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Abstract: In this work, we analyzed simultaneous observations of solar particles and solar
electromagnetic ultraviolet (UV) radiation during solar events from January 2024 to May 2024.
Measurement campaigns to study the effects of space radiation on the terrestrial atmosphere were
conducted in the framework of the project BIOSPHERE. We show the results of the campaign in
Brussels from 1 January 2024 to 31 March 2024, during which several solar energetic particle
(SEP) events were observed by the spacecraft GOES and OMNI, together with two big
geomagnetic storms in March 2024 and May 2024 associated with solar eruptions. The last two
events combine the arrival of a SEP event with a geomagnetic storm. On 11 May 2024, the biggest
geomagnetic storm for the last 20 years was observed. These events enabled us to identify effects
due to UV, solar particles, and geomagnetic storms. The impact of these events on the terrestrial
radiation belts, illustrated by satellite observations like PROBA-V/EPT and on the atmospheric
ozone using AURA/MLS is demonstrated. For the measurement campaign, muon and neutron
monitors showed a Forbush decrease only during the geomagnetic storm at the end of March 2024
and in May 2024. Complemented by a simulation of radiation effects on the ionization rate of the
atmosphere as a function of the altitude, the extensive range of different observations available
during this measurement campaign demonstrated that SEP and geomagnetic storms due to solar
eruptions had very different effects on the terrestrial atmosphere. The geomagnetic storms mainly
modified the energetic electrons trapped in the space environment of the Earth and affected the
ionization of the atmosphere above 60 km. They also modified the cosmic ray injections, mainly
at high latitudes, creating Forbush decrease for the most intense ones. SEP events injected
energetic protons in the atmosphere that could penetrate deeper in the atmosphere because they
had more energy than the electrons. They could impact ozone, mainly at high altitude in the
thermosphere. Solar activity variation associated with the rotation of the solar active regions in 27
days modulated UV. The measurements of these electromagnetic and particle radiations are crucial
because they have important health implications.
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1. Introduction: The BIOSPHERE project

An increased atmospheric ionization by cosmic rays and solar UV radiation has significant effects
on atmospheric chemistry and dynamics: It triggers electron-induced reactions that lead to formation
of free radicals in the atmosphere which further participate in catalytic ozone loss cycles [1]. Since
ozone shields the Earth from harmful UV rays from the Sun, its depletion would lead to an increase in
the biologically active UV radiation flux, with significant implication for human health, plants, marine
ecosystems, and biogeochemical cycles [2]. While ionization of chlorine-containing anthropogenic
molecules by solar UV radiation has long been recognized as an explanation for ozone depletion in the
stratosphere, the role of cosmic rays and, in particular, low-energy cosmic electrons remain largely
unexplained. These electrons interact with atmospheric gases of both natural and anthropogenic origin
and can affect, thereby significantly the chemistry and dynamics of the ozone layer. Therefore, there
is an urgent need to combine ground-breaking observations by modern satellite technologies and
ground-based in situ/remote sensing with scientific expertise in biology, chemistry, environment, and
radiation protection to study how such combined radiation fields can shape our natural habitat, affect
the evolution of the biosphere, and impact our health status.

The European Partnership on Metrology project 21GRD02 BIOSPHERE (Metrology for Earth
Biosphere: Cosmic rays, UV radiation and fragility of ozone shield at: www.euramet-biosphere.eu)
aims to develop the necessary instrumentation, methods, and measurement infrastructure to assess how
the increasing ionization of the atmosphere, caused by extraterrestrial radiation fields (cosmic rays and
solar radiation) and amplified by anthropogenic emissions, affects the human and ecological health on
our planet. To this end, measurement campaigns have been established to identify and quantify the
relationship between cosmic rays, solar radiation, and anthropogenic emission, and to study their
impact on the ozone shield. Thus, simultaneous modeling and traceable measurements of (i) ground-
level muon and neutron fluxes, (ii) terrestrial and solar radiation, and (iii) the total ozone column
(TOC) are required. Simultaneous measurements of cosmic rays (muons and neutrons), solar radiation,
and ozone column were already performed at two European sites that provide the necessary
infrastructure for accurate measurement of atmospheric profile parameters and have different
anthropogenic emission inventories to account for their influence on ozone dynamics. The first
measurement campaign was carried out from 1 June 2023 to 31 August 2023 at the National Centre of
Scientific Research “Demokritos” (NCSR-DEM) station in Athens [3]. One measurement campaign
at Milesovka mountain in Czech Republic (August to October 2024) has been completed, while
another at the Meteorology Observatory of Lindenberg in Germany is being planned in 2025.

The second campaign took place in urban Brussels (Belgium) region (where two institutes
involved in the project, BIRA-IASB and IRM-KMI, are located), from January 2024 to March 2024.
This campaign involved numerous optical instrumentations (radiometers, spectrometers,
pyranometers), amongst others from BIRA-IASB for accurate spectral and wavelength-integrated
measurements of solar UV irradiance, giving access to UV-biologically effective dose rate (UV index)
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and atmospheric parameters (TOC and Aerosol Optical Depth—AOD). Noteworthy, BIRA-IASB
managed the campaign. The Royal Meteorological Institute of Belgium (IRM-KMI) actively
contributed with balloon soundings for vertical profiles of atmospheric parameters and ozone
concentration and provided TOC, aerosol characteristics, and solar UV monitoring using ceilometer,
aethalometer, nephelometer, and a Brewer spectrophotometer.

The simultaneous measurements of muon and neutron flux rates using new mobile detector
systems from PTB, BFKH, and NPI were supplemented by data from the IRM-KMI, which also
provided neutron flux monitoring. The monitoring data of aerosols and various molecules (traces
species including anthropogenic contributions) are available from satellites and in situ measurements
using BIRA-IASB instruments. In addition, different spacecraft provided the characteristics of the
solar wind when it reached the Earth at 1 Astronomy Unit (AU) and the energetic electrons and protons
trapped in the radiation belts using PROBA-V/EPT [4]. Some instruments take measurements
permanently on the Spacepole Site of Brussels, and therefore also during the superstorm of May 2014
that occurred after the official campaign time.

In this work, we present the observations made during the campaign of Brussels and how
solar activity affects space radiation. In the next section, we show that three kinds of solar events
disturbed the terrestrial magnetosphere during the 3 months of measurements from January to
March 2024: SEP, geomagnetic storms and an event on 24 March when both are combined. In
section 3, we show with ozone profiles from 20 km to 100 km measured from space by Aura
satellite that strong events can impact ozone mainly above 70 km. In section 4, we explain how,
using AtRIS simulations, we have determined at which altitudes the different radiations
(electromagnetic and particles) have their maximum ionization rate, depending on their energy. In
section 5, we show that the very energetic electrons and protons observed in the radiation belts by
the satellites PROBA-V and Joey Sat One Web are very affected by the geomagnetic storms and
SEP, respectively. In section 6, we illustrate the cosmic rays Forbush decrease appearing during
the event of 24 March 2024 using ground measurements of neutrons, muons, and other secondary
cosmic rays. Moreover, Timepix3 observations enable us to determine the composition of the
secondary cosmic rays. The Forbush decrease of 24 March is compared with the one of the
Mother’s Day superstorm of 10-11 May 2025, since our ground-based monitors continued to
measure even after March 2024. In section 7, we show the time evolution of UV observed from
space including that observed during the May 2024 event. Section 8 shows how UV and total
Ozone Content are correlated using measurements during the Brussels campaign. Specific peaks
appeared on 11 May 2024, but they seem to be due to dynamic effects. Finally, in section 9, we
discuss the health effects caused by exposure to space radiations (UV and energetic particles),
before summarizing the major results in the conclusions.

2. Three large and different solar events
Different types of solar events (flares, Coronal Mass Ejections, SEP, for instance) generate different
kinds of terrestrial perturbations, like injections of energetic protons and electrons, geomagnetic storms

and modifications of electron density in the atmosphere for instance (e.g., [5] for a review). The first step
is thus to identify the solar and geomagnetic activity during the period of interest.
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The characteristics of the solar wind observed from 1 January 2024 to 31 March 2024 by OMNI
(the multi-source data set of near-Earth solar wind’s magnetic field and plasma parameters provided
by NASA) are illustrated on Figure 1. Solar wind density (top), bulk velocity (2" panel), proton
temperature (3" panel), pressure (4" panel), and Southward component of the Interplanetary
Magnetic Field Bz (bottom panel) show that January was quiet in term of the solar wind. On 9 February,
one observed the arrival of high velocity and high temperature particles, but they were not associated
to a very high density, nor to negative Bz. That is why this SEP event did not generate a geomagnetic
storm (see Figure 2), while it is also observed by GOES (Geostationary Operational Environmental
Satellites) (see Figure 3).

OMNTI observations

2024—Apr

Figure 1. Solar wind density (top), bulk velocity (2" panel), proton temperature (3" panel),
pressure (4" panel), and Southward component of the Interplanetary Magnetic Field Bz
(bottom panel) from 1 January 2024 to 31 March 2024 observed by OMNI at 1 AU.

On 3 March 2023, there was a high peak of solar wind density, but it was not associated with
energetic particles (not high velocity nor high temperature particles). Because the arrival of this high
density event was associated to a southward direction of the interplanetary magnetic field (negative)
Bz, as shown in the botton panel of Figure 1, the geomagnetic response was intense and a
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geomagnetic storm was generated with a planetary Bartels index Kp = 6 and Disturbed storm time
index Dst < —100 nT (shown in the top and 2" panels of Figure 2, respectively). A Dst < —50 nT is
sufficient to indicate the presence of a geomagnetic storm. The A, geomagnetic activity index (3"
panel of Figure 2) also shows strong activity at this date. The initial phase of the storm started at the
arrival of the solar wind perturbation.

The most interesting event was the arrival of an interplanetary coronal mass ejection generating
a geomagnetic storm on 24 March 2023. In Figure 1, all panels show that the event was due to the
arrival of high-density energetic particles coming from the Sun, leading to an intense geomagnetic
storm with Kp reaching 8 and a minimum of Dst ~ —125 nT on 24 March.

The 3-month period of the Brussels campaign is thus particularly interesting because it shows
different kinds of solar events, leading to different effects in the space environment of the Earth.

The solar radio flux F10.7 at 10.7 cm is a solar activity index directly related to the number of
sunspots and characterizing the electromagnetic emissions of the Sun. One can note an increase of this
solar activity during the event of 24 March (see Figure 2 bottom panel) associated to the active region
from which the solar eruption originated.

OMNI observations
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Figure 2. From 1 January 2024 to 31 March 2024, geomagnetic activity indices of
Bartels Kp (top panel), Disturbed Storm time Dst in nanotesla (2" panel), Ap index in
nanotesla (3" panel), and daily solar activity index F10.7 solar radio flux at 10.7 cm
(bottom panel).
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3. Ozone seen from space

During the period of 1 January to 31 March 2024, approaching the maximum of solar activity in
the 11-year solar cycle, one can see in Figure 3 (2" panel) that there were several energetic Solar
Proton (SP) events observed by GOES measurements. Energetic protons are indeed detected by the
GOES spacecraft revolving on a geostationary orbit at 6.6 Earth radii. The instrument Energetic Proton,
Electron, and Alpha Detector (EPEAD) measures the integral flux of protons in 7 energy channels
from 0.74 to 900 MeV.

Figure 3 (2" panel) shows GOES measurements of proton integral fluxes: the fluxes > 10 MeV, >
30 MeV, and > 100 MeV respectively correspond to the blue, orange and green lines. The threshold of
10 cm? st sr! for E > 10 MeV is generally used to qualify an eruption as a solar energetic particle
event. Seven events reach this criterion during the measurement period, including the event on 24
March 2024. A comparison with Figure 1 shows that only the events with a flux E > 30 MeV (orange
line) larger than 10 cm™ s sr' were detected as solar wind particles with velocity > 600 km/s with
OMNI observations.

Ozone in Figure 3 (bottom panels) is measured using the Microwave Limb Sounder (MLS) that
is part of the Earth Observing System (EOS) and was launched on the National Aeronautic and Space
Administration (NASA) Aura satellite on 15 July 2004 [6]. Aura is in a near-polar 705 km altitude
orbit with a daily global coverage of ~15 orbits per day. MLS observes thermal microwave emission
from Earth’s limb (the edge of the atmosphere) viewing forward along the Aura spacecraft flight
direction, scanning its view from the ground to ~90 km every ~25 seconds [7].

MLS provides measurements of atmospheric components and properties. It measures ozone
profiles in the atmosphere by measuring its emissions at 240 GHz. MLS provides daily ozone profiles
with spatial resolution of 165 km =<3 km and a vertical resolution of 3 km to 6 km depending on the
altitude. Here, we use the fifth version (v005) of Level 2 Ozone Mixing Ratio that provides an increase
in the useable vertical range for scientific studies compared to the previous versions. In this version,
ozone profiles range from 261 hPa to 0.001 hPa in 42 pressure levels. The daily zonal mean ozone
profiles were computed at high latitudes in both hemispheres ([-82< —60 and [60< 829).

The main ozone layer is in the stratosphere (10 km to 50 km). The second layer is well visible in
the upper mesosphere and lower thermosphere (UMLT) between 85 km and 100 km, featuring strong
seasonal variations, like the fainter tertiary layer around 75 km. These upper layers are mostly depleted
during local summer due to increased photodissociation ([8] and references therein).

Some energetic proton events, indicated in Figure 3 (2" panel) and by vertical solid black lines
in all panels, coincide with some of the ozone concentrations in the mesosphere-thermosphere layers,
and especially at altitudes around 90 km in the Northern hemisphere (see Figure 3, 3" panel). This
mesosphere-thermosphere ozone evolves naturally with local seasons, disappearing at the end of
March while appearing in the Southern hemisphere (4" panel). On the contrary, the geomagnetic
storms and substorms, indicated by vertical dotted black lines, do not show clear effect on ozone.
Effects on the stratosphere are also not clearly observed during this period of time.

The observed effect of SEP on ozone can be explained by the fact that the precipitation of
energetic particles into the atmosphere greatly disturbs the chemical composition from the lower
thermosphere down to the upper stratosphere [1]. Most important are changes to the budget of
atmospheric nitric oxides (NOx = N, NO, NO) and to atmospheric reactive hydrogen oxides (HOx =
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H, OH, HO), which both contribute to ozone decrease in the stratosphere and mesosphere. Ozone
losses are especially visible during periods of large geomagnetic activity and in Figure 3 in the
Northern hemisphere (3" panel) until 15 March due to the seasonal presence of mesospheric ozone. In
the Southern hemisphere, the effects can only appear after 15 March when the mesospheric ozone is
formed. Previous observations evidenced that geomagnetic activity may also impact the atmospheric
dynamics down to the surface during polar winter and spring [1]. Energetic particle precipitation can
also affect temperatures and dynamics of the atmosphere from the source region down to the
stratosphere. A direct relation between ozone loss in the mesosphere and the arrival of solar energetic
particles is observed during the big Mother’s Day event of May 2024 [9].

Dst [nT]
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Figure 3. Observations from 1 January 2024 to 31 March 2024. Top panel: Disturbed
Storm Time Dst and Bartels Kp geomagnetic activity indices, 2" panel: GOES
observations of integral proton fluxes with energy > 10 MeV (blue), > 30 MeV (orange)
and > 100 MeV (green) at the geostationary orbit (6.6 Re). Bottom panels: In the North
hemisphere (3 panel), and in the South hemisphere (bottom panel), concentration of

ozone in part per million by volume (ppmv) as observed by MLS/Aura as a function of the
altitude from 20 km to 100 km.
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4. The different sources of ionization

Model studies can help us to better understand the influence of particle precipitation on the Earth’s
atmosphere. Different sources can ionize the atmosphere, as illustrated on Figure 4 showing the
maximum (solid lines) and minimum (dashed lines) ionization rate of different processes as a function
of the altitude. The ionization rates illustrated in Figure 4 are obtained using AtRIS (Atmospheric
Radiation Interaction Simulator), a Geant4 Monte Carlo code used to simulate the effects of energetic
particles on the atmosphere [10]. The energy range of the injected particles used in the simulations is
indicated in Figure 4 next to each ionization source. The assumptions made in the AtRIS simulations
are similar as in [11]. The ionization of by UV and X rays comes from the IRI (International Reference
lonosphere) model [12].

Disturbed Conditions
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| 1nm-100nm
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Auroral electrons,

100 1 1 keV =100 keV

801/
RB electrons,

200 keV — 10 MeV

Altitude [km]
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0
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Pair production rate E.I;_l
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Figure 4. lonization rate obtained with AtRIS (maximum in solid lines and minimum in
dashed lines) as a function of the altitude due to different processes [5].

The main source of atmospheric ionization is not due to particles, but to the solar ultraviolet and
X radiations that create the ionosphere at high altitudes, with a maximum of ionization around 250—
300 km. The ionization rate in the ionosphere is maximum during the day and maximum solar activity.
The ionization rates due to UV and X rays are illustrated by the grey lines in Figure 4.

Another source of ionization is the precipitation of particles with a wide energy range. Such
injections take place mainly at lower altitudes and are constituted of auroral electron precipitation (in
purple in Figure 4), more energetic electrons from the radiation belts (RB in dark green), sporadic solar
energetic particle events (solar protons in orange), and highly energetic galactic cosmic rays (GCR, in
yellow in Figure 4). The most energetic particles, i.e., the GCRs, the lower the altitudes they reach.
The different sources are modulated by the solar position (day/night asymmetry mainly for solar UV),
by the latitude (magnetic field screens low latitudes from ionization and radiation dose by energetic
particles), and by the solar activity (anti-correlation for GCR at low altitude and direct correlation for
the solar wind mainly in the high-altitude ionosphere).
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GCR is a continuous source of ionization, UV and X rays are present during day-time, and the
other sources are associated with sporadic events. During quiet time, the ionization is due to UV and
X rays at high altitude and galactic cosmic rays at low altitude.

Due to the geomagnetic field shielding that prevents particles from reaching the atmosphere at
low latitudes, the ionization due to injections of particles appears mainly at high latitudes. A magnetic
cutoff is present for all particle sources, contrary to the electromagnetic sources like UV and X rays.
At the equator, the ionization is almost only due to solar UV/X and is maximum when the Sun is
highest above horizon.

The galactic cosmic rays form a continuous source of radiation that constantly ionizes the Earth’s
atmosphere with a maximum rate appearing around 15 km (named the Pfotzer maximum). The
ionization rate is maximum during minimum solar activity due to solar magnetic field modulation.
Only the most energetic particles of the galactic cosmic rays can penetrate at low altitudes, mainly in
polar regions due to the cutoff of the terrestrial magnetic field at low latitudes. While geomagnetic
storms result in injections of additional particles (mainly electrons) in the atmosphere that can increase
ionization during short period, CMEs can result in a longer decrease of the ionization during several
days due to changes in recombination rates of the ions and electrons, decrease of cosmic rays, and
reduction of the plasmasphere [13].

These modifications can also alter the composition of the atmosphere and especially the ozone
that plays an important role in the filtration of the solar UV radiation and protecting life at the surface
of the Earth. From Figure 4, one can see that the mesosphere can be affected by injection of energetic
electrons from aurora above 100 km and around 80 km by electrons from the more energetic radiation
belts mainly during geomagnetic storms. Energetic electron precipitations have indeed been found to
have a significant influence on ozone in the mesosphere between 60 km and 80 km, with short-term
depletions reaching 90% [14]. At lower altitudes of the stratosphere, solar energetic protons can cause
ionization. Below 20 km, only the cosmic rays have enough energy to penetrate.

The energetic particles precipitating into the atmosphere mostly interact with N2 and O but also
with the less abundant trace gases. They initiate reactions where the most important are excitation,
dissociation and ionization. The secondary electrons produced in ionization undergo further collisions
and after slowing down to low energies they can form negative ions, e.g., via dissociative electron
attachment reactions with molecules or they directly bind to molecules via three-body collisions.
Therefore, negative ions are formed alongside to positive ions, which both influence the upper
atmospheric chemistry. The presently used standard chemistry-climate models consider the most
important primary reactions. In order to enable future more accurate modeling, we will provide a
collection of accurate atmospheric collision rates and cross sections in an open data base. The data are
collected from literature or measured in lab-based experiments [15].

5. Radiation belt effects
5.1. Observations of PROBA-V/EPT
The Energetic Particle Telescope (EPT) measures the fluxes of high-energy particles in the

radiation belts and the injection of solar protons in the magnetosphere [4]. This instrument was
developed by the Center for Space Radiation (CSR) at UCLouvain in Belgium, with the collaboration
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of the Royal Belgian Institute for Space Aeronomy and QinetiQ Space (presently Redwire Space).
This detector has been launched on 7 May 2013 onboard the ESA (European Space Agency) satellite
PROBA-V. The spacecraft was sent to a sun-synchronous polar Low Earth Orbit (LEO) orbit at an
altitude of 820 km, with an inclination of 98.73<and a descending node at 10:30 am local time. The
concept of the EPT is based on the relationship between the stopping power of a material and the
energy of incident charged particles [16]. The EPT was designed for real-time and contamination-free
measurements of charged particle spectra in the space environment, and is able to discriminate between
electrons, protons, alpha particles and heavier ions while performing direct measurements of their energy
spectra. The EPT features two energy sections. The Low Energy Section (LES) measures only lower
energy electron fluxes, while the High Energy Section (HES) measures electron, proton, and heavier
particle fluxes of higher energy. The EPT measures differential flux of electrons above 500 keV in 6
energy channels, and of protons above 9.5 MeV in 10 energy channels.

5.2. Energetic electrons
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Figure 5. Electron fluxes observed from 1 January to 31 March 2024 as a function of the
Mcllwain parameter L (vertical axis in Earth’s radii) and time (horizontal axis) for the 6
energy channels of EPT on board PROBA-V using the same color scale. The red arrows
indicate the dropouts, while the white arrows indicate the injections of the first storm of
Mars 2024.
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Figure 5 shows the time evolution of the electron fluxes as a function of the Mcllwain parameter [17]
corresponding to the radial distance of the intersection of the field line with the magnetic equator. A clear
dropout [18] appears in the outer belt at the beginning of the two geomagnetic storms of March 2024
(see red arrows in Figure 5 for each dropout associated even to small events), followed by injections of
electrons (white arrows for the first geomagnetic storm of Mars, at all energy ranges) at low L values in
the slot, but not in the inner belt at L < 2.5. Smaller dropouts are also visible at each small Dst event (see
Figure 2). Such dropouts and flux injections in the slot are regularly observed during the geomagnetic
storms [19] and their depths have been shown to be directly correlated to the value of Dst [18]. After the
flux injection at the beginning of March, the slot slightly increases with an inner edge of the outer belt
slightly moving to higher L values for all energies during the following days later until new injections
appear due to the next storm. The physical mechanisms leading to the flux variations have successfully
been simulated considering magnetopause shadowing and radial diffusion to explain the major
characteristics of outer radiation belt electron dropouts and flux increase during the storms, and diffusion
coefficients of wave-particle interactions for the gradual scattering that depopulates the slot region and
the outer belt after storms [20]. The positions of the inner and outer belts are strongly related to the energy
of the particles and on the position of the plasmapause and the auroral oval [21]. Moreover, the electron
fluxes of the radiation belts are also influenced by human activities, since the very low-frequency
transmitter in the Northwest Cape of Australia has been observed to pitch-angle scatter electrons with
energies from 30-800 keV, modifying the fluxes measured by LEO satellites [22].

Such energetic electron flux variations directly due to the geomagnetic activity are problematic
for space missions, especially for astronauts, electronic devices, and solar panels. That is why
Machine Learning models have been developed (e.g., [23]) to predict these flux variations during
space weather events.

5.3. Energetic protons

Contrary to the electrons, the protons are not correlated to the geomagnetic storms (Dst) but to
the arrival of SEP [24]. The solar protons detected by GOES at the geostationary orbit (see Figure 3
panel 2) are also detected by PROBA-V/EPT at 820 km, as shown Figure 6. The proton differential
fluxes observed by EPT from 9.5 MeV to 155 MeV on board the satellite PROBA-V are averaged
in L and time bins (L bins 0.25 Time bins: 1 h). EPT shows the same injections of energetic protons
as GOES, in January 2024 limited to energies < 29 MeV, while in February 2024 and on 23 and 24
March 2024, the fluxes reach E > 61 MeV. The flux goes down to L < 4, but no protons are injected
in the continuously trapped proton belt visible at L < 2.5. This inner proton belt corresponds to the
South Atlantic Anomaly (SAA) at these low altitudes, and it is only slightly modulated by the solar
cycle [25]. EPT showed its first injection of protons in the South part of the SAA during the 11 May
2024 Mother’s Day event, the strongest Dst event for the last 20 years, as well as the unusual
development of multiple electron belts during more than one month after this event [26].

5.4. Characterization of space radiation in LEO at 600 km

The spectral and composition characterization of the space radiation field in LEO at 600 km is
measured by a Timepix3 detector [27] onboard the JoeySat OneWeb satellite. The Timepix detector is
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implemented as a miniaturized high-resolution radiation monitor for spacecraft. The pixel detector
provides the composition and spectral characterization of the ionizing radiation field along the satellite
orbit. The decomposition into the radiation components is given as detailed particle flux plots over
time in Figure 7.

The data show intervals of onset (23 March) and decline (24 March) of geomagnetic-solar activity.
Correlations are observed for the proton component (Figure 7b) and, with delay, also the low-energy and
X ray component (Figure 7d). The particle fluxes produced are omnidirectional (over the full field-of-
view of the detector) and integrated over all particle energies (for protons above 35 MeV). Electrons are
registered above few MeV (Figure 7c) and, as secondary low-energy electrons below approximately 1
MeV (Figure 7d). A narrow low-energy (tens to few hundred keV) gamma ray component is also
registered as one group together with the high-energy electron component (Figure 7c¢).
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Figure 6. Proton flux measured from 1 January 2024 to 31 March 2024 by PROBA-V/EPT
in 6 energy channels.
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The data provides direct information on the radiation components and their variance along the
satellite orbit and over extended periods of time. The radiation field and resolved components are
registered in limited energy range as follows: Protons above 40 MeV, electrons above 3 MeV, low-
energy gamma rays, and X rays in the region =~ 3-50 keV. The gamma rays are detected with decreasing
detection efficiency. lons of energy above =~ 50 MeV/u are registered together with the protons. The
spectral response is determined and limited by the semiconductor sensor of the pixel detector (silicon
500 pm thick) and the shielding (Al 5 mm thick) mounted on top of the Timepix3 detector in JoeySat.

The space radiation field is continuously evaluated along the satellite orbit of detailed particle
fluxes and dose rates as time histories at the minute scale. For the charged particle components,
protons and electrons, can be produced detailed angular fluxes (in few broad angular bins) as well
as detailed deposited energy spectra and linear energy transfer (LET) distributions integrated over
longer data intervals.

6. Measurements of Secondary Cosmic Rays on the Ground
6.1. Neutron monitors

During solar energetic particle events, high-energy protons with sufficient rigidity can penetrate
the Earth’s upper atmosphere and interact with neutral atmospheric atoms to produce secondary
particles, including neutrons. These neutrons are detected by ground-based neutron monitors. Solar
particle events (SEPSs) are often associated with Coronal Mass Ejections (CMES), as the shock waves
produced by CMEs can accelerate particles to high energies. Conversely, CMEs are also frequently
accompanied by SEPs when particle acceleration occurs. CMEs can also lead to a temporary
decrease in the count rates of ground-based neutron monitors—a phenomenon known as a “Forbush
decrease” (FD) (e.g. [28]). A clear FD is observed on 24 March 2024, illustrated in Figure 8 by the
sharp decrease coinciding with the arrival of the magnetic cloud in the CME. FDs, i.e., short-term
drops in the flux of galactic cosmic rays, are caused by the shielding from strong or turbulent
magnetic structures in the solar wind, especially CMEs and their associated shocks. In Figure 8, the
observations at each station have been separated in different lines, with the 0 corresponding to each
curve on the dotted line.

The maximum amplitude of the FD (see last column of Table 1) is primarily influenced by the
geomagnetic latitude of the station (5" column). Table 1 lists neutron monitor stations in order of
increasing latitude. Variations in the FD, however, can also arise due to other factors, such as the type
of instrument used and the local geomagnetic environment during the storm. In Athens, which is at a
relatively low latitude, the effects of solar and cosmic particles are less pronounced, complicating the
detection of such events during the first measurement campaign. However, this location provides better
opportunities to observe other phenomena, such as aerosol, temperature, and water profiles [3].
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Figure 8. Observations of neutron monitor stations located at different latitudes
summarized in Table 1. The perturbation on 24 March 2024 is well visible. The neutrons
show a Forbush decrease during the storm due to the higher protection of the terrestrial
magnetic field from the galactic cosmic rays.

Table 1. Characteristics of the stations where neutron monitors are located with increasing
latitude, including altitude, full range of Vertical Rigidity Cutoffs (Rc) and maximum
Forbush decrease during the 23 March 2024 event.

Full Name Short Name Alt (m) Rc (GV) Coords (lat, lon) Max FD
Athens ATHN 260 8.53 37.97,23.78 —5.28%

Rome ROME 0 6.27 41.86, 12.47 —6.47%

Lomnicky LMKS 2634 3.84 49.20, 20.22 —-13.14%
Dourbes DRBS 225 3.18 50.0971, 4.59003 -10.52%
Kiel KIEL 54 2.36 54.3399, 10.1199 -11.20%
Oulu OuLU 15 0.81 65.0544, 25.4681 —-13.59%
Apatity APTY 181 0.65 67.5704, 33.3935 -12.70%
South Pole SOPO 2820 0.1 —90.000, 0.00000 —-18.39%

6.2. Muon monitors

Muons were detected during the Brussels campaign with the PTB’s mobile position-sensitive
muon detector DECOS2 (see Figure 9), new version of the PTB reference detector DECOS1 [29].
DECOS2 consists of two units, each with a 2-dimensional spatially sensitive readout. The units can be
rotated in space and their separation can be adjusted. Each unit contains two crossed layers, each
composed of ten EJ-200 plastic scintillators bars (50 cm long, 5 cm wide and 1 c¢cm thick). This
arrangement of scintillator bars, in combination with quadruple coincidence detection (one for each
scintillator layer), enables position-sensitive detection with a pixel size of 5 cm x 5 cm. The variable
distance between the two detector units allows for an adjustable field-of-view (FOV) of the detector.
DECOS2 has been successfully used in two measurement campaigns in Athens and Brussels, each
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fixed for a period of three months, to count cosmic muons at two altitudes, latitudes, and under varying
atmospheric conditions. The vertical profiles of atmospheric parameters (temperature, density, and
aerosols) at the measurement sites in Athens and Brussels were obtained using LIDARs (Light
Detection and Ranging) and Radiosondes. These data were then used as input for Monte Carlo (MC)
simulations to investigate the correlation of primary cosmic rays (PCR) with secondary cosmic rays
(SCR) measured on the ground and at different altitudes. MC simulations predict a negative correlation
of the atmospheric pressure with the muon flux at altitudes below about 12 km and a positive
correlation at higher altitudes. Panels a and b in Figure 9 show the anti-correlation of the pressure with
the SCR count rate in the pressure-uncorrected data for both muons (measured during the measurement
campaign at the urban Space Pole site in Brussels) and neutrons measured at the Belgian neutron
monitoring station in Dourbes. In both cases, the FD can be seen as a small signal drop embedded in
large pressure-dependent fluctuations. In addition to these fluctuations, a weak anti-correlation
between secondary cosmic count rates and temperatures is also observed. The barometric coefficient
(B) obtained from the data is about —0.19% hPa, while the ground temperature coefficient (ar) is
about —0.01% <C. Further investigations into the influence of the vertical temperature profile are
being conducted.

The pressure-corrected muon and neutron data in Figure 9 [panels c) and d)] show the FD event
on 24 March 2024 due to the solar energetic particle (proton) event followed by a geomagnetic storm.
The solar event enhances the magnetic shielding, leading to a temporary reduction in the flux of
galactic cosmic rays and hence, a decrease in the cosmic rays reaching the Earth. In the muon data,
[panel ¢)] a signal decrease of (7 + 3) % is observed, which is about 30% smaller than the count rate
decrease in the neutron monitor (about 10%, see Table 1). This difference in the magnitude of the FD
stems from the fact that the bulk of the muon signal is produced by higher energy PCRs (typically
above few GeV), which are less affected by this magnetic field modulation. Neutrons observed on the
ground, on the other hand, which are products of both lower and higher energy PCRs, show a more
pronounced FD due to the stronger magnetic deflection of low energy PCRs.

The BIOSPHERE team has also access to measurements of the SEVAN detector installed on
Milesovka mountain (altitude: 840 m, latitude: 50.55°) in Czech Republic. The SEVAN detector [30,31]
was designed to detect high energy particles, mainly from secondary cosmic rays. It consists of three
active plastic detectors coupled with photomultiplier tubes and separated by lead. Top channel has an
active volume of 100 %100 x5 cm?, middle has 50 x50 %25 cm?, and the lower has the same setup as
the top one. There are two 5 cm layers of lead that separate particles by their type and energy. If a photon
or electron has lower energy, it will trigger only the top channel and thus shows the coincidence of “100”.
Neutrons will not trigger the top channel and by interacting with the top lead layer, they will trigger a
signal in the middle channel that is thick enough, hence the coincidence of “010”. Muons, on the other
hand, trigger signals in all channels they pass and are thus the main part of the coincidence “111&101”.

Figure 10 shows 10 minutes averages of SEVAN measurements from 24 to 25 March 2024. The
muons generated by cosmic rays are disturbed by the storm, in a way very similar to the neutrons. The
muons are illustrated Figure 10 (bottom panel) with SEVAN observations, together with neutrons
(panel 2) and low energy particles (top panel). All show the FD followed by several bumps that are
especially visible for the muons with a daily cycle.
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Figure 9. a) Anti-correlation between cosmic muon flux measured at the urban Space Pole
site in Brussels and ground atmospheric pressure. b) Anti-correlation between neutron
count rates measured at the Dourbes neutron monitor and ground atmospheric pressure.
Pressure-corrected and normalized c¢) muon coincidences (1 h averages) and d) neutron
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Figure 10. SEVAN measurements of the Forbush decrease observed on 24 March 2024
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Figure 11 shows particles with deposited energies over 3 MeV measured by the gamma-ray
spectrometers on MileSovka, Czech Rep, and Lomnicky Stit, Slovakia. Lomnicky $tit’s altitude is 2634
m and has a geomagnetic vertical cut-off rigidity of 4 GV. The sensitive area in Lomnicky stit is a 10 %
10 x40 cm? large Nal(TI) crystal. On Milesovka, it is the same gamma spectrometer system as oOn
Lomnicky §tit, but with 3 <3 BGO crystal instead of Nal (TI). Spectrometer data 10 minutes averages
of pressure uncorrected count rates. The FD is also well visible.
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Figure 12. Omnidirectional particle flux of SCR measured in Prague (200 m altitude) by
Timepix3 with a 500 mm thick silicon sensor. Data shown for (a) all particles, (b) light
charged particles (electrons and muons), and (c) X rays. The results are given for a 11 h
period on 24 March 2024 (UTC times shown).

6.3. Composition of secondary cosmic rays

Information on the composition and spectral characterization of secondary cosmic rays at the
ground level were complementary performed with semiconductor pixel detectors Timepix3.
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Measurements were performed with miniaturized stack Timepix3 telescopes [32], which operate at
room temperature and are controlled by standard computer. The device comprises two MiniPIX
Timepix3 cameras equipped with silicon sensors of different thickness (300 and pm) assembled in a
close stack configuration with a 10 mm spacing gap between the pixel detectors. The Timepix3
detectors operate in sync and are readout in continuous data driven mode with minimal deadtime.

Measurements of SCRs on the ground level were carried out in Prague, at 200 m altitude, during
March 2024. Figure 12 shows the measured particle flux for all particles and for the selected heavy
charged particle component (protons, neutrons) and light charged particle (electrons, muons) component.

The whole radiation field measured by the detector [33] (given also in Figure 12) consists
primarily of all charged particles, both light e.g., electrons and heavy e.g., protons, as well as photons
(X rays and low-energy gamma rays) in limited energy range (around 5-50 keV) registered with
limited (decreasing) detection efficiency. In the data shown Figure 12, a limited variation with the FD
is apparent starting after around 18 h. Higher sensitivity will be provided by evaluation of synchronized
data in the pixel telescopes.
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Figure 13. The Forbush decrease event on 11 May 2024 (the so-called “Mother’s Day
solar storm”), measured with PTB’s reference muon detector DECOSL1 (top panel in blue),
and by different neutron monitors in Kiel, Oulu, and Terre Adé&ie (other panels).
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6.4. Forbush decrease on Mother’s Day on 11 May 2024

As we mention the Mother’s Day extreme event, it is interesting to compare the Forbush event of
24 March 2024 with that of 11 May 2024, especially for the instruments involved in the Biosphere
campaign measured in May 2024. Many articles have been, and are being, written for this event because
this is the strongest storm for the last 20 years and it caused very unusual effects in the terrestrial
environment like auroras at lower latitudes [34], ionization variations in the ionosphere (e.g., [35]) and
in the plasmasphere [36], temperature changes in the mesosphere and thermosphere [37], ozone changes
as seen using Aura/MLS observations [9], and injections in the radiation belts using PROBA-V/EPT
data [26]. Neutron monitor data have not been greatly reported.

Figure 13 illustrates muons (top) and neutrons (other panels) count rates from 1 May 2024 to 15
May 2024 in different stations. The characteristics of Kiel and Oulu are given in Table 1. PTB
(Braunschweig) is at a latitude (North) of 52.27 <(altitude ~80 m) while Terre Ad@die is in the South
hemisphere at a latitude of —66.65 <(altitude 32 m).

The muon signal starts to decrease in the afternoon of 10 May 2024 reaching a maximum decrease
of (5.8 £ 1) % at about 11 pm (UTC). The pressure-corrected muon signal also shows a slight increase
in muon precipitation during the day and a decrease during the night (day-night asymmetry). On 10 May,
all detectors recorded a sharp decrease in the count rate, with the neutron count rate decreasing over 40%
more than the muon count rate, much higher than the maximum decrease measured in March 2024 and
summarized in Table 1. One can note also a ground level enhancement, i.e., the small bump just after the
decrease in all panels of Figure 13, associated with the arrival of very energetic proton fluxes [26].

7. UV Observations in space

Figure 14 shows the variability of the UV Solar Spectral Irradiance (SSI) with time from 1 January
2024 (day 0) to 31 May 2024 (day 152) and with the wavelength between 200 nm and 400 nm
(measured outside the atmosphere by the prism spectrometer SIM on TSIS-1 on board the International
Space Station (ISS) [38]. The SSI is much more variable for short wavelength and almost negligible
above 290 nm. Evidently, the periodicity of 27 days corresponding to the solar rotation, due to the
asymmetric repartition of the active regions at the surface of the Sun, further implies a modulation of
the SSI UV with the solar rotation.

This periodicity is also visible in Figure 15 on other proxies of the solar activity like the sunspot
number (top panel), the radio flux at 10.7 cm (middle panel), and the Lyman-Alpha flux at 121 nm
(bottom panel). While the correlation between these proxies is obvious, the position of their maximum
is not the same, especially in May 2024 (9 May for F10.7, 13 May for sunspot number, and 16 May
for Ly-alpha). The SSI peak of May 2024 appears a few days after the Mother’s Day superstorm of 11
May 2024 that influenced the space environment of the Earth in many ways [26].

The index Mgll related to the depth of Mgll around 280 nm [39] is another proxy with this
periodicity associated to the solar activity in the chromosphere that can be used to model the SSI
variability SSI between 120 nm and 400 nm and is illustrated in Figure 14 (bottom panel) from 1 April
2024. One can see that the maximum is around 15 May 2024.
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Figure 16 illustrates the wavelength dependence of the UV SSI variability, which reaches 100%
at Lyman-alpha and around 10% at 200 nm.

For wavelength > 120 nm, it is not possible to see the solar events. At short wavelength ~10—
20 nm, it could be possible to see the signature of the solar events.

The ozone layer interacts with the UV SSI, hereby heating the lower stratosphere. The SSI
variability at 205 nm is important for the ozone chemical budget throughout the stratosphere [40]. This
can modulate the UV observed at the ground. The anti-correlation between the TOC (Total Ozone
Column) and the UV index measured at the ground during clear sky is greatly visible in the campaign
of Athens, as illustrated in Figure 17. The correlation coefficient reaches —0.91. The best linear
regression illustrated by the black dashed line in Figure 17 corresponds to UVi = —0.0153*TOC +
8.0238. Less o0zone leads to more UV measured at the ground, although the interactions of the UV with
clouds and aerosols also play a role.
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Figure 17. Anti-correlation between the TOC (Total Ozone Column) and the UV index
measured at the ground with a solar zenith angle (SZA) of 50°during the campaign of
Athens from 1 June 2023 to 31 August 2023.

8. UV and Ozone observed at the ground

The UV monitoring station operated by the Royal Meteorological Institute of Belgium (50.8°N,
4.3°E, 100 m above sea level) is equipped with two Brewer ozone spectrophotometers (#016 since
1984 and #178 since 2002 [41]). The instruments are integrated in the European network EuBrewNet

([42], link to the website and data in section “Data availability” below), in the World Ozone and
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Ultraviolet Radiation Data Centre (WOUDC) and in the Network for the Detection of Atmospheric
Composition Change (NDACC, Brewer #016). The instruments perform UV scans with constant
wavelength steps of 0.5 nm, from 290 nm to 325 nm (Brewer #016) and from 287.5 nm to 363 nm
(Brewer #178). For wavelengths above 325 nm (363 nm, respectively), the irradiance values are
extrapolated using a theoretical spectrum [43] weighted by the intensity at 325 nm (363 nm, respectively).
Brewer #016 and Brewer #178 are calibrated each second year against a NIST traceable 1000W DXW
lamp. The total standard uncertainty of the Brewer UV measurements is better than +5%. Here, we
present time series of the measured daily maximum UV index and the daily average of TOC, measured
by Brewer #016 for the period from 1 January to 31 May 2024. Brewer #016 was chosen because Brewer
#178 had hardware issues during May 2024 and therefore no complete time series.

Figure 18a and 18b show the measured daily maximum UV index and the daily average total
atmospheric ozone content (TOC) for 1 January 2024 to 31 May 2024. The daily maximum UV
index increased steadily with increasing solar zenith angle over the course of the time, from values
near 0 in January to values of around 5 in May 2024 (peaks on 10 and 11 May 2024 of 5.8). TOC
showed high variability with no clear increasing or decreasing tendency, ranging between 271 DU
(Dobson Unit) (14 March 2024) to 499 DU (23 February 2024). TOC at Brussels measurement site
is during this period strongly influenced on the horizontal displacement of the Arctic polar vortex
and related atmospheric circulation patterns. It is nevertheless very interesting to note that the
maximum of UV appears on 10-11 May (corresponding to the Mother’s Day), and is associated to
a local minimum of TOC. The UV index measured at ground is even larger that the seasonal increase
of UV for the month of May.

In the following, we investigate if the lower TOC during these days might be partially due to
the arrival of solar energetic particles causing the Mother’s Day geomagnetic storm and is associated
with a maximum of UV, both at the ground and in space due to the presence of the active region on
the solar disc.

Therefore, we look at total ozone maps above the Northern Hemisphere around 11 May 2024
(Figure 19). From these plots, it is clear that the general circulation is the dominant source of the ozone
variability around this time period. In particular, this atmospheric circulation is responsible for a total
ozone local minimum around Uccle on 11 May. It is crucial to identify to which extent the additional
ozone depletion via the cosmic ray cascade plays a role, so that this minimum around Uccle can be
deepened, which requires more model analysis and vertical profiles of ozone.

Due to the strong change in solar zenith angle and respective change in daily maximum UV index
values, two scatter plots for the relation between TOC and daily maximum UV index are shown in
Figure 20, one for the period 1 January 2024 to 15 March 2024 (upper panel), and one for 16 March
2024 to 31 May 2024 (bottom panel). During the first period, there was no clear relation to be seen
between TOC and the daily maximum UV index. During the second period, the tendency for lower
daily maximum UV index values to correspond with higher TOC values was more pronounced. The
linear correlation factor (r) between the daily average TOC and the daily maxima of UV index (UV
index as function of TOC) was 0.0024 (statistically not significant) for the period 2 January to 15
March and —0.39 (statistically significant) for the period 16 March to 31 May 2024. However, besides
TOC, other factors influence the maximum UV index, like global solar radiation, cloud cover, and
aerosol optical depth (see e.g., [41]).
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Figure 18. a) Daily maximum UV index for 1 January to 31 May 2024, and b) daily
average Total Ozone Content (TOC) for 1 January to 31 May 2024, both measured by
Brewer #016 at Uccle (Brussels), Belgium.
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Figure 19. Total Ozone maps above the North pole obtained from WOUDC (World Ozone
and Ultraviolet Radiation Data Centre) on 8 May 2024 (upper panel, before the storm) and
on 11 May 2024 (bottom panel, during the storm) when a temporally minimum is observed

above Belgium.
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2024 to 31 May 2024 (bottom panel), as measured by Brewer #016 at Uccle, Belgium.
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9. Effects on health

The shortest wavelengths (UV, X and y-rays) are considered the most dangerous for health
because they are more energetic and interact more significantly with biological matter leading in
most cases to detrimental effects like DNA damage, cell death, and genomic instability. For UV
radiation, subdivided into three wavelength bands UV-A (315 nm to 400 nm), UV-B (280 nm to 315
nm), and UV-C (220 nm to 280 nm), the most energetic UV-C are almost completely absorbed by
stratospheric ozone before reaching the Earth’s surface. Nevertheless, the amount of residual UV-B
and UV-A that manages to cross the natural barrier of the atmosphere is far from negligible and can
cause sunburn [5]. UV-Ais less filtered by the ozone, water vapor, oxygen, and carbon dioxide of the
atmosphere than UV-B and UV-C. Clouds reduce the amount of ultraviolet A and B radiation that
reaches the Earth’s surface and our skin, but is far from stops the damaging rays. Clouds are generally
better at blocking visible light than UV.

The effects of solar radiation on human health may be acute or delayed. They may be positive or
negative. In any case, humans have developed adaptive inner mechanisms that counterbalance extrinsic
disturbances (homeostatic mechanisms), at least to a certain extent.

Solar activity impact on health is a burgeoning scientific field, extending from the biological clock,
human chronopathology and epidemiology to chronomics, spatial events, and accidental events.
Literature includes reports of solar activity indices (total solar irradiance, sunspot numbers, planetary
geomagnetic indices Kp, Ap, and aa, solar flares, neutrons, muons) associations with morbidity and
mortality of vital chronic diseases [44-47].

Cyclic variations of intrinsic functions (biological clock: Infradian, ultradian, circaseptan,
circadian, annual rhythms) and chronic diseases admittances and mortality have also been reported,
insofar [48-50]. Notably, a novel non anthropogenic chronome of 6.8 days in sunspot numbers and
stroke incidence has been unraveled [50] (Figure 21). Increase in violence, suicide, and crime fluxes
have also been hypothesized to be associated to solar wind and geomagnetic storms [49,51-53].
Different earlier studies show that during periods of severe geomagnetic disturbances, the psycho-
neurological patients’ hospitalizations increase significantly. On the other hand, cyclic variations of
2 years, 3, and 6 months in ozone concentration and cardiac infractions incidence have also been
observed [54]. In Figure 21, the solar, ozone and human major human chronic morbid entities cycles are
summarized. Cyclic cardiovascular, cancer, stroke mortality, and cardiovascular, cancer, stroke, and
respiratory morbidity follow solar and/or ozone patterns. Delayed periods of 1-2 months for cancer
events, 2 months for stroke deaths, and 2 years of cardiovascular deaths were observed [55] (Figure 21).

Concerning stratospheric ozone density variation during solar flares fluxes, respiratory effects
and augmented hospital admittances in Sotiria Hospital in Greece coincided with the proton and
electron flux on 28 October 2003 [54]. Two retrospective studies on 1955-1962 and 1985-1989 time
periods showed that acute events, such as geomagnetic storms (1-2 day observations) and maximum
and/or minimum solar activity, are related to an increased ozone variation, by ionizing the stratosphere,
and to respiratory morbidity, while strong negative correlation were found between cyclic variations
of solar activity and ozone. Acute events like coronal mass ejections and geomagnetic storms
contribute to ionization of the atmosphere and have human health respiratory effects. While ozone
variation aligns with respiratory hospitalizations, it is inversely correlated to cardiovascular deaths [54].
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The impact of mesospheric ozone depletion during solar events on health is expected to be low
because the mesospheric ozone anyway disappears during spring in each hemisphere and accounts for
a small part of TOC. For UV, the maximum ionization appears during the day close to the equator and
at altitude between 200 km and 400 km corresponding to the ionosphere. For energetic particles, the
maximum ionization is at high latitude, where the particles are deviated by the terrestrial magnetic
field that protects humans. The atmosphere also protects fauna, including humans, so that very few
particles can reach the surface of the Earth. Cosmic rays can penetrate at altitudes as low as 10 km and
are thus significant for crews and passengers of aviation flights. The particle fluxes can also ionize the
atmosphere and modify the concentration of some constituents.

Cosmic rays may enhance aging, notwithstanding the Earth’s atmosphere and magnetic field
protection [45]. Geomagnetic storms are rare, and most medical emergencies and demises are observed
on days of low geomagnetic activity coinciding with increased neutron activity [56]. An earlier
epidemiology study on 11-year solar cycle peaks had shown that geomagnetic storms may predispose
humans to disease. More specifically, radiation peaks in solar cycles and, particularly in chaotic solar
cycles, are associated with a higher incidence of mental disorders, suggesting the sensitivity of
ectodermal embryonic tissues to UV radiation (UVR). Autoimmune diseases have intermediate
sensitivity, while the neoplasms in the study of [57], primarily of endoderm, appear suppressed by
peak UVR intensity.

6 Month Rhythm
Solar Flares
Cardiovascular mortality
6.8 days Rhythm Mortality of all causes of cancer
Sunspot numbers 2
Stroke mortalit\é O
@ 5 Month Rhythm
Ap, Solar Wind
- LR l 2m “
&3 130% I aa.. deaths of stroke
4 3 Month Rhythm
Biennial Rhythm Solar Flares, Ap, aa, Solar Wind
Stratospheric Ozone Cardiovascular mortality 3y cardiovascular deaths
Respiratory morbidity Mortality of all causes of cancer

Rmax
t-2m ™ deaths of neoplasms

Figure 21. Summary of the solar, ozone, and chronic diseases cycles and delays
(incubation periods of diseases). Rmax corresponds to the date when the sunspot numbers
reach maximum; aa is a daily and half-daily index of geomagnetic activity determined
from the k indices (A 3-hourly planetary index of geomagnetic activity calculated by the
Institut fur Geophysik der Gottingen Universitat, Germany) scaled at two nearly antipodal
stations at invariant magnetic latitude 50 degrees. Ap is the earliest occurring maximum
24-hour value obtained by computing an 8-point running average of successive 3-hour ap
indices during a geomagnetic storm event and is uniquely associated with the storm event.
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Geomagnetic storms and high-speed solar wind (solar wind speed > 600 km/s) and space weather
changes prior to solar proton events affect the cardiovascular function [46,47]. There is evidence that
more chronic diseases are affected by solar and geomagnetic activity disturbances (i.e., multiple
sclerosis, strokes, hypertension, systemic lupus erythematosus, and cancer) [44,49,52,58]. More
specifically, it has been suggested that in the mid-latitudes, myocardial infractions may be attributed
to the Pc1 geomagnetic pulsations, but in the high latitudes (in maxima of heliogeophysical storminess),
this may be attributed to the geomagnetic storminess (indexed by Kp) caused by the solar wind and
the interplanetary magnetic field parameters [52,59,60]. Researchers who conducted an
epidemiological study concluded that geomagnetic disturbances driven by solar activity enhance total
and cardiovascular mortality risk in 263 U.S. cities [61].

More importantly, all these radiation influences have a common, underlying molecular mechanism:
The nuclear steroid receptors interactions (R1). This molecular network was generated and functionally
preserved over thousands of years across species (thus preserved in evolution of species over time), as
the Sun constantly radiated our planet [44,62]. Interestingly, this mechanism disturbance explains all
biological effects on humans after exposure to ionizing and non-ionizing radiations.

10. Conclusions

The BIOSPHERE campaign of Brussels enabled us to measure the effects of solar
electromagnetic radiation (UV), solar particle radiation (mainly protons and electrons using PROBA-
V/EPT at LEO and GOES at geostationary orbit), and ozone simultaneously during a period of 3
months from 1 January 2024 to 31 March 2024 corresponding to maximum solar activity. Seven Solar
Energetic Proton events with E > 10 MeV were detected, and three solar and geomagnetic events had
different consequences:

1) A Solar Energetic Particle (SEP) event with E > 30 MeV without geomagnetic storm (8
February 2024);

2) A geomagnetic storm without any SEP (3 March 2024);

3) A SEP with E > 30 MeV associated to a geomagnetic storm (24 March 2024).

A FD of the neutrons and of the muons was observed only during this last event during the
campaign, and later during the Mother’s Day on 11 May 2024, generating the most intense
geomagnetic storm for the last 20 years. The measurements show that ozone in the mesosphere, present
during the winter in the Northern hemisphere, is lost during some SEP events, and especially during
the Mother’s Day event on 11 May 2024 [9]. The stratosphere can also be affected but a longer period
of observations would be necessary to obtain clear conclusions since so many other effects influence
stratospheric ozone. The geomagnetic storms affect more the electrons of the radiation belts.

The particle injections (solar protons, energetic electrons from the radiation belts or aurora, and
cosmic rays) are limited to high latitudes except during strong magnetic storms when lower latitudes
can be affected. GCRs ionize at lower altitudes around 10 km corresponding to airplanes altitudes,
because they carry the most energetic particles that can penetrate deeper.

Equatorial regions are more ionized by UV radiation during the day at higher altitudes with a
maximum between 200 km and 400 km. In space, the UV solar radiation shows not only the well-
known solar cycle variation of 11 years, but also a cycle of 27 days (like the solar activity indices) well
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visible during the first months of 2024 due to the solar rotation of the Sun on itself, leading to active
regions coming back in the direction of the Earth.

The AtRIS model confirms the ionization rate depending on the energy of the particles and the
altitude. Solar protons can penetrate at 50 km in the stratosphere. In addition to ionization, the particles
can modify the composition of the atmosphere by chemical reactions (0zone, NOx, HOX, etc.) and the
temperature by heating, producing thermal expansion of the atmosphere.

Such rare simultaneous observations of solar UV, solar eruptions, and geomagnetic storms give
new important results concerning the effects on the atmosphere of each independent source. This is
crucial since acute events, such as solar eruptions (1-2 day observations) and maximum and/or
minimum solar activity, are related to ozone variations by ionizing the atmosphere and to potential
health effects.
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https://doi.org/10.5281/zenodo.14390477. These data were derived from the following resources.
Available in the public domain:

Omni data are provided by https://omniweb.gsfc.nasa.gov/html/ow_data.html. Sunspot number
data can be downloaded from http://www.sidc.be/silso/datafiles/. Dst data was retrieved from
https://wdc.kugi.kyoto-u.ac.jp/. GOES data are accessible at https://lasp.colorado.edu/space-weather-
portal/. MLS/Aura data of ozone are accessible at
https://disc.gsfc100.nasa.gov/datasets/ML203_005/summary, using recommendations for data
screening provided in the MLS Level 2 Version 5 Quality Document https://mls.jpl.nasa.gov/data/v5-
0 data quality document.pdf). EPT data are publicly available on the Space Situational Awareness
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Solar Spectral Irradiance (SSI) measured by TSIS-1 come from
https://lasp.colorado.edu/tsis/data/. Total ozone and UV measurements are available on Eubrewnet
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WOUDC - World Ozone and Ultraviolet Radiation Data Centre (woudc.org).
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Data of the BIOSPHERE project as well as two Good Practice Guides (1. for the Analysis of
Space Radiation Fluxes and Simulations of their Interactions with the Atmosphere, including AtRIS,
and 2. Effects of combined Secondary Cosmic Rays and UV radiation fields on biological systems)
are available on euramet-biosphere.eu/publications.

Results presented in this document rely on data provided by the Community Coordinated
Modeling Center at Goddard Space Flight Center through their integrated Space Weather Analysis
(ISWA) system’s HAPI server (https://iswa.gsfc.nasa.gov/IswaSystemWebApp/hapi). The CCMC is
a multi-agency partnership between NASA, AFMC, AFOSR, AFRL, AFWA, NOAA, NSF and ONR.
These data were accessed via the University of Colorado’s Space Weather Technology, Research, and
Education  Center’s  (https://colorado.edu/spaceweather)  Space @ Weather Data  Portal
(https://lasp.colorado.edu/space-weather-portal).
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