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Abstract

:

A systematic review of heliobiological studies of the last 25 years devoted to the study of the potential influence of space weather factors on human health and well-being was carried out. We proposed three criteria (coordinates), according to which the work on solar–biospheric relations was systematized: the time scale of data sampling (years, days, hours, minutes); the level of organization of the biological system under study (population, group, individual, body system); and the degree of system response (norm, adaptation, failure of adaptation (illness), disaster (death)). This systematic review demonstrates that three parameters mentioned above are closely related in the existing heliobiological studies: the larger the selected time scale, the higher the level of estimated biological system organization and the stronger the potential response degree is. The long-term studies are devoted to the possible influence of solar activity on population disasters, i.e., significant increases in morbidity and mortality. On a daily scale, a probable effect of geomagnetic storms and other space weather events on short-term local outbreaks of morbidity is shown as well as on cases of deterioration in people functional state. On an intraday scale, in the regular functioning mode, the heart and brain rhythms of healthy people turn to be synchronized with geomagnetic field variations in some frequency ranges, which apparently is the necessary organism’s existence element. The applicability of different space weather indices at different data sampling rates, the need to take into account the contribution of meteorological factors, and the prospects for an individual approach in heliobiology are discussed. The modern important results of experiments on modeling the action of magnetic storms in laboratory conditions and the substantiation of possible theoreical mechanisms are described. These results provide an experimental and theoretical basis for studies of possible connections of space weather and human health.
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1. Introduction: Systematizing the Question and Setting the Problem


Heliobiology studies the possible impact of space weather (SpW) factors, including solar activity (SA), heliospheric and geomagnetic processes, on biological systems at different levels, from individual cells to populations and ecosystems.



The foundation of heliobiology as a science, with the formulation of its goals, tasks, and methods, was laid 100 years ago by the works of A.L. Chizhevsky, who already pointed to the Sun as the possible root cause of 11-year rhythms found in the dynamics of various epidemics [1,2,3]. Since then, over the years, the goal of heliobiology has been to prove the influence of solar processes on the biosphere and to search for new examples of such influence. Such extensive and long-term proof was necessary because modern physics could not explain the mechanism of action of factors of such low intensity on living systems.



The main stages of key concepts development of the probable biotropic role of SpW factors were summarized in a number of books [4,5,6,7,8,9,10], and presented in numerous international conferences materials in 1992–2013 [11,12,13,14].



In 2006, Palmer et al. [15] published an extensive review with a critical analysis of contemporary results of heliobiological studies. They concluded that a number of heliobiological effects could be considered reliably confirmed; however, the potential physical and medico-biological mechanisms explaining the effect had not been adequately worked out yet.



In 2016, another review was published [16], presenting the results obtained using methodological approaches new to heliobiology, in which the main emphasis is not on finding correlations, but on comparing biological and cosmic rhythms, which made it possible to identify a new class of potential SpW effects. The theoretical development difficulties of the atomic-molecular mechanism explaining the possible sensitivity of biosystems to weak magnetic fields are considered. The authors conclude that “the biological effect of very weak alternating magnetic fields associated with solar and geomagnetic activity is real,” but a physically accurate explanation of this effect has not been developed by the time of this writing.



Examples of biotropy (i.e., the potential ability to influence living systems) of SpW factors in the two above-mentioned reviews refer to only one class of phenomena: bursts of increased morbidity and mortality correlated with the moments of geomagnetic storms (GMS). However, the area of possible biological effects of SpW is much wider. The living beings seem to be able to respond not only to extreme changes in environmental factors, such as GMS, but also to the variations within the normal range. This reaction turns out to be not so catastrophic, but still rather important for the body.



The study of calm, normal modes of living systems reaction to the changes in SpW is necessary for understanding of Sun–biosphere system fundamental internal relationships. Without understanding these mechanisms, it is also impossible to predict the probable moments of breakdown in living systems functioning, which could be manifested as catastrophes of various scales, from planetary epidemics to individual pacemaker failure and one specific cardiac arrest.



Still, there are no reviews summarizing views and results of SpW factors possible influence on healthy people.



There are several large scientific directions staying close or partially intersected to heliobiology, but being different in the object and research methods.



First, these are studies dedicated to the biological effects of ionizing radiation, both anthropogenic and natural. This includes X-rays and gamma rays, neutrons, alpha, beta particles, and others, with energies that allow them to ionize atoms and molecules. Ionizing radiation of solar and galactic origin is almost absorbed by Earth’s atmosphere and presents the problem mainly for space flights [10,17,18]. The area of intersection of this direction with traditional heliobiology is related to the study of the possible biological effects of solar flares (SF), where high-energy particles reach Earth’s surface.



Secondly, this is magnetobiology, which studies the biological effects of magnetic fields (MFs) action with characteristics of the magnetic component B = 0… 10 T, f = 0… 109 Hz, as well as the sensitivity of organisms to spatial heterogeneities of GMF (homing) [19]. Heliobiology deals only with a small part of the specified range, including natural MFs.



Finally, there are chronobiology (biorhythmology) and chronomedicine, which deal with the issues of the temporal organization of biological objects [5]. This direction intersects with heliobiology in the study of the possible influence of SpW factors on the characteristics of biological rhythms.



A large number of studies are devoted to each of these areas. In our review, we touch upon them to the extent that their results intersect with heliobiology.



Due to the limited scope of the publication, the possible biological effects of atmospheric factors that are influenced by SpW, such as atmospheric electricity, thunderstorms and infrasound, remained outside the scope of consideration. At the same time, we pay attention to situations in which one can suspect a simultaneous and combined effect of space and terrestrial weather factors on living systems.



The objectives of this work were to systematize the results obtained over the past 25 years on the possible responses of various human physiological systems to SpW factors in different time scales, while paying special attention to precisely reversible, non-catastrophic reactions, since there is every reason to assume that such reactions are variants of the norm—less pronounced than illness or death, but practically comprehensive.



Studies of the potential SpW effects on different body systems vary greatly in scope.



The largest number of studies is devoted to the possible reactions of the cardiovascular and autonomic nervous systems, as well as (to a lesser extent) the brain and endocrine system. These results are included in the review. The responses of other physiological systems of the (such as the immune, digestive, or blood system) have been studied to a lesser extent [20,21,22,23], and the results obtained on them cannot yet be systematized due to their scarcity. Therefore, they were left for consideration in future.



Three measurements can be formulated according to which it is advisable to distinguish and systematize the existing results of heliobiological studies:




	
The sampling rate of experimental data (years, days, hours, minutes, seconds);



	
The level of organization of the studied biological systems (population, group, body, body system, organ, cell, biomolecule);



	
The degree of probable biosystem response (1 = norm (within the variation of the norm and without a shift in the mean value); 2 = adaptation (reversible shift in the mean values of bioparameters); 3 = failure of adaptation (disease); 4 = death of the organism).








The fourth criterion for systematization is the design of the data collection methodology. There are three main approaches here, each with its own advantages and limitations:




	
Population studies, in which datasets on sudden deaths or hospital admissions for exacerbations of various diseases serve as materials for analysis;



	
Laboratory and clinical studies, which are based on observations and comparisons of groups of sick and healthy people during GMS or other SpW events;



	
Individual monitoring, which involves multiple repeated measurements of a certain physiological indicator in the same person for a long time.








When considering and analyzing the results obtained in each time scale, we paid attention to whether the potential heliobiological effect was detected at a given level, in which form of system response (catastrophic or reversible) it was observed, and whether it was possible to draw conclusions about its specific time-frequency and population characteristics.




2. Features of the Use of Solar-Geospheric Indicators in Heliobiology


2.1. Evolution of the Problem Statement


A.L. Chizhevsky at one time formulated the main task of heliobiology as proving the existence of the influence of solar rhythms on the biosphere, from bacteria to humans [1,2]. In his works, he spoke about the importance of comparing biological time series with solar indices as characterizing the primary source. In addition, according to the scientific concepts of that time, sunspots through special radiation could reach Earth’s surface, influencing living beings. These two circumstances—the goal and the ideas about the possible mechanisms—determined the popularity in heliobiology, first of all, of solar indices.



The concept of the physical mechanisms of solar-terrestrial relationships has been dramatically changed during last 100 years. At the same time, the direction of heliobiological research has changed too. Currently the main task is to identify and study specific physical agents that can transmit the SpW influence into the biosphere, as well as the probable mechanisms of their influence on living systems.



The discovery of large-scale structures of solar wind (SW), the sector structure of the interplanetary magnetic field, and the mechanisms of solar energy transfer to the magnetosphere allowed heliobiology to rely on these discoveries in terms of describing the mechanisms of possible action of SpW factors.



There are two types of solar and geophysical data being used currently in heliobiological studies: continuous time series of different indices and samples of days corresponding to a specific class of SpW events in near-earth space, such as solar flares of a high class, solar proton events (SPEs), GMSs of different classes, days with abnormally low geomagnetic activity (GMA) called “magnetic silence” and high galactic cosmic ray intensity (GCR), Forbush decreases (FDs), etc.



Methodological aspects of the applicability of these datasets at different time scales have not yet been discussed in the heliobiological literature. In our opinion, the beginning of a broad scientific discussion of these aspects and the development of generally accepted criteria is an actual task, since their absence at present greatly complicates the comparison of the results obtained by different researchers.




2.2. Annual Scale


The main task of heliobiological research on an annual scale is to reveal the 11-year rhythm in various biospheric processes. For this, a comparison of the extremes of biological time series with the number of sunspots (or its analog in Wolf numbers (WN), the flux of radio emission 10.7 cm from the Sun (RF10.7), the intensity of ultraviolet radiation and galactic cosmic rays (GCR) are traditionally used.



All of these physical parameters are highly correlated with each other. The periods of high SA are characterized by higher GMA and higher surface temperature, so these parameters also have an 11-year periodicity [24].



Thus, the close correlation of solar, geophysical, and climatic parameters on an annual scale leads to the assumption that detected synchronicities of biological and solar rhythmicity can tell us nothing about the possible physical nature of SA impact on the biosphere.




2.3. Daily Scale


The main task of heliobiology, solved on a daily scale of data, is to identify among the many interrelated SpW events those during which the most pronounced reactions of biological systems are observed. Thus, one of the important points is the ability to reliably distinguish such SpW events on a time scale.



Solar energy is transmitted to Earth through three channels: through electromagnetic radiation, solar cosmic rays (SCR) and through the disturbed structures of the SW plasma.



Electromagnetic radiation (ultraviolet and X-rays) from a solar flare reaches Earth in 8 min and causes a change in the ionosphere state, which can affect living beings. Traditionally, time series of daily WN and RF values are widely used to describe this class of events in heliobiology.



Since flares are probabilistic in nature, the daily WN values weakly correlate with the daily dynamics of the flare activity. To describe the latter, it is more convenient to use the official SF catalogs or days of X-ray bursts. If for solving the problem requires a continuous time series, the flash index (FI), equal to the product of the point index of the flash intensity by its duration in minutes, can be used [25,26,27].



In some heliobiological studies, especially retrospective ones, daily WN data to characterize periods of increased GMA are used. However, the geoeffectiveness of SF (i.e., the probability that they will generate the GMS) is only 40–60%, therefore, it is not enough to use only solar observations to predict the development of GMS [28].



Radio emission in the centimeter range increases during SF; however, in the dynamics of the RF10.7 index, this increase is practically not manifested due to the noncomparability of the flare durations (maximum several tens of minutes) and the average index time (24 h).



Consequently, the daily time series of the number of sunspots, solar flares, and geomagnetic storms are largely independent, and the variations in the daily values of the WN index do not describe any physical process occurring in the habitats of living organisms. Thus, although the WN and RF10.7 indices have diurnal resolution, their application in heliobiology on a diurnal scale is ineffective.



If a flare occurs in a suitable region of the Sun, about 10 min after its maximum, the most energetic protons of the SCRs begin to come to Earth. X-ray bursts and SPEs are interesting for heliobiology in that their effects on the near-Earth space are significantly ahead of the onset of the GMS, and the moments of their onset are distinguishable on the daily scale of data sampling.



The importance of X-ray bursts and SPEs during SFs lies in their influence on the parameters of the main modes of Schumann resonance (SR); the frequency of the first mode increases due to bursts of X-ray radiation and decreases due to SPE [29,30,31].



Additionally, in the case of very high energy particles in the SPE, they can reach Earth’s surface, causing ground level enhancement (GLE). This phenomenon is potentially capable of exerting a significant ionizing effect on living organisms. However, such surface events are too rare for a systematic study of their possible biological effects: a total of 70 GLEs were recorded during SA cycles 17–23, and only two in the current 24th cycle [32].



At present, in heliobiology there is no clear understanding of the entire complex of intermediate links and mechanisms by which perturbations in SW can affect the state of living organisms, and, therefore, what classes of events should be studied. Traditionally, the most widespread study of the possible biological effects of GMS.



Three large-scale SW structures can cause GMS, because they may include the long-term southern Bz component of the interplanetary magnetic field: (1) Corotating Interaction Region (CIR)—a compression region before fast SW stream from the coronal hole, (2) body of Coronal Mass Ejection in the interplanetary space (ICME), and (3) Sheath—a compression region before fast ICME [28,33,34,35]. Authors of some papers include Sheaths into ICMEs [36]. It has been shown that the biological effects observed with GMS of different origins are very different [9,37,38,39], therefore it is necessary to take into account their origin for accurate analysis of possible bioeffects due to GMS.



In addition, samples of days with such events in near-Earth space as an increase in SW density and velocity above a certain value, days of large intervals of negative values of the Bz-component of the interplanetary magnetic field, days of arrival of ICMEs and Forbush decreases are used.



A sharp increase in SW pressure changes the configuration of the magnetosphere and can affect the SR parameters [40], the generation of Pc1 geomagnetic pulsations [41], and the microphysics of clouds, temperature, and dynamics in the troposphere and, through them, the global electrical circuit of the atmosphere [42,43]. All of these factors can be agents transmitting influence from the SW to the biosphere.



In heliobiological studies, there are currently no generally accepted criteria for the choice of GMS classes, or GMA indices reflecting different types of geomagnetic disturbances. The only fairly widely used criterion is the 5-level gradation of GMS intensity according to the values of the Ap or Dst index (for example, using the minimum Dst value as an indicator, GMS can be classified as weak (<−30 nT), moderate (<−50 nT), strong (<−100 nT), severe (<−200 nT), and great (<−350 nT) [44].



It is also important to consider that the AE and Dst indices are measured at different geomagnetic latitudes and are sensitive to different current systems: auroral electrojet (magnetic substorms) and ring current (magnetic storms). The first class makes a large contribution to high-latitude events, while the second to low-latitude ones. The Kp index is sensitive to both storms and substorms and does not allow to distinguish which type of storm caused its increase [28].



The daily data sampling format is the most common in heliobiology, since it has a number of important advantages for the class of problems being solved now. First, it is most commensurate with significant SpW events and the possible biosphere’s reactions to them: the time of passage of ICME from the Sun to Earth or the duration of GMS is several days. In daily data, these events are easy to track and their main classes can be distinguished on the timeline. Secondly, this scale avoids the unnecessary contribution of both 24-h and annual rhythms present in biological and geophysical data.




2.4. Intraday Scale


Of the ranges electromagnetic atmospheric noises [45], two are considered in heliobiology: ultra-low frequency (ULF; 10−3–1 Hz) and extremely low frequency (ELF; 3–3000 Hz). Oscillations of the former arise as resonances in the magnetospheric cavity due to the interaction of SW particles with the magnetosphere; resonances of the latter are the main modes of the Earth–ionosphere resonator in the range from 5 to 60 Hz.



These two resonators attracted attention several decades ago due to the proximity of their fundamental frequencies to the characteristic frequencies of the human heart rate (1 Hz) and the alpha rhythm of the brain (8 Hz). It was a popular assumption that the possible mechanism of the biotropic action of EMF is a direct resonance type.



Two types of geomagnetic pulsations are considered in heliobiological studies: Pc1 (period 0.2–5 s; mean intensity 1 nT) and Pc5 (period 150–600 s; mean intensity 300 nT).



The generation of Pc1 pulsations is characteristic of the recovery phase of a GMS 3–5 days after the sudden onset of the storm, but in rare cases these are observed even several hours before the sudden onset [41].



Pc5 pulsations differ from other types of stable geomagnetic pulsations not only in their large periods and amplitudes, but also in their clear connection with the development of substorms [46]. The excitation of Pc5–6 geomagnetic pulsations with T = ~5–20 min is characteristic of the initial phase of the GMS. [47]. Since Pc5-6 are closely related to the development of GMS, a special geophysical index (ultra-low frequency index, ULF) was developed to describe them [48]. The frequencies of these pulsations do not directly coincide with any well-known biological rhythms, such as the human pulse rate. However, this frequency range contains the main frequencies of a number of physiological processes that regulate the tone of large and small vessels [49]. Thus, Pc5-6 can be a very likely candidate for the role of an agent determining the possible biotropic effect of GMS.



Schumann resonance is the most popular potential candidate for a biotropic GMF agent in heliobiology [50]. SR arises from a natural waveguide formed by Earth and the ionosphere, into which the energy of lightning discharges enters [51]. Since thunderstorm activity occurs constantly, oscillations in the fundamental modes of the resonator are constantly present.



SpW events affect the frequency-amplitude parameters of these modes through changes in the parameters of the upper shell of the resonator, i.e., ionosphere. This influence is observed both in the 11-year SA cycle [52] and during individual gamma and X-ray flares [52,53], arrival of SW shock waves [40], or SPEs [29,30].



Thus, the analysis of the applicability of various solar and geophysical parameters in heliobiology shows that each of the time scales—annual, daily, and intraday—requires its own specific set of space weather characteristics, corresponding to the main problem solved in each time scale.





3. Review of the Results of Heliobiology


Following the classification according to the three criteria proposed in the Introduction, we consider the available array of heliobiological studies, going down the time sampling scale from the largest to the smallest. We look in more detail at the results related to less pronounced levels of physiological response, that is, without an average shift or with a reversible shift.



3.1. Annual Scale


In his book, Chizhevsky gave a long list of examples, obtained by various researchers, of 11-year recurrence in the frequency of storms, hurricanes, tornadoes, and precipitation, the number of polar icebergs, the water levels of lakes, and the width of tree rings [3]. Clearly, the SA rhythm has been found in a great many biospheric processes.



In the field of human health, only indicators related to the population as a whole can be examined on this time scale. Here, rhythms in the occurrence of epidemics [54,55,56,57] and strong surges in mortality [58] and non-infectious diseases, such as cardiovascular [59,60] and mental [22] diseases, has attracted attention.



In a number of studies, the 11-year rhythm is simply associated with the general level of SA [55,56,60], while in others the hypotheses about the action of a certain physical factor are expressed. Davis and Lowell [22] and Hayes [54] believe that the active element determining the 11-year rhythm of morbidity is variations in the level of ultraviolet radiation in the surface, as well as radio emission bursts, especially in the highest (chaotic) SA cycles.



Vieira and colleagues [58] see the decisive role of GCR in influencing the physicochemical properties of Earth’s atmosphere, as well as the biosphere. Wickramasinghe [57] believes that the intensity of the COVID-19 pandemic is due, among other things, to the deepest SA minimum in 100 years and an ultra-strong cosmic ray burst in December 2019.



These examples show that the possible effect of SA on terrestrial processes is still manifested in a long-term rhythm, despite the strong anthropogenic contribution to the biosphere. At the level of the human population, this influence, as it did 100 years ago, manifests as bursts of morbidity and mortality, i.e., the most powerful catastrophic responses of the biosystem. At the same time, it is impossible to reveal the potential mechanism of SA influence on the biosphere on this time scale; this requires a more detailed scale that would allow distinguishing the dynamics of the electromagnetic and corpuscular SA agents.




3.2. Daily Scale


From a geophysical point of view, the daily scale makes it possible to reliably distinguish the moments of onset of various SpW phenomena. From a biological point of view, this level of discretization is a good compromise between the details of the obtained biological data and the cost of collecting them when observing people.



At this scale, there are all types of studies: epidemiological, clinical and individual.



3.2.1. Population Studies


The class of irreversible medico-population effects which dynamics correlates with the SpW factors on a daily scale includes bursts of morbidity and mortality in large groups of people, for example, in patients of a certain hospital or several hospitals in a city or in the group of cities.



Existing studies can be classified by the type of pathology studied and the geophysical parameters (solar, heliospheric, or geomagnetic) that are used in the analysis. Taking into account the conclusion [15] that the heliobiological effect is more pronounced at high latitudes, it is also interesting to analyze the geography of its observation.



The geographical distribution is very wide and includes Spain [61], Lithuania [62,63,64,65,66,67,68,69,70,71,72,73,74], Russia (Moscow and St. Petersburg) [38,75,76,77,78,79], Cuba and Mexico [80,81,82], Greece [83], Bulgaria [39], Georgia [84], Azerbaijan [85], and Sweden [86]. It is interesting that southern countries make up a significant part of this list.



There are also meta-studies, such as [87], which collected data from several large population-based studies of stroke incidence in New Zealand, Australia, the United Kingdom, France, and Sweden between 1981 and 2004. The authors concluded that geomagnetic storms (Ap > 60 nT) were associated with a 19% increase in the risk of stroke, and strong and extreme storms (Ap > 100 nT) with a 52% increase.



Another large epidemiological study [88] showed a strong correlation not only of GMS, but also geomagnetic disturbances on mortality from cardiovascular diseases (CVDs) in 263 US cities.



Excluding [86], all studies found a statistical dependence between the incidences and the SpW factors dynamics. The potential SpW impact is most often manifested in the dynamics of various diseases of the cardiovascular system: overall mortality from CVD [62,76,80,83,85,88]; hospitalizations due to CVD (in general) [61,78]; ischemic heart disease [62,75,76]; acute myocardial infarction [39,62,64,65,67,70,72,73,75,76,77,79,80,82,83,88]; acute coronary syndrome [63,68,71,74,83]; stroke [75,76,79,87,88]; sharp increase in blood pressure (BP) [66,69]; and arrhythmias [84].



The list of heliogeophysical events used in the analysis includes GMS of different intensity and origin [39,68,75,76,80,81,82,83,84,87,88]; high level of GMA in combination with meteorological factors [63,64,65,66,69,70,76,78,79]; SR intensity [61]; solar flares [64,67]; moments of sharply increased SW velocity, ICME arrival to Earth [62,66,67,68,69,70,74,83]; SPE [62,64,65,67,68,74]; low GMA/increased GCR level [72,73,85]; reduced GCR level (FD) [38,80,82]; and Pc1 pulsations [77].



As can be seen from the above classification, there are many works on the potential influence of SpW factors on morbidity and mortality, but when they are divided according to the selected characteristics, it turns out that very few studies fall into one class. Therefore, it is very difficult to compare the results obtained by different authors: if we take into account the criteria of the biological and geophysical indicators used as well as the design of the experiment and methods of analysis, then almost every study turns out to be unique. Taken together, they show the widespread occurrence of the heliobiological effect, but do not allow us to draw conclusions about its characteristics and their variability.



Some generalizations of the results are possible only for the most popular geophysical parameter, the GMA level. The vast majority of research, including two meta-studies, report a significant increase in almost all types of morbidity studied with an increase in GMA levels. In a large series of work by Stoupel and colleagues, it is reported that days with zero GMA (and high GCR) are also associated with an increase in sudden deaths, strokes, and myocardial infarctions. These two conclusions do not contradict each other. It is possible that a shift in GMA toward a strong increase or decrease would lead to malfunctions in the body and increased incidence. This point was noted by Palmer and colleagues [15], but since then the number of works on this topic has increased significantly and the ambiguity has remained. Even with the use of very large volumes of medical statistics data, the final conclusions on the possible GMA action are multidirectional, as in the case of the meteorological effect [89].



The morbidity increase observed during CME-induced storms is much stronger than during SIR-induced storms [37,38,39]. It is also shown the probable heliobiological effects are manifested in different ways in the phases of the rise and fall of SA levels [60,67,84].



Including in the analysis both the GMA indices and the heliospheric parameters makes it possible to identify other potentially dangerous events, in addition to the well-known GMSs; for example, SPE or sharp rises in SW density and velocity also can be accompanied by mortality increases [62,83]. In particular, the magnetospheric effects produced by these SpW events may be the cause of morbidity bursts sometimes observed 1–2 days before the main phase of GMS [39,67,75,76]. However, such studies are still insufficient to construct a clear phenomenological picture that could distinguish the possible biological effects of these two classes of events: GMS and other magnetospheric effects preceding it.



Population studies of healthy people are widely conducted in order to study the processes of adaptation to extreme conditions, such as in high latitudes or mountains, but they study the dependence of the body state on the seasons, on the light period duration and on meteorological factors.



There are very few epidemiological studies of the influence of SpW factors on healthy people. Most of them concern the variability of heart rate (HR) and BP levels in groups of young healthy volunteers during GMS. Analysis of HR changes on FD days have shown statistically significant but divergent results [90,91].



A more complex analysis design, in which the potential biotropic GMA influence was studied depending on the current Earth’s weather, showed that the biological effect is much more pronounced in certain boundaries of meteorological parameters: HR clearly increases with an increased Kp index at low temperatures and low atmospheric pressure [92].



For three independent groups of healthy year-round residents of the island of Svalbard, a study of hormone levels was carried out on geomagnetically calm and disturbed days [93]. On GMS days, all three group surveyed (miners working underground, and groups of men and women working on the surface) showed an increased blood concentration of the adrenal hormone cortisol, and a decrease in the level of thyroid hormones (triiodothyronine and thyroxine). The response was statistically significant and reversible, and did not lead to disease. This result is consistent with clinical observational data (see Section 3.2.4 for details) showing increased stress hormone levels during GMS.



The instability of the magnetobiological effect in the data of medical and population statistics can be seen in strong variations in its magnitude and the time lag between the onset of GMS and the response of the biological system. It can be assumed that these indicators depend on a certain set of additional external conditions, which can relate both to the criteria for selecting medical data and to additional external factors, natural or social. At present, the list of these factors cannot be established experimentally, since their number is apparently too large in comparison with the available array of studies.



The second drawback of the population approach is that, due to the strong interindividual variability of the effect, the results of such studies cannot be applied to specific patients.




3.2.2. Individual Approach


Individual monitoring consists of multiple repeated measurement of a certain physiological indicator in the same person for a significant period of time. It has long been known in biometeorology that people’s reactions to weather changes are very individual [94]; therefore, depending on the chosen method of data analysis (average group or individual), results of different levels of detail are obtained. In mean group analysis, the effects obtained are considered to be more statistically stable. In individual analysis, the obtained patterns are not blurred by averaging over a group and are applicable for personal forecasting and possible risk assessment.



For long-term series of measurements, the most convenient indicators are measured by noninvasive methods in an outpatient setting: systolic and diastolic BP (SBP, DBP) and heart rate (HR), with the calculation of average value and parameters of heart rate variability (HRV).



Blood Pressure and Heart Rate


Studies of patients with a diagnosis of arterial hypertension in Spain and Mexico have shown an increase in mean group blood pressure directly on GMS days [95,96]. The difference in BP levels between the most geomagnetically calm and disturbed days ranged from 6 to 8 mm Hg [95].



The BP response of healthy volunteers was studied in three large groups: 86 people in Bulgaria [97], 51 people in Mexico [98], and 56 people in Japan [99]. During a period of strong GMS, in the first case, the rise in mean group BP was wide and lasted from −1 to 2 days relative to the day of the storm onset, and in the second, the greatest increase in systolic BP was observed 2 days before and 1 day after the storm.



As reported in [99], the duration of observations was only 7 days, and comparisons were made with the intensity index of the first SR mode but not with the general level of GMA. Therefore, it is not possible to compare these data with other studies, but the maximum values of SR amplitude corresponded to the minimum mean group BP.



Thus, in the mean group analysis, the possible reaction of the cardiovascular system of both patients and healthy people to severe GMS manifested as a statistically significant increase in mean BP level, mostly systolic. The conclusions on the amplitude and sign of the HR response were multidirectional.



Shepoval’nikov and Soroko [100] described the results of long-term observations of 15 polar explorers in high-latitude wintering conditions. Comparing the results obtained based on the same data in group-wide and individual analysis, the authors came to the fundamental conclusion that the operation of averaging over the group hid very important features of the effect, and sometimes the effect itself.



Further development of the individual approach showed that in different people the phisiological state changes likely caused by GMA variations differed in sign, amplitude, and time lag between GMA rising and physiological response onset. This was true both for healthy volunteers groups and for the patients with cardiac pathologies [100,101,102,103,104,105,106,107].



The proportion of people whose individual BP dynamics correlated with GMA variations intensity (“magneto-sensitive people”) also varied in different tested groups [100,101,102,103,104,105,106,107] and did not directly depend on study geographic locations. In two groups of healthy volunteers observed at different latitudes, in Sofia (42°40′ N, 23°20′ E) [106] and in Syktyvkar (61°40′ N, 50°49′ E) [104], half of the participants were magneto-sensitive, and all cases of magnetic sensitivity showed a positive correlation between the values of blood pressure and GMA. In the other studies correlations of both signs were observed, although there were significantly more positive ones.



For several patients with essential hypertension, the individual analysis of their BP indicators dynamics revealed the probable reasons for the sudden disappearance of the hypotensive effect of the prescribed therapy, namely a change in atmospheric temperature and the GMA level [101]. On the other hand, the diversity of the observed individual reactions in this group of patients made the use of the average group method of analysis ineffective.



Two papers [108,109] provide an analysis of the unique, extremely long time series of BP and HR registration in two healthy volunteers who wore a BP monitor continuously for 11 and 16 years, respectively. In the first case, the analysis revealed a decrease in HR during the main phase of magnetic storms [108]. In the second case, a direct relationship between HR and WN values depended on the stage of the solar cycle, while a constant inverse relationship between HR and WN variability was found [109].




Heart Rate Variability


The theoretical foundations of the HRV assessment method and the peculiarities of its application in clinical diagnostics are reviewed in [110]: the interpretation of HRV parameters, the relationship between decreased variability, the risk of disease and mortality, and the loss of regulatory capacity.



The strong sensitivity and variability of HRV parameters led to their not being used to study the possible magnetic sensitivity of sick people, and results related to heliobiology were obtained from observations of healthy people without serious cardiac pathologies.



In the initial cycle of work on the study of the possible magnetic sensitivity of HRV indicators in the 1990s, a daily resolution scale was used, where HR intervals were recorded once a day and either compared with the daily GMA level, or the samples were compared on days of magnetic storms and geomagnetically quiet days. The first studies in this design were carried out on cosmonauts during long-term flights [37,75], and important conclusions were drawn on the possible nature of the SA effect. It was shown that cosmonauts exhibited both nonspecific and specific reactions to the impact of GMS [111,112]. A nonspecific reaction occurred as a general adaptation syndrome, typical for a reaction to the effects of any external factor causing stress, such as physical and psycho-emotional overload. A specific reaction occurred as a change in vascular tone, which is typical for meteotropic reactions.



These studies show that the physiological cosmonauts reaction likely caused by GMS included the mobilization and activation of all centers of the sympathetic link, and consequently a significant increase and stabilization of the pulse and a decrease in HRV and in the strength of respiratory waves [75].



The correlations between HRV indices and GMF dynamics in young healthy volunteers [39,95,96,97] and older schoolchildren [103] was reported.



In works devoted to the group effect analysis [113,114,115,116], the authors reported that as the GMA level increased, the low-frequency HRV indicators, characterizing the parasympathetic activity of the autonomic nervous system, decreased, and the high-frequency indicators increased, indicating an increased stress level. This is consistent with findings [111,112] showing that GMS is could be stressful for the body.



In works where an individual analysis method was used [102,103,116], a multidirectional reaction was observed.



Thus, the use of group analysis shows increased stress levels in healthy people during GMS. The use of individual analysis in HRV studies provides an even more diverse picture than in BP research, and significantly more observational statistics are needed to understand the reasons for such differences. It is also important to note here that the response of BP indicators in healthy people and in patients differed in the magnitude of the amplitude; in patients, the rise in blood pressure was higher. In both cases, the reaction was reversible, even if it was accompanied by a short-term deterioration in well-being.





3.2.3. Development of Traditional Approaches


Influence of Earth Weather Factors


Another very important aspect that remained outside the scope of consideration in most of the cited studies is the possible action of meteorological factors: atmospheric pressure, wind, humidity, and air temperature. As can be seen in Section 3.2.1 on the analysis of hospitalizations, not many studies takes into accounts not only space, but also Earth’s weather in the total mass.



However, it has been shown that the same body systems can react to the action of space and Earth’s weather factors [78,111,117,118,119,120]. Therefore, it was suggested that these two groups of factors may complement each other and have a cumulative effect. In this case, taking into account the possible influence of only geomagnetic factors can lead to erosion of the effect and some inconsistency in the results obtained.



The BP response, probably caused by meteorological factors, is a synchronization of slow waves in biological and physical series with a period of several days, and a possible response to GMA variations looks like a sharp one-day BP increase or decrease [101,105,118,119].



In [92], analyzing the magnetic sensitivity of BP indicators in healthy people, a new multifactorial approach to the analysis was applied. It showed that the effect of GMA is more pronounced when meteorological parameters are in certain ranges of values. In [120], the idea of the possible combined effect of meteorological and geomagnetic factors was developed based on an example of analyzing the magnetic sensitivity of vascular tone indicators in healthy volunteers. It has been shown that arterial stiffness and endothelial function, as well as BP and HR, depend simultaneously on both groups of factors. The most sensitive to the effect of space weather parameters was the pulse wave velocity, although this relationship was found only in the case of certain parameters of Earth’s weather. An effect similar in meaning was also found with HR monitoring [121].




Possible Influence of Geomagnetic Activity Current Level


As a result of individual analysis of more than 300 healthy volunteers in different geographic locations, it was found that the percentage of magneto-sensitive people in different groups varied from 0 to 50% of the sample [118]. The proportion of such volunteers in each group did not correlate with the geographic latitude of the observation site (Figure 1a), but with the average GMA level during the observation period (Figure 1b).



Analysis of the variability of individual magnetosensitivity over time showed dependencies close in meaning. In [122], long-term series of individual measurements of blood microcirculation were analyzed for successive 3-month intervals. Microcirculation indices correlated with the Kp index in those seasons when the GMA level was quite high. No correlation was found in geomagnetically quiet seasons. Thus, individual magnetic sensitivity changes over time depending on the current GMA value. This effect manifests at the level of groups of volunteers as an increased proportion of magnetically dependent people, and at the level of the population as an increased number of hospitalizations.



Thus, the two circumstances associated with the possible dependence of the magneto-sensitive effect on the current values of meteorological factors and on the GMA level itself allowed, first, to increase the degree of detection of the effect, and, second, to reveal some regularities in its characteristics.





3.2.4. Clinical Research


The advantage of clinical trials over other approaches lies in the broader experimental base, i.e., the possibility to study the potential influence of SpW factors on blood parameters, hormone levels, vascular tone, electrical activity of the brain, and other physiological parameters. This method allows one to study reactions, including those of healthy people, which traditionally do not fall into the medical statistics databases.



Endocrine System


A detailed review of the biological role of melatonin is given in [123], where, from among the listed properties, it is possible to suggest pathways of the development of the response to GMS.



Studies of the effect of GMS on levels of the hormones melatonin and cortisol in patients with ischemic heart disease and hypertension were first carried out at the end of the last century [124,125,126,127]. Another group consisted of healthy volunteers and cosmonauts in flight. During GMS, suppression of melatonin secretion (more pronounced in patients than in healthy people), increased secretion of the adrenal cortex hormone cortisone (a stress hormone), and some activation of the sympathoadrenal system were observed [126,127,128].



The studies of Rapoport and his colleagues were mainly focused on identifying the possible response to storms in patients with coronary artery disease. However, the significance of the shift in hormone levels (mainly melatonin and cortisol) in healthy people was later confirmed [93,129,130]. In all cases, the reaction was reversible.




Brain Research


The method of studying the magnetosensitivity of rhythm-setting brain structures consists in electroencephalography (EEG), with subsequent calculation of indicators corresponding to certain frequency ranges, and then comparing their averaged values on geomagnetically disturbed and quiet days [131,132,133,134,135]. The number of parameters analyzed in such experiments turns out to be very large due to the large number of recorded assignation and spectral ranges. At the same time, changes in rhythm, which could be explained by the influence of GMS, look multidirectional and are observed in different parts of the brain. Therefore, it is not yet possible to systematize them and identify general conclusions. However, almost all authors note, first, the presence of interhemispheric asymmetry in the response of various parts of the brain to GMA, and second, the strong individuality of the observed reactions. Therefore, there is a danger that the averaging of results over a group of subjects partially or completely neutralizes the changes [136].



It is difficult to say to what extent the daily scale is suitable for studying the magnetic sensitivity of the brain. There is reason to believe that a high data sampling rate, perhaps minutes or hours, would be optimal for this task, which will be discussed in the next section.






3.3. Intraday Scale


Studies on the intraday scale of data sampling have been developed intensively in recent years due to the widespread use of new methods for long-term recording of physiological parameters and their analysis. This scale is presented in the literature only by observations of healthy people, namely by peculiarities in the dynamics of their current cardiac and brain activity and the possible contribution of geomagnetic variations to such phenomena.



Works conducted at this level of time sampling differ from those described earlier, in both the nature of the detected effect and the possible mechanisms of EMF action.



3.3.1. EEG Registration


A review published in 2002 [50] was devoted to substantiating the hypothesis that the main SR modes that are constantly present in the atmosphere may act as the synchronizer and be the reason for the existence of stable resonance frequencies in the human brain. If this hypothesis is correct, a dynamic connection should be observed in the rhythm of the activity of the brain and SR.



The first work to find such a connection began about 20 years ago. Pobachenko and colleagues [137] investigated the variability of the group-averaged total spectral power of the EEG and compared it with the power of SR at successive short intervals. It was found that synchronization exists between EEG and SR spectrum power and increases with overall increased GMA level. Later, these results were confirmed in [138].



Another study [139] investigated the individual sensitivity of the rhythm-setting structures of the human brain compared with the dynamics of the minute values of the horizontal GMF component. In all monitoring participants, GMF variations to a greater extent (in more than half of the registration series) were correlated with changes in the high-frequency (14–35 Hz) and low-frequency (up to 4 Hz) parts of the EEG spectrum.



These results suggest that possible synchronization of brain’s rhythmic activity with the GMF oscillations is not limited to SR frequencies only, but may also include lower frequencies.




3.3.2. HR and HRV Registration


Recording HR and its variability is much easier in terms of both recording and analysis than EEG indicators; therefore, most of the work on the study of the synchronization of geomagnetic and biological rhythms was carried out with this parameter.



In a number of works [140,141,142,143], an analysis of long multiday HR records in groups of healthy volunteers was carried out for comparison with the dynamics of the intensity of SR and variations of the total GMF vector.



In [140,142], individual HR values were analyzed, without assessing the vegetative balance, and in [141,143], HRV was averaged over the group, showing the power of the spectrum of cardiointervals in different frequency ranges.



The high sampling rate of the data in these studies allowed to show that although there were no significant shifts in the mean values of cardiac parameters beyond the physiological norm, for long time spans and many periods of observation, HRV indicators turned out to be synchronized with variations in MF in the minute frequency range, as well as among a number of volunteers, although they were in different locations [142]. A pronounced synchronization of slow waves in the HRV data averaged over the group, with an average period of 67 h during the first half of the study period, was also observed [141]. This synchronization was disrupted by the onset of a strong GMS. In fact, this result is a clear illustration of the hypothesis that has long been expressed that GMSs act as the desynchronizers of geobiological rhythm.



In studies of the features of synchronization of HRV parameters, the highest correlation was found for elements of very-low-frequency oscillations (VLF) of the HRV spectrum [141]. This agrees with the conclusions [113,114,115] made on a daily scale of observations, only in the latter case the effect manifested as a shift in the mean when the GMA level changed, and on a minute scale as an adjustment of the current oscillation frequencies. Thus, a comparison of these results shows the natural evolution of the magnetoelectric effect with a change in scale.



Another paper [144] criticizes the correlation analysis method used in [141,143]. A discussion of the applicability of various methods of analysis in heliobiology is necessary; however, the above criticisms do not refute the described synchronization effect. First, the authors of this critical analysis themselves admit that after the refinements they made, the dependence of the VLF indicator retained a significant relationship with the GMA level, and the effect was also preserved in some volunteers. Second, the discovered effect of synchronization of HRV parameters with GMF variations was obtained by other methods without the indicated drawbacks, including nonlinear dynamics methods [142].



The differences between the works of Zenchenko et al. [145,146] and those described above were in the recording of electrocardiograms of healthy people at rest and the use of shorter observation intervals (no more than 3 h) and a higher data sampling rate (minutes, not hours). Using methods of wavelet analysis, a synchronous change in the HR spectra and variations in the GMF induction vector in the frequency range of Pc5–6 pulsations (3–10 min) was shown, and the effect was observed in about 60% of cases and did not depend on the geographical point of observation.



The authors of all works noted that the magnetosensitivity varied greatly for different volunteers [140,141,142,143,145].



To elucidate the biochemical basis of the observed effect, a series of registrations of minute-by-minute values of blood biochemical parameters in healthy people was carried out [147]. The spectra of levels of cortisol and free triiodothyronine showed periods of 7–8 and 15–17 min. These periods were stable in frequency and were observed in all volunteers throughout the entire observation interval, but did not show synchronicity with minute variations of the GMF vector.



At the same time, the spectra of variations in stable nitric oxide (NO) metabolites contained periods of 7, 13, and 25–30 min, and were close to the periods of both the heart rate and the spectra of synchronous variations of the geomagnetic field vector in the frequency range 0.5–3 mHz. This result is consistent with the conclusion of Gmitrov [148], who showed that the link mediating the baroreflex response in rabbits to GMS is a change in the sensitivity of blood vessels to NO. This experiment shows that on a minute scale of sampling, fluctuations in cortisol and triiodothyronine levels are not synchronized with variations in GMF, and the observed adjustments in HR are mediated by other biochemical mechanisms, in particular NO level.



This sampling scale is the most promising in terms of studying possible ways of developing a physiological response to changes in SpW. For example, it remains to be seen whether these timing episodes are characteristic of certain allocated frequencies, such as SR or PC pulsations, or they are universal and apply to all frequency ranges.



However, for this scale, methods of analysis based on the comparison of average values are no longer suitable. Therefore, it is extremely important to discuss methods of detecting synchronization with biological series, which was touched upon in [142,144].






4. Experimental Confirmation of the Action of Magnetic Storms


Two key circumstances have seriously hampered the perception of heliobiological results by the biomedical and physical scientific communities: the difficulty of reproducing the biological effects of GMS in the laboratory and the theoretical substantiation of the very possibility of the action of an extremely weak MF, comparable in frequency and amplitude with GMF variations.



The problem with experimental reproduction of the MF effect was that in order to obtain a stable biological response, either increased (in comparison with natural) amplitudes of the MF variable component or repeated over several days periodic field exposures were required, i.e., an accumulation of effect was needed [149,150,151,152].



A detailed review of experimental work on the action of an alternating MF comparable to that of Earth is given in [153]. Here, we will only note the results that relate to the impact of the recorded GMS.



In the middle of the last century, based on an analysis of many works on magnetobiological effects, Presman [4] concluded that the higher the level of organization of a biological system, the lower the MF intensity required in an experiment to obtain a reaction. The optimal objects were living organisms, not organs, tissues, or cells.



On the other hand, it has been shown [9] that there is no strict direct correlation between the strength of GMS and the magnitude of the medical and biological consequences: often GMS with Kp = 6–7 had a more destructive effect on the state of cardiac patients in a hospital than storms with Kp = 8–9. It has been suggested, that storm intensity is only one of several characteristics that determine its potential biotropy, and its wave structure and the spectrum of the present geomagnetic pulsations can be no less important [154]. Therefore, it is possible that in order to reproduce the observed SpW effects in the laboratory, not a monochrome electromagnetic signal is needed, but a reproduction of the recorded natural GMS.



These ideas have been implemented in recent years. Krylov’s group [155,156] studied the effect of GMS on the morphological and biochemical parameters of marine animals and Gurfinkel et al. [157] the reaction of vascular tone parameters in humans.



Krylov and colleagues studied the effect of a previously recorded three-component MS signal on the morphological parameters of fish and marine life. The results obtained made it possible to answer several fundamental questions of heliobiology. The first result showed the importance of the intraday location of the moment of the main phase of the storm: the biological effect was recorded only for those GMSs for which the beginning of the main phase was shifted by 6 or 12 h relative to the natural diurnal GMF phase. This result confirmed the hypothesis that GMS can be perceived by organisms as a violation of natural diurnal geomagnetic variability [156].



The effects of various components of the natural GMS signal have also been studied [155].



It was found that the initial broadband signal from the GMS and its low-frequency component (f < 0.001 Hz) influenced the all five tested biological systems, and their bioeffect magnitudes were the same. The impact of signal with f = 0.001–5 Hz was a decrease in only one bioparameter. The signal, modulating Pc1 pulsations (f = 1 Hz, A = 64 pT), did not have a significant effect on the parameters under study [155]. The authors concluded that the biotropic action of GMS is caused by its lowest-frequency component, which in nature is described by the Dst variation index, and not by pulsation.



In our opinion, the results presented in [155] do confirm the biotropy of the low-frequency component of the GMS signal. However, they cannot unambiguously refute the possibility of biological action of the higher-frequency components of GMS, including Pc1 pulsations. As shown in Section 3, the biological effects of Pc-pulsations and SR known to date are manifested as frequency-amplitude synchronization of biological and geophysical rhythms. Effects of this nature could not be recorded in the experiments carried out, which, by their design, were aimed at assessing the shift in the mean.



The validity of this assumption is confirmed by the results of [158], a study on the effect of MF in the frequency range of the first SR mode (7.8 Hz, 90 nT) on electrochemical processes in cell cultures of rat cardiomyocytes. The authors reported that the effect of SR MF was reversible, regardless of the field strength in the range from 20 pT to 100 nT and from a constant external MF.



Changes in HRV parameters in healthy people under the influence of simulated pulsations [159] or previously recorded GMS [157] in laboratory conditions also confirm the reversible biological effect of electromagnetic oscillations in the hertz range.



Experimental laboratory studies on the effect of magnetic stimuli close in intensity to natural SR (7–8 Hz) on EEG parameters also remain extremely rare, but they also demonstrate the response of the biological system under study [160,161].



In [160], the direct impact of the controlled variable MF (7.8 Hz, 20 pT) on the oscillators of the human brain led to the frequency being captured by the brain and registered on the magnetoencephalogram. The effect turns out to be possible only for the selected modes present in the SR spectrum.



The parameters of the magnetic signal in the cited works were comparable with the characteristics of natural magnetic variations; therefore, it can be argued that over the past few years, the biotropicity of the GMS analog in laboratory conditions has been demonstrated quite reliably.




5. Theoretical Studies of Possible Mechanisms of the Magneto Effect


The second problem in heliobiology was the problem of finding a theoretical mechanism of action of extremely weak MF. The first question is: what level of organization of the biosystem has the ability to perceive the action of EMF?



Presman [4] wrote that the fundamental ideas about biological targets of EMF action can be roughly divided into two classes. Proponents of the microscopic theory consider processes occurring at the molecular level as possible primary targets of action: the effect of EMF on the orientation of diamagnetic molecules or spins, the distortion of bond angles in paramagnetic molecules, and the effect on ortho-pair transitions of water molecules. Proponents of the macroscopic theory believe that the magnetobiological effect occurs already at the level of individual organs or systems of the body, and it is useless to try to detect it at lower levels of organization. Presman himself believed that “the property of perception of weak natural EMF arises only at the level of rather complexly organized biological systems, and it is possible that this property is fully manifested only in an integral organism.”



The second principal question was recently expressed in the work of Binhi and Prato [162,163]: there are two types of magnetosensitivity in nature, and they most likely have different primary mechanisms. The first type is the specific magnetoreception of migrating animals, formed in the course of evolution for orientation in space. Its primary mechanism appears to be related to spin-correlated radical pairs in retinal cryptochromes or to the radical pair mechanism. This conjecture is discussed in many papers [153,164,165].



The second type, which apparently is responsible for the biological effects of the temporal variability of MF, is characteristic of all organisms and manifests only sometimes under random effective combinations of electromagnetic and biochemical/physiological conditions.



Binhi and Prato [163] propose a possible physical mechanism for explaining the effects of such nonspecific magnetosensitivity, which takes into account the dynamics of non-uniformly precessing magnetic moments in biophysical targets or MF sensors that are not specialized MF receptors.



This theory, which explains the possible primary mechanism of magnetoreception at the level of biological macromolecules, is in good agreement with hypotheses that explain the next level of development of the reaction as a change in the permeability of cell membranes [166,167].



However, the problem of connecting these levels with each other and with higher ones is currently complicated by interdisciplinary barriers, since they actually belong to different scientific areas: theoretical physics, biophysics, physiology, and epidemiology. Similar difficulties and the need for them to be considered on multiple levels are noted by the authors of reviews on the biological effects of atmospheric electricity [167,168], whose problems, subject matter, and research methods are very close to heliobiology.




6. Discussion and Conclusions


A general overview of the presented results allows us to note several points. Studies carried out in recent years fundamentally confirm earlier conclusions obtained in the 1990s. These include:




	
Increased morbidity on days of magnetic storms in patients and increased blood pressure in healthy people;



	
A delay in the possible biological response (population or organism) for 0–4 days from the storm beginning;



	
A specific and a nonspecific reaction to geomagnetic storms. (A nonspecific reaction occurred as a general adaptation syndrome, typical for a reaction to the effects of any external factor causing stress, such as physical and psycho-emotional overload. A specific reaction occurred as a change in vascular tone, which is typical for meteotropic reactions);



	
The probable involvement of melatonin in the formation of the body’s response



	
Significant variability of individual responses;



	
The hypothesis that the geomagnetic field of the ULF and ELF ranges (0–300 Hz) is an evolutionarily conditioned external synchronizer of biological rhythm, and geomagnetic storms likely cause a breakdown of this rhythm.








New evidence has appeared to support the hypothesis that geomagnetic pulsations can directly affect human biological rhythms. At the same time, it cannot be concluded from the existing results that it is precisely “special” frequencies that are close to certain biological rhythms that are biotropic.



Finally, a certain part of the new results can be considered as a significant breakthrough in heliobiological concepts, namely:




	
Space and Earth weather factors potentially affect the same body systems and can modify each other’s action; simultaneous consideration of these two classes of factors significantly improves the identification of the heliobiological effect and its reproducibility;



	
In laboratory conditions, reliable experimental evidence of the action of various components of the storm was obtained;



	
A theoretical mechanism of nonspecific magnetic sensitivity of biological systems of any level to GMF variations has been proposed;



	
The biosystems response to geomagnetic variations, with no shift in the average physiological indicator value was experimental observed: the effect of synchronization of heart and brain rhythms with GMF fluctuations on the intraday time scale is shown.








At the beginning, we proposed three coordinates by which we classified the studies of potential solar-biosphere relationships existing in the literature: the time scale of data sampling, the level of organization of the biological system under study, and the degree of system response (Figure 2). The figure shows that in real studies the proposed coordinates are closely related: the larger the time scale, the higher the level of organization of the studied biosystem and the stronger the degree of its response.



Our approach allowed us to distinguish classes of phenomena of different time scales and show that it is possible to compare the effects of different classes only to a certain extent, since their manifestations differ greatly—from calm functioning within the physiological norm to catastrophe and destruction (death).



The task of systematic comparison and synthesis of the available results is greatly complicated by the variability of the approaches and formats used for describing space weather factors. A broad discussion of this problem and the development of some generally accepted methodological recommendations are necessary.



On an annual sampling scale population datasets on morbidity and mortality were exclusively studied.



For this scale, the sunspot number indices are most convenient as space weather parameters, since they reflect the most general parameter, the global variability of the main source of rhythm. The dynamics of all other SA indices are so closely correlated with these that it is impossible to distinguish between their potential contributions to biological rhythmicity. Therefore, any details on physical processes at this level are technically unattainable.



Studies on annual data series were popular in the early and mid-20th century. It is possible for them to contribute to local epidemiological studies, for example, by explaining the peculiarities of morbidity in certain areas. With the further development of databases and meta-research methods, it would be interesting to compare the possible manifestation of solar rhythmicity of some homogeneous processes at different points on Earth and in different SA cycles.



The daily scale remains very useful for studying the phenomenology of the heliobiological effect for both sick and healthy people. This level is where the widest variation in the level of organization of the studied biosystems is found, from small populations to individual body systems. There is also the widest range of the degree of tested system response, from mortality to a reversible shift in the average value of physiological parameters.



Summing up the results of heliobiological studies on a daily scale, it can be noted that they allow:




	
provide data for medical and epidemiological research on the most dangerous days;



	
detecting the potential response of various body systems to action of geomagnetic storms;



	
studying the peculiarities of an individual reaction and developing algorithms for predicting individual risks.








At the same time, on a daily scale, one should also take into account the possible simultaneous influence of space and Earth weather factors. They target the same body systems, so the impact can be cumulative, and the presence of disturbances in one of them can dramatically change the response to the other.



However, it can be assumed that for a given sampling scale, brain rhythms and heart rate variability measurements are not very suitable, since their variability and sensitivity are too high.



To assess the SpW factors on this scale, it is traditional to use different geomagnetic indices; however, it is necessary to take into account what type of GMF disturbances they reflect.



Consideration of biological effects on the days of certain events in SW in the near-Earth space also makes it possible to study the possible impact of SpW on the biosphere through other channels not directly related to the development of GMS. Potential agents transmitting the effect of space events into the human environment can be oscillations of various ULF and ELF frequencies [29,30,31,40,41], the electric field of the atmosphere [42,43], weather factors [24], processes in the lithosphere [169,170]. All these factors are interconnected [171,172,173] and have an impact on the health and well-being of people [42,166,167,174,175], but the mechanisms of such influence have not yet been studied in detail.



To solve this large class of problems, the intraday format is most convenient, which allows real-time monitoring of the possible influence of external factors on the rhythms of the brain and heart, biochemical processes of hormone synthesis, blood aggregation, electrochemical processes of the propagation of excitation through neurons and cardiomyocytes, etc.



The study of these processes dynamics is also important from a practical medical point of view, since change in brain rhythms can cause mental disorders [176,177,178,179], and heart rhythm disturbances can lead to arrhythmias, fibrillations, rises in blood pressure, and vasospasms [60,143,180]. All these complications likely manifest themselves on larger time scales in the form of a sharp deterioration in well-being and increased mortality.



In recent years, the need to work at several levels of detail at once and to combine the results obtained has become more and more obvious. Cifra and his colleagues wrote: “We concluded that a multiscale modeling approach integrating the molecular response to field coupled to cellular and tissue and whole organism level is crucial for a complete understanding of electromagnetic field bioeffects” [167]. A very similar idea is expressed by Hunting et al. [168].
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Abbreviations




	BP
	blood pressure



	CIR
	Corotating Interaction Region



	CVD
	cardiovascular disease



	DBP
	diastolic blood pressure



	ECG
	electrocardiogram



	EEG
	electroencephalogram



	FD
	Forbush Decreases



	GCR
	galactic cosmic rays



	GLE
	Ground Level Enhancement -



	GMA
	geomagnetic activity



	GMF
	geomagnetic field



	GMS
	geomagnetic storm



	ICME
	interplanetary CME



	HR
	heart rate



	HRV
	heart rate variability



	MF
	magnetic field



	RF10.7
	solar radio flux at a wavelength of 10.7 cm



	SA
	solar activity



	SBP
	systolic blood pressure



	SCR
	solar cosmic rays



	SF
	solar flares



	SR
	Schumann resonance



	SPE
	solar proton events



	SpW
	space weather



	SW
	solar wind



	VLF
	very low-frequency



	WN
	Wolf numbers
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Figure 1. Dependence of magnetic sensitivity cases in groups of volunteers: (a) from latitude of observation location; (b) from average geomagnetic activity (GMA) level during monitoring period [118]. 
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Figure 2. Layout of heliobiological results according to sampling scales of observation time and levels of organization of living systems. 
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