

The time series of daily numbers of men over the age of 40 who have died of nervous
system diseases (codes G00-G99) are conditionally dependent in this period only in men
over the age of 40, in the quiet period 13 September-24 October 1996 on solar radio flux
(F10.7) and Kp index, and in the quiet period July 21-August 20 2008 on Kp index and
solar proton flux PF30. In the quiet period of 31 July-31 August 2009, no conditional
dependences with the number of deaths for both monitored groups of diagnoses were

found in any of the time series.

In these periods, in contrast to the periods of the analyzed solar storms, in the mini-
mized graphical models in none of the monitored groups according to age, sex and group
of diagnoses was a connection found between the daily number of deaths and all indices of

solar and geomagnetic activity.
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4. Discussion

The results of our analysis are influenced by the geoefficiency of the individual ana-
lyzed solar storm and the time course of the monitored indices of solar and geophysical
activity. The results of minimization of graphical model for the periods of three major solar
storms (storm of 14 July 2000 Bastille Day Event, storm of 28 October 2003 Halloween Solar
Storms, and storm of 17 March 2015 St. Patrick’s Day event) show a clearer difference in the
connection of time series in comparison to analyzed periods after a solar storm. This result
is consistent with other studies that show that the impact of solar activity on human health
also depends on the intensity of the solar events occurring during a given observational
period [23-25].

It is therefore possible to identify specific changes in connection to time series of
daily number of deaths of men and women over 40 years of circulatory system diseases
and nervous system diseases in the time series of solar radio flux F10.7, geomagnetic
index Kp, and solar proton flux PF30 between observed periods after monitored solar
storms. However, none of these connections are present in the same form in all three
solar storms. Such connection is consistent with the results published in [20,22], where
the influence of the geomagnetic field was also identified and a connection with the
geomagnetic parameters (Kp).

The analysis took into account the specific conditions of the population in the Czech
Republic in the observed period [35,38]. The conditions correspond with local effect of
the observed solar storms, the differential characteristics of the population living in the
Czech Republic, the level of health care in the monitored period, and other determinants of
the health status of the population [36,37]. Thus, it is possible that the same geophysical
manifestation may have a different effect in different populations.

In the periods of analyzed solar storms in the minimized graphical models we did
not find any connection between the daily number of deaths and all indices of solar and
geomagnetic activity for any of the monitored groups according to age, sex, and group of
diagnoses. Exceptions here are groups of women in the age group over 40 years during
Halloween Solar Storm, and men in the age group over 40 years during Bastille Day Event.
In the observed periods of low solar activity, there is no model connection with geomagnetic
indices in diseases of the circulatory system compared to the period after the solar storm
for women in the age group over 40 years of completed age. During these periods of low
solar activity, in the minimized graphical models, no connection of the daily number of
deaths was found in parallel with all indices of solar and geomagnetic activity in any of the
monitored groups according to age, sex, and group of diagnoses.

5. Conclusions

In quiet periods of solar activity (13 September—24 October 1996, 21 July-20 August
2008, and 31 July-31 August 2009) none of the monitored groups according to age, sex, and
group of diagnoses was found to have a connection between the daily number of deaths
and all indices of solar and geomagnetic activity in the minimized graphical models, in
contrast to the periods of the analyzed solar storms (storm of 14 July 2000 Bastille Day
Event, storm of 28 October 2003 Halloween Solar Storms, and storm of 17 March 2015 St.
Patrick’s Day event) where Male 40+ and Female 40+ dependence is found for diseases of
the circulatory system.

The impact of exceptional solar events is evident in the case of neurological diseases,
and less evident for circulatory diseases. For all solar storms described in this paper, it can
be observed that daily numbers of deaths in the diagnostic groups VI, diseases of nervous
system (codes G00-G99), and IX, diseases of circulatory system (codes 100-199), according
to age and sex, differ in statistical characteristics in the time period 30 days before solar
storm and 30 days after solar storm. For age groups with low daily numbers of deaths due
to the character of the diseases the results are not significant.

For time periods after strong solar storms, a connection between daily numbers of
deaths for diseases of circulatory system and geomagnetic index Kp, Solar proton flux
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PF30, and solar radio flux F10.7 was identified. For men in age group over 40 years a
higher conditional dependence with solar radio flux F10.7 and geomagnetic index Kp was
observed after the event. For women over 40 years of age, a higher conditional dependence
with geomagnetic index Kp was also identified.

The connection of the daily number of deaths with all indices of the solar and geomag-
netic activity was found in the group of diseases of the circulatory system during the solar
storm on 28 October 2003 (Halloween Solar Storms), for women in the age group over 40;
and solar storm 14 July 2000 (Bastille Day Event), in men over the age of 40. During the
periods of low solar activity, in the minimized graphical models, no connection of the daily
number of deaths was found in parallel with all indices of solar and geomagnetic activity
in any of the monitored groups according to age, sex, and group of diagnoses.
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